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Zusammenfassung 

Die Fahrzeugtür als große stahlintensive Klappe kann durch den Einsatz von 
Leichtbaumaterialien und neuen Konstruktionsprinzipien ein gewisses 
Gewichtseinsparpotenzial erzielen. Aufgrund der unterschiedlichen Steifigkeits- und 
Festigkeitsanforderungen an unterschiedliche Bereiche von Fahrzeugtüren unter statischen 
und Crash-Lastfällen kann die Multi-Material-Konstruktion eine der effektivsten Möglichkeiten 
sein, Leichtbau mit minimalen Zusatzkosten zu erreichen. Diese Arbeit zeigt einen 
Gestaltungsansatz von wirtschaftlichen Leichtbau-Multimaterial-Fahrzeugtürkonzepten auf 
Basis einer marktverfügbaren Stahlreferenz unter Berücksichtigung typischer statischer und 
Crash-Lastfälle. Es wird eine innovative Türstruktur vorgestellt, die eine tragende Ringstruktur 
und ein hochfunktionsintegriertes Innenblech umfasst. In der Struktur werden wirtschaftliche 
Leichtbaumaterialien wie Aluminium, langfaserverstärkte Thermoplaste und unidirektionale 
Tapes sowie entsprechende massenproduktionsorientierte Fertigungsmethoden eingesetzt. 
Die Anisotropieanalyse unter verschiedenen Belastungen garantiert einen effektiven Einsatz 
von unidirektionalen Tapes. Topologie- und Parameteroptimierungen liefern Designvorschläge 
für Rippenstrukturen aus langfaserverstärkten Thermoplasten. Die finalen Türkonzepte 
erreichen ca. 20% Gewichtsreduzierung und eine vergleichbare mechanische Leistung im 
Vergleich zur Stahlreferenztür. Speziell für den Crash-Lastfall wird zur Validierung der finalen 
Türkonzepte eine innovative Komponentenentwicklungsmethode eingesetzt, die das 
Crashverhalten nahe am Gesamtfahrzeugszenario mit begrenzten Umgebungskomponenten 
nachbildet. 
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Abstract 

The vehicle door, as a major steel-intensive closure, can achieve a certain degree of weight-
saving potential by the use of lightweight materials and new design principles. Due to the 
different stiffness and strength requirements on different areas of vehicle doors under static 
and crash loading conditions, multi-material construction can be one of the most effective ways 
to achieve lightweight design with minimal additional cost. This work illustrates an approach 
for the design of economical lightweight multi-material vehicle door concepts based on a 
market-available steel reference, while considering typical static and crash loading cases. An 
innovative door structure is introduced that includes a major load-bearing ring structure and a 
highly function-integrated inner panel. The structure incorporates economical lightweight 
materials, such as aluminum, long-fiber thermoplastics, and unidirectional tapes, and 
corresponding mass-production-oriented manufacturing methods. Anisotropy analysis under 
different loadings guarantees an effective use of unidirectional tapes. Topology and parameter 
optimizations provide design suggestions for rib structures of long-fiber-reinforced 
thermoplastics. The final door concepts achieve ca. 20% weight reduction and comparable 
mechanical performance compared to the steel reference door. Especially for the crash loading 
case, an innovative component development method is used to validate the final door concepts, 
which rebuilds the crash behavior close to the full-vehicle scenario with limited surrounding 
components.  
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1 Introduction 

1.1 Motivation  

Due to the trend of e-mobility and the increasingly stringent legislation requirements on vehicle 
emissions, lightweight design is now considered by the automotive industry as one of the most 
effective methods to help electric vehicles reach higher ranges or to reduce CO2 emissions on 
traditional motor vehicles, in addition to management of the power train efficiency, 
aerodynamics, and electrical power [1]. According to the newest regulation from the European 
Union (EU), a value curve is defined in the “EU 2020-21 Target” [2] that sets a weight-related 
average CO2 emission limit of 95 g/km for newly registered vehicles in 2021. This value is 
equal to a fuel consumption of ca. 4.1 L petrol or 3.6 L diesel per 100 km. Furthermore, to 
achieve a climate-neutral EU by 2050, a 37.5% CO2 emission reduction from 2021 values has 
been set as an intermediate target for 2030 [3]. For OEMs, what should be more of a focus 
regarding the EU regulation is the increase in penalties for excess CO2 emissions (up to 190 
€/gram). According to a study [4], this penalty can be as high as 12000 € per vehicle sold 
(calculated based on 2010 vehicle models), which means that failure to fulfill the CO2 target is 
no longer acceptable for OEMs. 

The vehicle door, as a major steel-intensive closure component on a vehicle, has good 
potential for weight reduction through lightweight design. Typically, weight reductions on 
vehicle components are effectively achieved by lightweight material substitution and 
construction redesign. Currently, substituting lightweight materials is the only method applied 
to existing serial vehicle doors. Obviously, for OEMs, using material substitution on vehicle 
doors is a straightforward lightweight method that avoids making any significant changes in 
the conventional structure while removing a certain amount of weight. Although this method 
has been established for many years and is fully developed with lightweight materials, such as 
aluminum, magnesium, and even fiber-reinforced plastics (FRP) [5; 6; 7], the high additional 
material costs, which are a very sensitive issue for OEMs, remain the major obstacle for its 
application to serial productions by most economical vehicle manufacturers. Developing an 
economical lightweight design with a possibly lower additional cost for vehicle doors is 
therefore a concrete need of OEMs. 

The development trends in the automotive industry and the prices of typical lightweight 
materials create difficulties for Body-In-Whites (BIW) with single lightweight materials, such as 
aluminum alloys or FRPs, to dominate the automotive market in the next few decades, and 
especially the in mass-production economical vehicle class. However, searching for an 
intelligent mixture of materials on BIWs is a promising way to find an answer to the dilemma 
between weight and cost [8], and is the reason why the multi-material design method has 
drawn so much attention among different lightweight methods. 

As the philosophy of lightweight design says: use the right material in the right place. Multi-
material design is undoubtedly one of the best ways to fulfill this philosophy economically. The 
principle of the multi-material design is to combine the strength of the substituted material and 
the construction redesign with consideration of the specific mechanical requirements of 
different structural regions. This then enables smart usage and integration between the 
innovative lightweight material and traditional structural materials, such as steels. This smart 
material use is the key factor for controlling the additional material, as well as the cost, of 
lightweight design. Nevertheless, multi-material design brings more challenges to the joining 
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techniques needed for different materials. Using constructive methods and innovative process 
combinations to solve the joining challenge is therefore an important research area for 
investigation. 

For the reasons presented above, the major motivation of this work was to use a multi-material 
design method to solve the dilemma faced by OEMs between the demand for lightweight doors 
and the cost of vehicle doors. The basic idea underlying the multi-material door concept is to 
combine an innovative load-bearing door structure concept with the use of cost-efficient 
lightweight materials. Fang [9] has proposed the extensive use of long-fiber thermoplastics 
(LFTs), in addition to conventional lightweight materials such as aluminum, for crash-relevant 
structures in door concepts. Due to the completely different material behaviors and 
manufacturing methods between fiber-reinforced thermoplastics (FRTPs) and metals, a major 
investigation is made here on efficient methods for using FRTPs to achieve an optimum 
structure with a high level of component integration.  

The whole development process of door concepts is accelerated in this work by the extensive 
incorporation of CAD and CAE in the design, optimization, and validation. To reproduce the 
door crash behavior close to the full vehicle (FV) simulation, Investigation is also made on the 
further development of a self-developed component development method with the limited 
surrounding BIW component information.   
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1.2 Objective and structure of the work 

Compared to other conventional lightweight approaches, the multi-material design has the 
potential to achieve cost-neutral lightweight door concepts. The goal of this work is to develop 
a universal lightweight design approach for economical multi-material vehicle doors made with 
FRTPs. The door concepts should achieve the goal of weight reduction and reach comparable 
mechanical performance under given static and crash-loading conditions. The additional 
lightweight cost is maintained in the acceptable range of most OEMs by preferentially 
employing widely used lightweight materials and existing serial manufacturing methods. 

The work has eight major parts. After a short introduction to the motivation, objectives, and 
structure of this concept development work, the topic-related state-of-the-art technologies are 
comprehensively illustrated in section 2. This includes the typical FRTP materials and their 
mass-production-oriented manufacturing methods, the typical lightweight construction 
methods and applications of FRTP BIW components, the typical constructions and 
requirements of vehicle doors, the existing lightweight studies and applications on vehicle 
doors, the typical joining techniques for FRTPs and multi-material components, and the 
component development method with limited BIW data. 

In section 3, after a brief introduction of the preliminary concept of the Institute of Automotive 
Lightweight Design, University of Siegen (FLB), core innovation ideas on two new multi-
material door concepts are illustrated with corresponding simplified sketches. The major 
material choice is also determined during idea generation. Due to the complexity of developing 
the multi-material door concepts, the specific development goal, process, and requirements 
are also given clearly in this section. Since the Finite Element Method (FEM) is the workhorse 
for this development work, the important Finite Element Analysis (FEA) modeling techniques 
are described as well, following the different loading cases and solvers. 

Section 4 provides the analysis of the reference door. The FEA modeling techniques are also 
validated here with door static tests. The structural performance of the reference door is 
quantified and set as the inputs/objectives for the development of door concepts. This section 
further illustrates the anisotropy analysis on the reference door and further development of a 
component development method with limited BIW information; these fundamental methods are 
used throughout the whole concept development. 

Section 5 describes in detail the structural development with the topology optimization method 
for two different door concepts. This includes a design space definition and a description of the 
specific innovative design approaches used for the frame and the inner panel area. A simplified 
calculation method allows determination of the mechanical performance and the rough 
material thickness range of the frame area without the need for the FEM. The design 
suggestion achieved from the topology optimization then provides guidance for the LFT rib 
construction. 

Section 6 presents the structural validation, parameter optimization, and final construction for 
the two concepts. After fine-tuning the preliminary concepts, the final concepts are evaluated 
from the perspectives of the percentage of weight reduction and the structural performance 
under defined static and crash-loading cases compared to a reference door. Further 
comparisons of weight, mechanical performance, manufacturability, and cost between the two 
concepts are also made here. The possibilities of using additive manufacturing for the rapid 
prototyping of door concepts is also briefly discussed. 
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Section 7 is an analysis of the opportunities and challenges presented by the multi-material 
door as an industry product from the standpoint of manufacturers, customers, and the 
environment. It covers a variety of topics, such as cost, reliability, recycling, and life cycle 
analysis (LCA). The work ends with a summary and outlook on future development of the multi-
material door concepts and other possible scenarios for using lightweight design approaches. 
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2 State of the art 

2.1 Fiber-reinforced thermoplastics for lightweight vehicles 

Fiber-reinforced thermoplastics (FRTPs), as a subgroup of fiber-reinforced plastics, have been 
widely used in the automotive industry for decades. Especially in the economy class of 
vehicles, FRTPs are used more often than fiber-reinforced thermosets. This is due to the longer 
cycle time required for the manufacture of components made of fiber-reinforced thermosets 
and the related higher cost as well as the recyclability. For this reason, fiber-reinforced 
thermosets are initially excluded from consideration in this work since they cannot meet the 
economic requirements. In this section, all mentioned techniques are oriented on FRTPs, 
including typical materials, manufacturing methods, and joining techniques. 

On lightweight vehicles, most FRTPs are reinforced with E-glass fibers as these are available 
at low cost [10]. FRTPs inherit many attributes from their matrix materials, such as formability, 
weldability, damage resistance, and recyclability. The existence of fibers does not have any 
effect on the glass transition temperature (Tg) or the crystalline melting temperature (Tm) of 
thermoplastic polymers, which means that the thermoplastic matrix determines the 
performance of FRTPs at different temperatures [10]. However, the fibers do have some 
influence on some important properties of the composites, such as the modulus, strength, 
coefficient of thermal expansion, etc. Fibers can be incorporated into the thermoplastic matrix 
in many ways, and different methods can generate several types of fiber-reinforced 
thermoplastics [10]: 

 Randomly oriented short fibers 
 Randomly oriented long fibers 
 Randomly oriented continuous fibers 
 Unidirectional continuous fibers 
 Bi-directional fabric 

Randomly oriented short glass fiber reinforced thermoplastics are the most common 
thermoplastic matrix composites since they can be manufactured by traditional injection 
molding processing. They also behave more like an isotropic material because of the nearly 
random fiber orientation in the macroscopic scale. Unidirectional fibers and bi-directional fabric 
can add strength in certain directions, resulting in a higher anisotropic behavior of the 
structures. In structural applications like BIW, the use of continuous fibers is always preferred. 
In general, continuous fibers can provide more strength and better crash resistance to the 
whole structure if they applied in an appropriate way. Typically, continuous FRTPs are 
available as semi-finished products (prepreg). 

The following typical mass-production–oriented FRTP categories will be illustrated in section 
2.1.1: 

1) Short fiber thermoplastics  
2) Long fiber thermoplastics  
3) Glass mat thermoplastics  
4) Laminated thermoplastic composites 
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Correspondingly, since the fiber length and mechanical properties of FRTPs are strongly 
dependent on the manufacturing processes, two major manufacturing processes for FRTPs 
will be introduced in the following section 2.1.2: 

1) Injection molding 
2) Compression molding 

2.1.1 Typical categories of FRTP material on lightweight vehicles 

Generally, in existing automotive applications, short fiber thermoplastics (SFTs), long fiber 
thermoplastics (LFTs), glass mat thermoplastics (GMTs), and laminated thermoplastic 
composites are the most widely used types. Before going in depth into each specific type, the 
definition of short, long, and continuous fibers should be clarified. Since the fiber length is 
strongly dependent on the mode of manufacturing (see section 2.1.2), the boundary between 
a short and a long fiber is sometimes ambiguous. For example, some “long fibers” in the 
injection molding process can only be treated as “short fibers” in the compression molding 
process [11]. To avoid misunderstandings in this work, the classification suggested previously 
[12] is adopted (Table 2-1). Here, a continuous fiber refers to the semi-finished products, such 
as laminated thermoplastic composites, whose length is determined by the size of the 
components. 

Group Fiber length 

Short fiber 0.1 to 1 mm 

Long fiber 1 to 50 mm 

Continuous fiber >50 mm 

Table 2-1 Definition of short, long, and continuous fibers [12] 

Short fiber thermoplastics (SFTs) 

SFTs typically contain randomly oriented short fibers less than 1 mm in length [10]. They can 
be manufactured by traditional injection molding processes in short cycle times. In most cases, 
an SFT shows a higher modulus, higher heat deflection temperature, lower coefficient of 
thermal expansion, and lower mold shrinkage than its original thermoplastic matrix materials. 
At the same time, yield strength, tensile strength, and impact strength are increased, and 
strain-to-failure is decreased. Table 2-2 shows a comparison between polypropylene (PP) and 
PP-GF30. 

SFTs have three limitations due to the nature of the conventional injection molding process: 1) 
fiber content; 2) fiber length; and 3) fiber orientation [10]. A significant negative correlation 
exists between the fiber content and the viscosity of liquid polymers. Maintaining the melt-
blended material flowing and ensuring that it fills complete parts requires that the maximum 
fiber content (maximum weight fraction) of the injection molded SFT be limited to about 60%. 
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During the injection molding process, the average fiber length decreases. The fiber length of 
SFTs is limited by the fiber breakage occurring during the injection molding process. This 
breakage reduces the strength of the SFT parts, since effective strengthening can only be 
achieved if the fiber length is greater than the critical fiber length (detailed in the following LFT 
section) [10; 13]. 

Property PP PP-GF30 

Fiber weight (%) 0 30 

Density (g/cm3) 0.9 1.12 

Tensile modulus (GPa) 1.4 5.3 

Tensile strength (MPa) 35 48.3 

Strain-to-failure (%) 150 2 

Notched Izod impact strength (J/m) 37 58.6 

Heat deflection temperature (HDT) at 1.82 MPa (°C) 54 135 

Coefficient of thermal expansion (10e-6/°C) 90 39.6 

Mold shrinkage 1.7 0.6 

Table 2-2 Properties of PP and PP-GF30 [10] 

Under ideal injection molding conditions, fiber orientation is random in SFTs, so they can be 
treated as isotropic materials in the macroscopic scale. However, in practice, fibers tend to be 
oriented in a preferred direction that depends on the mold design, material thickness, and 
process parameters. This leads to material anisotropy in an SFT part, thereby affecting the 
performance of that part. Today, the fiber orientation can be estimated with the Moldflow 
simulation. As mentioned in [14], due to the change in the gating location in the injection 
molding process alone, two water pump housings made of the same SFT show completely 
different fiber orientations and significantly different displacement distributions at critical areas. 
Currently, seat pans, door trims, and some technical components in the engine compartment 
(Figure 2-1) are typical applications of SFTs. Finding SFTs on BIWs or even in semi-structured 
applications is rare in the automotive industry. 
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Figure 2-1 Transmission carrier of PA66-GF50 [15] 

Long fiber thermoplastics (LFTs) 

The LFTs typically contain randomly oriented discontinuous long fibers 5 to 25 mm in length. 
Compared to SFTs, LFTs have significantly better mechanical properties (Table 2-3) because 
their fiber length to diameter ratio is higher than the critical fiber aspect ratio (defined as 
Formula 2-1) [16; 17]. In this situation, instead of fiber pullout (a typical material failure form 
with SFTs), the stress on fibers in LFTs may reach the ultimate tensile strength, meaning that 
the fibers can possibly be used to their limit. 

Property SFT LFT 

Matrix material PP PP 

Fiber weight (%) 30 30 

Density (g/cm3) 1.12 1.12 

Tensile modulus (GPa) 6.21 6.89 

Tensile strength (MPa) 76 100 

Tensile strain at failure (%) 4–5 2.5–3.5 

Flexural modulus (GPa) 4.83 6.21 

Flexural strength (MPa) 112 155 

Notched Izod impact strength (J/m) 107 166 

Table 2-3 SFT and LFT comparison (fiber type: unspecified) [10] 
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(
𝑙

𝑑
)𝑐 =

𝜎𝑓𝑢

2𝜏
  Formula 2-1 

𝑙 : fiber length; d: fiber diameter; 𝜎𝑓𝑢 : fiber ultimate tensile strength; 𝜏 : interfacial bonding 
strength between the fiber and the matrix 

As illustrated in Table 2-3, the fiber length plays an important role in determining the 
mechanical properties of LFTs [18; 19]. The relationship between the fiber length and several 
important mechanical properties of FRTPs is described in Figure 2-2. Clearly, the elastic 
modulus, strength, and impact resistance are increased with increasing fiber length. Note also 
that the processability of FRTPs and the fiber length show an opposite trend. If considering the 
mechanical performance and the processability at the same time, most LFTs possess a 
relatively optimum fiber length. 

 

Figure 2-2 Relationship between the fiber length and several important mechanical 
properties of FRTPs [16; 17; 20; 21] 

Typically, LFT components can be manufactured by either injection molding or compression 
molding processes. Considering the manufacturing efficiency, Granulate-LFT injection molding 
(G-LFT) and Direct-LFT compression molding (D-LFT) are widely used methods. Pre-
compounded pellets are used in the G-LFT process, which means fibers are impregnated with 
the matrix material as pellets in a separate process by material suppliers. The length of 
standard pellets is normally 5–25 mm [22], but the pellet length can also be up to 40 mm, 
depending on the specific application requirements [10]. To reduce the fiber breakage to a 
large extent, the G-LFT process uses a conventional injection molding machine with some 
modifications to the screw design, the mold design, and the process parameters. The D-LFT 
process (section 2.1.2) reduces the fiber length degradation and can achieve a much higher 
average fiber length than the G-LFT process in the final component, making it the preferable 
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method for manufacturing LFT components. As illustrated in [22], the average fiber length of 
D-LFT compression molded parts can reach ca. 8–10 mm, whereas this length is only ca. 2–6 
mm in G-LFT injection molded parts. For both manufacturing methods, it should be noted that 
the flow of LFTs leads to a preferable fiber orientation, which means LFTs cannot be treated 
as a type of isotropic material. Specifically, a higher level of fiber orientation in LFTs can be 
achieved with injection molding than with compression molding. The anisotropic property of 
LFTs between the flow and transverse direction is caused by this preferable fiber orientation 
(detail see section 3.1.3). 

 

Figure 2-3 Typical LFT automotive component (a) [17]; Front end carrier for a VW Golf V (b) 
[15] 

At present, automotive applications of LFTs can typically be found in semi-structural 
components (Figure 2-3a), such as seat structures [11; 23; 24; 25; 26; 27], door modules [11; 
23; 24; 25; 28; 29; 30], front end carriers [11; 23; 24; 25; 28; 31; 32; 33; 34], instrumental panel 
carriers [11; 23; 24; 28; 31], bumper beams [11; 24; 25; 28; 35; 36], and spare-wheel wells [11; 
24; 28]. For example, Figure 2-3b shows the front end carrier of a VW Golf V made of PP-
LGF30 with metal sheet reinforcements (4.7 kg). The carrier shows good energy absorption, 
especially under oscillation, and good impact strength [15]. 
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Glass mat thermoplastics (GMTs) 

GMTs are normally available in sheet form and consist of a thermoplastic polymer mixed with 
E-glass fiber mats. The constitution of the fiber mat can be either randomly oriented chopped 
glass fibers (typical fiber length: 25–100 mm) or randomly oriented continuous glass fibers 
(Figure 2-4). Both types behave like isotropic materials. GMTs are also available in the form 
of unidirectional continuous glass fibers and bi-directional glass fiber mats, which show 
anisotropy behavior. These can be added to the layers of randomly oriented GMTs to increase 
the tensile modulus and strength in selected directions. Another type of high-performance GMT, 
the textile-reinforced GMT, is another good choice for the most demanding applications where 
traditional GMTs, LFTs, and many thermoset composites cannot compete [37]. Several 
properties of different types of GMTs with PP-matrixes are listed in Table 2-4. Polypropylene 
(PP) is the most commonly used thermoplastic matrix material for GMTs. One advantage worth 
mentioning here is that GMTs with a PP matrix and randomly oriented glass fibers have high 
stiffness and excellent impact resistance even at temperatures as low as -40°C. Other types 
of glass fiber-reinforced PPs are brittle at low temperatures, making them unfavorable or even 
unacceptable for some applications in the automotive branch.   

 

Figure 2-4 Glass mat thermoplastics (GMTs) with randomly oriented chopped fibers (a) and 
randomly oriented continuous fibers (b) [10] 

Compression molding and thermo-stamping are common manufacturing processes for GMT 
parts. Typically, compression molding is always used to mold complex parts, such as the parts 
with ribs and bosses. However, due to the high viscosity, fibers cannot reach the whole extent 
of fine features, such as thin ribs and bosses, and this creates a higher design limitation for 
GMTs than for SFTs and LFTs for use with compression molding. As shown in Figure 2-5 [38], 
fibers in GMTs are prone to entanglement, jamming, and agglomeration in the lower parts of 
ribs. This can lead to fiber matrix separation and low fiber content in the upper part of the ribs, 
as well as subsequent local failure in some circumstances. This problem is more obvious with 
the use of GMTs with continuous fibers. 
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Property 
Chopped fiber 

GMT 

Continuous fiber 

GMT 

Unidirectional fiber 

GMT 

Matrix material PP PP PP 

Fiber weight % 40 40 42 

Density (g/cm3) 1.19 1.21 1.24 

Tensile modulus (GPa) 5.965 5.82 10.1 (L*) 5.31 (T*) 

Tensile strength (MPa) 90.4 108 276 (L*) 60 (T*) 

Strain-to-failure (%) 2.2 2.5 2.5 (L*) 2.3 (T*) 

*L: longitudinal direction; T: transverse direction 

Table 2-4 Mechanical properties of glass mat thermoplastics (GMTs) with a polypropylene 
(PP) matrix [10] 

 

Figure 2-5 CT scan of a rib made of a GMT (lower part: light gray, fiber concentration; upper 
part: dark gray, fiber matrix separation) [38] 

The application scenario of GMTs in the automotive industry is quite similar to that of the LFTs. 
As shown in Figure 2-6, semi-structural components on vehicles in the European market can 
be made either of GMTs or LFTs. A good example here is the front end carrier from the VW 
Golf 3 (Figure 2-7). In comparison to its predecessor, this GMT front end carrier achieves a 
35% weight reduction (from 6.4 kg to 4.4 kg) and replaces 15 steel sheet parts with a highly 
integrated structure without any performance loss. Correspondingly, the 6% cost is reduced 
by virtue of the highly functional integrated structure.  
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Figure 2-6 Final parts made from GMTs on European vehicles [24] 

 

Figure 2-7 GMT front end carrier of the VW Golf 3 [39] 

Laminated thermoplastic composites 

Laminated thermoplastic composites are made by stacking several layers of prepregs [10]. A 
prepreg is a layer of composite fibers pre-impregnated with a polymer matrix. Prepregs are 
available in a variety of forms, such as unidirectional continuous fiber prepregs (e.g., UD tape) 
and bi-directional fabric prepregs (e.g., organo sheet). As shown in Figure 2-8, the stacking 
sequence and the number of layers of a laminated thermoplastic composite can be varied from 
application to application, which means laminated thermoplastic composites can be tailored 
based on the external loadings and the fiber orientation in each layer can be determined fully 
as needed.  



14  2 State of the art 
 

 

 

Figure 2-8 An example of a laminated composite [10] 

Organo sheets and UD tapes are two of the most widely used semi-finished products 
(prepregs) on FRTP components (Figure 2-9). The organo sheet is a type of flat thermoplastic 
bi-directional fabric prepreg. Typically, the fiber fabric of organic sheets lies in the direction of 
0° / 90° with a fiber distribution ratio 50/50, 80/20, or 90/10, and the fiber content of organo 
sheets is up to 50%. Thanks to the superior mechanical properties (Table 2-5), organo sheets 
can often be seen on vehicle structural components. They are usually used as an insert on 
components and are formed and reinforced with ribs in the injection molding process (see 
section 2.1.2) since they are unable to flow even at the melting temperature. Good connection 
can be achieved between organo sheets and reinforcing ribs if the same matrix material is 
used. Typical matrix materials of organo sheets on vehicle components are PP and PA. 

Name 
Matrix 

material 

Fiber 

distribution 

Density 

(g/cm3) 

Strength 

(MPa) 

E-modulus 

(GPa) 

Tepex dynalite  

104-RG600/47% 
PP 50/50 1.68 430 20 

Tepex dynalite  

102-RG600/47% 
PA6 50/50 1.8 380–390 18–23 

Table 2-5 properties of organo sheets [40] 

The UD tape [41] is a type of fiber-reinforced tape with endless unidirectional aligned fibers 
(glass or carbon) and is available in different widths. By arranging the fibers in only one 
preferred direction, UD tapes have the highest strengths of all semi-finished products and are 
typically used where components have high anisotropic loading. UD tapes come with either 
thermoplastic or thermoset matrixes. This work will focus only on the thermoplastic UD tapes. 
The use of a thermoplastic tape layup process allows these tapes to be placed following the 
load path in the component with a high level of automation (in-situ consolidation, e.g., 
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Fiberforge from Dieffenbacher) [42; 43]. This process includes four major steps [44]: (1) tape 
selection; (2) tape lay-up; (3) consolidation; and (4) forming and molding (injection or 
compression molding). 

 

Figure 2-9 Examples of an organo sheet, GMT, and UD tape 

Many applications of organo sheets and UD tapes can be found in automotive serial 
components or in research projects [45], such as the “Hybtuer” in section 2.5.3, the FRTP door 
carrier, and the air bag case. The use of organo sheets and UD tapes also brings the 
thermoplastic material into the region of high-demanding crash-relevant BIW components. One 
good example is the door side impact beam from project “SpriForm” (Figure 2-10) [46; 47]. The 
use of PA6-GF60 and an organo sheet with the “SpriForm” process (similar to “FiberForm” in 
section 2.1.2) resulted in a “SpriForm-beam” weighing 550g, for a 20% weight reduction 
compared to the aluminum reference. According to the drop tower test results (similar to 3-
point bending tests), the stiffness and the maximal reaction force achieved from this “SpriForm 
beam” are comparable to the steel reference. However, the severe material failure of organo 
sheets on this component should be noted, as this is also a major obstacle for FRPs in crash-
relevant components. Although this problem has been solved and no material failure has 
happened with the modified “SpriForm-beam,” a significant loss of performance is something 
that cannot be ignored. Similar applications and approaches can also be found in [48]. 
According to its simulation results under compression loading, the combination of UD tapes 
and organo sheets effectively reduces the stress concentration area on the FRTP door side 
impact beam, and only minor material failure is observed on the LFT ribs. Both studies show 
that organo sheets and UD tapes are important parts of crash-relevant components made of 
FRTPs. Finding a balance between the level of material failure and the structure stiffness is 
the key point for developing these structural components. 
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Figure 2-10 Door side impact beam from project “SpriForm” [46] 

2.1.2 Typical mass-production-oriented manufacturing methods for FRTPs 

Injection molding and compression molding are the two dominant manufacturing methods for 
FRTPs, which are investigated and applied in this work.  

Injection molding 

Injection molding is a major method for the manufacture of FRTP parts because of its capability 
to form complex parts with good dimensional tolerance and excellent surface quality [10] within 
a short cycle time (maximal 60 seconds) [49]. Although injection mold tooling is a relatively 
large investment, this technology is always preferred in the automotive industry due to its fully 
automated process, high part counts, and the excellent reproducibility of its components [50]. 
In general, the injection molding process can be summarized as the following five steps: 

1) Plasticize & dosing 
2) Injecting 
3) Holding pressure 
4) Cooling 
5) Demolding & ejecting 

Manufacturing SFT parts and some of the LFT parts is possible with injection molding, 
depending on the required average fiber length in the final components. Figure 2-11 illustrates 
a typical injection molding machine, which consists of two major units: the clamping unit and 
the injection unit. The major responsibilities of the injection unit are the collection of liquid 
polymer from solid pellets and the generation of the required pressure for the injection process. 
The clamping unit is responsible for cooling and the shape of the part. The cavity is kept closed 
during the injection process. After the temperature of the part falls below the solidification 
temperature of the polymer, the cavity opens and the part is ejected. Cooling is the most 
important step in injection molding, and it determines the cycle time to a large extent. 
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Figure 2-11 Typical injection molding machine [10]  

For processing FRTPs, due to the small size of the passages (runners and gates), only 
discontinued fibers are suitable for injection molding. An obvious reduction in fiber length found 
during the “plasticizing & dosing” step is caused by the applied induced direction force and 
shear forces by the screw in the injection unit [50]. This fiber length degradation means that 
the maximal average fiber length in a typical fiber-reinforced injection molded component is 
ca. 3 mm. A strong fiber orientation can also be found in fiber-reinforced injection molded 
components and this orientation has a substantial influence on the mechanical performance. 
The high viscosity of thermoplastics limits the fiber weight fraction of injection molded 
thermoplastic composites to about 60% [49]. 

Many injection molding variations are available in the market. Among them, insert molding and 
outsert molding processes are highly related to this work. In the insert molding process, small 
components (different materials from the matrix), such as threaded metal inserts and pins, are 
placed into the mold before the injection step. In this way, the pre-placed small components 
will be over-molded (surrounded) by the polymer melt and simultaneously integrated into the 
final product during the injection molding process. For outsert molding, the process is 
essentially the same as for insert molding, but the size of the insert (e.g., volume, surface area) 
is larger than that of the polymers. Both processes can reduce assembly operations and time, 
while achieving considerable assembly cost reductions [10]. Applications of these two 
processes can be found in section 2.2.2.  

Conventional injection molding is used in combination with other manufacturing processes as 
well. One well-known example is the “FiberForm” process [15; 51], which combines injection 
molding with the thermoforming of semi-finished continuous fiber-reinforced prepregs (e.g., 
organo sheets). In this process (Figure 2-12), the additional reinforcing “organo sheet” is 
preheated and seamlessly integrated into the FRTP component. This step has no influence on 
the injection-molded function elements (e.g., ribs) or on the total cycle time, making this highly 
favorable for mass production. This process combination leads to a strength increment in the 
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injection molded parts and potentially enables the application of injection molded parts in 
crash-related areas on vehicles. The door carrier mentioned in section 2.5.3 is made with this 
process. 

 

Figure 2-12 The FiberForm process (Thermoforming and injection molding) [15; 51]  

The introduction of semi-finished continuous fiber-reinforced prepregs provides further 
lightweight potential. As shown in Figure 2-13, the use of an organo sheet reduces the airbag 
case weight [15; 52] by 30% compared to the reference series part made of polyamide 6 (PA 
6). The thickness of the component is also reduced from 3–4 mm to 0.5–1 mm.  

 

Figure 2-13 Air bag case with an organo sheet [52] 

Compression molding 

Compression molding has become another important forming method for FRTPs in the last 
decades. Initially, this method was developed for shaping sheet-molding compounds (SMCs) 
and bulk-molding compounds (BMCs), and it is able to produce large complex parts at a high 
rate with a high level of automation [13]. For this reason, the compression molding process is 
highly suitable for mass production of composite parts. In the last decades, the application of 
compression molding has expanded to FRTP applications, which is the point of interest of the 
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present work. In the domain of FRTPs, the typical semi-finished products used in the 
compression molding process are LFTs and GMTs.  

 

Figure 2-14 Schematic of a compression molding machine [13] (a) and its typical mold 
design (b) 

Figure 2-14 shows a schematic of a compression molding machine and its typical mold design. 
At the beginning of the conventional compression molding process, the mold is opened and 
preheated semi-finished products (called “charge” or “extrudate”; e.g., LFT) are placed at the 
bottom of the fixed half of the mold. As the mold is closed, the charge fills the mold cavity. 
When the moveable half of the mold is completely closed, it will hold and maintain the pressure. 
The pressure can vary from 1.4 to 34.5 MPa, and the holding time can be as long as 45 s, 
depending on the part thickness. The part is then demolded with the help of ejection pins. 

As shown in Figure 2-15, LFT direct compounding (LFT-D) is a process that allows high-
volume production and avoids the need for the manufacture of semi-finished products by 
material suppliers. In this LFT-D process, two compounders are needed. The first is for the 
mixing of the polymer and additives and the second is for the mixing of the fibers and extrudate 
(charge). The hot polymer-impregnated fiber roving is cut to the desired length (25–50 mm) 
and directly compounded with the melted thermoplastic matrix as an extrudate in a mixing 
extruder (i.e., the second compounder). The extrudate is cut, based on the weight demand, at 
the end of the mixing extruder and automatically transferred directly into the mold by robots 
with needle grippers before it cools down.  

Obviously, compared to conventional processes, this continuous LFT-D process skips the use 
of semi-finished products, thereby avoiding the reheating step and reducing material 
degradation to some extent. Since the melting of the polymer granules and the mixture of fiber 
are two separate steps in two compounders, the fiber percentage can be arbitrarily adjusted 
between 20% and 60%, providing considerable freedom in terms of the material choice and 
polymer modification [53]. By incorporating the direct compounding process into the normal 
compressing molding process, the highly automated and efficient LFT-D method has become 
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one of the most favorable manufacturing processes for automotive parts like underbody 
components and instrument panel carriers.  

 

Figure 2-15 LFT-direct compounding [54] 

The LFT-D process is combined with other manufacturing processes as well. The “Advanced 
LFT-D” process [55] is a combination of the LFT-D and the UD tape placement, which further 
expands the application scenarios of LFTs to structural and semi-structural components of the 
BIW. An automatic tape laying process is used to integrate the UD tapes into LFT-D 
components in the compression molding process, which helps to achieve a better strength and 
a higher energy absorption capability. A similar process can be found on the rear seat back, 
as shown in Figure 2-16 [23]. According to the specific loading situation, UD tapes are 
effectively applied in the major load directions of the component with the compression molding 
process. With this so-called E-LFT process [56], up to 30% weight reduction can be achieved 
compared to the reference, and the total number of sub-parts is reduced from 13 to 5 by the 
function integration.  

 

Figure 2-16 E-LFT rear seat back [23]  

Another innovative process combination related to compression molding is the “hybrid forming” 
process [57; 58; 59; 60; 61; 62]. It combines the forming of steel sheets with the compression 
molding of LFTs and realizes these two processes simultaneously. In this process, the LFT is 
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used as the medium to form the steel sheet, as with typical hydroforming, and is connected to 
the steel sheet with the help of an adhesion promoter. Figure 2-17 shows a front axle control 
arm manufactured with this process as a demonstrator with a 60 s cycle time. Compared to 
the steel reference, the part saves up to 20% weight by the thickness reduction of steel sheets 
and the use of LFT rib reinforcements.  

 

Figure 2-17 Front axle control arm made of “hybrid forming” [57; 62] 

Similar to the injection-molded parts, a strong fiber orientation can also be found on 
compression-molded FRTP components due to the flow of material during the forming process. 
Compared to injection molding, the fiber length degradation is reduced during the whole 
process; therefore, the average fiber length is significantly longer in compression-molded parts 
than in injection-molded parts, which means an increase in every aspect of the mechanical 
performance. The influence of fiber length is illustrated in section 2.1.1 (section LFT). 
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2.2 Lightweight construction methods for FRP BIW components and 
applications 

There are four major lightweight construction methods [63]: 1) differential construction (Figure 
2-18a); 2) integral construction (Figure 2-18b); 3) integrative construction(Figure 2-18c); 4) 
hybrid/multi-material construction (Figure 2-20). Typically, integral construction, integrative 
construction, and hybrid/multi-material construction can be readily found in FRP BIW 
applications. Differential construction is used more often for the traditional sheet-constructed 
components and is uncommon in the current applications of FRP BIW components (except for 
the life module from the BMW i3 and i8 [64]). 

2.2.1 Integral and integrative construction 

The principles of integral and integrative construction are similar, as both aim to minimize the 
total number of single components in one structure (Figure 2-18b and c). Specifically, the 
integral construction method attempts to achieve an ideal solution that combines all the 
functional elements, such as bolt holes and ribs, into a single component for one structure. 
The integrative construction method, by contrast, takes the necessities of repairing, 
exchanging, and recycling into consideration. Based on the analysis of structure usage and 
damage behavior, the structure integration area is limited and optimized. In this way, 
integrative construction can be seen as a practical version of integral construction, but it is 
more effective at constraining the influence of stress concentration, corrosion, and damage 
propagation. 

 

Figure 2-18 Schematic of the evolution from a differential construction (a) to integral 
construction (b) and integrative construction (c) [63] 

Figure 2-19 illustrates two FRTP BIW semi-structural components with the integral 
construction from the Renault Espace [65]. Compared to conventional steel solutions with 
differential construction, the highly function-integrated front end carrier and the lift gate offer a 
10% weight reduction. 
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Figure 2-19 The front-end carrier (a) and lift gate (b) of the Renault Espace [65] 

2.2.2 Multi-material construction 

Due to the unrealistic additional material costs and the immature technology readiness, 
reaching complete FRP BIW in one step is very difficult. For this reason, multi-material 
construction (Figure 2-20) has becomes one of the hottest topics in the current automotive 
lightweight design area. The goal of this construction method is to reach the best compromise 
and optimization of material combinations. In other words: use the right material in the right 
position. 

 

Figure 2-20 Basic principles of hybrid/multi-material construction: a) sandwich construction; 
b) FRP-metal hybrid construction [63] 

Sandwich construction is a typical kind of multi-material construction (Figure 2-20a). Its 
principle is to increase the area moment of inertia of the structure without adding the amount 
of weight associated with solid materials. Typical sandwich-structured composites are 
fabricated by attaching two thin sheets to a lightweight but thick core. In this way, the sandwich 
material can achieve a high bending stiffness and weight savings with an overall low density. 
Figure 2-21a shows a schematic of a conventional sandwich material with a honeycomb core. 
(alternately: foam core (Figure 2-21b)) 
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Figure 2-21 Schematic of a composite sandwich panel with a honeycomb core (a) [66] and 
foam core sandwich material on a convertible roof module (b) [67] 

In recent decades, a new type of multi-material construction, “FRP-metal multi-material 
construction,” has developed rapidly. This construction has a significant feature, namely the 
use of FRPs to reinforce the thin sheet metal component, and this provides a substantial 
increase in bending and torsion stiffness. Several representative applications of FRP-metal 
multi-material construction on BIW components are illustrated in Figure 2-22 [68; 69; 70; 71]. 
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Figure 2-22 Front end carrier of the Audi A6 (1997) (a) [69]; B-pillar of the BMW 7 (2015) (b) 
[70]; Hybrid-B-pillar concept (c) [71] 
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The multi-material design approach with fiber-reinforced thermoplastics (abbreviated as 
“FRTP-metal multi-material design”) is one of the representative categories of FRP-metal 
multi-material construction. Generally, the basic form of the FRTP-metal multi-material design 
approach is to use FRTP ribs to reinforce metal sheet inserts. This design approach can be 
normally found on load-bearing multi-material structures. In the early phase of this technology, 
the connection between the metal sheet inserts and the FRTP ribs was only realized through 
discontinuous form-fitting connectors at the joining points. 

 

Figure 2-23 Erlanger Träger: steel sheet with PA6-GF ribs joined by a bonding agent [72; 73] 

The “Erlanger Träger” is one of the most famous testing specimens used to investigate the 
lightweight potential and the mechanical performance of the FRTP-metal multi-material design, 
which typically consists of an opened metal sheet insert and injection-molded FRTP ribs 
(Figure 2-23). The testing results in Figure 2-24 show that the “Erlanger Träger” can achieve 
a higher bending stiffness and comparable torsion stiffness compared to the typical closed 
sheet steel profile. The “Erlanger Träger” also shows the best “performance/weight” value in a 
standard comparison with the opened and closed sheet steel profile samples (Table 2-6).  

 

Figure 2-24 Bending and torsion test results among Erlanger Träger, opened and closed 
sheet steel profile samples [69] 
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Type Bending Compression Torsion 

Erlanger Träger 1.8 1.8 13 

Closed sheet steel profile 1.1 1 8.5 

Opened sheet steel profile 1 1 1 

Table 2-6 “Performance/weight” value among Erlanger Träger, opened and closed sheet 
steel profile samples under different loading cases [74] 

The most important achievement of the FRTP-metal multi-material design approach is that it 
shows the potential of using FRTPs on the BIW applications through the combination of the 
advantages of metal sheets (e.g., high stiffness/strength, ductile fracture behavior) and FRTPs 
(e.g., lightweight, high design freedom/function integration). Typical serial BIW applications 
can be found on front-end carriers, roof cross members, etc. The roof cross member of the 
Audi A6 (2004) (Figure 2-25) [75] is a representative serial product example with this design 
approach; it is made of steel sheets and reinforced with PA6-GF ribs. Compared to the steel 
reference, a 500 g weight saving is achieved. Meanwhile, under a quasi-static roof intrusion 
simulation according to the FMVSS 216 [76], this multi-material roof cross member achieves 
comparable mechanical performance (resistance force and energy absorption) [75]. According 
to Audi [75], the component cost (including tools, equipment, and logistics) is slightly lower 
than that of the steel reference with the calculation of a 1.5 million total production volume. 

 

Figure 2-25 Hybrid roof cross member of the Audi A6 (2004) [75] 

From the perspective of serial mass production, the FRTP-metal multi-material design 
approach is an economical lightweight method. Typically, its manufacturing process is based 
on the standard injection molding process, with one additional process of forming the metal 
sheet inserts (Figure 2-26).  



28  2 State of the art 
 

 

 

Figure 2-26 Typical manufacturing process for FRTP-metal multi-material components [75] 

At present, the FRTP-metal multi-material design approach has undergone further 
development by the inclusion of new joining techniques and more material combinations [77]. 
The continuous area joining between metal sheets and FRTP ribs is realized simultaneously 
with the adhesion promoter (detailed in section 2.6.3) and the form-fitting connector. Material 
combinations have been expanded on inserts and ribs (e.g., insert: aluminum, PP/PA organo 
sheet; rib: PA66-GF and PP-GF). Tests with the “Erlanger Träger – plus” (Figure 2-27) show 
that the introduction of an organo sheet brings more lightweight potential and further increases 
the component stiffness (+56% bending and +206% torsion stiffness) compared to the original 
“Erlanger Träger” [74]. The front-end carrier of the Audi A8 (Figure 2-28) is a representative 
example that illustrates the latest development of the FRTP-metal multi-material design 
approach on a serial application. It uses the adhesion promoter to realize the joining between 
the aluminum sheet inserts and the PA6-GF60 ribs, and it applies a U-shape organo sheet 
insert on the lower belt for added stiffness and strength. Besides the developments, as 
illustrated in section 2.1, other process combinations, such as combining the injection molding 
and insert forming processes, have been investigated to further increase the manufacturing 
efficiency of the FRTP-metal multi-material components. 
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Figure 2-27 The 3-point bending comparison between the “Erlanger Träger” (purple) and 
“Erlanger Träger Plus” (red) [78] 

 

Figure 2-28 Front end carrier of the Audi A8 [78] 
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2.3 Typical construction of vehicle door 

After the introduction of lightweight materials used in this work, as a research work related to 
the development of door structures, some necessary basics about this important vehicle 
component will be introduced in this section. 

As can be seen on the street, vehicles typically have 2 or 4 side doors. Initially, the only function 
of those side doors was to let people in and out of the vehicle. Typically, the front of each door 
is connected with hinges to the A or B pillar. With the rapid development of the automotive 
industry, the vehicle doors now function as more than just an entrance. Today, the doors have 
more aesthetic and functional purposes and they distinguish the type of vehicle. People will 
always relate a falcon door to sportiness or to a high-end vehicle, such as Mercedes-Benz SLS 
AMG and Tesla Model X. The door now also provides indispensable functionalities in modern 
vehicles, such as side crash safety and NVH performance. 

If we look at the appearance of vehicle doors, we can generally divide them into four main 
types:  

 Regular turning door (mostly for daily-use vehicles) (Figure 2-29a) 
 Scissor door (mostly for sports vehicles) (Figure 2-29b) 
 Sliding door (mostly for vans and minivans (Figure 2-29c) 
 Falcon door (mostly for sports vehicles) (Figure 2-29d) 

 

Figure 2-29 Typical appearances of vehicle doors. (a) regular turning door [79]; (b) scissor 
door [80]; (c) sliding door [81]; (d) falcon door [82]. 

2.3.1 Door classification based on load-bearing structures 

From the perspective of load bearing, typical vehicle doors can be divided into two major 
classifications: 1) Sheet construction doors (Figure 2-30a); and 2) Frame construction doors 
(Figure 2-30b). 
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Figure 2-30 Sheet construction door: Audi A4 (a); Frame construction door: smart 4 two (b) 
[83] 

On sheet construction doors, most structural components are made of metal sheets (e.g., 
doors from the Audi Q7 and BMW 7er in section 2.5.2). Typically, the inner panel is the major 
loading-bearing component. The final door assembly can be achieved after connecting 
different components by welding, adhesion, or bolts. A typical forming process for the 
components of sheet construction doors is stamping.  

On frame construction doors (e.g., the ULSAC door in section 2.5.1), most structural 
components are made of closing aluminum or steel profiles. After the forming (bending) 
process, these components can be joined by welding, adhesion, and bolts, and they achieve 
an assembled frame, which is the major load-bearing structure. The inner panel, which in this 
case has little structural responsibility, is attached separately to this frame structure and can 
even be made of plastics. Obviously, high tooling costs can be eliminated with this 
construction. However, the additional cost of joining techniques and forming processes should 
not be overlooked. 

Type Advantages Disadvantages 

Sheet construction door 
 Lower weight 
 Lower unit cost 

 Higher tooling cost 

Frame construction door 
 Lower tooling cost  Higher weight 

 Higher unit cost 

Table 2-7 comparison between sheet construction door and frame construction door 

A comparison of the weight and cost between these two door classifications is given in Table 
2-7. Cost is an extremely sensitive factor in the automotive industry and is highly related to the 
total volume of production. Figure 2-31 shows a rough tendency on the total cost of sheet 
construction and frame construction doors. Due to the high tooling investment, sheet 
construction doors show more cost advantages when the production volume is sufficiently 
large (e.g., >100000 units per year). Below this value, frame construction doors are more 
economical. 
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Figure 2-31 Total cost tendency of vehicle doors [84] 

A comparison of sheet construction and frame construction doors indicates a middle point 
between them where both light weight and cost efficiency are achieved by choosing the proper 
construction principle in the right place, depending on the specific local loading situation. 
Obviously, this idea is hard to execute with traditional metal materials alone. However, the use 
of FRPs in this work provides the needed design freedom to realize this idea. 

2.3.2 Door classification based on window frame structures 

From the perspective of the window frame structure, typical vehicle doors can be divided into 
three major types: 1) Roof integrated door (Figure 2-32a); 2) Frame integrated door (Figure 
2-32b); 3) Frameless door (Figure 2-32c). Among these, the frameless door is not the point of 
interest in the present work. 

 

Figure 2-32 Door classification based on the window frame structure [85] 

The roof integrated door is the most widely used type. The feature of this type is that the 
window frame and inner panel are “one piece.” Obviously, the advantage of this type of door 
structure is the avoidance of the joining complexity between the window frame and the inner 
panel. However, complex tool designs, higher tooling costs, and low material utilization rates 
(for metal sheets) are drawbacks that cannot be ignored. 
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Frame integrated doors have the window frame and door panel as two separate parts that are 
manufactured separately. The window frame is joined to the door panel during the door 
assembly. This type of door structure provides the possibility of adapting one concept to 
different vehicle variants by fitting the window frame design only. In this way, a lower cost of 
tooling and a high rate of material utilization can be expected. However, the use of more 
components leads to more assembly procedures and costs. Meanwhile, to achieve an ideal 
frame stiffness, additional reinforcements and joining techniques must be applied at the frame-
to-panel transition areas.  

Overall, the assembly cost could be slightly higher for frame integrated doors than for roof 
integrated doors. Other than that, no absolute winner emerges between these two types. For 
this reason, the concept design in the present work is aimed at achieving two door concepts 
following these two structural types. 
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2.4 Door requirements definition 

2.4.1 General requirements 

Since the core of the present work is the concept development of economical lightweight doors, 
the following two categories of door-related requirements have a major influence: 1) general 
mechanical requirements and 2) economic requirements. The important requirements under 
these two categories are summarized in Table 2-8. 

Category Important requirements 

General 

mechanical 

requirements 

 High torsion and bending stiffness 
 High frame bending stiffness under aerodynamic loading (especially 

at high speed) 
 No noise development through vibration 
 No permanent damage when opened beyond the door stopper range 
 Withstand vertical loadings at the open position without significant 

permanent damage 
 Sufficient strength in the areas of the door handle and mirror 

mounting 
 Fatigue strength over whole service life 

Economic 

requirements 

 Low pollution during manufacture and disposal 
 Materials easy to separate 
 Return of production waste to the manufacturing process 
 Use of recycling materials 
 Low energy consumption 

Table 2-8 General mechanical and economic requirements for vehicle doors [5] 

In modern vehicles, doors are also more responsible for the NVH performance and passenger 
safety in side crashes, rather than simply having aesthetic attributes. The typical structural 
stiffness and strength requirements of doors can be summarized in two categories: 1) static 
loading cases and 2) crash loading cases. The quantitative analysis of the performance of door 
concepts is performed in the present work using specifically chosen static and crash loading 
cases and will be introduced in the following sections. 

2.4.2 Static loading cases 

For static loading cases, every OEM has its own requirements, and no uniform industry or 
international standard has been established for door static testing. To ensure universality, six 
typical static loading cases are defined in the present work according to previous 
benchmarking [86; 87]: 1) frame stiffness b-pillar; 2) frame stiffness middle; 3) door sag; 4) 
over opening; 5) belt stiffness outer; and 6) belt stiffness inner (see Figure 2-33).  
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Figure 2-33 Six typical static loading cases with force levels and boundary conditions 

These static loading cases are able to test all important areas, such as the window frame and 
hinge area, that require high stiffness. For example, two “frame stiffness” loading cases can 
test whether the frame structure is strong enough to withstand the “lift-off” effect caused by the 
aerodynamic force at a high driving speed, which is directly related to the level of wind noise. 
For the hinge area, two misuse loading cases, namely “door sag” and “over opening,” can 
simulate the typical “lean-on” and unintended opening over the door stopper limit situations, 
which are typical during daily usage. Clearly, no significant deformation or material failure is 
allowed in the hinge area under these two loading cases. 

2.4.3 Crash loading cases 

For crash loading cases, side impacts are the major crash scenarios related to the door 
structure. Different countries have different regulations and requirements, such as FMVSS 214 
for the U.S.A. and the EuroNCAP side impact with moving deformable barrier (MDB) and rigid 
pole barrier for the European Union. Increasingly more OEMs use the door belt as an auxiliary 
loading path for a frontal crash. Especially under the offset frontal crash scenario, such as the 
EuroNCAP frontal crash test with offset-deformable barrier (ODB) and the IIHS small overlap 
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frontal test, this additional loading path can help to reduce the intrusion and deformation of the 
A-pillar. 

According to the information from the OEM, the chosen reference vehicle in the present work 
has only been launched in the European market and has no responsible or special structural 
design for conducting the impact force under a frontal crash. For this reason, this work focuses 
on the EuroNCAP side impact tests. Among these, the more critical test, the EuroNCAP side 
impact with the rigid pole barrier (version 2001) [88], is used in this concept phase since its 
larger intrusion could be more vital to occupants than the side impact test with the MDB [89]. 
In this test, the test vehicle is placed on the sled and accelerated to reach the impact speed of 
29 km/h right before the impact (Figure 2-34). The impact angle is 90°. The impact position 
between the vehicle and the rigid pole barrier is aligned with the center of gravity (COG) of the 
dummy’s head. 

 

Figure 2-34 Euro NCAP side impact with rigid pole barrier (version 2001) [88] 
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2.5 Existing lightweight studies and applications on vehicle doors 

Due to the trend of E-mobility and increasingly strict emission requirements, lightweight design 
has become one of the most effective methods in the automotive industry for helping electric 
vehicles reach a higher range or for reducing CO2 emissions from traditional motor vehicles. 
The vehicle door, as a major steel-intensive closure component on a vehicle, has a certain 
amount of weight reduction potential through lightweight design. For this reason, much 
research has been done on weight reduction of vehicle doors, using different materials and 
constructions. For an overview, several representative examples of work/research in this area 
are summarized into three categories according to materials: (1) steel, (2) light alloys, and (3) 
fiber-reinforced plastics. 

2.5.1 Lightweight door with steel 

Any discussion of lightweight door design with steels must mention the “ULSAC” [87] and 
“InCar” [90; 91] projects. In this section, these two famous projects will be illustrated and 
discussed.  

As the name of the project implies, the ULSAC project was focused on developing an Ultra-
Light Steel Auto Closure [87]. This project developed and implemented a prototype for a 
frameless ultra-light steel vehicle door that simultaneously fulfills state-of-the-art performance 
requirements, incurs no additional costs, and provides a substantial weight reduction. In the 
concept phase of this project, lightweight concepts for all types of vehicle closures (door, hood, 
decklid, and hatch) were developed only with steel materials to reveal the considerable weight-
saving potential available with those components. Compared to the benchmarked closures, up 
to a 32% weight reduction could be achieved without losing any structural performance. 
Meanwhile, a cost-neutral lightweight design was achieved by using standard steel materials 
and existing manufacturing and assembly processes. Because of the positive outcomes after 
the concept phase, the frameless lightweight steel door concept (ULSAC door) was selected 
for further development with the refined door-related packages based on the Porsche 
Boxster/911 and includes the window regulator, latch system, etc. To achieve high-level weight 
reduction, high-strength steel (yield strength>=210MPa) and ultra-high–strength steel (yield 
strength>=550MPa) are used. Stamping and hydroforming (tube) are the major manufacturing 
processes. Laser welding, resistance spot welding, metal arc welding, and adhesive bonding 
are the chosen joining technologies. Additional costs incurred by these processes and 
technologies can be recouped through the savings on material costs.  
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Figure 2-35 ULSAC door: hardware (a); explosion view (b); laser-welded tailored blank (c) 
[87] 

The final assembly of the ULSAC door is illustrated in Figure 2-35a. As shown in Figure 2-35b, 
the ULSAC door features a load-bearing frame structure (part 4 to part 7), which plays an 
important role in the stiffness of the structure. Due to the different loading situations on the top 
and bottom hinges, a laser-welded tailored blank has been used for hinge reinforcement (part 
3 in Figure 2-35b and c) to enable a further weight reduction.  

To exclude the influence of different door sizes on the evaluation of weight reduction, the 
normalized weight (weight/area of the door) is used here. The final measurement of the 
prototype illustrates that the normalized mass of the ULSAC door (13.27kg/m2) is significantly 
lower than that of the predefined target (15.5kg/m2). Compared to the benchmarked doors 
(range: 19.74kg/m2 to 23.02 kg/m2), ULSAC door achieved about a 30% to 42% weight 
reduction of the normalized weight. Even compared to the best-in-class door with frame, the 
ULSAC door still weighted 22% less (normalized). In the test phase, three static loading cases 
(vertical sag and upper and lower lateral stiffness) and FMVSS 214-QS (quasi-static side 
intrusion) were considered (Figure 2-36). Although the project-defined stiffness under the static 
loading case of “vertical sag” and the regulated crash resistance forces under FMVSS214-QS 
have not been fulfilled, the ULSAC door still achieved comparable structural performance to 
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that of other benchmarked doors (Table 2-9). Another point worth mentioning is that the low 
crash resistance force under FMVSS214-QS is due to the absence of surrounding BIW 
components. Chances are good that the ULSAC door can fulfill this requirement in the full 
vehicle testing scenario. 

 

Figure 2-36 ULSAC: important loading cases in the testing phase [87] 
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Loading cases 

Benchmarking frameless 
doors ULSAC 

Door A Door B Door C Target Prototype 

Vertical door sag stiffness (N/mm) 109 194 497 287 157 

Upper Lateral stiffness (Nm/deg) 352 197 188 127 259 

Lower Lateral stiffness (Nm/deg) 467 309 188 127 261 

FMVSS 214  

Quasi-static side intrusion  
     

Average resistance force (kN):  

0 to 6 inch intrusion 
8.55 6.18 7.33 10.01 8.18 

Average resistance force (kN):  

0 to 12 inch intrusion  
7.73 11.21 13.33 15.57 11.51 

Peak force (kN) 15.17 25.56 24.59 31.14 38.90 

Table 2-9 ULSAC door: structural performance of prototype under chosen loading cases 

The InCar project [90; 91] developed two steel lightweight vehicle door concepts with the 
extensive use of FEA methods. 

The first concept of a “steel lightweight door” (Figure 2-37b) is a good example of a steel 
lightweight door with a conventional design. It retains all the important components of a 
conventional sheet constructed door but uses advanced lightweight materials, such as a 
sandwich material (steel and PE/PA-compound) on the outer panel, a tailored blank on the 
inner panel, and ultra-high strength steel on the side impact beam (MBW1500). It achieves a 
13% (2.31 kg/door) weight reduction in comparison to the reference, with an approximately 
11% (6.34 €/door) cost increase, while fulfilling all pre-defined loading cases, including static 
loading cases (e.g., frame stiffness, door sag, over opening, similar to the loading cases 
mentioned in section 2.4.2), FMVSS214-QS, and IIHS (SUV). On a comparative basis, the 
reference door (Figure 2-37a) for the InCar project, also developed by ThyssenKrupp 
according to the state-of-the-art production standards, has a normalized mass of 20.69 kg/m2 
(mean value based on a door benchmark by ThyssenKrupp) and a leading structural 
performance among all benchmarked doors.  
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Figure 2-37 InCar project: reference (a) and door concepts (b) (c) [90] 

The total number of parts and lightweight costs were reduced in the second concept “advanced 
door” (Figure 2-37c) using an innovative structural approach for both hot- and cold-stamping 
processes. It features a two-part inner panel: 1) inner panel outer (4a/4c and 4b/4d in Figure 
2-37c); 2) inner panel inner (1 in Figure 2-37c). The innovative “inner panel outer,” which 
integrates many functional and reinforcement parts (e.g., the hinge and latch reinforcements 
and the side impact beams), is made of a high-strength tailored blank and can be realized by 
either hot or cold stamping, depending on the steel grade. This unique structure, together with 
the laser welding in the frame area, helps the “advanced door” achieve a ca. 11% (1.96 
kg/door) weight reduction and a comparable structural performance to the reference under all 
loading cases. According to the cost analysis (including material cost, manufacturing cost, 
tooling investment, and BIW manufacturing cost), the “advanced door” has almost no 
additional lightweight cost.  

The specific weight and cost information related to both concepts are list in Table 2-10. The 
InCar project illustrates an important fact, namely that the weight reduction on steel doors can 
be achieved either by the use of conventional designs with advanced steels, semi-finished 
products, and manufacturing processes or by applying new design approaches.  
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 Reference 

Concept 1:  

Steel lightweight 
door 

Concept 2: Advanced door 

hot stamping cold stamping 

Weight 17.17 kg 14.86 kg 15.21 kg 15.21 kg 

Weight 
change  -13% -11% -11% 

Cost 
change  +11% 0% +1% 

Table 2-10 InCar project: specific weight and cost information for both concepts [90] 

2.5.2 Lightweight door with light alloy 

Light alloys, such as aluminum and magnesium alloys, have been used for decades in the 
automotive industry as the lightweight materials on BIW [92; 93; 94; 95]. Due to the cost 
reason, the applications of aluminum alloys are more than that of magnesium alloys. 
Compared to traditional steel grades, however, low density aluminum alloys have a weight 
advantage. For this reason, many doors and closures achieve a substantial weight savings 
when made with aluminum. 

Different aluminum alloys are extensively used on doors and closures of the 2015 Audi Q7 [96] 
(Figure 2-38). According to Audi, this door features a one-piece aluminum inner panel design 
with a roof integrated frame structure. This gives a weight savings of 24 kg per vehicle (6 kg 
per door) compared to its predecessor. This substantial weight savings is achieved by an 
“Ultra-Lightweight Design” approach. Specifically, on the door structure, all the steel sheet 
components that were on the predecessor are replaced with aluminum of different thicknesses. 
The side impact beam, which was made with aluminum extrusion profiles (the specific 
aluminum alloy types are not published) on the predecessor, is retained but with a different 
design. The use of a one-piece aluminum inner panel design reduces the cost of tooling and 
joining technologies and simplifies the quality control. However, one notable feature is the 
reduction in the depth of the aluminum door inner panel. Due to the one-piece design and the 
limit formability of aluminum alloys, the depth of door inner panel is decreased from 160–190 
mm (steel predecessor) to 140–180 mm. Despite the reason for the door package change, it 
still reveals the important fact that the forming limitation of aluminum alloys might have some 
negative influence on the component dimension and could add additional constraints on the 
package definition for the surrounding components. 
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Figure 2-38 The Audi Q7 aluminum door (2015): Green components are made of aluminum 
sheets; blue components are made of aluminum extrusion profiles [96] 

In 2015, BMW launched the new BMW 7er model, which features a large amount of lightweight 
innovations on the BIW structure, such as the famous “Carbon Core” [70]. The Door-In-White 
(DIW) of this generation BMW 7er [97] is simple and concise, and includes a total of only five 
aluminum sheet parts and one steel sheet part (side impact beam) (Figure 2-39). Except for 
the outer panel (AlSi0.6, Mg0.5), the rest of the aluminum sheet parts are made of standard 
EN-AW-5182 Aluminum (AlMg4.5, Mn0.4).  

 

Figure 2-39 The BMW 7er (2015): Aluminum door (a) and applied joining techniques (b) [97] 

According to BMW, the weight of door structure, including the hinge system, coating, and door 
stopper, is 42.8 kg per vehicle. Compared to its aluminum predecessor, a weight reduction of 
6.5 kg per vehicle (ca. 1.6 kg per door) is achieved by the DIW. Considering the weight 
reduction due to the door carrier, hinges, and door stopper, the weight is reduced by 9.9 kg 
per vehicle (ca. 2.5 kg per door, ca. 19%). This weight savings is remarkable since the 
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predecessor is also made of aluminum. The major weight savings is achieved by: 1) 
component elimination; 2) thickness reduction (e.g., inner panel and hinge reinforcement); and 
3) component downsizing (e.g., frame closing plate). The joining technique highlight of this 
door structure is the extensive use of laser welding: 1) a completely laser welded window frame 
(first in the market); and 2) a laser-welded outer panel flange, which greatly improves the 
aeroacoustics behavior and stiffness. 

In contrast to the aluminum door approaches, the aluminum door from the 2016 Honda Clarity 
fuel cell (Figure 2-40) [98] has a frame-integrated construction and features a window frame 
made of aluminum extrusion profiles. The window frame is manufactured separately from the 
inner panel, thereby reducing the difficulty of aluminum stamping and enabling a deeper inner 
panel depth (the same as the steel reference). The inner panel is separated into several parts 
depending on the different stiffness requirements in different areas. A better crash 
performance under side impact tests is achieved by forming the side impact beam from 7000 
series aluminum alloys. Compared to the steel reference (a door from a Honda medium-class 
vehicle), weight reductions of 38% and 32% are achieved on the front and rear DIW, 
respectively. Although a substantial weight savings is achieved on the frame area (40%), the 
loss of frame stiffness (ca. 30% lower than reference) on this aluminum door should be pointed 
out. The reason for this loss is that the insignificant expansion of the frame cross-section 
cannot compensate for the loss of bending stiffness caused by the material substitution from 
steel to aluminum.   

 

Figure 2-40 The Honda Clarity fuel cell (2016): aluminum door [98] 
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2.5.3 Lightweight door with fiber reinforced plastic (FRP) 

In 2000, two FRP door concepts for commercial vehicles were introduced [5] (Table 2-11). The 
innovation point for both concepts is the unique load-carrying structure in the door belt area, 
which is called the “Tension-Compression-Unit” (German: Zugverbund-Druckelement-Einheit) 
(Figure 2-41). This unit not only provides the major stiffness to the door structure, but it also 
replaces the role of the side impact beam, which is able to conduct the force in side and frontal 
crashes appropriately to the A and B pillars. In these two concepts, both thermosetting and 
thermoplastic material system were investigated (Table 2-11). Only the door concept 1 with 
the thermosetting matrix material shows a comparable stiffness to that of the steel reference 
under static loading cases (frame stiffness and door sag). Under crash loading cases, such as 
side impact tests (FMVSS214 Quasi-static; side pole crash) and offset frontal crash tests (40% 
overlap), door concept 1 also achieves positive results. In the side pole crash test, the 10% 
intrusion is reduced with door concept 1. However, no specific weight savings information is 
given in this work. Although the “Tension-Compression-Unit” is a smart design, it is difficult to 
apply on passenger vehicles due to the significant difference in the hinge position (typically 
both hinges are below the belt area on passenger vehicles). The chosen manufacturing 
methods also limit the use of these door concepts to only small serial manufacturing due to the 
long cycle time and the high cost per part.  

 

Figure 2-41 Schematic of the “Tension-Compression-Unit” 
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 Door concept 1 Door concept 2 

Construction 
principle 

Sandwich-sheet construction 

(reinforced with structural foam) 
Sheet construction 

Major 
material 
system 

Thermosetting 

Matrix: Epoxy resin 

Thermoplastic 

Matrix: Polypropylene (PP) 

Sheet 
components 

(Inner and 
outer panel) 

Fiber: 

Glass fiber (woven fabric) 

Manufacturing: 

Autoclave 

Fiber: 

PP-Glass fiber (woven fabric 
with hybrid yarn) 

Manufacturing: 

Autoclave 

Tension 
element 

(Figure 2-41) 

Fiber: 

High-performance Polyethylene 
(HPPE) 

Manufacturing: 

Wrapping & vacuum process 

Fiber: 

PP-Glass fiber (hybrid yarn) 

Manufacturing: 

Wrapping & press process 

Compression 
element 

(Figure 2-41) 

Pultruded Glass fiber-Polyester tubes 

Table 2-11 Important information for FRP commercial vehicle door concepts [5] 

In 2008, a multi-material door concept was developed for a racing car (Audi-A4 based) [99] 
(Figure 2-42a). The idea underlying this concept can be summarized as: 1) substitute the steel 
used as material for the outer panel with CFRP; 2) remove non-structure-relevant components; 
3) remove the side impact protection beam; 4) keep the original steel inner panel, belt 
reinforcement, and aluminum window frame. Based on the published results, the multi-material 
door achieved a 29% (3.16kg/door) weight reduction compared to the original Audi-A4 door, 
with a small sacrifice of structural stiffness. Obviously, due to the absence of the side impact 
protection beam, the crash performance of the concept door is taken over by another structure 
(e.g., a roll cage) on the racing car. The CFRP outer panel is manufactured by hand lamination 
and vacuum forming, so this door is only suitable for small-scale production. Based on this 
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racing car door, a full CFRP door concept was also virtually realized in this project [99]. With 
this concept, the inner panels are designed with integral construction—a so-called “shell-rib 
structure,” which is developed with the help of the structural optimization software (Optistruct) 
(Figure 2-42b). A 70% (7.6kg/door) weight reduction can be achieved compared to the original 
Audi-A4 door. Although no prototype is being built, the manufacturing methods (i.e., hand 
lamination and vacuum forming) for this concept door are clearly far from the requirements for 
serial production.  

 

Figure 2-42 Multi-material door concept (a) and full CFRP door concept (b) from IKA [99] 

In 2012, a mass-production-oriented CFRP door concept (Figure 2-43a) was developed and 
introduced by Brose Fahrzeugteile GmbH [100; 101]. This concept featured a CFRP roof-
integrated inner panel and a metal outer panel. Unlike conventional doors, the highlight of this 
concept is the major load-bearing and highly function-integrated metal “outer panel module.” 
This module includes hinge, latch, and outer belt reinforcements, as well as the side impact 
beam. The complete DIW can be assembled simply by joining the metal outer panel to the 
CFRP inner panel (Figure 2-43b) with several bolts. The use of CFRP on this door concept 
achieves a substantial weight savings. Compared to conventional steel and aluminum 
references, weight reductions of 55% and 35%, respectively, can be reached. However, the 
additional lightweight costs also reach an unacceptably high value of 21 €/kg. For this reason, 
this concept has not been realized in any series application.  
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Figure 2-43 The CFRP-Door system from Brose Fahrzeugteile GmbH: assembled outer 
panel and inner panel (a); prototype (b) [100] 

Since none of the CFRP door concepts so far are ready for mass production due to their high 
cost, suppliers have focused their efforts on the door carrier, which is a semi-structural 
component and has relatively lower performance requirements. In 2015, Brose Fahrzeugteile 
GmbH introduced a mass production–ready FRTP door carrier made of PP-LGF30 and 
reinforced locally with organo sheets [102]. The design concept, material distribution, and 
prototype are shown in Figure 2-44. The highlights of this door carrier are the significant 
thickness reduction by the extensive use of organo sheets and the mass production–ready 
one-shot-process.  
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Figure 2-44 The FRTP door carrier with organo sheets from Brose Fahrzeugteile GmbH 
[102] 

The one-shot process is a further development based on the standard injection molding 
process, and it achieves simultaneous organo sheet thermoforming and PP-LFG30 injection 
molding in one step. A schematic of the whole production process is illustrated in Figure 2-45. 
Compared to the conventional door carrier (typically 1.8 mm PP-LGF30 only), the 
implementation of organo sheets leads to a significant thickness reduction (0.5 mm total 
thickness on this carrier) and up to a 40% weight reduction. The use of this door carrier 
achieves a weight reduction of as much as 5 kg/vehicle compared to the conventional door 
(e.g., a 0.7 mm steel door with a window regulator and aluminum window rails). This innovative 
door carrier also shows better acoustical performance and higher energy absorption (factor 3 
to 4 under the pendulum impact test) than the reference door. The thickness reduction and the 
one-shot-process create a cycle time for manufacturing this door carrier that is almost the same 
as the reference PP carrier. However, a point that should be noted is that the additional 
lightweight cost of this door carrier is not published. Although no change occurs on the cycle 
time, the extensive use of organo sheets will inevitably increase the material costs, and this 
could be a major concern for large series BIW applications when more organo sheets are 
required [103]. Other than that, the know-how for implementing FRTPs in combination with 
semi-finished prepreg reinforcements on a semi-structure component can eventually be 
transferred to structural components, e.g., doors. What remains to reach a balance between 
the cost and the structural performance is to find a way to use the organo sheet more efficiently 
[8; 104]. 
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Figure 2-45 Production process for a FRTP door carrier with organo sheets [102] 
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Figure 2-46 The Hybtuer: assembly and inner panel CAD (a); prototype (b) [105] 

At present, very little research has been published on the use of FRTPs on vehicle door 
structures. One representative study is the introduction of the “Hybtuer” (Figure 2-46a) [105]. 
This multi-material door is a frameless door that uses organo sheets and rib reinforcements 
extensively in the major load-bearing inner panel area (shown in Figure 2-46b), while sharing 
the same design principle as typical metal doors. Wood fiber reinforced thermoplastics are 
used in the minor load-bearing components, such as the outer panel. Steel inserts (sheets) 
are used as major load-transferring elements and are placed in the hinge and latch areas.  

The prototype of the Hybtuer (Figure 2-46b) was manufactured with a direct long fiber 
thermoplastic (D-LFT) compression molding process (see section 2.1.2), with a high level of 
automation (Figure 2-47). Organo sheets and pre-formed steel inserts are over-molded with 
LFT and assembled onto the inner panel during the compression molding process (In-Mold-
Assembly). The cycle time is about 60 s. Based on a comparison with an unspecified reference, 
one of the most important research achievements is the 40% increase in the automation 
degree in this manufacturing process. Meanwhile, 15% weight reduction is achieved on the 
Hybtuer (the reference door is not given) and 25% of the assembly costs are saved through 
the use of production-integrated metal inserts and an assembly-efficient component design, 
such as the one-piece design of the inner panel.  

Further information about the lightweight cost and structural performance of the Hybtuer are 
not given. Based on the amount of organo sheet usage (almost the complete inner panel), the 
Hybtuer is likely to have a good structural performance but with a relatively high lightweight 
cost. This organo sheet approach on the inner panel is more like a material substitution based 
on the typical design principle of metal doors, rather than a completely innovative multi-material 
design approach. For this reason, the lightweight potential of FRPs is not fully achieved with 
this door concept. The absence of a structural solution for the window frame on the Hybtuer 
further constrains the application of this concept to major economical vehicles.  
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Figure 2-47 The manufacturing process of the Hybtuer [105] 
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2.6 Mass-production-oriented joining techniques for FRTPs and 
multi-material components 

2.6.1 General 

The joining techniques for FRTPs fall into three categories: mechanical joining, adhesive 
bonding, and welding or fusion bonding [106]. Table 2-12 summarizes the common FRTP 
joining techniques. 

Generally, some mechanical joints have the advantage that they can be disassembled 
repeatedly, which is preferable for repairing, replacement, and recycling. Adhesive bonding of 
FRTPs is problematic due to the difficulty of bonding adhesive materials to thermoplastic 
polymers without performing a proper surface treatment. Welding can be used to join FRTPs 
with the same matrix material and, in some cases, with different but compatible blends. An 
important point to mention is that not all of the available joining techniques for FRTPs can be 
applied to all components and materials, which means an appropriate method must be 
selected for each application depending on the actual situation. 

Mechanical joining Adhesive Bonding Welding / fusion bonding 

1) Riveting 
2) Clamping 
3) Bolting 

1) Solvent Bonding 
2) Adhesive Agglutination 

1) Vibration 
2) Rotational 
3) Ultrasonic 
4) Heated tool 
5) Laser Beam 
6) High Frequency 
7) Induction 
8) Resistance 

Table 2-12 Joining techniques for fiber reinforce thermoplastics [106] 

Joining FRTPs to metals on multi-material components requires mechanical joining (i.e., form-
fit joining (Figure 2-48a) or force-fit joining (Figure 2-48b)) and adhesive bonding (Figure 2-48c) 
as the major joining techniques. The application of these joining techniques can be found on 
serial components in the automotive industry today (for examples, see section 2.2.2).  

 

Figure 2-48 Joining between FRTPs to metals: form-fit joining (a); force-fit joining (b); 
adhesive bonding [107] 
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Form-fit joining is typically realized with undercuts on insert components, which can be 
deliberately constructed (e.g., beading or clinching) or generated by over-molding in the 
injection molding process. The disadvantage of this joining type is that the point force 
transmitted between inserts and connected components constrains the overall mechanical 
performance of components, and a high stress concentration is also easily produced at the 
joining areas [107]. For this reason, form-fitting joining has not been chosen in the present 
work.  

Force-fit joining, by contrast, is realized by the compression force generated with additional 
fasteners, such as bolts and rivets. The detachability of force-fit joining guarantees a good 
recyclability of assemblies, which is one of the focuses of the present work. In door concepts, 
force-fit joining with metal inserts is used and will be introduced in detail in section 2.6.3. 

Adhesive bonding on multi-material components is realized by: 1) the In-Mold-Assembly (IMA) 
process with or without adhesion promoters, or 2) the Post-Mold-Assembly (PMA) process with 
adhesives. This type of joining, and especially the IMA with adhesion promoters, is used 
extensively in the present work because of its ideal continuous force transmission through 
large surfaces between connected parts, as this is preferred in the crash-relevant areas on the 
concept doors. Moreover, parts with a complex connecting geometry can be joined in the In-
Mold-Assembly process, thereby enabling high design freedom. Further technical details about 
adhesive joining with the In-Mold-Assembly process will be illustrated in section 2.6.3.  

Due to the scope of this work, only the chosen joining techniques will be introduced in the 
following sections.  

2.6.2 Joining between FRTPs 

Joining techniques must fit the application scenario. To choose the proper joining techniques 
for a vehicle door, joining strength (short and long period), time and cost must be considered 
at first. Using the mechanical fastener to joining FRTP components directly could be 
inappropriate for vehicle doors since the presence of creep, moisture, and stress relaxation 
during use will lead to the loosening of fasteners. The use of adhesive bonding is possible from 
the perspective of the joining strength in this scenario only if an additional surface treatment 
(e.g., solvent cleaning, abrasive methods, or surface energy treatment) of the FRTP 
components can be done. However, the additional processing step increases the cost, so this 
is difficult to accept by OEMs. For these reasons, welding seems to be the better choice for 
this work. Taking a look at the welding techniques for FRTPs available in the automotive 
industry and considering the geometry of vehicle doors (free-form surface), two types of 
welding techniques are chosen.  

Ultrasonic welding 

Ultrasonic welding is one of the most common welding techniques used in the automotive 
industry for FRTPs [10]. The basic principle of this type of welding is that it uses high-frequency 
(20 to 50 kHz), low amplitude (15 to 60 µm) vibration motion, either normal to or parallel to the 
interface between the two parts, which are held together under pressure (typically 1–10 MPa), 
to cause localized FTRP melting that realizes the join. Line welding and spot welding are two 
typical joining forms of ultrasonic welding. Special geometry is required for the normal-to-
interface vibration: one of the surfaces must have energy directors (Figure 2-49a). This special 
geometry with a triangle cross-section can help concentrate the ultrasonic vibration energy at 
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its top end, which facilitates the local heat accumulation. Eventually, these energy directors 
will melt and spread across the joining interface during the process. 

Depending on the distance between the horn (vibration producer) and the joining position, 
ultrasonic welding can be categorized into near-field welding and far-field welding (Figure 
2-49b) [106]. In the near-field welding, the distance between the horn and the joining position 
is less than 6 mm. Typically, excellent welding results can be obtained even with thin-walled 
components and low stiffness materials. In far-field welding, the distance is more than 6 mm 
(maximum 250 mm). Due to the long distance, far-field welding requires higher amplitudes and 
welding forces, as well as a longer weld time, to reach an ideal welding quality. Thicker walls 
or high stiffness are also required for the component materials. 

 

Figure 2-49 Different joining designs for ultrasonic welding (a) [108]; Ultrasonic welding: 
near-field and far-field welding (b) [109] 
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Advantages Disadvantages 

1) Ease of assembly: requires only the 
alignment of the two parts; well suited to 
automated assembly. 

2) Internal joining: even internal ribs can be 
ultrasonically welded with small, flat-
surfaced parts 

3) Contour freedom: parts of any surface 
contour can be welded (as long as the 
joining surface can be made within the 
required size and shape limitations) 

4) Short cycle time: 20 to 60 parts per 
minute; actual welding time < 1s 

1) Shape limitations: flat or nearly flat 
joining surface between the parts is 
preferred.  

2) Process limitation: tight process control 
is required to create the necessary 
tolerance and flatness of joining details 
(such as energy directors) 

3) Material limitation: limited to compatible 
thermoplastics 

Table 2-13 Important advantages and disadvantages of ultrasonic welding [106] 

The important advantages and disadvantages of ultrasonic welding are summarized in Table 
2-13. Note that, for FRTPs, the presence of fibers could have both positive and negative 
influences on the quality of ultrasonic welding. Research shows that the addition of 10–20 wt% 
of glass fiber can considerably improve the weldability of crystalline thermoplastics since stiffer 
materials help to transmit mechanical vibrations. However, when the fiber content reaches 30–
40 wt%, the ultrasonic welding parameters, such as welding time and welding pressure, must 
be carefully increased to realize an optimum welding strength [110]. The reason is that the 
higher fiber content can cause insufficient polymer at the joining interface and inhibit 
weldability.  

The most common applications of ultrasonic welding in the automotive industry are lamp 
assemblies, instrument panels, air ducts, body components, and small engine components. 

Infrared welding 

Infrared welding is a non-contact welding technique (Figure 2-50a) with three major steps: 1) 
heating of the interface with infrared energy; 2) change-over; 3) joining and cooling under 
pressure [108]. During the process, the bonding surfaces are heated through exposure to 
intense infrared radiation, which is produced by high-intensity quartz lamps. Research [108; 
111] shows that lap shear joining performed with the infrared welding can reach 40% of the 
strength of compression-molded lap shear joining, which confirms that the infrared welding 
process can realize a precise, repeatable, and consistent joining. Infrared welding can also 
achieve 100% gas tightness. 

For industry use, infrared welding is a fast process with a high level of automation [112]. It is 
able to join components with complex geometries (flat, curved, and even 3D welding contours). 
A schematic of a typical infrared welding machine is illustrated in Figure 2-50b. Multiple welding 
positions can be realized simultaneously in one shot with controlled and monitored process 
parameters. For example, the temperature of both bonding surfaces can be measured using 
an on-line sensor installed on the reciprocating arm [108]. One caution is the possible 
deconsolidation and warpage of the bonding components during the heating process. 
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Figure 2-50 Schematic of the infrared welding technique (a); schematic of the infrared 
welding machine (b) [108] 

The most common applications of infrared welding in the automotive industry are typically 
materials with a complex 3D geometry, such as instrumental panels, door modules, and center 
consoles. Due to its gas tightness, air ducts and fuel tank systems are also welded with this 
joining process. 

2.6.3 Joining between FRTP and metal 

Metal insert (MI) 

Joining between the FRTP and metal with metal inserts (MIs) can be treated as a combination 
of the form-fit and the force-fit. MIs connect to FRTP components through form-fit joining with 
the help of the specially designed grain. When used together with fasteners (e.g., bolts), the 
force-fitting joining between FRTP and metal components can be achieved.  

 

Figure 2-51 Typical threaded metal inserts: (a) ultrasonic/heated installed inserts; (b) 
molded-in inserts: (c) pressed-in inserts [113] 

In applications in the automotive industry, MIs with internal threads are typically molded in 
during the molding process, either installed with ultrasonic/heat or simply cold pressed into a 
drilled hole after the molding process. These different MI installation methods are used for four 
types of inserts [106]: 1) the mold-in insert (Figure 2-51a); 2) the ultrasonic insert (Figure 
2-51b); 3) the heat-installed insert (Figure 2-51b); and 4) the cold pressed-in insert (Figure 
2-51c). The most common material for the MI with internal threads is brass, although aluminum 
inserts have become more popular, especially for lightweight applications, as aluminum is ca. 
70% lighter than brass. Since the overall performance of cold press-in inserts cannot meet the 
joining requirements of BIW components in most circumstances, it was taken out of 
consideration in the present work. Only the first three types of inserts are considered in this 
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work and are used at different locations depending on the specific geometries around the MIs 
and the loadings situations on the MIs. A brief discussion about these three methods is given 
below. 

Molded-in metal inserts are integrated into the host part using the insert molding process, 
which is a way of molding one or multiple additional parts directly into the host part during the 
molding process, thereby eliminating further assembly processes. The major advantages of 
using this method to install metal inserts are [106]: 1) molded-in metal inserts can provide 
almost the highest resistance to torsional and tensile loadings among most inserts, 2) molded-
in metal insert use is a long-established technique and requires no highly complex molds and 
is suitable for high volume production. Of course, these inserts also have several major 
challenges [106]: 1) stress can concentrate around metal inserts due to inappropriate 
geometry; 2) the cost of disassembly and recycling might increase due to the additional 
process needed to separate the MIs; 3) special attention must be given to the cooling rates, 
especially when a large difference exists in the linear thermal expansion coefficient between 
the MI and plastic materials; 4) automatic insert placement is necessary for high volume 
production, 5) floating of the MI during the molding process might lead to serious mold damage. 
Molded-in threaded MIs are used with thermoplastics with glass fibers in the present work. In 
this situation, attention must be paid to the possibility of increasing weld line problems, 
especially around the MIs. 

The challenges of molded-in MIs have led to MIs with ultrasonic insertion becoming a preferred 
alternative for thermoplastics. The principle of ultrasonic insertion is that a small area of plastic 
around the MI is melted during the process by the ultrasonic vibration. The MI can be inserted 
either by forcing it into the hole of the plastic part or by pushing the plastic onto the MI. The 
use of either of these two methods depends depending on which part is touching the horn 
(ultrasonic vibration transmitter) of the machine. After cooling, the plastic resolidifies around 
the MI, fixing it and generating a resistance to extraction [106]. With this process, the stress 
surrounding the MIs is largely reduced in comparison to the molded-in MIs. The ultrasonic 
insertion also requires a lower installation force and can achieve a typical cycle time of less 
than a second (but can up to 3.5 s for large inserts) [106]. The advantage of ultrasonic insertion 
is that it eliminates the molding problems of molded-in MIs, but with a slightly higher insert 
cost. As for geometries, the diameters of the holes for ultrasonic insertion can be smaller than 
those needed for molded-in MIs, which is valuable for design in tight regions. Note, however, 
that ultrasonic insertion is an additional post-molding assembly process, so it will definitely 
increase the assembly cost to some extent. 

The principle of heat-installed inserts is quite similar to that of ultrasonic inserts, with the key 
difference being the generation of heat with a thermal installer rather than ultrasonic energy to 
melt the plastic surrounding the MIs. The insert shape and hole design for heat-installed and 
ultrasonic inserts are same. Compared to ultrasonic inserts, heat-installed inserts have a lower 
equipment cost (ca. 50%) and they work better with fiber-reinforced thermoplastics (less 
sensitive to voids in FRPs) [106]. However, the cycle time for heat-installed inserts is longer 
since the entire insert must be heated, and the “heat-effect zone” is also larger, which might 
lead to inaccurate positioning of inserts, as well as material degradation of the thermoplastics 
due to excessive heating.  

A strength comparison between ultrasonic/heat-installed and molded-in inserts in 
thermoplastics under pull-out and torque-out tests is given in Table 2-14 [113]. As mentioned 
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earlier in this section, the molded-in insert has the best performance among the three chosen 
types. Another test result (Figure 2-52) shows that molded-in inserts with fiber-reinforced 
thermoplastics can provide even better performance [114] and can meet the joining 
requirements for crash-relevant components with the proper choices of insert size and material 
for the host components. For example, using an M6 insert size on a component of PA66-GF30 
can achieve a pull-out force of more than 12kN, which could be suitable for some crash-
relevant regions on vehicle doors. 

Matrix material 

Maximal pull-out force (N) /Jack-out torsion (Nm) 

(*Different M6 insert geometries with comparable length) 

Ultrasonic / heat-
installed inserts Mold-in inserts Cold press-in inserts 

ABS 1664 / 7.3 4040 / 12.2 1045 / 3.16 

Polycarbonate 2731 / 12.2 4120 / 12.5 1370 / 8.66 

Table 2-14 Strength comparison between ultrasonic/heat-installed, molded-in and cold 
pressed-in inserts in thermoplastics under pull-out and torque-out tests [113] 

 

Figure 2-52 Molded-in inserts with fiber-reinforced thermoplastics: Pull-out test (a); Jack-out 
performance (b) [114] 
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Direct adhesion  

As mentioned, joining thermoplastics with adhesives directly is problematic. For example, PP, 
as one of the common thermoplastics used in the automotive industry, is difficult to join using 
adhesives due to its low surface energy [10]. Joining thermoplastics to metal for multi-material 
components can lead to severe situations as well. For this reason, direct-adhesion methods 
with the In-Mold-Assembly process are preferred in the automotive industry. These methods 
can be summarized into three categories [115]: 1) micro-scale polymer-to-metal mechanical 
interlocking, 2) in-coil or stamped-part metal priming with adhesion promoters, and 3) chemical 
modifications of the thermoplastic material for enhanced adhesion to metal. 

For the first approach, “micro-scale polymer-to-metal mechanical interlocking,” the joining is 
achieved by infiltration of the thermoplastic melt into the micro roughness features of the metal 
substrate. The mechanism of this approach differs from the over-molded form-fit joining, which 
is achieved by having the material shrink onto material with a specially designed undercut 
geometry on the macro level. Based on previous work [57; 115], this joining process includes 
three steps: 1) metal-surface pre-treatment for micron-sized rough metal surfaces (oil-free and 
clean is preferred, but not mandatory), 2) pre-heating the metal substrate to a sufficiently high 
temperature (minimum ca. 200°C), and 3) joining realized during in the injection-molding or 
compression-molding process. Based on previous studies [116; 117], the joining strength with 
this method between low-carbon steel or 6061 aluminum metal substrates and injection-
molded poly-carbonate under optimal process conditions can reach 40 MPa, which is high 
enough for a load-bearing structure. However, a standard deviation of joining strength of up to 
10 MPa is also found under the same process parameters, so the consistency of this joining 
technique can only be guaranteed with tight manufacturing process control. The cooling 
process should also be properly optimized to reduce the residual stress caused by the 
incompatibility of properties between the polymer and metal [116; 117].  

For the potential application in BIW structure, the typical hybrid components made with this 
joining method consist of stamped metal sheets and thermoplastics/fiber-reinforced 
thermoplastics. Sufficient surface roughness of the metal substrate can be ensured by proper 
surface texture of the stamping dies [115]. Most of the unfavorable side effects of metal 
stamping caused by the additional pre-heating step (e.g., warping, additional costs, and 
strength changes) can be overcome by integrating the induction heating coil into the injection 
molding tool. Although this joining approach can be seamlessly integrated into standard 
manufacturing processes and can realize a decent joining strength with thermoplastics, a 
major drawback that must be dealt with before joining FRTPs to metals is the incomplete 
infiltration of the thermoplastic into the micro roughness features due to the presence of fibers. 
This leads to an insufficient joining strength between FRTP and the metal substrate. Based on 
previous work [118; 119], almost all the shear joining strength between FRTPs and metals are 
in the range of 7 to 12 MPa. An exception is one approach that uses a laser for pre-treatment 
of the metal surface, where a shear joining strength of more than 30 MPa can be achieved 
between steel and PA66-GF30 [120]. However, a minimum joining strength of 10 MPa (usually 
a shear strength) must be reached to provide enough load transfer between metal and fiber-
reinforced thermoplastics [115]. Obviously, joining through micro-scale polymer-to-metal 
mechanical interlocking cannot provide sufficient joining strength for BIW practices at present, 
let alone for crash-relevant areas. 
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The second approach of “in-coil or stamped-part metal priming with adhesion promoters” 
creates an enhanced joining strength between metal substrate and thermoplastic by priming 
the metal surface with the so-called adhesion promoters. Silane is one of the most frequently 
used primers. According to a previous study [121], this joining process includes three steps: 1) 
cleaning and pre-treatment of the metal substrate surface (grinding, polishing, and rinsing), 2) 
priming with adhesion promoters, 3) joining realized in the injection-molding or compression-
molding process. Depending on the form of the adhesion promoters, different priming methods 
can be used: 1) foil [122], 2) coil-coating [123], 3) electrostatic powder coating [124], and 4) 
thermal spray coating [125]. The joining strength is increased with this joining approach, even 
for fiber-reinforced thermoplastics. Based on previous studies [107; 124; 126], most shear 
joining strengths between metal (steel) and fiber-reinforced thermoplastics (PA6-GF30) lie in 
the range of 12.4 MPa to 22.5 MPa if the proper adhesion promoters are used. This is higher 
than the required shear joining strength (10 MPa) for BIW applications. For potential application 
in a BIW structure, the additional steps of cleaning and pre-treatment of the stamped metal 
parts surfaces and priming with adhesion promoters in this joining approach might be the only 
obstacles limiting its integration into current BIW manufacturing processes for economic 
reasons. The shortcoming of the long curing time (several minutes) needed by the adhesion 
promoters has been resolved using higher temperatures for the mold and thermoplastics. 
Recent work [122] has proven the potential of this joining approach in large-scale production 
and on crash-relevant BIW components in a 3D-hybrid B-pillar. This B-pillar is made of DP600 
(with adhesion promoters), an organo sheet, and LFT with the compression molding process 
and realizes a 10% weight reduction while still providing static and dynamic performance 
(three-point- and four-point-bending tests) comparable to the steel reference.  

The third approach, “chemical modifications of the injection-molding thermoplastic material for 
enhanced adhesion to metal,” employs various chemical modifications to the polymeric 
material or resin to realize an enhanced joining strength. Although a high joining strength can 
be achieved even in the presence of stamping oil, this approach has significant shortcomings, 
such as incompatibility with injection and compression molding processes due to part ejection 
difficulties, thermal instability of the modified thermoplastics caused by the chemical 
modifications, and sensitivity to moisture, high temperature, and fatigue, which make this 
joining approach unsuitable for BIW components [115]. For this reason, this third approach is 
not considered as an option for the door concept in the present work and no further details will 
be discussed in this thesis. 

Based on the features of direct-adhesion joining techniques for FRTP-metal connections, the 
second approach, “In-coil or stamped-part metal priming with adhesion promoters,” is deemed 
the most promising for crash-related BIW components, such as doors, considering the joining 
strength, cost, and cycle time. 
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2.7 Component development method with limited BIW data 

Due to the reduction in vehicle development time and cost constraints, increasing volumes of 
vehicle development work of vehicle BIW components and modules are being transferred from 
automotive manufacturers to suppliers. Theoretically, to deliver a good structural solution, 
suppliers need a large quantity of accurate vehicle data from OEMs. However, the reality is 
that suppliers are only able to access very limited quantities of highly simplified local vehicle 
data and have to develop their own concepts based on these data. After the delivery of the 
concepts, OEMs test and compare different concepts from multiple suppliers in a full vehicle 
(FV) environment. Only the suppliers that are able to deliver a concept that meets the cost and 
performance requirements of OEMs are given contracts and can put their concept into series 
production. For these reasons, developing crash-relevant components and modules, such as 
the A- and B-pillar and the door module, can be a significant challenge for suppliers. Finding a 
reliable method to overcome the obstacle of limited local vehicle data to deliver highly 
competitive and accurate products is therefore important for suppliers. 

Many component development methods have been investigated and developed for vehicle 
side structures in the automotive industry in recent decades. The traditional three-point-
bending test is one of the most widely used component development methods. This method 
does not take into account the effect of surrounding components. In this test, the force-
displacement curve, local deformation, and material failure level are used as the evaluation 
criteria. Suppliers must typically develop and optimize their concepts according to their own 
experience because the OEM guidelines are most often not available to them. 
Correspondingly, the prototype must be manufactured and validated under the three-point-
bending test [127]. Several components on the side structure, such as the B-pillar and door 
beam, can be developed by this method. Figure 2-53 shows a B-pillar under the three-point-
bending test.  

 

Figure 2-53 Schematic of the three-point-bending test on a B-pillar 

After delivery to OEMs, concepts from suppliers are evaluated in a full vehicle (FV) crash 
simulation, which uses much more complicated boundary conditions than the three-point-
bending test. For this reason, the three-point-bending test is highly limited. Because there is 
no consideration of the surrounding components in the three-point-bending test, it cannot 
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guarantee that the results of this simplified test are reproducible in the FV environment. Thus, 
suppliers can only achieve an “A to B” comparison with this method, which is obviously 
insufficient. 

This limitation can create more problems in the development of component modules. In 
previous work [128], a door module with hinges and a latch was simulated under the side pole 
impact test without the surrounding components; this can be treated as a three-point-bending 
test for a door module. The results showed that only the deformation of the hinges correlated 
well with the FV simulation. The door module, however, showed a completely different 
deformation behavior, highlighting that the absence of the surrounding components can cause 
a substantial difference in the crash behavior of component modules. 

In this work, only partial BIW components are provided by the OEM due to confidentiality 
clauses. To reproduce the crash behavior of the door and surrounding components close to a 
FV simulation, a self-developed component development method of Fang and Zhang [129] 
,with the limited BIW data, is used in the present work. This method investigates the behavior 
of component sub-models and aims to reach a reasonably high level of component sub-model 
simplification. As shown in Figure 2-54, it also tries to find the proper universal time-dependent 
boundary conditions under different side impact scenarios for different vehicles. As illustrated 
in Figure 2-55, the FE model (named the “level-3 model” [L3M]) of this component development 
method includes 3 major parts: 1) a moveable fixture for the “component sub-model”; 2) a 
component sub-model; 3) a background as the floor or the sled.  

 

Figure 2-54 Component development method under different side impact scenarios: (a) Euro 
NCAP side pole test; (b) ECE-R95 test: side impact with MDB 

The “component sub-model” (part 2 in Figure 2-55), also named the “level-3 sub-model” in the 
present work, is cut from the available BIW model, step by step, according to the method 
illustrated in Figure 2-56 [129]. It consists of the partial vehicle side structure with a 1/3 length 
of the cross components, such as the A- and B-pillars, rocker panel, door module, and part of 
the shotgun. Similar approaches can also be found in the work of Teibinger [130; 131] and 
Schimidt [132], but this method by Fang [129] is simpler (fewer components on the component 
sub-model). 
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Figure 2-55 Component development method - Level-3 Model (L3M): (1) movable fixture; (2) 
component sub-model; (3) background 

The movable fixture for the component sub-model (part 1 in Figure 2-55) is made of four rigid 
parts (L-Wall, two sliding plates, one impact plate) and two revolute joints (front and rear), as 
well as eight springs and dampers. It provides a platform for connecting the component sub-
model and substitutes the missing BIW components. The connection between the component 
sub-model and the movable fixture is realized by connecting nodes on the edge of components 
(Figure 2-57) to the L-Wall with the keyword “*CONSTRAINED_EXTRA_NODES” in Ls-Dyna 
[133]. To compensate for the missing weights and to match the COG to the full vehicle model, 
artificial weights are added to the movable fixture using the keyword “ELEMENT_MASS” in Ls-
Dyna [133]. Since the missing BIW components are replaced with non-deformable rigid parts 
on the movable fixture, the revolute joints, together with springs and dampers, generate a 
universal “spring-damper system,” which is specially designed to simulate the tilting behavior 
(blue arrow in Figure 2-55) of the vehicle during side impacts. Springs are defined with material 
model *MAT_S01 (*MAT_SPRING_ELASTIC) with an elastic stiffness of 2kN/mm. Dampers 
are defined with the material model *MAT_S02 (*MAT_DAMPER_VISCOUS) [134] with a 
damping constant of 29 kN∙s/m. The impact plate is used to compensate for the absence of 
rear chassis components, which play a crucial role as a secondary load path during side 
impacts, especially for the side impact with an MDB. To reproduce the sliding movement of the 
vehicle under the side impact, only the Z-translation of sliding plates is constrained, and the 
remaining degrees of freedom are all free. 
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Figure 2-56 Schematic for determining the “component sub-model” from the available BIW 
information [129] 
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Figure 2-57 Connected nodes (red highlighted) on the cutting edge of the component sub-
model to the L-Wall using “CONSTRAINED_EXTRA_NODES” 

According to the simulation results in [129], this method is able to obtain accurate crash 
behavior on the side components of vehicles under typical side impact loading cases with the 
limited BIW component information. The deviation of intrusion between the FV and component 
simulation with L3M is marked on the structure of both tested vehicles (one small and one mid-
size vehicle) in Figure 2-58. A good correlation with the intrusion is achieved in the occupant 
area on both vehicles, including the B-pillar, rocker panel, and door module (intrusion deviation 
is less than 20%). Meanwhile, for both vehicle models, a very good correlation of the intrusion 
velocity is also achieved in the occupant area between the FV and the component simulation 
with L3M. For brevity, only the curves of intrusion velocity at the measuring point “B-pillar-
chest” are illustrated in Appendix 10.1 for the small and mid-size vehicles as representatives. 
Overall, these result comparisons provide strong evidence of the high reliability of this 
component development method with limited BIW data at a theoretical level. The small 
deviation in the door area with this method makes it suitable for the validation of door concepts 
under side impacts in the present work. 

 

Figure 2-58 The deviation of intrusion between the FV simulation and the component 
simulation with L3M [129]: (a) small vehicle; (b) mid-size vehicle 
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2.8 Summary and cognition of the state-of-the-art technology 

Based on the introduction of state-of-art technologies, it can be concluded that using a single 
material is a possible way to achieve a certain amount of weight reduction on door structures. 
However, this is not an optimum way to achieve a cost-neutral lightweight design door, 
especially with aluminum alloys and FRTPs. Major drawbacks are the dimension constraints 
caused by the material forming limitations and the appreciable lightweight costs caused by the 
increased material costs. For this reason, among the multiple methods for achieving a 
lightweight design, the multi-material design method has drawn more attention, especially for 
the application of structural and semi-structural BIW components. As the philosophy of 
lightweight design says: use the right material in the right place. Multi-material design is 
undoubtedly one of the best ways to fulfill this. Many existing serial BIW applications in the 
automotive industry, such as the front-end carrier [68; 135; 136; 137; 138], the roof cross 
component [75], and the instrument panel carrier [139], prove that the multi-material design 
method is able to achieve a certain amount of weight reduction without sacrificing performance 
and with an acceptable lightweight cost. The continuously developing material and process 
combinations and the In-Mold-Assembly (IMA) techniques (e.g., adhesive bonding with 
adhesion promoter, mechanical connection with optimized shapes) for manufacturing multi-
material components continue to expand the application scenario of multi-material design at a 
fast pace [57; 59; 77]. 

Several important cognitions are also identified for the research work: 

 Weight saving on vehicle doors can make significant contributions to the vehicle lightweight 
design.  

 Instead of looking for innovative structural solutions, most research work on the lightweight 
design of vehicle doors does not step outside the convention design principle and focuses 
only on the uneconomical material substitution method.  

 Very little research have been conducted on the vehicle doors with an FRTP-metal multi-
material design approach, although this approach has the potential to solve the lightweight 
dilemma between weight savings and additional costs on vehicle doors. 

 Injection molding and compression molding are flexible for process integration and are 
suitable for manufacturing mass-production FRTP components. 

 LFT is a suitable FRTP material for complex door structures, considering the impact 
resistance, design freedom, and formability. 

 Reaching a possibly high function-integral level on FRTP components is important for 
weight savings.  

 Using an appropriate structural optimization method is an effective way to take full 
advantage of the lightweight potential of FRTPs 

 According to the performance of semi-structural components, FRTP-metal multi-material 
construction has the potential to reach the ideal weight savings while still providing enough 
structural performance for crash-relevant door structures. 

 Ultrasonic welding and infrared welding provide enough design flexibility for door structures 
and are also mass-production ready. 

 IMA with MIs or adhesion promoters are promising methods for achieving sufficient joining 
strength and for providing local reinforcements to the door structure with an acceptable 
manufacturing cycle time for mass production. 
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3 Concept, development process, and requirements 

3.1 The multi-material door concept 

3.1.1 Preliminary FLB concept (starting point) 

In 2014, a preliminary FRTP-metal multi-material door concept (named “FLB concept” in 
further text) was introduced by Fang [9]. The fundamental idea of the FLB concept is to 
separate the door structure into two regions: 1) a major load-bearing region, 2) a minor load-
bearing but highly function-relevant region. The major load-bearing region is responsible for 
providing the most stiffness and strength to the whole door structure. The minor load-bearing 
but highly function-relevant region is specifically the door inner panel. It only needs to take very 
little load but should be able to integrate all the necessary functional components of vehicle 
doors, such as the latch, window regulation system, loudspeaker, and door stopper. For the 
construction of the load-bearing region, unlike traditional constructions of typical vehicle doors 
(section 2.3), a unique “two-ring structure” is developed with the FLB concept and is achieved 
by reusing many existing original components (Figure 3-1).  

 

Figure 3-1 FLB concept: FRTP-metal multi-material door concept 

The first ring structure includes the window frame and belt reinforcements. The second ring 
structure includes the hinge reinforcements, side impact beam, latch reinforcements, and belt 
reinforcements. As shown in Figure 3-1, using a serial middle-class vehicle door (steel 
reference door), the preliminary “two-ring structure” concept is tentatively realized. The bill of 
material (BOM) of the “FLB concept” can be found in Appendix 10.2 (Table 10-1). With this 
concept, almost all components are redesigned except for the side impact beam, considering 
its importance for side impact safety and the high possibility of reuse. Meanwhile, to make it 
comparable to the steel reference, the original door package of the design space is also kept 
untouched. According to the internal calculation, this FRTP-metal multi-material door concept 
shows an appreciable weight-saving potential of up to ca. 30% (compared to the steel 
reference). The additional lightweight material cost per saved kilogram of this concept is 
reduced by ca. 20% compared to lightweight door concepts made of aluminum. FEM 
simulations with Abaqus under two typical static loading cases (door sag and frame stiffness, 
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see section 2.4.2) show that this concept has a comparable stiffness under door sag but 
reaches only about 1/3 of the frame stiffness compared to the reference.  

Although this FLB concept achieves a substantial weight savings, several shortcomings still 
need to be optimized: 1) the “brick” components made of PP-GF30 are too thick for 
manufacture with standard FRP manufacturing methods within an acceptable cycle time; 2) 
the components made of CFRPs should be optimized and replaced with glass-fiber-reinforced 
thermoplastics, considering the cost; 3) the low component integration level and large number 
of parts; 4) the unacceptably low frame stiffness. Another major obstacle for the further 
development of this FLB concept is the unavailability of CAD data for important function 
components, such as the loudspeaker, window regulation system, and latch. These function 
components highly influence the available design space, which is crucial for the effective 
construction of rib structures with FRTPs. 

3.1.2 New concept ideas 

Since developing new door concepts based on the FLB concept and pushing the technology 
readiness level (TRL) of this concept forward are the major motivations of this work, three 
questions need to be answered at the very beginning of the further development: 1) What is 
the goal? 2) What should be kept from the FLB concept? and 3) What are the future directions?  

The goal can be summarized as further development of economical FRTP-metal multi-material 
door concepts based a market-available high-volume production door with a minimal change 
in the design package/space. The door concept should be virtually constructed with CAD 
software and validated by using the FEA method (CAE) under chosen critical loading cases. 
The overall mechanical performance of door concepts should be comparable to the reference 
door. The construction of door components should take into consideration the basic design 
guideline of common manufacturing methods for FRTPs. The outcome concept designs should 
be at least theoretically manufacturable and illustrated as a middle-surface model. Due to the 
constraints of the concept design, the fine features related to the final manufacturing model 
design, such as the minimal fillet radius, maximal rib height, and minimal rib distance, will be 
defined under ideal situations. 

For the second question, the innovative “two-ring structure” apparently must be kept, as it is 
the core of the FLB concept and can be categorized as a mixture type of sheet and frame 
construction according to the door structure classifications (see section 2.3.1). 

Further directions to solve existing problems include the choice of a new serial steel door as 
the reference (Figure 3-2a). Thanks to the courtesy of the cooperative automotive OEM, all 
important function components on this reference are available. According to the classification 
of the window frame structure (see section 2.3.2), two new concept ideas/directions are chosen 
and sketched: “Concept 1” (Figure 3-2b) is a frame integrated door design (following FLB 
concept) and “concept 2” (Figure 3-2c) is a roof integrated door design.  
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Figure 3-2 Door-in-white (DIW) of the reference door (outer panel is masked) (a); concept 1 
sketch (b); concept 2 sketch (c) 

Concept 1 

Concept 1 (Figure 3-2b) features a highly function-integrated long-fiber thermoplastic (LFT) 
inner panel with metal sheet inserts in major load-bearing regions, a window frame made of 
aluminum extrusion profiles, and a LFT belt reinforcement outer. The outer panel (not shown 
in Figure 3-2b) is made of an aluminum sheet. As with the FLB concept, the original side impact 
beam from the reference door is kept. The major joining techniques are: 1) adhesion promoters 
between LFTs to metal sheet inserts, as well as LFTs to aluminum extrusion profiles; 2) flow 
drilling screws (FDS) [140; 141; 142; 143] between the aluminum profiles and aluminum sheet 
inserts; 3) spot welding between the side impact beam (steel) and metal sheet inserts; and 4) 
bolts between the belt reinforcement outer and inner panels. Since concept 1 is a frame-
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integrated door design, the foreseeable major challenge is to find a good structural and joining 
solution in the connecting areas between the window frame and the inner panel to reach the 
aimed frame stiffness.  

Concept 2 

Basically, concept 2 (Figure 3-2c) can be treated as a forward-looking version of concept 1. 
The fundamental starting point of concept 2 is to exploit the capability of function integration of 
FRTPs on a vehicle door structure. For this reason, the concept 2 door features a highly 
function-integrated and roof-integrated inner panel made of LFTs with metal sheet inserts in 
major load-bearing regions and a LFT belt reinforcement outer. Obviously, by integrating the 
window frame to the inner panel, the integration level is much higher for concept 2 than for 
concept 1 and the joining difficulty in the connecting area between the window frame and the 
inner panel is eliminated. Correspondingly, the area of the metal sheet inserts is also reduced. 
Similar to concept 1, the outer panel (not shown in Figure 3-2c) is made of an aluminum sheet. 
The original side impact beam from the reference door is also kept. The major joining 
techniques are: 1) adhesion promoters between LFTs and metal sheet inserts; 2) spot welding 
between the side impact beam (steel) and metal sheet inserts; and 3) bolts between belt 
reinforcement outer and inner panels. Since LFTs are used in the window frame area, the 
major challenge on this concept 2 is to reach the aimed frame stiffness with LFTs under a 
constrained cross section (design space). 

Other points worth mentioning are that the sketches of both concepts are only treated as a 
guideline for further development work and that the specific material usage and joining 
techniques can be adjusted based on the available design space and specific loading 
situations. 

3.1.3 Material choice and property – LFT and UD Tape 

The material choice in multi-material design influences not only the performance of the 
structure, but also the cost. For both economical multi-material door concepts, the LFTs are 
the major materials. In addition, to help the structure reach its performance goal with a 
reasonably low lightweight additional cost, aluminum sheets and UD tapes are only used as 
local reinforcements. 

Choosing the major material is the first step in this door concept design. Generally, based on 
the common FRTP materials (section 2.1.1), SFTs, LFTs, and GMTs are the candidates for 
the major material of the door concepts. Due to the inadequate impact resistance, SFT is the 
first to be rejected from the competition. Between LFTs and GMTs, the reason for choosing 
LFTs rather than GMTs is that LFTs have the advantage of cost, design flexibility, and 
processing. These three points are all important for the design of door concepts.  
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Figure 3-3 Strain rate dependency of PP-LGF30: tensile tests in flow direction (a) [144]; 
Growth of total LFT market between 1999 and 2008 in the European Union (b) [11]; the 

effect of fiber content on the tensile and flexural strength of PP-LGF (c) [145; 146] 
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The higher design flexibility and the ease of processing provide not only a higher level of design 
freedom for the possibly complex rib structure, especially on the LFT inner panel, but they also 
reduce the uncertainties for manufacturing. From the perspective of the mechanical 
performance, as mentioned earlier in section 2.1.1, the relatively long fiber length of LFTs can 
provide good impact resistance, which is crucial for the crash-relevant door structure to achieve 
a reliable level of passive safety under crash loading [147; 148; 149; 150; 151]. LFTs, as a 
strain-rate-dependent material, show higher ultimate strength and failure strains under 
increased strain rates (Figure 3-3a) [144; 152], and this is also preferred for largely deformed 
BIW components, such as doors, under crash conditions. Last but not least, the rapidly 
increasing share of the LFT market (Figure 3-3b) [11] verifies the potential of this material and 
also draws attention to try LFTs on the vehicle door structure in the present work. 

The most used LFT material is PP-LGF40 in this work, as it is one of the most widely used 
types of LFTs (ca. 65% of the LFT market is polypropylene-based [23]) and lays a good 
foundation for a cost-neutral lightweight design. The fiber weight percent (40%) is determined 
by considering both the mechanical performance and the manufacturability. As shown in 
Figure 3-3c, previous study shows that both the strength and impact resistance of PP-LGF 
reach their peak value around 40% [145; 146]. An even higher fiber content, such as larger 
than 50%, can lead to the decrease of the average fiber length, the average fiber orientation 
parameter and the fiber-matrix interfacial strength, and eventually, decrease the mechanical 
performance while also creating more problems during manufacturing (e.g., incomplete rib 
filling).  

Since the PP-LGF40 shows significant anisotropy, as influenced by the fiber direction, several 
specimens are cut from a PP-LGF40 plate manufactured with a compression molding process 
to achieve the different E-moduli from flow and cross directions. Obtaining a stable and reliable 
test result requires that all specimens be taken from the area away from where the LFT 
extrudates are placed and way from the plate edge. Figure 3-4 illustrates a schematic of the 
PP-LGF40 plate, specimens in the flow and cross directions, and the average true stress-strain 
curves from quasi-static tensile tests. The E-moduli of PP-LGF40 in the flow and cross 
directions are ca. 9500 MPa and 4300 MPa, respectively. 

Since the material model used for the topology optimization in Optistruct is only available in 
isotropic form, a proper E-modulus must be given to avoid overestimating the capability of PP-
LGF40 and even leading to a far-from-reality optimum design. In this case, to guarantee a 
sufficiently high design safety factor, and E-modulus of 6500 MPa is defined for PP-LGF40 in 
the topology optimization with Optistruct; this value is slightly smaller than the average E-
modulus of the flow and cross directions (6900MPa).  

To avoid high material costs, the use of semi-finished prepregs on door concepts is 
precautious. Due to the relatively higher cost of the organo sheets, only UD tape is chosen for 
use. This is PP-based with glass fiber reinforcements (E-modulus in fiber direction: 50 GPa). 
The mechanical properties provided by the manufacturer are directly used in the concept 
design without further tests. 
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Figure 3-4 Schematic of the PP-LGF40 plate, specimens in the flow and cross directions (a) 
and the average true stress-strain curves from quasi-static tensile tests (b) 
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3.2 Development goal and process 

The overview of the design and optimization process for the concept development is illustrated 
in Figure 3-5. The design goal is to reach a 20% weight reduction and still achieve a 
comparable structural performance in comparison to the reference door under defined static 
and crash loading cases (see section 2.4). The stiffness and strength requirements are defined 
by analyzing the reference door with the finite element analysis (FEA) method and are used 
as important inputs for the topology optimization, the parameter optimization, and performance 
validations.  

 

Figure 3-5 Overview of the design and optimization processes for door concepts 

To properly use the topology optimization to accelerate this design process, the maximal 
allowable design space for the concept door should be carefully extracted from the reference 
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door and used first in topology optimization. The design suggestion or material distribution 
achieved from topology optimization is used as a guide for the construction of the preliminary 
door concept, especially for the rib construction. Considering the significantly different material 
usage between the frame and inner panel area, the structural development work of concept 1 
in this step is separated into two parts and starts with the frame area. The preliminary door 
construction of concept 1 is then achieved by combining the frame and the inner panel 
structure.  

For concept 2, the frame and inner panel areas are developed simultaneously. The thickness 
distribution of the preliminary door structure is further optimized by parameter optimization to 
reach the target light weight and performance goals. After the performance validation under 
both static and crash loading cases, the optimal door designs are achieved. In this process, 
several FEA solvers are used. Specifically, Abaqus 6.13 is used for the static simulation of the 
reference door. The topology optimization, parameter optimization, and performance validation 
under static loading cases for the concept doors are performed with Optistruct, while Ls-Dyna 
is used for all crash simulations. 
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3.3 Summary of general FEA modeling techniques 

As mentioned in section 3.2, this concept development work relies highly on FE simulation and 
uses several solvers for different loading situations. For this reason, the important general FEA 
modeling techniques applied here need to be introduced at the beginning. According to the 
types of simulation, this section is separated into: (1) static simulation; (2) crash simulation; 
and (3) topology optimization. 

3.3.1 Static simulation with Abaqus (reference door) 

To illustrate the FEA modeling techniques in static simulations, the CAE model of the reference 
door (Figure 3-6) is used here as an example. 

 

Figure 3-6 Important FEA modeling techniques in simulation models 

Accurate simulation of the possible minor plastic deformation of steel components under 
certain static loading cases is achieved by defining the non-linear material data in the material 
cards according to steel types [153]. Since most of the FEA modeling techniques used in this 
FE model follow the state-of-art in the automotive industry, only important modeling features 
are illustrated in Figure 3-6. The CAE model is made of solid and shell elements. The average 
element length of the shell elements is 5 mm. Since hinges have a substantial influence on the 
door stiffness, they are included in the simulation and fully modeled with Hex8 solid elements 
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(the tetra4 solid element is too stiff). A steel plate is added in the simulation to substitute for 
the missing hinge pillar. Spot welding and adhesives are the only joining techniques in this 
model and are realized with standard “RBE3+Hex8” elements. In the flange area, the outer 
and inner panels are joined using “node equivalence”. The flange is simplified to one layer of 
elements with a thickness of “2× outerpanel + 1× inner panel”. All bolts and FDS connections 
are replaced by the “RBE2” element, which is also used on the boundary conditions 
(constrained areas and force points). 

3.3.2 Topology-, parameter optimization, and static performance validation with 
OptiStruct (concept door) 

In the FE model of topology optimization, both the metal and PP-LGF40 materials are defined 
with the isotropic and linear elastic material card (MAT1) in OptiStruct [154]. UD tapes are 
defined with an anisotropic material card (MAT8). A typical topology optimization model has 
two major component groups: “non-design” and “design space”. The “non-designs” (Figure 
5-7), such as the base surface made of PP-LGF40 and local reinforcements (UD tapes, 
sheet/threaded metal inserts, etc.), will not be optimized in the topology optimization and are 
meshed with a 5 mm shell element (Quad4/Tria3) in this work. Meanwhile, the “design spaces” 
(Figure 5-7), which are the optimization space for rib structures, are meshed with 5 mm solid 
elements (Tetra4). The joining between “non-designs” to the corresponding “design spaces” 
are realized with the “node-to-node” connection (Figure 3-7). The rest of the modeling 
techniques are identical to the static simulation (section 3.3.1). Special modeling occasions 
are illustrated specifically in the corresponding section. 

 

Figure 3-7 node-to-node connection between “non-designs” to “design spaces” 

To achieve the maximal structural stiffness under different loading cases, all topology 
optimizations in this work use the “minimal weighted compliance” as the objective [155]. 
Depending on the weight saving goal, the volume fraction of the “design spaces” is constrained 
to a certain value (such as X%), which means that the use of the maximal X% of the defined 
“design spaces” is allowed to generate rib structures in the topology optimization. Considering 
the manufacturing method, design constraints, such as the draw direction, and the minimal 
and maximal dimensions of the PP-LGF40 components, are also given. 

The modeling techniques of the parameter optimization and static performance validation are 
almost identical to the topology optimization, except that “design spaces” are replaced with 
real rib structures. Meanwhile, to reach further weight reduction through parameter 
optimization, the objective is set as “minimize mass,” and the constraints are defined with the 
maximal allowable displacements at force points under different static loading cases. 
Correspondingly, the material thickness (e.g., the PP-LGF40 and aluminum profiles) is set as 
the design variables and will be optimized in the given range.  
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3.3.3 Crash simulation with Ls-Dyna (reference and concept door) 

To accelerate the concept development in this work, the crash simulation shares the same 
mesh of the door structure components (without the hinge-pillar substitution and solid hinges) 
as in the static simulation (including static performance validation). The FEA modeling 
techniques in the crash model of the concept door are the same as for the reference door (e.g., 
the position of the measuring springs, the element size/type, the joining modeling, etc.) and 
follows the state-of-the-art modeling requirements of FV crash simulations in the automotive 
industry (see Appendix 10.3.1). Besides the doors, most of the surrounding components are 
meshed with shell elements with an average element length of 5 mm. All the metal components 
use the Mat_24 (*MAT_PIECEWISE_LINEAR_PLASTICITY) in Ls-Dyna [134] with a strain 
rate dependency (further explanations see Appendix 10.3.2). Generally, these material cards 
include the flow curves which cover a strain rate range from 2e-4/s (quasi-static) to 500/s. 
Especially for the ultra-high-strength steel, this range is up to 1300/s.  

One specific point is the material models used for FRPs. Since material modeling with high 
accuracy is beyond the scope of this concept phase, failure criteria for the FRTPs are not taken 
into consideration in the crash simulations. Moreover, because the filling simulation is not 
feasible with a middle-surface CAD model at present, the manufacture-dependent and 
anisotropic PP-LGF40 is also simplified to the isotropic material model Mat_24 in Ls-Dyna 
[134]. The Young’s modulus and the flow curve of the PP-LFG40 are the average values from 
tensile tests of flow- and cross-direction specimens (see section 3.1.3). According to the work 
by Sun [144], the error of this modeling of PP-LGF40 with Mat_24 is acceptable for this type 
of concept validation usage. The UD tapes are modeled with Mat_54 
(*MAT_ENHANCED_COMPOSITE_DAMAGE) in Ls-Dyna [134] (details see Appendix 
10.3.3). Further specific modeling occasions for crash simulations are illustrated in the 
corresponding sections. 
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4 Reference door analysis 

A market-available door from a compact vehicle is chosen as the reference for this work. Since 
the goal of this work is to achieve a 20% weight reduction and comparable mechanical 
performance based on the reference door, a complete analysis of this reference door is 
necessary to quantify the design goal. The mechanical performance evaluation of the 
reference and concept doors relies especially on the FEA method. Proving the reliability and 
accuracy of the applied modeling techniques in the FE model is important. This section 
illustrates the following analyses of the reference door: 1) structural analysis; 2) performance 
analysis.  

4.1 Structural analysis 

In this structural analysis, the components of the reference door are categorized into structural 
components and functional components, since the structural components define the 
mechanical performance to a large extent and the functional components determine the 
available design space in the narrow area between inner and outer panels. 

As shown in Figure 4-1, the reference door is designed with sheet metal construction and 
weighs 16.39 kg. The assembly includes the following structural components: 1) inner panel; 
2) outer panel; 3) frame reinforcement; 4) mirror and upper hinge reinforcement; 5) door 
stopper and lower hinge reinforcement; 6) belt reinforcement outer; 7) latch reinforcement; 8) 
side impact beam; and 9) window rail. The details of each structural component (BOM) are 
given in Appendix 10.4 (Table 10-4).  

The functional components are also indispensable for a vehicle door. Passengers interact a 
lot with these functional components during daily use, and the passengers’ first impressions of 
the vehicle are influenced, for example, by the door closing efforts/sounds and the wind noise 
during driving. Several important functional components will therefore be retained in this work 
and used further in the concept. The sizes and positions of these components have a 
significant influence on the available design space for LFT components in new door concepts. 
The change in material from steel to LFTs will decrease the E-modulus, so the typical rib 
construction on LFT components will definitely increase the demand on the design space in 
the new concepts. Important design-space related functional components of the reference door 
are the: 1) window glass; 2) latch system; 3) window regulator; 4) door stopper; 5) frame trim; 
and 6) door trim (see Figure 4-2). Considering the component sharing strategy in OEMs and 
the styling requirement from the design studio, the door stopper, latch system, window glass, 
and window regulator system are retained for the new concepts, which means that sufficient 
space must be reserved to install those functional components. However, the higher geometry 
design freedom of LFTs means that the unused available space between the frame/door trim 
and the steel inner panel can be partially used to expand the existing design space without 
any geometry conflicts.  
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Figure 4-1 Reference door: structural components 
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Figure 4-2 Reference door: design-space-related functional components 
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4.2 Performance analysis 

4.2.1 Static loading cases and anisotropy analysis 

Simulation results 

To obtain a clear goal for further development, the chosen reference door is simulated under 
the six static loading cases (section 2.4.2). Displacements at force points following the force 
directions under each loading case are listed in Table 4-1 and are used as the design 
requirement for further concept development. 

No. Static loading case 
Force (N) / Direction 

(Vehicle global 
coordinate) 

Displacement at force point 
following force direction 

(mm) 

1 Frame stiffness B-pillar 350 / -Y 12.48 

2 Frame stiffness middle 350 / -Y 10.74 

3 Door sag 1000 / -Z 8.49 

4 Over opening 300 / -Y 19.84 

5 Belt stiffness outer 200 / +Y 3.58 

6 Belt stiffness inner 200 / -Y 2.09 

Table 4-1 Reference door: static simulation results 

Testing results 

As mentioned earlier, all concept doors in this work will only be validated with the FEA method. 
For this reason, the accuracy of the simulations (static) with FEA modeling techniques (section 
3.3.1) must be proven in the early phase. This can be achieved by testing the reference door 
hardware and comparing the results between the testing and simulation. According to the 
feasibility, 5 static loading cases are tested (see Table 4-2). 

The static loading cases mentioned in section 2.4.2 are used to develop a door static test 
bench. The schematics of this test bench (CAD) under the static loading case “frame stiffness 
b-pillar” are shown in Figure 4-3a as an example (rest loading cases: see Appendix 10.5). The 
door static test bench has three major modules: 1) fixing module; 2) loading module; and 3) 
measuring module. According to the specific boundary conditions related to the static loading 
cases, the degrees of freedom (DOF) in the hinge and latch areas can be properly constrained 
by the fixing module. The corresponding forces are converted to weights and imposed on an 
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accurate position of the door structure by the “rope-pulley” system of the loading module (blue 
line in Figure 4-3a), following the defined loading direction. The measuring module measures 
the displacement at the loading point in the loading direction using calibrated cable 
potentiometers [156]. The principle of cable potentiometers is that they convert the change in 
electric potential to a change in the cable length since there is a linear relationship between 
these changes. In this way, displacements at the loading points can be measured with a high 
level of accuracy. The force conduction, the testing setup, and the positioning of the cable 
potentiometer in a practical test are illustrated in Figure 4-3b, as an example. 

 

Figure 4-3 Schematics of test bench (CAD) “frame stiffness b-pillar” (a); testing setup in a 
practical static test (b) 

Table 4-2 summarizes the chosen loading cases and the corresponding displacement 
deviation at force points between the static simulations and the tests. Note that the maximal 
deviation is less than 10%, which confirms the reliability of the FEA modeling techniques. 
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No. Static loading case 

Displacement deviation at force point (%) 

(+: Simulation > testing;  

- : Simulation < testing) 

1 Frame stiffness b-pillar +10% 

2 Door sag 0% 

3 Over opening -5% 

4 Belt stiffness outer +3% 

5 Belt stiffness inner +10% 

Table 4-2 Deviation between static simulation and testing 

Anisotropy analysis 

According to two concept ideas (section 3.1.2), the LFTs and UD tapes are the major materials 
that have a high level of anisotropy. Identifying the areas on a structure with a high level of 
load anisotropy at the beginning of the development is the most efficient way (cost and weight) 
to use the UD tapes, which are used as a local reinforcement.  

For the door structure, the loading situation is complex even for static loading cases. For this 
reason, an anisotropy analysis with the reference door is made using the algorithm from the 
work of Fang and Grote [104; 157]. This algorithm uses a dimensionless “anisotropy value”, 
defined by [158], to describe the level of load anisotropy on components, where a higher value 
means a higher load anisotropy level. In this analysis, the six static loading cases are 
considered simultaneously. The load anisotropy values on every component, along with the 
calculated fiber directions, are shown in Figure 4-4. Based on the distribution of the anisotropy 
value, the areas with the highest anisotropy value (ca. > 0.7) are identified on the components 
“inner panel,” “frame reinforcement,” and “belt reinforcement outer” (red marked areas in 
Figure 4-4). This result is an important reference for the later determination of the areas of UD 
tapes.  
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Figure 4-4 Reference door: anisotropy analysis result with static loading cases 

4.2.2 Crash loading cases 

The crash simulation is performed with the reference door under the Euro-NCAP side pole 
impact loading case (section 2.4.3). Based on the component development method (section 
2.7), the L3M of the reference vehicle (Figure 4-5) underlying this loading case is built with the 
limited BIW data. 

Typically, the intrusion and the intrusion velocity are the key values to evaluate the structural 
performance of doors under crash loading cases [159]. Accurate and quantitative comparison 
of the intrusion and the intrusion velocity are attained by defining several measuring points on 
the door and surrounding BIW side wall components at the occupant´s side (Figure 4-6). In 
this way, no matter how large the rotation on the BIW during the side pole impact, an accurate 
intrusion value is easily measured on every measuring point by the length change of specially 
defined intrusion measurers (springs with extremely low elastic stiffness) (Figure 4-5). These 
predefined measuring points are able to cover almost all areas that can be influenced by the 
door structural performance. Obviously, relatively more measuring points are defined in the 
impact areas, where the maximal intrusion happens, and they are also crucial for occupant 
safety. 
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Figure 4-5 L3M of reference vehicle under Euro-NCAP side pole impact test 

 

 

Figure 4-6 Measuring points on the door and surrounding BIW components (unnecessary 
components are masked) 
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Figure 4-7 Reference door model under the side pole impact: maximal intrusion at 70 ms 

Figure 4-7 illustrates the deformation plot of the reference door and the surrounding 
components at 70 ms, when the “bounce back” starts and maximal intrusion happens. The 
corresponding maximal intrusions on measuring points at 70 ms of the reference door are 
listed in Appendix 10.6 and 10.7 in the column “reference door”. The intrusion velocity in the 
passenger-related area (measuring points: DP1, DP3, DP4, and D12) can be found in Figure 
6-4 and Figure 6-8. Both figures are used as the comparison criteria for the further validation 
of the concepts. 

4.2.3 Implementable test bench design for a component development method 

Although the component development method can provide sufficiently accurate crash results, 
a major problem remains regarding how to realize the ideal virtual boundary conditions of the 
L3M (e.g., the right L-wall, the “spring-damper system,” and the connection between the 
component sub-model to the L-wall) on an implementable test bench. Since this method is 
used extensively to validate door concepts, solving this major problem and developing an 
implementable test bench model (ITB) is crucial for this work. Due to the absence of the full 
vehicle BIW information on the reference vehicle in this work, another vehicle, the 
“Streetscooter” [159], was chosen as it has full vehicle information (Figure 2-56) and therefore 
allows the necessary comparison of crash results between the FV, L3M, and ITB models. To 
achieve a comparable ITB structure and crash behavior, the chosen Streetscooter and the 
reference vehicle in this work belong to the same small vehicle class.  
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Figure 4-8 ITB model of the Streetscooter under a side pole impact (a); Modular structure of 
the test bench (b); Module A length and the typical length of compact vehicles (c) 

As Figure 4-8a illustrates, the ITB model under the side pole impact, realized with the 
Streetscooter, includes four major parts: 1) a moveable test bench; 2) the component sub-
model; 3) the floor as the sled; and 4) a fixed rigid pole barrier. Unlike the L3M, the moveable 
fixture is replaced with the moveable test bench. The total weight of this moveable test bench 
is 515 kg (without added weights). This test bench is made applicable to similar compact 
vehicles, possibly lightweight and with high strength, by developing a frame construction with 
a modular structure (Figure 4-8b). The function of the different modules is summarized in Table 
4-3.  
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Module  Function 

Module A 

 Main body of the test bench 
 Provides sufficient strength and support for the impact energy 

absorption 
 Versatile connection area to modules B and D 

Module B 
 Connector between the component sub-model and module A 
 Detachable and exchangeable during the change of vehicle models 

Module C 
 “Spring-damper system” to reproduce the tilting behavior of vehicles 
 Stable sliding platform 

Module D 
 Weight and COG adjustment 
 Easy and flexible mounting on module A 

Table 4-3 Functions of different modules 

For module A specifically, considering the cost, weight, loading, and reliability, a standard 
S355JR steel profile with a hollow square cross section is extensively used. Since the compact 
vehicle class is the focus of this work, the length of module A is set as 3000 mm (Figure 4-8c), 
which is able to cover the typical length range of compact vehicles.  

For module B, the connection concept realizes the joining between the component sub-model 
and module A (Figure 4-9a). Module B features an exchangeable fitting part for different cross 
sections of components and a universal fixing part that connects to module A. This concept 
can carry the component sub-model firmly and conduct the force to module A, while also 
facilitating exchangeability between different vehicle models by being adjustable. Specifically, 
two types of typical connections can be made between the component sub-model and module 
A: 1) cross components to module A; and 2) rear suspension mounting to module A. For the 
first one, a core insert is designed (Figure 4-9b) that will be pushed into the hollow of the cross 
components and helps to avoid the local buckling of thin-walled sheet metal parts. Adhesives 
are also applied to the overlapped area to provide enough strength for a reliable connection. 
For the second type, a connector is added to connect the mounting of the rear suspension on 
the BIW to module A (Figure 4-9c), which replaces the load path function of the rear 
suspension in side impact tests. This connector can be built without knowing the vehicle-
specific suspension data. 
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Figure 4-9 The concept of module B (a); the connection solutions for cross components (b); 
the mounting of the rear suspension (c) 

Module C is a spring-damper system in L3M. As defined in Figure 2-55, three major challenges 
limit the realization of module C on the ITB: (1) the substantial damping constant of the damper 
and the appreciable elastic stiffness of the spring; (2) implementation of reliable revolute joints; 
and (3) the constraint of the Z-translation of the sliding plates. For these reasons, a significant 
difference exists between L3M and ITB for module C. 

According to the parameters and setups in L3M, the spring and damper used here must have 
an elastic stiffness of k=2 kN/mm and a damping constant of d=29 kN∙s/m, respectively. A 
thorough search for market-available spring and damper systems with this high elastic stiffness 
and damping constant has been conducted. For springs, only a disc spring can meet the 
stiffness requirement. However, a disc spring can only hold a compressive force, whereas the 
spring in module C must be able to hold tensile force as well. For dampers, neither an oil-
hydraulic damper [160] nor a pneumatic damper [161] is suitable for the heavy impact loads 
on module C. Only a rubber-metal buffer can work with heavy loads [162; 163]. However, the 
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damping constant of the rubber-metal buffer cannot be quantized, so it is not acceptable in this 
case. In other words, neither proper springs nor dampers have been found on the market. 

Since no spring or damper can meet the requirements, an alternative structural solution is the 
only way forward. For this reason, the tilting behavior of the L3M has been investigated under 
two side impact tests. As shown in Figure 4-10, a Z-displacement of only around 10 mm can 
be found at measuring point 1 for both tests. This small tilting behavior on L3M (ca. 1.6 
degrees) could be reproduced by the structural elastic deformation of the movable test bench 
in ITB, to some extent. Based on this observation, a structural simplification is made: no 
specific “spring-damper system” is designed for the ITB. 

 

Figure 4-10 The Z-displacement curves of measuring point 1 under ECE-R95 [164] and Euro 
NCAP side pole test 

Due to the elimination of the “spring-damper system,” the constraint of the Z-translation on the 
sliding plate has been correspondingly canceled. Theoretically, the long beams on the base of 
module A are sufficient to guarantee a stable and smooth sliding motion with a natural and 
subtle tilting behavior of the ITB. For this reason, no extra constraints are needed here. The 
following validation result of the ITB proves the feasibility and accuracy of this solution. 

Module D is designed for weight matching, which helps to achieve the same weight and COG 
between the FV and the “movable test bench + component sub-model”. The concept of module 
D is shown in Figure 4-11a. Part 1 connects to module A, which works as the platform for 
added weights. Parts 2 and 3 are added weights. By changing parts 2 and 3, the COG and 
weight can be adjusted. As shown in the side view of the movable test bench in ITB (Figure 
4-11b), a geometry conflict between the added weight and the suspended component sub-
model is avoided using an unsymmetrical design. 
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Figure 4-11 The schematic of module D (a) and the side view of ITB (with added weights) (b) 

Besides the strength, the ITB model must be able to reproduce the result of the L3M within a 
reasonable percentage of error as a key criterion for evaluating its performance. For this 
reason, the ITB is validated with the FE method under the loading case of the Euro NCAP side 
pole test (version 2001) [88]. 

The crash simulation results reveal no noticeable deformation on the movable test bench of 
the ITB. The maximal von Mises stress also never exceeds the yield stress of the S355JR (355 
MPa). So far, the ITB fulfills the strength requirements. 

 

Figure 4-12 The stress (a) and displacement (b) plots at 60 ms 
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Figure 4-12 shows the stress distribution and displacement plot at 60 ms in all simulations 
when the maximal intrusion occurs. A good correlation is achieved between the L3M and the 
ITB model for both stress and displacement. However, the stress values are slightly higher 
here than in the FV simulation in the upper part of the component sub-model (roof frame and 
B-pillar upper). This difference is caused by the reduction in BIW components and the low level 
of elastic deformation of the test bench. 

An accurate comparison of the intrusion and intrusion speed is obtained, as shown in the 
corresponding data for the occupant relevant areas shown in Figure 4-13. On the B-pillar 
(Figure 4-13a), the curves of the measuring points “B-pillar-head” and “B-pillar-chest” are 
chosen as representatives of the results for all the measuring points. For both the intrusion and 
intrusion velocity on the B-pillar, a good correlation between the ITB model and the L3M has 
been achieved. Compared even to the FV results, the intrusion and intrusion velocity of 
measuring points “B-pillar-chest,” “B-pillar-abdomen,” and “B-pillar-pelvis” on the ITB model 
show a high level of accuracy (see Table 4-4). However, a deviation is evident at the “B-pillar-
head” measuring point, where the intrusions on the ITB are smaller than on the FV, and the 
intrusion velocity shows a certain amount of oscillation. 
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Figure 4-13 Comparison of the intrusion and intrusion velocity among the FV, the L3M, and 
the ITB model simulation (Euro NCAP side pole test (version 2001)): a) B-pillar; b) door area 

The results for the door area are shown in Figure 4-13b. The curves of the measuring point 
“Door-abdomen” are chosen as representative of the remaining measuring points. A good 
correlation of the intrusion and intrusion velocity between the L3M and the ITB model has been 
achieved. Compared to the FV results, only a very small deviation of intrusion and intrusion 
velocity can be found in the door area (see Table 4-4). 
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Test Measuring 
points 

Max. intrusion             
(mm) 

Max. intrusion velocity 
(m/s) 

L3M ITB Deviation L3M ITB Deviation 

Euro- 
NCAP 

side pole 
test 

B-pillar-head 75 80 6.7% 3.7 4.3 16.2% 

B-pillar-chest 155 161 3.9% 5.8 5.7 1.7% 

B-pillar-abdomen 177 181 2.3% 6.5 6.5 0.0% 

B-pillar-pelvis 188 192 2.1% 7.6 7.6 0.0% 

Door-abdomen 233 237 1.7% 7.6 7.6 0.0% 

Door-pelvis 224 227 1.3% 7.1 7.1 0.0% 

Table 4-4 B-pillar and door area: the comparison of maximal intrusion and intrusion velocity 
between the L3M and the ITB model on measuring points 

The distribution of the intrusion deviation according to the measuring points between the L3M 
and the ITB model is illustrated in Figure 4-14. A deviation of less than 10% is evident in area 
A, which includes the major components related to occupant safety in a side impact, such as 
the B-pillar, door module, and sill. 

 

Figure 4-14 The deviation distribution of intrusion between the L3M and the ITB model 

The deviations on the roof frame (area B) are between 10% and 25% and are caused by the 
relatively large elastic deformation in the upper part of the ITB. The resulting periodic vibration 
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force acts on the component sub-model and creates the intrusion deviation on the upper part 
of the component sub-model. 

Area C (A-pillar and hinge pillar) shows a relatively large deviation of intrusion of more than 
25%. Due to the small absolute value of intrusions in this area (considerably smaller than 10 
mm), a small change in intrusion can lead to a large deviation percentage-wise. This can be 
seen in Figure 4-15. As shown on the representative measuring point “Hinge-2” in Figure 4-15, 
the absolute deviation at this point, and in area C, is very small. 

 

Figure 4-15 Hinge-2: the comparison of intrusion among the FV, the L3M, and the ITB model 
simulations (Euro NCAP side pole test (version 2001)) 

Overall, based on the comparison of intrusion and intrusion velocity and deviation analysis, it 
can be concluded that, under the loading case of the Euro NCAP side pole test (version 2001), 
the ITB model is able to provide a proper reproduction of the boundary conditions of the L3M 
and to deliver a sufficiently accurate crash result for the development of vehicle side 
components. Real test bench hardware can therefore be built, based on the construction of 
the moveable test bench in the ITB model. 
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5 Structural development with topology optimization 

This section will illustrate the structural development for two door concepts separately. 

5.1 Concept 1 

As mentioned in section 3.2, the structural development work of concept 1 is separated 
according to: 1) the frame area; and 2) the inner panel area. The reason, as mentioned by 
Fang [104], is that the optimization solver is quite often not able to deliver the best possible 
results if too many or too ambiguous design variables/inputs are given. The best solution for 
avoiding this problem is to reduce the number of design variables or to provide a clear input 
for the optimization. For this reason, the total topology optimization work for concept 1 is split 
into the frame area optimization and the inner panel area optimization, according to the 
material types. Details about this topology optimization process are illustrated in Figure 5-1. 
Since the frame geometry can have a substantial influence on the design space definition of 
the inner panel, especially at joining areas, the frame area is designed first and used as the 
input for the design of the inner panel area. 

 

Figure 5-1 Concept 1: topology optimization process for the frame and inner panel area 
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5.1.1 Design space definition 

Based on the CAD data (sheet metal components and function components) of the reference 
door, the maximal allowable design space and non-design space are defined in Figure 5-2a. 

 

Figure 5-2 Design space definition (a); Cross section definition of the design space in the 
frame area (b)(c) 
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Almost all the contour of the design space matches the sheet metal parts of the reference door, 
except for the frame area. As illustrated in Figure 5-2b and c, compared to the reference door, 
the cross section is expanded to the inside surface of the frame trim for the new concept. This 
is reasonable, since the aluminum extrusion profiles have no welding flange (see Figure 3-2 in 
section 3.1.2), and the rubber sealing concept can be easily adapted. This has two obvious 
advantages: 1) the surface moment of inertia can be increased due to the enlarged cross 
section of aluminum profiles, which compensates for the lower E-modulus of aluminum in 
comparison to steel; 2) the same visual block area is kept at the upper A-pillar. 

Following the new design principle shown in Figure 3-1, the total design space is categorized 
into a major load-bearing region and a minor load-bearing region (Figure 5-2a). During the 
definition of the design space, the original side impact beam and all important door functional 
components (e.g., loudspeaker, window regulation system, and latch) were taken into 
consideration. The mounting points/areas of those function components were defined as non-
design space. As mentioned earlier, the total design space was separated at the section “A-A” 
and “B-B” into the frame area and the inner panel area (Figure 5-2a). Section “A-A” and “B-B” 
were defined in the position where the geometry of the frame cross section starts to change 
drastically. In this way, the design space of frame area has a relatively constant cross-section, 
which is important for further frame designs with aluminum extrusion profiles. 

5.1.2 Frame area design 

Since the frame area is only a part of the whole design space, the mechanical performance 
requirements (section 4.2) for the complete door cannot be directly applied here. These should 
be redefined specifically for the frame area with simplified boundary conditions. This is 
achieved by cutting a partial frame model from the reference door. The cutting position 
corresponds to the frame area design space (A-A and B-B in Figure 5-2a).  

As illustrated in Figure 5-3, the simplified boundary conditions are defined at the cutting areas: 
DOF 1–6 are constrained on sections A-A and B-B. Two frame-related loading cases were 
chosen: frame stiffness B-pillar and middle (as described in Figure 2-33). The displacements 
following the loading direction at the force points under these two loading cases (see Table 
5-1) are used as the mechanical requirement for further development of the frame area. The 
weight of the aluminum frame should be lower than the partial steel frame of the reference 
door. 
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Figure 5-3 Partial frame of the reference door with simplified boundary conditions 

 

Figure 5-4 Frame sub design spaces (a) and a schematic of the “calculation rectangles” of 
the frame profile (b) 
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According to the consistency of the cross sections, the design space of the frame area is further 
divided into three sub design spaces (Figure 5-4a): 1) frame profile 1; 2) frame profile 2; and 
3) frame connector. The design of the frame area starts with two profiles. The frame connector 
is only necessary if the two profiles cannot be welded together directly due to a substantial 
difference in the cross sections. 

Several profile contours are sketched for the profile design. Trying to achieve the best possible 
thickness range of aluminum profiles by building the complete frame CAD and FEM model for 
every contour is inefficient; therefore, a simplified calculation method is used here by using the 
cross section of frame profiles. This is realized by simplifying the loading cases on the frame 
area to a cantilever and a 3-point-bending beam problem (Figure 5-3). Frame profile 1 is used 
here as an example to illustrate the calculation. Before the start of calculation, the middle 
surface contour of the reference steel frame and the aluminum profile is defined as a sketch in 
CAD (Figure 5-5). The “middle surface contours” of the reference and frame profile 1 are then 
converted into different “calculation rectangles” (Figure 5-5) according to the direction of the 
force. One important factor is to ensure that the areas of the “calculation rectangles” (Figure 
5-5) are equal to its original “middle surface contour” (Figure 5-5). Subsequently, the moment 
of inertia 𝐼𝑧 of the “calculation cross section” can be easily determined by inputting a specific 
thickness (T) (Figure 5-4b): 

𝐼𝑧 =  
1

12
∗ (𝐵3 ∗ 𝐻 − 𝑏3 ∗ ℎ)   

=
1

12
∗ ((𝐵𝑚 + 𝑇)3 ∗ (𝐻𝑚 + 𝑇) − (𝐵𝑚 − 𝑇)3 ∗ (𝐻𝑚 − 𝑇)) Formula 5-1 

The frame of the reference door is made of two steel sheet parts, which have a thickness of 
0.7 mm and 1 mm. The average value of 0.85 mm is used here as the thickness (T) for the 
“calculation cross section” of the reference door. To make sure the performance of aluminum 
variation is the same or even better than that of the steel reference, the deflections on the 
aluminum variation should be equal or smaller than: 

|WSteel
′′ | ≥  |WAlu

′′ |  Formula 5-2 

MSteel

ESteel ∗ ISteel
≥

MAlu

EAlu ∗ IAlu
  Formula 5-3 

Since the loadings on both variations are the same, the moments are the same: 

MSteel = MAlu  Formula 5-4 
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The E-modulus of steel is about three times that of aluminum: 

ESteel ≈ 3EAlu  Formula 5-5 

3 ∗ I𝑧,Steel ≤ Iz,Alu  Formula 5-6 

Therefore, the lower thickness limit of “frame profile 1” is: 

TFrame profile 1 ≥ 2.3mm  Formula 5-7 

 

Figure 5-5 Simplified frame cross section calculation for the reference door and frame profile 
1 
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Since the weight of the aluminum profiles should weigh less than steel reference: 

𝑚𝑎𝑟𝑒𝑎_𝑠𝑡𝑒𝑒𝑙 ≥ 𝑚𝑎𝑟𝑒𝑎_𝑎𝑙𝑢  Formula 5-8 

𝜌𝑠𝑡𝑒𝑒𝑙 ∗ 𝐴𝑟𝑒𝑎_𝑆𝑡𝑒𝑒𝑙 ≥ 𝜌𝑎𝑙𝑢 ∗ 𝐴𝑟𝑒𝑎_𝐴𝑙𝑢 Formula 5-9 

𝜌𝑆𝑡𝑒𝑒𝑙 ≈ 3 ∗ 𝜌𝐴𝑙𝑢  Formula 5-10 

The area relationship between the steel reference and the aluminum profiles (Figure 5-5): 

3 ∗ 𝐴𝑟𝑒𝑎_𝑆𝑡𝑒𝑒𝑙 ≥ 𝐴𝑟𝑒𝑎_𝐴𝑙𝑢  Formula 5-11 

𝐴𝑟𝑒𝑎_𝑆𝑡𝑒𝑒𝑙 = 113𝑚𝑚2  Formula 5-12 

The upper thickness limit of the “frame profile 1”: 

𝑇𝑓𝑟𝑎𝑚𝑒 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 1 ≤ 3.8𝑚𝑚  Formula 5-13 

According to the calculation, the thickness of frame profile 1 ranges from 2.3 to 3.8 mm. Using 
the same method, the middle surface contour and the thickness range of frame profile 2 are 
also determined; the thickness ranges from 2.3 to 4.4 mm. The final middle surface contour 
and the cross section of frame profiles 1 and 2 are illustrated in Figure 5-6a. Considering the 
feasibility of manufacturing (extrusion and forming) and the space for the joining areas, not all 
design space is occupied and the contour is possibly optimized. A significant difference in the 
frame cross sections also exists between the steel reference and the aluminum frames due to 
the omission of welding flanges.  

Due to the constraint of the design space and a substantial contour difference in the frame 
profiles, the two profiles are difficult to join together directly by MIG-welding. To solve this 
problem, a frame connector made from the aluminum casting is designed as a platform to 
connect frame profiles 1 and 2. The design space for this frame connector is extracted from 
the available frame area design space (Figure 5-6b). 

Since the frame connector is made of aluminum casting, the most efficient way to determine 
its geometry is to use topology optimization. The model, loading cases and boundary 
conditions in the topology optimization for the frame connector are the same as the partial 
frame from the reference (Figure 5-6b).  

In the topology optimization of the frame connector, the previously determined thickness 
ranges of two frame profiles were used. Considering the possible loss of stiffness during the 
optimization and the uncertainties in the further joining area between the frame and the inner 
panel, the preliminary thicknesses of frame profiles 1 and 2 are determined conservatively with 
a sufficient safety factor (Table 5-1) and are set as 3 mm and 4.4 mm, respectively.  
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Unlike the standard setup (section 3.3.2), the mesh size of this topology optimization was 1 
mm for both the shell and the solid elements. The volume fraction for the design space “frame 
connector” was defined as the constraint and should be lower than 0.54 to ensure a 10% 
weight reduction on the aluminum frame concept compared to the steel reference frame.  

 

Figure 5-6 Frames 1 and 2: final middle surfaces with preliminary thickness (a); Frame 
connector: topology optimization model and static loading cases (b), material distribution (c), 

preliminary design (d); FEM validation model of the frame area (e) 
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The displacement results of the topology optimization (Table 5-1) indicate that the design is 
feasible. Based on the design suggestion/material distribution (Figure 5-6c) from the topology 
optimization, a preliminary middle surface CAD model of the frame connector was built (Figure 
5-6d). The thickness range for the aluminum casting on this component is between 2.5 and 
3.5 mm, and this range was placed in the FE model of the frame area to validate the 
performance of the complete concept frame (Figure 5-6e). Aluminum MIG welding was used 
to connect the frame connector to the profiles.  

The validation result (Table 5-1) shows that the performance of the aluminum concept frame 
is better than that of the reference. The aluminum concept frame achieves a 12.2% weight 
reduction. To illustrate the geometries of the frame profiles intuitively, the cross sections with 
the thicknesses of both profiles are shown in Figure 5-6a. Note that the cross sections are only 
slightly larger than the design space (<1.5 mm), which is absolutely acceptable for a concept 
design. Based on this positive result, the aluminum concept frame with these parameters is 
used for further development of the structure of the inner panel area. 

Model Reference 
frame 

Concept frame 

Prior 
topology 

optimization 

After 
topology 

optimization 
Validation 

Loading 
cases 

Y-
Displacement 
(force point) 

(mm) 

Y-
Displacement 
(force point) 

(mm) 

Y-
Displacement 
(force point) 

(mm) 

Y-
Displacement 
(force point) 

(mm) 

Difference 
to 

reference 
(%) 

Frame 
stiffness 
B-pillar 

0.738 0.695 0.720 0.735 -0.4% 

Frame 
stiffness 
middle 

1.722 1.306 1.441 1.507 -12% 

Table 5-1 Mechanical performance of the aluminum frame concept from topology 
optimization and validation 

5.1.3 Inner panel area design 

After the successful determination of the concept in the frame area, the design space of the 
inner panel area can be further defined in detail. This is achieved by considering two important 
aspects: 1) splitting the sub design spaces - different components; 2) joining refinement – 
geometry and technique.  
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Figure 5-7 Concept 1: sub-design spaces in the inner panel area and the joining techniques 

The sub design spaces are formed by separating the design space of the inner panel area into 
four different “sub-design spaces” (SDS): SDS-mirror reinforcement (Figure 5-7a), SDS-belt 
reinforcement outer (Figure 5-7b), SDS-hinge reinforcement (Figure 5-7c), and SDS-inner 
panel major (Figure 5-7d). A better material distribution from the topology optimization is 
achieved by adding a non-design shell layer to the volume design space. The -Y direction of 
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the vehicle global coordinate is set as the demolding direction for most SDSs, except for the 
SDS-hinge reinforcement. To ensure the In-Mold-Assembly (IMA) of threaded metal inserts in 
the hinge holes and an optimal rib construction, the demolding direction of the SDS-hinge 
reinforcement is set as the -X direction. 

For joining refinement, two major problems need to be solved: 1) joining between the sub 
design spaces; 2) joining between the frame profiles and the sub design spaces. Bolts and 
threaded metal inserts were used to join the SDS-mirror reinforcement and SDS-belt 
reinforcement outer to the SDS-inner panel major. The threaded metal inserts were installed 
into the PP-LGF40 component during the compression molding process (IMA). The size 
(diameter=10 mm) and position of the bolt holes were defined in the design space. The 
required frame stiffness was achieved by additional ultrasonic welding to connect the SDS-
mirror reinforcement and the SDS-inner panel major (Figure 5-7e). No joining is needed 
between the SDS-hinge reinforcement and the SDS-inner panel major since they belong to the 
same component.  

 

Figure 5-8 Concept 1: joining between frame profile 1 and the SDS-mirror reinforcement: 
over-molding with an adhesion promoter 

Different joining techniques were used to connect the window frame profiles to the sub design 
spaces, as this joining is one of the major challenges and focuses of this work. The joining 
between frame profile 1 (aluminum) and the SDS-mirror reinforcement (PP-LGF40) is achieved 
using the adhesion promoter in the injection molding process, as this is currently an effective 
and reliable surface joining method in multi-material design [57; 77]. As shown in Figure 5-8, 
the SDS-mirror reinforcement is specially designed to ensure that frame profile 1 can go 
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through it and still leave enough design space for the rib construction. In this way, the mirror 
reinforcement can be directly over-molded onto frame profile 1.  

Theoretically, two challenges limit this over-molding process: 1) aluminum profile sealing, 
which can be achieved by direct contact and geometry fitting between the end of profile and 
the wall of the mold; and 2) aluminum profiles can be deformed due to the high hydraulic 
pressure of fluid PP-LGF40. Depending on the stiffness of the aluminum profile, this can be 
solved by either adjusting the injection molding process parameters or using an insert to 
support the aluminum profiles (this is possible if the over-molded area of aluminum profiles is 
straight or has a constant bending radius). 

The joining between frame profile 2 and the SDS-inner panel major was achieved with FDSs 
and bolts with threaded metal inserts and with the help of SDS-belt reinforcement outer (Figure 
5-9). Estimation of the performance of joining before the topology optimization is difficult; 
therefore, a 360 degree joining concept was developed.  

In this concept, the smart design involved trimming frame profile 2 in the joining area and 
extending it into the bolt connecting area between the SDS-inner panel major and the SDS-
belt reinforcement outer, which not only shares the pre-defined bolt connections but also brings 
more stiffness into this complex joining area. An additional frame reinforcement is also added 
and joined to frame profile 2 with MIG welding. This then plays a role as a platform for the FDS 
installation and ensures the fixation of frame profile 2 in every direction with every surrounding 
component. The surrounding components should be able to provide enough support forces to 
frame profile 2; therefore, the geometries of the surrounding components were adjusted 
accordingly (Figure 5-9a). The section view (Figure 5-9b), shows that two over-molded 
aluminum sheet inserts are specially designed on SDS-inner panel major and SDS-belt 
reinforcement outer to guarantee a reliable FDS connection. The joining between the 
aluminum sheet inserts and PP-LGF40 is also achieved with the adhesion promoter. In this 
way, the aluminum profile and sheets can be connected directly with FDSs without any PP-
LGF40 interlayer, thereby avoiding the possibility of losing joining strength due to the creep of 
PP-LGF40. The same design principle can also be found in the bolt connection areas. Overall, 
11 FDSs and 2 bolts, together with surrounding components, builds two major load paths that 
provide a sufficient joining strength in this area. 
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Figure 5-9 Concept 1: joining of frame profile 2, the SDS-inner panel major, and the SDS-belt 
reinforcement outer: exploded view (a) and section C-2 view (b) 
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In the topology optimization model for concept 1, the position and dimension of the UD tapes 
are determined according to the areas with a high load anisotropy state from the anisotropy 
analysis (see section 4.2.1). Based on the distribution of the anisotropy values (Figure 5-10a), 
three areas with UD tapes are defined, together with suggested fiber directions (Figure 5-10b): 
1) UD frame; 2) UD belt inner; and 3) UD belt outer. 

 

Figure 5-10 Concept 1: anisotropy analysis with the reference door (a); areas with UD tapes 
on the topology optimization model and the fiber direction (b) 

To consider the pole crash loading case in the topology optimization of the door inner panel, 
besides the six static loading cases (see section 2.4.2), a substituted crash loading case was 
derived from the side pole crash simulation with the reference door (see section 4.2.2). Two 
sections were specially defined on the side impact beam (Figure 5-11a) in the area near the 
joining position to the inner panel. The peak section forces in the X and Y directions on these 
two sections from the crash simulation were defined as static forces in the topology 
optimization (Figure 5-11a). To join the steel side impact beam to the PP-LGF40 inner panel 
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by spot welding, two steel sheet inserts (coated with adhesion promoter) are designed on the 
inner panel in the joining areas (Figure 5-11b) and are pre-formed and joined to the inner panel 
by overmolding during the compression molding. The adhesion promoter enables bonding 
between the steel inserts and the LFTs. Besides the joining function for the crash beam, these 
steel sheet inserts also help to conducting the crash loading to the inner panel and the major 
load-bearing structure.  

 

Figure 5-11 Concept 1: substituted crash loading case (a) and steel sheet inserts (b) 

The topology optimization of the inner panel area was done after the definition of all the 
necessary parameters in the simulations (section 3.3.2). To achieve a 20% weight reduction, 
the maximal volume fraction of the PP-LGF40 was constrained to ca. 12%. Figure 5-12, Figure 
5-13, and Figure 5-14 illustrate the achieved design suggestions/material distributions and the 
preliminary construction for the components “mirror reinforcement,” “belt reinforcement outer,” 
and “inner panel major.” Besides the standard topology optimization with all loading cases (a 
in Figure 5-12 to Figure 5-14), one additional optimization is done with the substituted crash 
loading case only (b in Figure 5-12 to Figure 5-14). This is done to achieve a clearer material 
distribution in the crash relevant areas, such as the joining area between the side impact beam 
and the “inner panel major.” Accordingly, the preliminary designs of the “mirror reinforcement” 
(Figure 5-12c), “belt reinforcement outer” (Figure 5-13c), and “inner panel major” (Figure 
5-14c) were achieved by combining the material distributions from both topology optimizations. 
All UD tapes and metal inserts (threaded metal inserts and metal sheet inserts) are transferred 
directly from the topology optimization model to the preliminary design without major changes. 
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Figure 5-12 Concept 1: mirror reinforcement - material distribution (topology optimization) 
and component structure (middle surface): (a) static + substituted crash loading; (b) 

substituted crash loading case only; (c) Surface and rib construction with virtual thickness 
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Figure 5-13 Concept 1: belt reinforcement outer - material distribution (topology optimization) 
and component structure (middle surface): (a) static + substituted crash loading; (b) 

substituted crash loading case only; (c) surface and rib construction with virtual thickness 
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Figure 5-14 Concept 1: inner panel major - material distribution (topology optimization) and 
component structure (middle surface): (a) static + substituted crash loading; (b) substituted 

crash loading case only; (c) surface and rib construction with virtual thickness 
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5.2 Concept 2 

The principal of the structural development with topology optimization for concept 2 is identical 
to that for concept 1. To avoid unnecessary repetition, the description in this section will focus 
on the important design differences and innovations on concept 2. 

5.2.1 Design space definition 

The total design space for concept 2 is the same as for concept 1 (see section 5.1.1). Since 
door concept 2 has a roof-integrated construction (i.e., the window frame belongs to the inner 
panel), no further separation of the design spaces for the frame area was needed. 

5.2.2 Frame and inner panel area design 

The total design space of concept 2 is separated into sub-design spaces for different 
components, while considering the joining technique (method and geometry). Three different 
sub-design spaces (SDS) are defined: SDS-belt reinforcement outer (Figure 5-15a), SDS-
hinge reinforcement (Figure 5-15b), and SDS-inner panel major (Figure 5-15c). Similar to 
concept 1, the -Y direction of the vehicle global coordinate is set as the demolding direction for 
most SDSs, except for SDS-hinge reinforcement. The In-Mold-Assembly (IMA) of the threaded 
metal inserts in the hinge holes and an optimal rib construction are ensured by setting the 
demolding direction of the SDS-hinge reinforcement as the -X direction. 

Besides the sub design spaces, the reinforcing closing plate (Figure 5-15d) for the window 
frame is specially designed to increase the frame stiffness, based on a preliminary 
performance investigation in the frame area. As illustrated in Figure 5-15 (section A-A), due to 
the demolding direction constraint of the SDS-inner panel major, only the opening profile can 
be achieved in the frame area with the surface on the inner panel, making it very inefficient for 
holding bending moment even with the rib reinforcements. To solve this problem without 
adding too much extra weight, the reinforcing closing plate is added to achieve a closing cross 
section together with existing frame surfaces on the inner panel.  
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Figure 5-15 Concept 2: sub-design spaces and joining techniques 
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Further investigation in the frame area is also made on the material usage with a simplified 
calculation method. As mentioned in the concept 1 development, the cross sections of the 
reference door and the design space are simplified as rectangles and calculated with two 
simplified frame-related loading cases (Figure 5-16a and b). Since no concrete component is 
constructed at this moment, estimating the effect of the rib structures on the frame stiffness is 
difficult. For this reason, the possible stiffness provided by rib structures on the frame of the 
concept door is neglected in this simplified calculation.  

 

Figure 5-16 Concept 2: simplified frame cross-section calculation (reference door and frame 
concept) 

With this simplified calculation method, the thickness range/combination is tested by using the 
parameters given in Figure 5-16 and the relationship between the deflections, E-modulus, and 
the moment of inertia. To reach the same or an even higher performance level, the frame 
deflection on concept 2 should be smaller than or at least the same as that of the reference. 
The area mass on the cross section must be lower to ensure the weight reduction. Based on 
these requirements and the calculation results, the following conclusions can be made: (1) A 
frame made of pure PP-LGF40 cannot reach the aimed stiffness in a manufacturable thickness 
range (typically 2 to 4 mm); and (2) The “UD tapes + PP-LGF40” combination is a promising 
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and practical solution for the frame area and can reach the aimed stiffness and still achieve a 
certain amount of weight savings (Figure 5-16b). For example, according to the calculation 
result, using 1.85 mm UD tapes and 2 mm PP-LGF40 on cross section A-A can achieve a 
comparable frame stiffness to the reference with ca. 26% weight savings (Figure 5-16b). Since 
the influence of possible rib structures cannot be considered in the simplified calculation, an 
accurate thickness and region of the UD tapes and LFT can only be achieved by further 
topology optimizations. 

For the joining technique, bolts and threaded metal inserts are used to join the SDS-belt 
reinforcement outer and SDS-inner panel major. The threaded metal inserts are installed into 
the PP-LGF40 component during the compression molding process (IMA). The size 
(diameter=10 mm) and position of the bolt holes are defined in the design space (Figure 5-15c). 
No joining is needed between the SDS-hinge reinforcement and the SDS-inner panel major 
since they belong to the same component. The closing plate can be joined to the inner panel 
on the edge (Figure 5-15d) using either ultrasonic welding or infra-red welding, depending on 
the final geometry on the manufactured door model. 

In the topology optimization model for concept 2, four areas with UD tapes are derived from 
the anisotropy analysis (Figure 5-17a) and defined with suggested fiber directions (Figure 
5-17b): 1) the UD frame: 2) the UD belt inner; 3) the UD belt outer; and 4) the UD closing plate. 
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Figure 5-17 Concept 2: anisotropy analysis with the reference door (a); areas with UD tapes 
on the topology optimization model and fiber direction (b) 
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The substituted crash loading case in concept 1 is also used in the topology optimization of 
concept 2 (Figure 5-18a). The joining solution between the steel side impact beam and the PP-
LGF40 inner panel (steel sheet inserts + spot welding) is also retained (Figure 5-18b).  

 

Figure 5-18 Concept 2: substituted crash loading case (a); steel sheet inserts on the inner 
panel (b) 

Specifically, for the topology optimization of concept 2, the maximal volume fraction of PP-
LGF40 is constrained as ca. 10% to achieve a 20% weight reduction. Figure 5-19 and Figure 
5-20 illustrate the achieved design suggestions/material distributions and the preliminary 
construction for components “belt reinforcement outer” and “inner panel major”. Optimization 
results with the substituted crash loading case only are also given in Figure 5-19b and Figure 
5-20b. As with concept 1, the preliminary constructions are achieved by combining the material 
distributions from both topology optimizations. All UD tapes and metal inserts (threaded metal 
inserts and metal sheet inserts) are transferred directly from the topology optimization model 
to the preliminary construction without major changes. 

So far, a comparison on the preliminary CAD constructions between concept 1 and 2 can be 
made. As for the similarities, except for the frame areas, the base surface geometries of the 
core component “inner panel major” are almost identical on both concepts. Meanwhile, rib 
structures in hinge, belt and crash beam joining areas are also closely resembled on both 
concepts. It is not hard to explain this situation since these areas belong to the major load-
bearing structure and are majorly responsible to crash loading cases. Similar dominated 
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loading cases leads to similar rib structures in these regions. The steel sheet inserts in the 
crash beam joining areas are also identical on both concepts. 

Clear differences on both concepts can be found on the frame structures. Due to the different 
material usage on the window frame and different required joining techniques accordingly, a 
large difference of the rib construction can be majorly found in the frame-to-inner-panel 
transition areas. Rib structures in these transition areas on two concepts are very intensive but 
complete different. For the same reason, UD Tapes are applied in different local areas on two 
concepts, especially for the frame areas. 

 

Figure 5-19 Concept 2: belt reinforcement outer - material distribution (topology optimization) 
and component structure (middle surface): (a) static + substituted crash loading; (b) 

substituted crash loading case only; (c) surface and rib construction with virtual thickness 
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Figure 5-20 Concept 2: inner panel major - material distribution (topology optimization) and 
component structure (middle surface): (a) static + substituted crash loading; (b) substituted 

crash loading case only; (c) surface and rib construction with virtual thickness 
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6 Door concept, structural validation, and parameter 
optimization 

6.1 Concept 1 

After structural development of the frame area and the inner panel area, the newly developed 
components were assembled as the preliminary door concept 1. The static simulation of this 
preliminary door concept 1 was done with the same hinge and hinge-pillar setups and loading 
cases used in the reference door simulation (see section 2.4.2 and section 3.3.1). As illustrated 
in Table 6-2, the static performance and weight of the preliminary door concept 1 are close to 
the pre-defined design goal. However, the deficiencies on the loading cases “frame stiffness 
middle,” “over opening,” “belt stiffness inner,” and weight reduction are not negligible, but they 
can be optimized through parameter optimization. 

The following parameters on the preliminary door concept 1 are changed manually or 
optimized with the parameter optimization using Optistruct: 

 Frame profiles 1 and 2: The thickness of the aluminum profiles for frames 1 and 2 was 
optimized in the range of 2.3 to 3.8 mm and 2.3 to 4.4 mm, respectively (defined in section 
5.1.2). Slight thickness changes can be seen in Figure 6-1 compared to Figure 5-6. 

 Frame connector: The ribs were reduced due to manufacturing difficulties. The rib 
thickness was optimized in a range from 2 to 4 mm. 

 Mirror reinforcement: The base surface and the rib thickness were increased to 3.5 mm 
 Belt reinforcement outer: The base surface thickness was reduced to 2.75 mm.  
 Inner panel major: The local base surface thickness was increased to 3.5 mm, in such 

regions as the mirror reinforcement, the door stopper, and the belt on the inner panel, which 
have a direct and substantial influence on the unsatisfied loading cases. The rib thickness 
was further optimized in a range from 2 mm to 3.5 mm. 

The optimized door concept 1 (Figure 6-1) is achieved after parameter optimization. The 
important design parameters and manufacturing methods for this optimized door are 
summarized in Table 6-1. 

For the manufacturing processes, compression molding is preferred for the components “belt 
reinforcement outer” and “inner panel major” as these require a longer average fiber length for 
a better crash performance [18]. The injection molding is chosen for the overmolding of the 
“mirror reinforcement” onto “frame profile 1”. Considering its molding difficulty with such 
complex part geometry, it is not feasible for the compression molding process.  

For this optimized door concept 1, manufacturing restrictions were also taken into account. 
Since the rib distance and the rib height are key factors for the feasibility of manufacturing, the 
following general restrictions were applied to both manufacturing methods: 1) average rib 
distance 10 mm; and 2) average rib height 40 mm. The average rib distance and rib height of 
the optimized door 1 (Table 6-1) proves its manufacturability to a large extent. 

Nevertheless, a very small number of ribs in this design violate the manufacturing restrictions 
on the rib height due to the package constraint defined in this work. An investigation of high 
ribs shows that the fixation of the inner panel depth and the fixed position of the door stopper 
are two major reasons for this violation. For example, some of the top surfaces of the high ribs 
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are the joining surface for the “belt reinforcement outer” to “inner panel major”. Reducing the 
height of these ribs is difficult without a local depth change on the door inner panel. Some high 
ribs on the side wall of door inner panel are also built to provide a surface for installing the door 
stopper at its original position. For these necessary high ribs, a theoretically feasible design is 
used in this work to define the extreme situation where the ribs are129 mm high, with a 3.5 
mm bottom thickness and a 0.5° draft angle [165; 166]. 

 

Figure 6-1 Concept 1 - Optimized door concept and the FEM model: (1) Inner panel major, 
(2) mirror reinforcement, (3) Frame profile 1, (4) Frame connector, (5) Frame profile 2, (6) 

belt reinforcement outer, (7) Side impact beam, (8) Outer panel 

This “rib height” problem can also be solved easily during typical product development when 
these constraints are removed. For example, shifting the inner panel surface in the high rib 
area to the middle of the rib height and building ribs on both sides of the surfaces could be one 
possible way to reduce the maximal rib height with only a minimal structural performance 
sacrifice. 
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The few ribs with a minimal 5.5 mm rib distance on this design could also be challenging for 
manufacturing with standard FRTP processes. Another point is that the allowable minimal rib 
distance varies from case to case in practice and depends largely on the geometry, 
manufacturing process, and material. In this case, an experience value was used here. 
According to the work by Kloska [57], a LFT component with a 5 mm rib distance can be 
manufactured with the compression molding process. The same criteria should be applied to 
the long-established injection molding process. 

So far, for this concept design phase, the design of all the components on the optimized door 
are accepted without further change, and all the mentioned parameters in Table 6-1 are used 
further in this work. 

Component Mirror 
reinforcement 

Belt 
reinforcement 

outer 

Inner panel 
major 

Manufacturing method Injection 
molding 

Compression                  
molding 

Surface thickness (Ts) 3.5 mm 2.75 mm 3–3.5 mm 

Rib thickness (Tr) 3.5 mm 3.1–3.2 mm 2–3.5 mm 

Average rib distance* (Dr-avg) 12 mm 15 mm 13 mm 

Minimal rib distance* (Dr) 5.5 mm 5.5 mm 5.5 mm 

Average rib height (Hr-avg) 36 mm 40 mm 43 mm 

Maximal rib height (Hr) 43mm   
(Tr=3.5 mm) 

76mm   
(Tr=3.1 mm) 

129mm 
(Tr=3.5 mm) 

UD tape thickness (Tu) None UD belt outer: 
1 mm 

UD frame:      
1 mm 

UD belt inner: 
1.5 mm 

*Rib virtual thickness is considered. 

Table 6-1 Concept 1: important design parameters of components with the two different 
dedicated manufacturing methods 
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The joining areas J1 and J2 (highlighted in Figure 6-1 with black boxes) are illustrated in detail 
in Figure 6-2. In joining area J1 (Figure 6-2a), by fitting the geometry of frame profile 2 and 
combining the bolt and FDS connections, an ideal joining stiffness is achieved among 
components “frame profile 2,” “belt reinforcement outer,” and “inner panel major.”  

 

Figure 6-2 Concept 1 – joining concept in area J1 (a) and J2 (b) (in Figure 6-1) 



6 Door concept, structural validation, and parameter optimization 129 
 

 

 

Reference 
door 

Topology optimization: 

Static + substituted 
crash loading 

Door 
concept 1: 

Preliminary 

Door 
concept 1: 

Optimized 

 Displacement following force direction at force point / 
Displacement difference to reference door 

Frame stiffness 
b-pillar 

12.4 mm 10.31 mm 

/ -17% 

11.07 mm  

/ -11% 

11.35 mm  

/ -9% 

Frame stiffness 
middle 

10.74 mm 10.45 mm 

/ -3% 

11.04 mm  

/ +3% 

10.63 mm  

/ -1% 

Door sag 8.49 mm 6.78 mm 

/ -20% 

6.60 mm  

/ -22% 

6.46 mm  

/ -24% 

Over opening 19.84 mm 17.85 mm 

/ -10% 

20.87 mm  

/ +5% 

19.84 mm  

/ 0% 

Belt stiffness 
outer 

3.58 mm 2.45 mm 

/ -32% 

2.69 mm  

/ -24% 

3.05 mm  

/ -15% 

Belt stiffness 
inner 

2.09 mm 1.69 mm 

/ -19% 

2.17 mm  

/ +4% 

2.09 mm  

/ 0% 

 Weight / Weight reduction 

 
16.39 kg 20%  

(Objective) 

13.33 kg 

/ -18.67% 

13.11kg 

/ -20.01% 

Table 6-2 Concept 1: mechanical performance and weight of the reference, topology 
optimization, and preliminary and optimized door concept 
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For the joining area J2 (Figure 6-2b), the combination of the bolt and the ultrasonic welding 
also achieves a good joining stiffness between component “mirror reinforcement” and “inner 
panel major.” Obviously, the joining number, position, and geometry for both joining areas can 
be further optimized, but this is beyond the scope of this concept development work. 

As shown in Table 6-2, the static performance and weight of the optimized door concept 1 
fulfills the design goal. Note also that the final weight of the optimized door concept 1 includes 
all the UD tapes, sheets, and threaded metal inserts, but not the bolts and FDSs.  

The static simulation results show that the stress level on all components is under the yield 
strength. (The stress concentrations caused by the RBE2 elements are excluded by choosing 
one element away.) For the anisotropic PP-LGF40, the middle value of the ultimate tensile 
strength (70 MPa) in the flow and cross section is defined as the yield strength since no clear 
yield point for this material can be found. 

The FE pole crash simulation of the optimized door 1 (Euro NCAP side pole impact test version 
2001) is done with the component development method (section 2.7). Since the failure criteria 
cannot be deactivated in the material card Mat_54 of LS-DYNA (see section 3.3.3) [134], the 
parameters related to the failure criteria are specially defined (large failure strength and strain 
were given, details see Appendix 10.3.3) to achieve a minimal/no failure situation on the UD 
tapes under the side pole impact loading case. Overall, with the applied material models of the 
FRTPs (detail see section 3.3.3), their behavior in the “linear region” (before reaching the 
failure strain or strength of PP-LGF40 and UD tapes) in this crash simulation is reliable.  

Figure 6-3a illustrates the deformation of door concept 1 and the surrounding components at 
70 ms, when the “bounce back” starts and the maximal intrusion occurs. By comparing the 
intrusion at every measuring point/spring between “door concept 1” and the reference (see 
Appendix 10.6), the door and surrounding components are separated into different areas 
following the criteria based on intrusion difference as a percentage (given in Figure 6-3b): “≤ 
0%” means that the intrusion on “concept door” is smaller than the reference, whereas 
“0%~10%” and “≥ 10%” means the intrusion is larger and at different levels. Clearly, concept 
1 shows a positive crash performance, since most areas are either in “good (green)” or “ok 
(yellow)” areas. The overlap area between the pole barrier and concept 1, which has a 
substantial influence on the passive safety of the passenger, is almost all “good.”  

Apart from the intrusion, the intrusion velocity is another important criterion for passenger 
safety [159]. As shown in Figure 6-4, the concept door 1 also shows a comparable intrusion 
velocity on measuring points corresponding to the position of different body parts (head, chest, 
and abdomen). All these values are below 7.5 m/s and thus are acceptable (for criteria, see 
[159]). Based on the crash simulation results, concept door 1 can achieve a high degree of 
passive safety with the original BIW side structure. 
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Figure 6-3 Concept 1: deformation plot at 70 ms (a); Intrusion comparison between optimized 
door concept 1 and the reference (b); Deformation mode comparison on inner panel (c) 
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Figure 6-4 Concept 1: intrusion velocity of reference and concept door at different measuring 
points related to passenger safety 

Further investigation is also made of the “critical” areas: the B-pillar area and neighboring areas 
on the door inner panel (Figure 6-3b). As shown in Figure 6-3c, compared to the reference, 
the intensive rib structure changes the deformation mode on the inner panel of the concept 
door. The panel is hard to fold tightly and behaves more rigidly than the steel inner panel of 
the reference door, which leads to a smaller local deformation on the area close to or in contact 
with the B-pillar. Due to this relatively rigid behavior, a larger force is conducted further onto 
the B-pillar and causes an increase in the intrusion. This situation might be relieved in the 
simulation if the failure criteria are defined for the PP-LGF40 components and UD tapes. This 
should be further investigated in future work when the material properties related to the failure 
are obtained from specimen tests. 
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6.2 Concept 2 

The newly developed components “inner panel major,” “closing plate,” and “belt reinforcement 
outer,” together with the original side impact beam and the aluminum door outer panel, are 
assembled as the preliminary door concept 2. The static simulation of this preliminary door 
concept is done with the same hinge and A-pillar setups and loading cases as in the reference 
door simulation. As illustrated in Table 6-4, the static performance and weight of the preliminary 
door concept 2 fulfills all the pre-defined static stiffness requirements, and some of them, such 
as loading cases “frame stiffness b-pillar,” “door sag,” “over opening,” and “belt stiffness outer,” 
are even “over-engineered.” However, the deficiencies in the weight reduction are not 
negligible, but this can be optimized through parameter optimization. 

The following parameters on the preliminary door concept 2 are changed manually or 
optimized with the parameter optimization using Optistruct: 

 Rib number reduction on components “belt reinforcement outer” and “inner panel major” 
due to manufacturing difficulties (small rib distance). 

 Rib thickness optimization on components “belt reinforcement outer” and “inner panel 
major” to achieve a greater weight reduction and to relieve the over-engineered situation. 
The optimization range is from 2 mm to 3.5 mm. 

 Local base surface thickness reduction on components “belt reinforcement outer” (light 
blue area in Figure 6-5) and “inner panel major” (dark blue areas in Figure 6-5). The chosen 
areas are either related to over-engineering loading cases or to a minor stress state. The 
thickness is reduced from 3.5 mm to 2.6 mm (belt reinforcement outer) and 3 mm (inner 
panel major). 

The optimized door concept 2 (Figure 6-5) is achieved after the parameter optimization. The 
important design parameters and manufacturing methods for this optimized door are 
summarized in Table 6-3.  

For the manufacturing processes, compression molding is preferred for the components “belt 
reinforcement outer” and “inner panel major”, which require a longer average fiber length for a 
better crash performance. 

Similar to concept 1, the same manufacturing restrictions mentioned in section 6.1 were 
applied. As shown in Table 6-3, the average rib distance and height of the optimized door 
concept 2 proves its manufacturability to a large extent. The reason and solution for the very 
few individual ribs on concept 2 with either large height (125 mm) or small distance (6 mm) are 
the same as for concept 1 (see section 6.1), so there is no need to reiterate these here. 

Besides the rib distance and height, the frame structure could also be another challenge for 
the LFT compression molding due to the slim geometry and the possible long material 
filling/flowing distance. To achieve a reliable component, the location and number of LFT 
extrudates must be optimized in practice by “trial and error”.  
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Figure 6-5 Concept 2: optimized door concept and FEM model: (a) inner panel major, (b) 
closing plate, (c) belt reinforcement outer, (d) side impact beam, (e) outer panel 

So far, for this concept design phase, the construction of all the components on the optimized 
door concept 2 are accepted without further change, and all mentioned parameters in Table 
6-3 are used further in this work. 
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Component Closing plate 
Belt 

reinforcement 
outer 

Inner panel 
major 

Manufacturing method Injection  
molding 

Compression                          
molding 

Surface thickness (Ts) 3.5 mm 2.6 mm 3.5 / 3 mm 

Rib thickness (Tr) No ribs 3.5 mm 

Frame area:     
3.5 mm 

Bottom area:     
2–3.5 mm 

Average rib distance* (Dr-avg) / 18.7 mm 12.2 mm 

Minimal Rib distance* (Dr) / 13.5 mm 6 mm 

Average rib height (Hr-avg) / 27 mm 40.5 mm 

Maximal rib height (Hr) / 40mm     
(Tr=3.5 mm) 

125mm      
(Tr=3.5 mm) 

UD tape thickness (Tu) UD closing plate: 
1.5 mm 

UD belt outer:   
1 mm 

UD frame:        
1.5 mm 

UD belt inner:   
1.5 mm 

UD closing plate: 
1.5 mm 

*Rib virtual thickness is considered. 

Table 6-3 Concept 2: important design parameters of components with the two different 
dedicated manufacturing methods 

As mentioned in section 5.2.2, the components “belt reinforcement outer” and “inner panel 
major” are joined using bolts and IMA threaded metal inserts. Joining area J1(highlighted in 
Figure 6-5 with a black box) is illustrated in detail in Figure 6-6, as an example. The closing 
plate (Figure 6-5b) is joined to the frame area (inner panel) on the edge by ultrasonic or infrared 
welding. 
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Figure 6-6 Concept 2: Joining concept in area J1 (in Figure 6-5) 

As shown in Table 6-4, the static performance and weight of the optimized door concept 2 
fulfills the design goal. Note also that the final weight of the optimized door concept 2 includes 
all the UD tapes, sheets, and threaded metal inserts, but not the bolts.  

The static simulation results indicate that the stress level on all components is under the yield 
strength. Further details for determining the yield strength of PP-LGF40 (70 MPa) are provided 
for concept 1 (see section 6.1). 
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 Reference 
door 

Topology optimization: 

Static + substituted 
crash loading 

Door 
concept 2: 

Preliminary 

Door 
concept 2: 

Optimized 

 Displacement following force direction at force point /                                       
Displacement difference to reference door 

Frame stiffness 
b-pillar 

12.48 mm 11.39 mm  

/ -9% 

11.08 mm  

/ -11% 

11.56 mm  

/ -7% 

Frame stiffness 
middle 

10.74 mm 10.43 mm  

/ -3% 

10.63 mm  

/ -1% 

10.77 mm  

/ +0.3%* 

Door sag 8.49 mm 6.31 mm  

/ -26% 

6.04 mm  

/ -29% 

6.15 mm  

/ -28% 

Over opening 19.84 mm 16.53 mm  

/ -17% 

17.02 mm  

/ -14% 

18.71 mm  

/ -6% 

Belt stiffness 
outer 

3.58 mm 2.55 mm  

/ -29% 

2.64 mm  

/ -27% 

3.31 mm  

/ -8% 

Belt stiffness 
inner 

2.09 mm 1.70 mm  

/ -19% 

2.05 mm  

/ -2% 

2.10 mm  

/ +0.5%* 

 Weight / Weight reduction 

 16.39 kg 20%  

(Objective) 

13.71 kg  

/ -16.35% 

13.11 kg  

/ -20.01% 

*Due to the combination of manual and computer-aided (Optistruct) parameter optimization, +1% is set as the 
acceptable tolerance range. 

Table 6-4 Concept 2: mechanical performance and weight of the reference, topology 
optimization, and preliminary and optimized door concept 
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In the FE pole crash simulation for concept 2, the method and FE setups (e.g., loading case, 
material model, and boundary conditions) are the same as for concept 1, except for the 
substitution of the door model.  

Figure 6-7a illustrates the deformation of door concept 2 and the surrounding components at 
70 ms, when the “bounce back” starts and maximal intrusion occurs. The same criteria used 
for concept 1 are used to evaluate the intrusion of concept 2 (for detailed data, see Appendix 
10.7).  

 

Figure 6-7 Concept 2: deformation plot at 70 ms (a); intrusion comparison between the 
optimized door concept 2 and the reference (b); deformation mode comparison on the inner 

panel (c) 
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As expected, concept 2 shows a positive intrusion behavior (Figure 6-7b) (most areas are in 
the “good (green)” or “ok (yellow)” areas), and the overlap area between the pole barrier and 
concept 2 (passenger area) is “good (green).” The intrusion velocity on concept 2 (Figure 6-8) 
is also comparable to the reference at measuring points corresponding to different body parts 
(head, chest, and abdomen). All these values are below 8.7 m/s (maximal at the measuring 
point “abdomen”) and are thus acceptable (for criteria, see [159]). Based on the crash 
simulation results, concept door 2 can achieve a high degree of passive safety with the original 
BIW side structure. 

 

Figure 6-8 Concept 2: intrusion velocity of the reference and concept door at different 
measuring points related to passenger safety 

For the intrusion “critical” areas on concept 2 (Figure 6-7b), the same “rigid behavior” on the 
inner panel is found in this area due to the intensive rib structures (Figure 6-7c). Since the 
structure in this area on concept 2 is comparable to that of concept 1, details of its explanation 
and possible solution can be found in section 6.1. 
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6.3 Comparison and evaluation of different door concepts 

In this section, the optimized doors from both concepts are compared and evaluated from the 
perspective of weight, mechanical performance, and cost. 

6.3.1 Weight and mechanical performance 

The weight of the optimized doors from both concept directions are identical (concept 1: 13.11 
kg; concept 2: 13.11 kg). They both fulfill the pre-defined 20% weight reduction goal.  

Although the final weights of two concepts are identical, the difficulties to reach the save level 
of weight saving on them are totally different. For example, as shown in Figure 6-1, the 
thickness of the base surface on the inner panel of the concept 1 is almost uniform. Very few 
areas need the additional local thickness optimization after the global parameter optimization. 
However, as for the concept 2 (see Figure 6-5), to reach the same weight reduction goal, local 
thickness optimizations / reductions on the inner panel are required in more areas. Overall, in 
this “design fine-tuning” process, comparing to the concept 1, more iterations of “trial and error” 
were made on the concept 2 and longer time was invested accordingly. From other 
perspective, it can also be assumed that there might still be some further lightweight potential 
available on the concept 1. The 20% weight saving goal might constrain it in some way. 

For the static performance, both concepts, in general, reach the same level of structural 
stiffness as the reference door (see Table 6-2 and Table 6-4). After a close comparison, one 
important fact is that concept 2 with the “PP-LGF40 + UD tape (PP-GF based)” frame structure 
is not as efficient as concept 1 with closing aluminum profiles in terms of reaching the target 
frame stiffness with a good weight reduction. The preliminary topology optimization of concept 
2 (not illustrated in the text) resulted in severe material aggregation in the frame area, which is 
why the frame closing plate was added. In this way, a closing profile with PP-LGF40 and UD 
tapes is realized on the concept 2 frame, which is the preferred structure for bending load 
cases. However, even in this circumstance, the UD tape thickness is still 1.5 mm, which is 
relatively thicker than in typical applications and brings a certain amount of weight to the door 
structure. As mentioned in section 3.1.3, the chosen UD tape already has superior mechanical 
properties of the PP-GF–based sort, which means that a type of UD tape with even better 
mechanical performance, such as the PP-CF based type, might be required to reach both the 
stiffness and lightweight goals within the given constrained design space of the window frame. 
In this case, the aluminum extrusion profile on concept 1 is undoubtedly the better choice in 
the frame area from the perspective of the mechanical performance and weight savings. 

For the crash performance, the difference between concept 1 and concept 2 is negligible, since 
the structures of the major crash-load bearing areas (area under the door belt + side impact 
beam) on both concepts are similar. The crash performance for both concepts and the 
reference is also comparable, especially in the passenger area. 

6.3.2 Manufacturability and cost 

Since manufacturability is considered at the early phase of this concept development work, 
both concepts can be manufactured with the standard processes already in use on existing 
serial components, except for the flange process for the aluminum outer panel and the PP-
LGF40 inner panel. This needs to be developed based on the long-established standard flange 
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process for metals. Other than that, some further manufacturing challenges remain with both 
concepts. As mentioned in section 6.1, for concept 1, the IMA between the frame profile 1 and 
the mirror reinforcement and the multiple joining techniques (bolts with MIs and FDSs) are two 
major difficulties. For concept 2 (see section 6.2), the long flow distance for the PP-LGF40 and 
the slim window frame structure remain challenging. However, concept 2 clearly has much 
fewer required joining positions and techniques, which reduces the complexity of assembly. 
From this point of view, the overall manufacturing difficulty is lower for concept 2 than for 
concept 1. 

Material price estimation for mass production (€/kg) 

PP-LGF40 Steel Aluminum UD tape (PP-GF) 

1.26 0.7 2.5 12 

Door material cost (€/door) (inclusive material waste) 

*Raw material usage rate: 

1) PP-LGF40 = 90% 

2) Aluminum & Steel sheet = 55% 

3) Aluminum profile & casting = 90% 

4) UD tape = 90% 

Concept 1 Concept 2 Aluminum reference 
(sheet constructed) 

Steel reference (sheet 
constructed) 

34.7 40.8 59.6 20.9 

Table 6-5 The estimation of material price and material cost of the door concepts 

In terms of cost, the major material cost for concept 1 comes from the PP-LGF40, UD tapes, 
and aluminum extrusion profiles. For concept 2, the cost arises from the PP-LGF40 and UD 
tapes. Since the price of the raw material can depend strongly on the order quantity, only a 
rough material price estimation can be made here (see Table 6-5). According to the specific 
material usage, the material cost of both concepts is given in Table 6-5 and includes the waste 
aluminum and steel material accumulated during the manufacturing (specific calculation see 
Appendix 10.8). Obviously, the use of lightweight material leads to a material cost increase 
compared to the steel reference. The extensive use of UD tape on the frame structure also 
gives concept 2 a significantly higher material cost (+16%) than concept 1. However, keeping 
the material cost of both concepts under the aluminum reference is more important and is the 
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crucial “game changer” for OEMs when determining whether a lightweight concept can be 
adopted for serial products [167]. From this point of view, both concept 1 and concept 2 are 
promising. 

The major manufacturing cost of door concepts comes from the tooling and process costs 
(e.g., joining, forming). The mold costs for concept 1 are extrusion tools for aluminum profiles 
and molds for compression and injection molding. For concept 2, the costs are molds for 
compression and injection molding. Generally, due to the complex compression mold needed 
for the inner panel, the tooling cost is higher for concept 2 than for concept 1. However, the 
process cost is obviously higher for concept 1 due to the requirement for multiple joining 
techniques and the forming of the aluminum profiles. The addition of joining techniques will 
lead to additional steps in the DIW-manufacturing cell and an accordingly longer cycle time. 
Meanwhile, the bending process of the frame aluminum profiles can be costly due to the high 
tolerance requirements. Compared to the aluminum or steel reference, the molds for either 
compression or injection molding are much cheaper than conventional deep drawing tools. 
However, the process cost of both door concepts could be higher due to the longer cycle time. 
In addition, the new joining techniques for FRTPs (e.g., ultrasonic welding, infra-red welding) 
are more expensive than the steel or aluminum welding processes. At this point, due to the 
limitation on the available cost information, only a qualitative comparison can be made on the 
manufacturing cost. Further detailed costs must be calculated by the industry partner of this 
work in the future.  

Overall, the final DIW costs for both concepts could be similar and lie between the costs of 
steel and aluminum doors. 
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6.4 Rapid prototyping with additive manufacturing 

After achieving the door concepts, the next work in the future is prototyping. In the research 
project related to this work, expensive injection and compression molding molds are being 
designed and manufactured since testing and presenting the manufacturing process and 
prototype close to the final serial product are defined as project goals. However, this 
prototyping method puts some constraints on the design. For example, the final door design 
and optimization must be finished in a very limited time. After the start of molding 
manufacturing, due to the complexity of the door design, further design changes either cannot 
be implemented on the prototype or can only be achieved with an unacceptable cost increase.  

Clearly, additive manufacturing (AM) is still far away from the mass production of serial 
automotive components due to its high cost, long building time, and low accuracy. However, 
AM can be a powerful tool for rapid prototyping of door concepts in this work, since the low 
production volumes, high design complexity, and frequent design changes are required [168]. 
The characteristics of the door concepts in this work could be helpful in the area “high 
performance prototyping”. 

High performance prototyping 

A high performance prototype is required in this work since the prototype will be tested under 
both static and highly demanding crash loading cases. To conserve efforts and costs on tools, 
a 3D-printable material with roughly approximate mechanical properties to the material chosen 
for door concepts could be used to build door prototypes. 

As shown in Table 6-6, according to the available mechanical properties, the 3D-printable 
material “FDM Nylon12-CF” could be a possible alternative for the door concept material PP-
LGF40 on prototypes. Figure 6-9 illustrates two structural applications with this material. The 
structural performance of these two parts can also fulfill the requirements of serial production 
parts. The additive manufacturing process of fused deposition modeling (FDM) is able to 
integrate the metal inserts into the part. For all these reasons, the components “printed” with 
this material on the door prototype could have a higher chance of achieving similar mechanical 
performance to that of the components made of PP-LGF40.  
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Property FDM Nylon12-CF PP-LGF40 

Manufacturing 
methods 

Fused Deposition Modeling 
(FDM) Compression molding 

Fiber type Carbon fiber (chopped) Glass fiber (long) 

Fiber weight (%) 35 40 

Density (g/cm3) / 1.22 

Tensile modulus (GPa) 
(0°; 90°) 7.5; 2.3 9.5; 4.3 

Tensile strength (MPa) 
(0°; 90°) 75.6; 34.4 118; 30 

Strain-to-failure (%)   
(0°; 90°) 1.9; 1.2 1.32; 1.39 

Table 6-6 Material comparison between PP-LGF40 and FDM Nylon12-CF [169] 

 

Figure 6-9 Example of a part made from FDM Nylon 12CF: a) fixture; 2) brake pedal [170] 

The “UD tape + rib” structure on the door concepts (shown in Figure 6-1 and Figure 6-5) could 
also be realized with a process combination of In-situ Automated Tape Placement (ATP) and 
Fused filament fabrication (FFF) [171]. As shown in Figure 6-10, a honeycomb structure with 
many fine rib geometries are 3D-printed (FFF) onto an existing laminate with a rough surface. 
The laminate is prepared with the ATP process. According to the results of shear tests, a 
decent joining strength can be achieved between 3D-printed ribs and the laminate. 
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Figure 6-10 Ribs 3D-printed onto an existing laminate [171] 

Overall, these methods appear very promising for building prototypes of door concepts with a 
comparable mechanical performance to that attained with additive manufacturing. 
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7 FRTP-metal multi-material door – opportunity and 
challenge in mass manufacturing 

When talking about mass manufacturing, the multi-material door concepts must be treated as 
an industrial product and evaluated against the criteria related to manufacturers and 
customers. The major requirements for a vehicle door, from the perspective of manufacturers 
and customers [5], are summarized in Table 7-1.  

Category Important requirements 

Manufacturer  

requirement 

 low investment costs (manufacturers and car repair shops) 
 low material costs, use of recycled material, good utilization of raw 

materials 
 low energy costs, high level of automation 
 short cycle times through parallel production and assembly of 

component groups 
 short changeover times for product modifications 
 low maintenance 
 damaged components can be easily replaced after an accident 
 good accessibility for maintenance and repair work 

Customer  

requirement 

 easy entry and exit through the wide-opened angle 
 No rattling noises when opening, closing, and while driving 
 impermeability to wind and moisture 
 no dirtying when entering and exiting the vehicle 
 reliable function in a wide variety of weather conditions 
 good visual impression 
 no reachable component protruding into the interior 
 use of non-toxic materials 

Table 7-1 Manufacturer and customer requirements for vehicle doors [5] 

According to the mentioned requirements in Table 7-1, “cost” and “reliable-to-use” are the key 
words for manufacturers and customers, respectively. The following analysis on the 
opportunity and challenge of FRTP-metal multi-material doors will concentrate on these two 
facts, as well as the environmental effects. 

7.1 Cost for manufacturer 

Typically, the manufacturing of a vehicle door structure involves not only OEMs but also 
multiple suppliers. Clearly, among these actors, the OEMs are more sensitive to the cost since 
they need to bring a competitive and cost-effective final product to the end customer. For this 
reason, the following cost analysis is done largely from the point of view of the OEMs. 
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7.1.1 Investment cost 

Due to the major change in material from steel to LFTs on the door concepts (especially on 
the inner panel), new manufacturing methods must be used, including injection molding and 
compression molding. This also means that investment should be made in new facilities or 
equipment. For serial manufacturing of LFT components, investments can include a D-LFT 
facility, the injection molding machine, and the equipment for joining LFTs, and the amount of 
money is usually substantial. Clearly, the facility investment for OEMs is a sizeable and difficult 
decision to make and is largely related to the number of productions per year. OEMs will 
normally launch a vehicle with this type of multi-material door in a model-by-model manner, 
which means that production will go through several years before reaching large-scale 
production. For small and middle scale production, the cost-effective solution would be to 
purchase the FRTP parts directly from suppliers, which is also state-of-art in OEMs, or even 
purchasing the whole door (for reasons, see section 7.1.3). For large scale production, to 
further reduce the cost per part, a sensible move for OEMs is to invest in those facilities and 
manufacture the parts “in house.” Since large-scale production happens several years after a 
product is first launched in the market, it also provides OEMs enough time to finish the 
rearrangement of manufacturing and logistics for the whole assembly process. Above all, the 
investment cost for OEMs can be relatively small for FRTP-metal multi-material doors in the 
short and middle terms. The possible large investment cost in the long term can be shared 
with each component and compensated for by the high production volume. 

7.1.2 Material cost 

The relatively high material cost is always a major obstacle for implementation of lightweight 
materials into a serial BIW structure. Previous work [172] has shown that more than 50% of 
the total production cost of the BIW component is the material cost, which means a small 
increase in the cost of the chosen raw material can have a substantial influence on the total 
production cost (Figure 7-1). This is the reason why steel dominates the BIW of large-volume 
production vehicles, not only because of its excellent material property, but also because of its 
relatively low price.  

To make the FRTP-metal multi-material door concept competitive, PP-LGF40 is chosen as the 
major material. Since the E-glass fiber can be seen as the standard fiber material in the 
automotive industry, the matrix material largely determines the material cost of LFTs. As shown 
in Figure 7-2, PP, as a common type of standard plastic, has a substantial price advantage. 
Examples given in section 2 prove the feasibility of this material in the automotive industry from 
the perspective of costs. 
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Figure 7-1 Distribution of manufacturing costs (component level) [172] 

Nevertheless, the lightweight design always comes with a cost increase. The application of 
lightweight materials is possible if the vehicle selling price stays within a competitive range or 
if the extra cost can be compensated by reductions in other costs, such as the manufacturing 
cost and fuel consumption. Specifically, the competitive price range of an economical door 
structure should be lower than that of an aluminum door, based on the fact that very little 
aluminum can be found on a BIW of economical vehicles. According to an internal calculation, 
in comparison to aluminum doors, the door concepts with PP-LGF40 in this work can achieve 
up to ca. 40% in material cost savings if the material waste during the manufacturing is 
considered. The thermoplasticity of LFTs means that almost no manufacturing waste is 
generated since waste material can be recycled directly in the manufacturing process. In most 
cases, the manufacturing scraps (e.g., runners, rejected parts) are granulated and blended 
with virgin thermoplastic material in many injection molding processes [166]. The same type 
of recycling process is presumably applicable for the preparation of LFT extrudates in the 
compression molding process as well. A high degree of raw material usage (LFT) during 
manufacturing can profoundly reduce the material cost. The weight reduction due to the use 
of LFTs also helps to reduce fuel consumption, which is a special type of material cost 
reduction that is often easily neglected. 
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Figure 7-2 plastic material categories [173] 

7.1.3 Manufacturing cost 

The manufacturing cost of this multi-material door should be discussed by separating it into 
the Door-In-White (DIW) cost and the complete door cost.  

The manufacturing cost of DIW is determined by the: 1) component cycle time; 2) joining time; 
3) number of components; 4) joining techniques and positions; and 5) mold/tool costs. Clearly, 
the typical manufacturing methods for LFTs have longer cycle times (up to 1 minute) than the 
deep drawing process for common sheet-construction doors, due largely to the relatively long 
cooling time. However, the high integration level of LFT components on the door concepts 
greatly reduces the total number of components, and this compensates for the long cycle time 
of LFT components to some extent. The warming and placement of metal inserts and UD tapes 
[43] by fully automated robots is the state of art in manufacturing LFT components, and will not 
have any large negative influence on the cycle time. For joining techniques, the extensive use 
of adhesive promoters on the door concepts reduces the complexity of joining between 
different materials (IMA: LFT to steel or aluminum). Even on concept 1 door with unoptimized 
joining positions, the total number of joining positions is significantly lower than the number of 
optimized spot weldings on the reference door. The new flange technique under development 
for joining the metal outer panel to the LFT inner panel is comparable to the existing flange 
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process, so it will eventually cause no significant change in the cycle time. Based on these 
facts, estimates of the joining time of concept DIWs might be less than the reference. Besides 
the lower mold costs mentioned in section 6.3.2 (compared to deep drawing tools), the 
manufacturing cost of concept multi-material DIWs can also be, to a great extent, less than 
that of the market-available sheet-constructed vehicle door. 

The complexity of integrating the FRTP-metal multi-material doors into the existing assembly 
process has a substantial influence on the complete door cost. Among the typical processes 
after the assembled BIW leaves the body shop, painting is the most challenging process for 
the door concepts since the PP-LGF40 is negatively affected by the high temperature occurring 
especially during the cataphoretic immersion priming (E-coating) process. Typically, 
depending on the specific requirements from OEMs, the maximal temperature during the E-
coating process can be up to 200°C [74; 174], which is above the melting temperature of PP 
(between 130 and 170°C). However, the presence of metal parts on the multi-material door 
concepts means that the E-coating process is absolutely necessary.  

Considering the three major painting processes in the automotive industry (online, inline, and 
offline processes) [174], the best solution could be the offline process, which means the DIW 
would need to go through a separate painting process at a lower temperature and then be 
assembled with the rest of the vehicle at the final assembly line. The offline process is the 
standard painting process today for components like bumper covers [174], which are typically 
made of PP as well, and this step is commonly executed by the suppliers. This is also the 
reason why purchasing the whole door (with paint) is a cost-effective solution for OEMs 
(mentioned in section 7.1.1). In this way, OEMs save substantial effort on building a new 
painting line and rearranging the on-site logistics, while, at the same time, reducing the risk of 
a large investment at the phase of small and middle scale production. Overall, the offline 
process solves the painting problem for FRTP-metal multi-material door concepts, but the 
subsequent challenges, such as the painting cost increases and color matching, have to be 
overcome in any case. 
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7.2 Reliability for customer use 

Since the FRTP-metal multi-material doors do not change the fundamental function of a vehicle 
door and are able to fulfill the important mechanical requirements, most customer requirements 
can also be satisfied. The exceptions are: 1) reliable function in a wide variety of weather 
conditions; and 2) no reachable component protruding into the interior. For the first point, the 
operation temperature of a BIW component (between -40 to 80°C [174]) is challenging for all 
components with LFTs. Unlike metallic materials, the mechanical properties of LFT materials 
are temperature dependent and might undergo substantial performance changes in multi-
material doors in extreme environments (Figure 7-3). To ensure good reliability and safety for 
customers no matter where they use their vehicles, additional attention should be paid to the 
performance of multi-material doors under low and high temperatures. Regarding the second 
point, due to the nature of LFTs, they might undergo material failure (material split failure) 
under crash loading cases. On the one hand, this might dissipate a certain amount of the crash 
energy, but on the other hand, it could lead to high protrusion potential into the space occupied 
by the passengers. This might be one of the major obstacles that will limit the acceptance of 
multi-material doors by OEMs if the protrusion risk cannot be further reduced. 

 

Figure 7-3 Temperature Influence on PP-GF40 (3-point-bending test at a velocity of 1 mps) 
[175] 
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7.3 Environment effect 

7.3.1 Recycling 

Recycling is always a major problem for multi-material BIW components. Compared to 
traditional metallic BIW components, which uses existing recycling methods, the recycling of 
multi-material components, especially FRTPs, can only occur at a low rate and is typically 
unfriendly to the environment. Actually, for components made of LFTs, because of their 
thermoplasticity, the preferred environmental-friendly recycling methods are reuse and 
remanufacturing [176]. However, this requires a labor-intensive “collecting and dismantling” 
process before shredding, which leads to additional recycling costs. The high complexity of 
dismantling existing multi-material components makes the recycling methods impracticable 
from an economical perspective. Making the multi-material doors proposed in this work 
recycling friendly will require careful choices of joining techniques and material combinations. 
The use of detachable bolts and flanges will decrease the complexity of disassembly. For the 
components joined with undetectable joining techniques (e.g., the closing plates and inner 
panels with ultrasonic welds in concept 2), the same material should be used. In the two 
concepts presented in this work, only one type of matrix material PP and one type of glass 
fiber are used, which further reduces the recycling cost. The metal inserts (with or without 
adhesive promoter) can be easily separated from the LFT materials with the standard recycling 
process of thermoplastics [177], since the LFTs will be heated up to the molten state. One 
point to note is that a mechanical property degradation occurs with recycled LFTs [178], which 
means they might not be suitable for demanding BIW applications. Clearly, if further multi-
material BIW applications are introduced in the market, new recycling methods are required. 

7.3.2 Life cycle analysis 

Thanks to the significant weight reduction, multi-material doors illustrate their strength in 
reducing the CO2 footprint as well. Compared to the traditional steel-intensive BIW, the use of 
FRTPs shows a substantial environmental benefit from the perspective of life-cycle 
assessment (LCA). As one of the most widely used criteria for material selection in the 
automotive industry, LCA determines the environmental impact of products at each stage from 
cradle to grave [179] and typically includes manufacturing, use, and recycling phases.  

A LCA-based study (Table 7-2) [180] showed that simply switching the vehicle door outer panel 
from steel to PP-GF significantly reduced the cumulative energy demand (CED) in both the 
manufacturing and use phases. The detailed information on this study, such as the defined 
LCA system boundary, considered impact categories and characteristics of chosen door outer 
panels are given in  Figure 10-5 and Table 10-9 in Appendix 10.9. Considering that the normal 
lifetime of one vehicle is about 15000 km, the environment benefits in the use stage will 
compensate for the negative impacts of FRTPs in the manufacturing and recycling phases by 
reducing greenhouse gas (GHG) emissions (e.g., CO2). 
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Product Vehicle door 

FRP Type PP-GF 

Replaced traditional 
material Steel 

Phase LCA 

Manufacturing phase 

Weight change 

(%) 

CED change 

(%) 

GHG change 

(%) 

-31 % -59 % +2 % 

Use phase 

Lifetime  

(km) 

CED change 

(GJ/piece) 

GHG change 

(kg of CO2/piece) 

150.000 -2.0 -150 

Table 7-2 LCA-study of a FRTP vehicle door in the manufacturing and use phases [181] 
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8 Summary and outlook 

8.1 Summary 

This work proposes an approach for the design of an economical lightweight multi-material 
door concept with FRTPs based on a steel reference door. The lightweight design approach is 
the core innovation of this work, which includes not only the typical weight savings with the 
substitution of lightweight materials, such as aluminum and LFTs, but also the more important 
new structural design principle and methods, which fully exploits the lightweight potential of 
FRTPs on the multi-material-design vehicle door structure. 

To reach the development goal, the principle of the innovative “two-ring structure” is adapted 
in the new development work as the foundation to provide a universal solution to convert the 
conventional door into a multi-material door structure without changing the original crash-
relevant side impact beam. However, instead of directly copying all the features, the “FLB-
concept” based on the original two-ring structure is investigated in depth, and the pros and 
cons are summarized. The innovative separation of major and minor load-bearing regions is 
fully maintained. However, to reach the goals of light weight and economy at the same time, 
thorough changes are made to new concepts to achieve cost-efficient material usage and the 
possibly high component integration levels, while taking into consideration the corresponding 
manufacturing methods as well. Specifically, the exclusion of carbon fibers and the choice of 
glass-fiber-reinforced PP-based FRTPs (LFTs and UD tapes) on the new concepts, together 
with the corresponding mass production–oriented manufacturing methods, guarantee the 
economy to a great extent.  

The bold “LFT+UD Tape” solution for the window frame area on concept 2 in this work is a 
good example of the exploration of the potential of using LFTs to reach a high component 
integration level from the perspective of structural design. The extensive use of the IMA of MIs 
in the compression or injection molding process (e.g., threaded metal inserts with form-fit 
joining to LFTs and metal sheet inserts with the adhesion promoters) helps to achieve high 
component integration level with minimal addition of process steps and cost. 

In this work, the whole structural development relies heavily on the FEA method, which is used 
to evaluate the mechanical performance and to develop, optimize, and validate the structure. 
The stiffness analysis results (displacement) under predefined loading cases on the steel 
reference door are used as the criteria for further optimization and validation of the door 
concepts. Since the same FE model is used for different FE solvers under different loading 
cases, the accuracy of the FEA modeling technique used in this work is confirmed by static 
door tests. The crash behavior of the door structure under side impacts is rebuilt close to the 
full-vehicle scenario with limited surrounding components using an innovative component 
development method and a corresponding test bench concept is further developed and 
realized virtually. 

The structural design and optimization of door concepts with the FEA method is the major part 
of this work. The weight reduction due to the optimal material usage/distribution of LFT, UD 
tape, and aluminum, as well as the loading-considered construction, is realized by integrating 
the topology optimization with anisotropy analysis. Unnecessary iteration of topology 
optimization is reduced and the development process accelerated by establishing a simplified 
window frame calculation model that estimates the possible performance of new materials (or 
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material combinations) and provides a reasonable thickness range as the input for the time-
consuming topology optimization.  

Besides the weight reduction, six typical static loading cases, one critical crash loading case, 
and further manufacturing constraints (e.g., demolding direction, minimal and maximal 
dimensions) are considered simultaneously in the topology optimization. Complex rib 
structures are constructed on the preliminary concepts by properly translating the design 
suggestion from the topology optimization and are then further optimized by parameter 
optimization (e.g., rib thickness) to reach the target goal of weight reduction and mechanical 
performance. 

With these methods, two innovative FRTP-metal multi-material door concepts are successfully 
developed. Both final door concepts reach a high level of component integration and achieve 
the target 20% weight reduction with a comparable mechanical performance under defined 
static and crash loading cases compared to the reference door. The variable of LFT thickness 
on a single component enables the local thickness optimization on ribs and base surfaces as 
an effective way to achieve a balance between weight and stiffness, especially for static 
loading cases. For the structural behavior under crash loading cases, simulations with the 
existing material model without defined failure criteria show good results (intrusion and 
intrusion velocity) under the challenging side pole impact test. However, for further 
development, special attention must be paid on the areas with a high risk of material failure, 
such as the belt area on the inner panel, which could be fatal to the passenger in a side crash 
accident. 

The manufacturability of both door concepts, such as the optimum LFT thickness range and 
the feasibility of deforming, are considered during the development. However, since almost no 
existing LFT structural applications in similar dimensions or with such intensive rib 
reinforcements can be found as a manufacturing reference, only a conservative conclusion 
can be made that the LFT inner panel on both door concepts can be manufactured theoretically 
according to the standard FRTP design guideline [165] and other similar but small applications. 
For this reason, further optimization can be made to increase the manufacturability of LFT 
components, and especially rib construction. Possible methods include increasing the minimal 
rib distance while reducing the maximal rib height.  
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8.2 Outlook 

The positive results from this concept design show the lightweight potential of the FRTP-metal 
multi-material design on vehicle doors and lay the foundation for future development related 
to the topics of “design for manufacturing”, prototyping, and testing.  

To fully remove any doubt about the manufacturability of large LFT components with extensive 
rib construction (e.g., the LFT inner panel), process simulation (mold filling simulation) is the 
best solution. Besides proving the feasibility of the component manufacturing and suggesting 
mold designs, process simulation can also provide important information about the fiber 
orientation and distribution on the final LFT component, as this has a profound influence on 
the mechanical performance. Mapping the fiber information onto corresponding FE models 
also allows consideration of the relatively accurate anisotropic material behavior and the non-
linear behavior of LFTs in structural simulations, as a prerequisite for accurate calculations of 
material failure behavior in simulations and of close-to-reality LFT mechanical behaviors. 
Future investigation should also examine the fine material modeling of LFTs, especially for 
crash simulations. Further specimen testing should be performed on LFTs to generate failure 
models that have greater accuracy, as this is crucial for correcting the unrealistic material 
behavior in crash simulations, such as the “rigid behavior” of rib-intensive areas observed on 
both concept doors. 

Because of its minimal structural limitations, this FRTP-metal multi-material lightweight design 
approach with the two-ring load-bearing structure can be easily applied to other vehicle door 
models, even those with more or greater mechanical requirements (e.g., doors work as an 
additional load path for frontal crashes). With minor adjustments, the lightweight principle can 
definitely be translated to other automotive components, especially closures (e.g., engine 
hood, trunk lid) and other crash-related BIW components. Depending on the specific operating 
environment and loading situations, engineering plastics, advanced engineering plastics, and 
even plastic blends that have relatively better heat resistance and mechanical properties can 
be used as the matrix material of LFTs if the additional cost is accepted. 

Looking back on the history of the material revolution in the automotive industry, the multi-
material design approach could serve as the major economical lightweight method in the 
automotive industry for probably another several decades. However, for vehicle door 
structures, much research is now starting to focus on FRTP side impact beams and 
thermoplastic outer panels. The ongoing research, together with the work presented here, 
suggests that a “fully plastic” vehicle door can be expected in the near future.  
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10 Appendix 

10.1 Intrusion and intrusion velocity comparison of component 
development method 

 

Figure 10-1 Small vehicle: the comparison of the intrusion and intrusion velocity between the 
full vehicle (FV) simulation and the component simulation with L3M at the measuring point 

“B-pillar-chest”: (a) ECE-R95; (b) the Euro NCAP side pole test (version 2001) 
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Figure 10-2 Mid-size vehicle: the comparison of the intrusion and intrusion velocity between 
the full vehicle (FV) simulation and the component simulation with L3M at measuring point 

“B-pillar-chest”: (a) ECE-R95; (b) Euro NCAP side pole test (version 2001) 
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10.2 Bill of material of the FLB-concept 

No. Component name Material Structure / Geometry 

1 Door inner panel PP-GF30 

 

2 Window frame 1 
Aluminum 

(extrusion profile) 
 

3 Window frame connector 
CFRP 

(Not specified) 
 

4 Window frame 2 
Aluminum 

(extrusion profile)  

5 Belt reinforcement inner 
Aluminum 

(extrusion profile)  

6 
Hinge reinforcement 

(brick 1) 
PP-GF30 

 

7 
Hinge reinforcement 

(brick 2) 
PP-GF30 

 

8 
Hinge reinforcement 

(tube) 

CFRP 

(Not specified)  
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9 
Hinge reinforcement 

(brick 3) 
PP-GF30 

 

10 Side impact beam 

Steel 

(DP1000, original 
component) 

 

11 
Latch reinforcement 

(part 1) 

CFRP 

(Not specified) 
 

12 
Latch reinforcement 

(part 2) 

CFRP 

(Not specified)  

13 Belt reinforcement outer PP-GF30 
 

Table 10-1 FLB concept: bill of material (BOM) 
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10.3 Detail of the FE model for the crash simulation 

10.3.1 Important modeling requirement for the full vehicle crash simulation 

Property Specific requirement 

FE solver  Ls-Dyna R 10.1.0 

Element type 
 Sheet components: Shell element 

 ELFORM in Ls-Dyna: 16 (fully integrated shell element (very fast)) 

Element size 
 General component: 5mm 

 Component made of ultra-high-strength steel: 3mm 

Contact 

Keywords in Ls-Dyna [133] 

 *CONTACT_AUTOMATIC_SINGLE SURFACE 

 *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE 

Welding 

Keywords in Ls-Dyna [133; 134] 

 MIG welding:  

*CONSTRAINED_NODAL_RIGID_BODY 

 Spot welding:  

*SECTION_BEAM + *MAT_SPOTWELD + *CONTACT_SPOTWELD 

Special 
connection 

Keywords in Ls-Dyna [133; 134] 

 Door hinge 

1) Hinge material: *MAT_RIGID 

2) Rotation joint: *CONSTRAINED_JOINT_REVOLUTE 

Table 10-2 Important modeling requirement for the crash simulation in this work 
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10.3.2 *Mat_24 in Ls-Dyna with the stain rate dependency 

As shown in Figure 10-3, in Ls-Dyna, to active the strain-rate effect of materials, several 
“effective plastic strain versus yield stress” curves (also name as “flow curve”) in a strain-rate 
range should be given in the *Mat_24. Flow curves are achieving from material specimen 
testing, such as tensile tests under different speeds. Due to the difficulty of those testing, only 
limited flow curves can be defined. For this reason, intermediate values between flow curves 
are defined by the mathematic method “interpolation”. No extrapolation is applied if the strain 
rate value is out of the defined range. For this reason, to achieve possibly accurate crash 
simulation results, this range should be large enough to cover the strain rate values on most 
elements in chosen loading cases. 

 

Figure 10-3 Schematic of strain-rate-dependent flow curves defined with a table in *Mat_24 
(Curve 1 to 5 are flow curves under different strain rates from low to high) [134] 
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10.3.3 Modeling UD-Tape with *Mat_54 in Ls-Dyna 

Parameter determination for UD-Tapes with *Mat_54 

1) General situations and goals 

 No failure criteria for the UD-Tape are planed to be considered in this work. 

MID RHO EA EB EC PRBA PRCA PRCB 

GAB GBC GCA KF AOPT    

   A1 A2 A3 MANGLE  

V1 V2 V3 D1 D2 D3 DFAILM DFAILS 

TFAIL ALPH SOFT FBRT YCFAC DFAILT DFAILC EFS 

XC XT YC YT SC CRIT BETA  

Table 10-3 Typical parameters in *Mat_54 of Ls-Dyna [134] 

2) Parameters in the green area of Table 10-3:  

 Material properties related to elastic behavior 

 Accurate values based on the provided data from the UD-Tape manufacturer. 

 Specific values cannot be published due to the confidentiality agreement. 

3) Parameters in the yellow area of Table 10-3: 

 Enlarged material failure strain values were given to ensure a minimal / no failure 
situation on the UD Tapes based on coupon specimen tensile simulations 

 Testing data related to these parameters are not available at this concept development 
phase. 

 Specific used values in this work: 

DFAILM (Maximum strain for matrix straining in tension or compression) = 0.1 

DFAILS (Maximum tensorial shear strain) = 0.1 

DFAILT (Maximum strain for fiber tension) = 1 
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DFAILC (Maximum strain for fiber compression) = -1 

4) Parameters in the red area of Table 10-3: 

 Enlarged material failure strength values were given to ensure a minimal / no failure 
situation on the UD Tapes based on coupon specimen tensile simulations 

 Testing data related to these parameters are not available at this concept development 
phase. 

 Specific used values in this work: 

XC (Longitudinal compressive strength) = 0.5 

XT (Longitudinal tensile strength) = 0.5 

YC (Transverse compressive strength) = 0.3 

YT (Transverse tensile strength) = 0.3 

SC (Shear strength) = 0.3 
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10.4 Bill of material of the reference door 

No. Name Material 
Thickness 

(mm) 

Weight 

(kg) 

1 Inner panel 
Steel 

- CR 
0.7 5.75 

2 Outer panel 
Steel 

- CR210 
0.65 4.61 

3 Frame reinforcement 
Steel 

- CR 
1 1.95 

4 
Mirror and upper 

hinge 
reinforcement 

Sheet metal 
part 

Steel 

- CR 
1.5 0.6 

Reinforced 
plate 

Steel 

- HR270 
3.5 0.073 

5 
Door stopper and 

lower hinge 
reinforcement 

Sheet metal 
part 

Steel 

- CR 
1.5 0.62 

Reinforced 
plate 

Steel 

- HR270 
3.5 0.073 

6 Belt reinforcement outer 
Steel 

- CR 
0.65 0.864 

7 Latch reinforcement 
Steel 

- CR 
1 0.046 
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8 Side impact beam 

Steel 

- 
HS1300T/950Y 

1.65 1.491 

9 Window guide 

Rail 
Steel 

- CR 
0.8 0.221 

Connector 
upper 

Steel 

- CR 
0.8 0.06 

Connector 
bottom 

Steel 

- CR 
1.5 0.032 

     
Total weight: 

16.39 

Table 10-4 Reference door: bill of material (BOM) 
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10.5 Schematics of the door static test bench (CAD) 
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Figure 10-4 Schematics of door static test bench: door sag (a); over opening (b); belt 
stiffness outer (c); belt stiffness inner (d) 



10 Appendix  181 
 

 

10.6 Maximal intrusion comparison between concept 1 and the 
reference 

Maximal intrusion (mm)  

* - : concept < reference 

Measuring point number Reference door Concept door 1 Dif* (%) Dif* (mm) 

S1 49.5 44.1 -11% -5.4 

S2 62.6 54.3 -13% -8.3 

S3 25.5 25.9 2% 0.4 

S4 22.4 21.1 -6% -1.3 

S5 19.6 21.2 8% 1.6 

S6 20.6 22.2 8% 1.6 

S7 28.6 29.4 3% 0.8 

S8 29.1 28.5 -2% -0.6 

S9 25.1 24.6 -2% -0.5 

S10 51.4 50.5 -2% -1 

S11 75.4 71.9 -5% -3.5 

S12 142 136 -4% -6 

S13 110 121 10% 11 

S14 81.3 96.2 18% 14.9 
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S15 80 94.2 18% 14.2 

S16 74.1 88.4 19% 14.3 

S17 54.3 59.7 10% 5.4 

D1 67.9 76.9 13% 9 

D2 86 78.7 -8% -7.3 

D3 52.3 54.1 3% 1.8 

D4 46 47.7 4% 1.7 

D5 43 41.6 -3% -1.4 

D6 41.7 39.5 -5% -2.2 

D7 40 42.9 7% 2.9 

D8 45.6 44.7 -2% -0.9 

D9 52.1 48.3 -7% -3.8 

D10 77 79.3 3% 2.3 

D11 159 165 4% 6 

D12 236 270 14% 34 

D13 177 201 14% 24 

D14 122 147 20% 25 

D15 120 143 19% 23 
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D16 122 138 13% 16 

D17 75.4 90.9 21% 15.5 

D18 167 176 5% 9 

D19 168 174 4% 6 

D20 84 85 1% 1 

DP1 84.8 79.8 -6% -5 

DP2 202 202 0% 0 

DP3 253 248 -2% -5 

DP4 270 254 -6% -16 

DP5 339 331 -2% -8 

DP6 221 252 14% 31 

Table 10-5 Maximal intrusion comparison between concept 1 and the reference 
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10.7 Maximal intrusion comparison between concept 2 and the 
reference 

Maximal intrusion (mm)  

* - : concept < reference 

Measuring point number Reference door Concept door 2 Dif* (%) Dif* (mm) 

S1 49.5 43.4 -12% -6.1 

S2 62.6 55.3 -12% -7.3 

S3 25.5 26.5 4% 1 

S4 22.4 20.8 -7% -1.6 

S5 19.6 21.1 8% 1.5 

S6 20.6 21.6 5% 1 

S7 28.6 28.3 -1% -0.3 

S8 29.1 28.5 -2% -0.6 

S9 25.1 25.5 2% 0.4 

S10 51.5 51.5 0% 0 

S11 75.4 73 -3% -2.4 

S12 142 135 -5% -7 

S13 110 120 9% 10 

S14 81.3 95.4 17% 14.1 
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S15 80 93 16% 13 

S16 74.1 87.5 18% 13.4 

S17 54.3 58.8 8% 4.5 

D1 67.9 71.4 5% 3.5 

D2 86 78.8 -8% -7.2 

D3 52.3 52.6 1% 0.3 

D4 46 46.4 1% 0.4 

D5 43 41.9 -3% -1.1 

D6 41.7 38.3 -8% -3.4 

D7 40 40 0% 0 

D8 45.6 43.8 -4% -1.8 

D9 52.1 49.6 -5% -2.5 

D10 77 81.8 6% 4.8 

D11 159 165 4% 6 

D12 236 268 14% 32 

D13 177 196 11% 19 

D14 122 144 18% 22 

D15 120 136 13% 16 
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D16 122 130 7% 8 

D17 75.4 85.1 13% 9.7 

D18 167 162 -3% -5 

D19 168 176 5% 8 

D20 84 77.8 -7% -6.2 

DP1 84.8 78.8 -7% -6 

DP2 202 193 -4% -9 

DP3 253 242 -4% -11 

DP4 270 257 -5% -13 

DP5 339 331 -2% -8 

DP6 221 249 13% 28 

Table 10-6 Maximal intrusion comparison between concept 2 and the reference 
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10.8 Door material cost calculation and comparison 

Material PP-LGF40 Steel Aluminum UD tapes 

Cost (€/kg) 1.26 0.7 2.5 12 

Estimated usage rate 
on door structure 90% 55% 

Sheet: 55% 

Profile: 90% 

Casting: 90% 

90% 

Table 10-7 Raw material cost 
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Door type 

 

Mateiral  

weight (kg) 

Concept 1 Concept 2 Refernce 
aluminum door 

(Sheet 
constructed) 

Reference 
steel door 

(Sheet 
constructed) 

PP-LGF40 6.557 7.455   

Steel 2.031 1.975  16.39 

Alu (Sheet) 2.54 2.409 13.11  

Alu (Profile) 1.183 0   

Alu (Casting) 0.246 0   

UD-Tape 0.5548 1.269   

Total weight 
(kg) 

13.11 13.11 13.11 16.39 

Total material 
cost* (€) 

34.7 40.8 59.6 20.9 

*inclusive material waste 

Table 10-8 Door material cost 
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10.9 Life cycle analysis on automotive door outer panel 

 

Figure 10-5 System boundary and impact categories for LCA of door outer panels [180] 
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Property Steel PP-GF 

Material substitution factor 1 0.69 

Mass of outer panels (4 doors) (kg) 17 11.7 

Total mass of the car (kg) 1381 1376 

Fuel efficiency (km/l) 11.31 11.56 

Lifetime fuel consumed by car (l) 13264 12976 

Lifetime fuel consumed by outer panels (l) 163 111 

Table 10-9 Characteristics of door outer panels for LCA [180] 
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