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Abstract.  To exploit the lightweight potential of common materials like steel, 
aluminum or especially fiber-reinforcement plastics (FRP), a load-compliant 
material concept is mandatory. In keeping with the motto “the best material 
for the best application”, a new approach for a tailored material distribution 
between FRP and metals is proposed. By defining a scalar value referred as 
“uniaxiality” and a uniaxiality weighted sensitivity, a numerical method is 
implemented to identify body-in-white (BIW) components with a high amount 
of anisotropic loading. The uniaxiality value is gathered from full vehicle crash 
simulations and is superpositioned over all load cases to access a generalized 
information which component’s area is suitable for isotropic materials like 
metals and which one for anisotropic materials like FRP. In the next step, a 
functional component group consisting of an A-pillar and a roof frame section 
is exemplary engineered by using the findings of the numerical potential anal-
ysis. The developed extreme lightweight concept made of aluminum extrusion, 
unidirectional carbon fiber-reinforcement plastics (CFRP) tapes, warm stamped 
aluminum and press-hardened steel demonstrates outstanding performance 
that has been proven in full vehicle crash simulations and experimental tests. 
Furthermore, the concept is evaluated in terms of the components CO2 foot-
print and costs. Based on these data a scalable component concept is possible 
to meet customer specific requirements between the design objectives: light-
weight, costs and environmental impact.
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1 � Introduction

Hybrid material concepts, as an approach to combine the advantages of two differ-
ent materials by compensating their disadvantages at the same time, have attracted 
increased interest in both academia and industry [1]. In recent years, several hybrid 
components concepts have been introduced into automotive series production. The 
front roof frame of the Audi A6 (C6, model year 2004) is one of the first examples of 
how weight reduction can be realized by combining different materials while main-
taining cost neutrality [2]. Another early example of hybrid lightweight design is the 
sidewall frame of a small-series hydrogen derivate of the BMW 7-series (E68, model 
year 2005). To fulfil the strict safety requirements of a hydrogen-powered vehicle, the 
steel sidewall frame was reinforced by CFRP patches [3]. The hybrid reinforcement 
concept allowed a cost-effective solution for small series with high flexibility and 
quick integration into the existing production process. In addition, a weight saving 
of 52% compared to a steel solution was achieved [4]. With the new BMW 7 Series 
(G11, model year 2015), several hybrid components consisting of steel shell struc-
tures and CFRP reinforcement patches have been introduced into series production, 
enabling mass savings of up to 40 kg per BIW [5, 6]. A hybrid lightweight design 
approach is also featured in the body structure of the new BMW 8 Series (G15, model 
year 2018) [7]. The latest convertible model of the iconic sports car Porsche 911 (992, 
model year 2019) uses hybrid parts as well [8]. Here, the hybrid A-pillar is manu-
factured using a technology developed within the Q-Pro project [9]. Based on the 
examples given, it can be concluded that hybrid lightweight design is an interesting 
and promising lightweighting strategy not only from a research point of view, but also 
from that of industry.

However, the design of lightweight and efficient multi-material concepts requires 
a detailed information about the stress and strain distributions within a component. 
This applies in particular to the use of FRP, since the mechanical properties of fib-
er-based materials are highly dependent on the loading direction. This fact is crucial 
for applications with different load cases, such as a car body structure that must pro-
vide high stiffness under operational loads and a high level of passive safety in any 
crash scenario. These challenging requirements lead often to conservative designs 
that do not exploit the full lightweight potential of the materials used. Such as in the 
hybrid B-pillar of the BMW 7 Series (G11), where the CFRP patch has a quasi-iso-
tropic layup [6].

To increase the utilization rate of FRP in complex car body structures, Durst [10] 
proposed a method that identifies the suitability of FRP for car body components by 
evaluating the stress state over different load cases. The method is based on the prod-
uct of three factors: the principal stress ratio, the variation in the load direction and a 
load case-weighting factor given by the sum of the absolute values of the major and 
minor principal stress. The result is a scalar value per every BIW component that 
characterizes the averaged anisotropy state of the component. Albers et al. [11] pre-
sented an enrichment of the method from [10] into the 3D stress space. Furthermore, 
not only the averaged component’s anisotropy value but also the local (element) spe-
cific anisotropy value can be evaluated by a contour plot. Klein et al. [12] presented 



A New Numerical Method for Potential Analysis …       355

a further enhancement of the method from [10] by introducing a new approach for 
the load case superposition and by considering several possible fiber orientations. 
Moreover, the anisotropy value is additionally weighted by stiffness and strength 
factors. A significant enrichment of Durst’s method was proposed by Dlugosch [13]. 
The introduction of a so-called principal stress factor enables a stress tensor addition 
over several load cases through a modification of the initial stress tensors. An undeni-
able advantage of this method is the implicit consideration of loading directions and 
absolute stress values. A further criterion introduced by Dlugosch is the uniformity 
as a component specific degree of homogeneity in the loading directions. Later, both 
component-specific values are combined to an anisotropy coefficient which gives the 
components suitability for FRP reinforcements. Moreover, the vector of the resulting 
loading orientation can be plotted element-wise directly on the component’s geom-
etry enabling the deduction of an optimized ply design directly from the results of 
the anisotropy analysis. Eventually, Grote [14] proposed a further improvement to the 
method from [10]. By introducing a “force flow” weighted orientation factor, material 
thickness is considered and high loads have a greater impact on the resulting orienta-
tion of the superpositioned anisotropy value. Unlike in [10, 11,  12], Dlugosch [13] 
and Grote [14] applied their methods not only to stiffness but also to crash problems.

With the aim to design components with a highly effective and targeted use of 
FRP materials, a new design methodology for hybrid components is proposed within 
this paper. A uniaxiality analysis in analogy to [13] is implemented to analyze the 
accumulated principal stresses. However, instead of using a generalized uniformity 
value to characterize the FRP-suitability of the whole component, the uniaxiality val-
ues are used to weight local sensitivities and identify component areas with a high 
potential for local FRP reinforcements. The methodology is applied on a full vehicle 
model in several crash load cases. In a further step, a chosen component group with a 
high fraction of uniaxial loading is redesigned by taking into account local sensitivi-
ties and loading anisotropies. Finally, the a newly designed hybrid car body compo-
nent is manufactured and tested on a dynamic crash device.

2 � Proposed Approach

To pursue an affordable and demand-oriented lightweight design of hybrid BIW com-
ponents, a stress-based potential analysis in analogy to the principal stress factor 
from [13] is implemented and enhanced by a uniaxiality weighted sensitivity analysis. 
Starting with benchmark simulations of a full vehicle model, a cumulative anisotropy 
analysis of each component is performed and a crash-relevant body assembly with a 
high overall uniaxiality is selected for a hybrid design trial. The single components 
are optimized with the proposed method and adapted for multi-material design. The 
core idea of the method is to use unidirectional fiber materials in areas with high ani-
sotropic loads and to carry the isotropic part of the load through a metallic part. In 
addition, the CO2 footprint and costs are also evaluated during the design phase of the 
component. In the final design step, the crashworthiness of the newly designed hybrid 
assembly is determined in full vehicle simulations and compared with the benchmark 
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structure. The objective is to reduce the weight of the components while maintaining 
or even increasing the crash performance of the vehicle. The design procedure con-
ducted in this work is shown in Fig. 1.

2.1 � Uniaxiality Analysis

In analogy to Dlugosch’s principal stress factor [13], the here presented approach is 
based on the definition of a scalar value that characterizes the so-called uniaxiality U 
of the stress tensor. As given in Eq. (1), the uniaxiality describes the magnitude of the 
ratio between the absolute value of the second and first principal normal stress. This 
characteristic value takes amounts between 0 and 1, where U = 1 describes a purely 
uniaxial (anisotropic) and U = 0 a purely equi-biaxial (isotropic) stress state, see 
Fig. 2. As in [13], the load case superposition is based on the addition of stress com-
ponents. A specific modification of stresses ensures that the summation does not lead 
to the annulment of values with different signs. At the same time, it is ensured that 
the original load direction and the absolute stress values are maintained. The advan-
tage of this procedure is that information about the direction of the resulting stresses 
remain available and that the individual time steps and load cases are weighted by the 
magnitude of the stress values. The resulting uniaxiality is determined in the last step 
from the accumulated stress tensor. The detailed sequence of the algorithm is given in 
Fig. 3.

U = 1−
|σ2|

|σ1|
, |σ1| ≥ |σ2|(1)

Fig. 1.   Proposed approach for analyzing and improving mechanical structures by lightweight 
hybrid components.

Fig. 2.   Uniaxiality values of chosen stress states.
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In the here used approach, first the element’s stress tensor σ̃ e is evaluated at the most 
loaded integration point (IP) of a reduced-integrated element type (element type 
2 from the LS-DYNA standard element library) with five through-thickness IP and 
stored for each individual timestep i of the load case j (1). Subsequently, the angle 
θeij of the principal axis system in relation to the element coordinate system is deter-
mined (2) and the absolute values of the principal normal stresses are computed (3). 
By assuming that tensile and compressive stresses are equivalent, it is ensured that 
stresses of different signs do not lead to a cancellation of the values during sum-
mation. In the next step, a modified element stress tensor σ̃ e∗

ij  is computed from the 
absolute values of the principal normal stresses with the original angle θeij of the prin-
cipal normal stresses (4). In the next step, all σ̃ e∗

ij  values are accumulated to a result-
ing stress tensor σ̃ e∗∗ (5). The tensorial value guarantees a weighting of the individual 
timestep and load case entities during summation and provides information about the 
resulting orientation of the superimposed stress tensors σ̃ e∗

ij . The scalar value of the 
element uniaxiality Ue is determined in the very last step from the absolute values of 
the principal normal stresses of the accumulated stress tensor σ̃ e∗∗ (6).

In the next step a component specific uniaxiality UK value is calculated by aver-
aging the element values over the component domains K. With the component spe-
cific uniaxiality value UK, a fast identification of body parts (components) with a high 
overall uniaxiality fraction is possible. That enables an efficient determination of parts 
with a high potential for hybrid lightweight design.

Fig. 3.   Scheme of the implemented algorithm for an accumulated Uniaxiality analysis.
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2.2 � Uniaxiality-Weighted Sensitivity Analysis

Once the uniaxiality analysis has been completed and a car body component with a 
high total anisotropic loading has been selected for hybrid redesign, a so-called uniax-
iality-weighted sensitivity analysis of the component is carried out. In order to ensure 
that the expensive reinforcement fibers are used in areas with pronounced uniaxiality 
and at same time have a large effect on the structural performance of the component, a 
procedure depicted in Fig. 4 is introduced.

First, the baseline component Kb is divided into p reasonable subdomains Kb,c that 
gauge sizes Tc are parametrized within a design space given by manufacturing and 
package restrictions. In the next step, a structural sensitivity analysis of the relevant 
system response with respect to each design variable is carried out. In parallel, a uni-
axiality analysis of each component subdomain of the baseline design is computed. 
By multiplying the subdomain sensitivity with the subdomain uniaxiality value, a uni-
axiality-weighted sensitivity is obtained. Finally, the weighted sensitivities are sorted 
in descending order to give an indication of which cross-sectional area of the com-
ponent can be effectively reinforced by fibers in terms of structural performance and 
costs. With these data and a linear mixing rule of the material fractions within the 
respective subdomains, a minimization of the component mass Mb and the production 
greenhouse gas (GHG) emissions Eb can be performed. The production GHG emis-
sions are calculated by multiplying the resulting material fractions ϕc by the material 
specific emission intensities I. The linear mixing rule is applied in such a way that a 
structural equivalence to the baseline design is given in terms of stiffness and strength.

Fig. 4.   Flowchart of the uniaxiality-weighted sensitivity analysis and the subsequent 
optimization loop for the design of sustainable lightweight hybrid components.
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3 � Accumulated Uniaxiality Analysis

The full vehicle model of the Toyota Camry 2012 [15] provided by the Center for 
Collision Safety and Analysis, George Mason University, is used as a benchmark 
structure. The relevant load cases are chosen under the consideration of the crash 
scenario probability in real traffic events. As reported in [16], frontal impact crashes 
dominate the total number of impacts (65.7%), followed by side impacts (27.3%). 
Consequently, worst-case configurations of European and US rating agency front and 
side crash load cases are selected for benchmarking, i.e. the Euro NCAP Moderate 
Overlap Deformable Barrier Frontal Test (64 km/h), the US NCAP Full-Width Rigid 
Wall Frontal Test (56 km/h), the IIHS Small Overlap Rigid Barrier Frontal Test 
(64 km/h), the US NCAP Side Moving Deformable Barrier Test (62 km/h) and US 
NCAP Side Pole Test (32 km/h). In order to consider all load case scenarios acting 
on the front and side area of the passenger compartment, the IIHS Roof Crush Test is 
incorporated into the benchmarking as well.

The uniaxiality analysis algorithm presented in Sect. 2.1 is implemented as a Tcl/
Tk script into the Altair HyperView post-processor software. In order to ensure that 
the evaluation only takes place on structure-relevant components, a set of body-in-
white components is created before the evaluation routine is started. A further meas-
ure to reduce the amount of data evaluated is realized by defining a threshold value 
for critical stress values (e.g. σyield/2). As soon as the FE solver output data of all load 
cases are available, all relevant elements run through the routine depicted in Fig. 3. 
The result is a contour plot as shown in Fig. 5, in which the uniaxiality can be dis-
played in the post-processor either as averaged component values or by element. In 
addition, the resulting direction of the accumulated element stresses can be displayed 
directly on the elements (not depicted here). With this information, the resulting fiber 
direction can be determined at the same time without additional computational effort.

Remarkably, several components in Fig. 5 show a uniaxiality value greater than 
0.7, what means that the major principal stress is more than 3 times higher than the 
minor principal stress. As expected, bending dominated components, such as door 
beams, roof cross members or A-pillars, have a higher uniaxiality value than struc-
tures with multiple local buckling modes, such as front longitudinal members or crash 
boxes. When evaluating the element-wise uniaxiality, numerous areas of almost pure 
uniaxial loading can be identified.

Fig. 5.   Result of the uniaxiality analysis over several crash load cases for selected BIW components, 
threshold: UK

> 0.5; Left: Averaged component uniaxiality UK, Right: Element uniaxiality Ue.
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4 � Component Design

4.1 � Component Selection

The uniaxiality analysis serves as a starting point for the redesign of a selected com-
ponent with a high hybridization potential. From that, the A-pillar and the front roof 
frame were selected as a demonstrator group. These components show a high uni-
axiality and represent a part of the rigid passenger compartment. Both are excellent 
prerequisites for the efficient use of local reinforcements made of orthotropic and 
high-strength carbon fiber composites. In addition, the A-pillar offers not only the 
potential for increasing passive safety but also the possibility of extending the field of 
vision, which represents a secondary effect of higher weight-specific properties of this 
component. Furthermore, the A-pillar gained a lot of attention as a possible hybrid 
component in the past. Already in 2002, Liedke [17] examined the substitutability of 
a hybrid lightweight design approach for an A-pillar of a convertible derivate. Using 
two press-hardened steel shells and a load-adapted aramid-carbon fiber laminate rein-
forcement, a mass reduction of 12.4% was achieved while maintaining the same crash 
behavior. Today, the current BMW 7 Series [6] and the current Porsche 911 convert-
ible (−2.7 kg / per vehicle) [8] use hybrid A-pillars in series production. Hence, it 
is particularly interesting to what design concept and results in weight reduction the 
development method presented here will lead to.

4.2 � Component Design

At the beginning of the component development, a topology study was carried out. 
Based on the ideal component topology, several structural concept designs were 
derived, which were evaluated and compared using simplified finite element mod-
els. The most promising concept—a continuous and extruded aluminum profile 
with unidirectional reinforcement tapes—was refined in detail in further develop-
ment stages. The design method presented in Sect. 2.2 was decisive for the location 
and the cross-section design of the reinforcing carbon fiber tapes. Unfortunately, the 
cross-sectional areas with the highest potential fall in the area of joining flanges and 
are therefore not suitable for fiber reinforcement, as this would lead to a complicated 
and costly joining situation. However, the selected positions of the carbon fiber uni-
directional (UD) reinforcement tapes are located as close as possible to the joining 
flanges and correspond to a complementary upper and lower belt of the AA6082 T6 
aluminum profile.

The lower A-pillar base was designed as a press-hardened steel shell due to a pre-
dominant multi-axial loading. The joining between the aluminum and steel parts of 
the A-pillar could be realized by conventional spot welding thanks to BENTELER-
patented SWOPtec joining elements. The Flash Forming Process (FFP) [18], another 
technology patented by BENTELER, made it possible to manufacture the front roof 
frame from an AA5182 aluminum sheet and achieve strengths of up to 400 MPa. 
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Despite a high degree of uniaxiality, the front roof frame could not be designed as 
a hybrid with any significant mass advantage. The reason for this was the structural 
instability caused by local fiber reinforcements and the associated abrupt changes in 
stiffness. The connector node between the A-pillar profile and the roof frame is made 
of an AA6082 T6 aluminum extrusion, whose cross-section was designed by topol-
ogy optimization. The final assembly design and the hybrid A-pillar cross-section is 
depicted in Fig. 6.

4.3 � CO2 Footprint and Cost Analysis

Lightweight design not only needs to deliver parts with lower mass, but also ensure 
moderate costs and a lower CO2 footprint over the product life cycle. For this reason, 
a simplified eco-audit and a cost analysis of the hybrid A-pillar were carried out. The 
cost analysis assumed a production of 60,000 vehicles per year, which corresponds to 
a usual number of units in the premium segment, for which the use of CFRP is real-
istic. Even though CFRP was used very targeted, it was not possible to achieve cost 
neutrality compared to performance equivalent variants in aluminum (+14% weight) 
and press-hardened steel (+46% weight). The aluminum variant offers a cost-saving 
potential of 36% and the press-hardened steel variant is even 54% more cost-effective 
than the hybrid lightweight variant. When evaluating the CO2 footprint, which was 
done using the CES Selector software, the hybrid A-pillar shows the lowest end-of-
life CO2 footprint of all concepts. Remarkably, the hybrid concept has a lower CO2 
footprint than the aluminum variant already from the beginning of the use phase, see 
Fig. 7.

Fig. 6.   Left: Hybrid A-pillar cross-section, Right: Final multi-material assembly design.
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4.4 � Full Vehicle Validation

Finally, the hybrid A-pillar design concept is validated in full vehicle crash simula-
tions. An equivalent or better structural performance was achieved compared to the 
benchmark. In particular, the frontal load cases show an increase in passive safety, 
since the hybrid A-pillar, unlike the baseline design, does not buckle and provides a 
rigid passenger compartment. A comparison for the Euro NCAP Moderate Overlap 
Deformable Barrier Frontal Test (64 km/h) between the baseline and the hybrid design 
is presented in Fig. 8. The hybrid A-pillar provides structural integrity, reduced intru-
sions and lower maximum decelerations (−12.5%).

5 � Component Manufacturing and Testing

The developed hybrid A-pillar cross-section profile was extruded from AA6082 and 
stretch-bended by BENTELER Aluminum Systems Norway AS, Raufoss. The unidi-
rectional CFRP tapes (SGL SIGRAPREG® C U300-0/NF E420/38%) were manufac-
tured using a tailored tape placement process at the Institute for Lightweight Design 
with Hybrid Systems (ILH), Paderborn. The simultaneous curing and bonding of the 
tapes to the extruded aluminum profile were realized by means of a prepreg press 
technology using an additional adhesive layer (3M SAT 1010). For comparison pur-
poses, an unreinforced aluminum profile and an aluminum profile with an alternative 

Fig. 7.   Cost and simplified Life Cycle Assessment analysis of the hybrid A-pillar and performance 
equivalent aluminum and steel variants.

Fig. 8.   Euro NCAP MODB Frontal Test (64 km/h): Baseline vs. Hybrid design. Left: Firewall 
intrusion in mm.
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reinforcement made of a 1.8 mm DP800 steel were manufactured as well. The DP800 
reinforcement strips where bonded to the aluminum profile by steel blind rivets 
(GESIPA G-Bulb 6,4 mm) and a structural adhesive (Dow Automotive BETAMATE 
2096).

The crashworthiness of the developed A-pillar cross section (see Fig. 6) was inves-
tigated using a representative profile length of 400 mm in a three-point bending test 
on a drop tower device of the LiA Crash & Impact Lab. The support distance was set 
to 275 mm, the support and impactor radii were 25 mm. The impact energy was 2.0 kJ 
at an initial impact speed of 4.5 m/s. The results of the impact tests are summarized in 
Table 1. The force-displacement curves and post-crash pictures of the deformed pro-
files are given in Fig. 9. It is shown that the performance of the CFRP and steel rein-
forced profiles is comparable. Both profiles show a similar increase in maximum force 
and absorbed energy. However, the achieved mass specific energy absorption (SEA) 
shows a strong dependence on the reinforcement material. While the SEA increases 
by 32% for the CFRP reinforcement, it decreases by 5% for steel reinforcement com-
pared to the unreinforced aluminum profile. The test results emphasize the perfor-
mance of the hybrid aluminum CFRP profile.

Table 1.   Experimental results of the energy absorption characteristics of the developed hybrid 
A-pillar.

Specimen Weight [kg] Fmax [kN] Eabs [kJ] SEA [kJ/kg]

AA6082 T6 0.556 20.16 1.29 2.32

AA6082 T6 + CFRP 0.627 (+12.8%) 29.10 (+44%) 1.92 (+49%) 3.07 (+32%)

AA6082 T6 + DP800 0.847 (+52.3%) 28.78 (+43%) 1.87 (+44%) 2.20 (−5%)

Fig. 9.   Force-displacement curves and post-crash pictures of different A-pillar profiles.
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6 � Conclusions

Based on the findings of the accumulated uniaxiality analysis and the uniaxiali-
ty-weighted sensitivity, the design of components with targeted use of unidirectional 
fiber reinforcement in combination with classical isotropic metallic materials is pos-
sible. As shown by the example of the A-pillar, by substituting a material fraction of 
just two cross-sectional areas by a structural-equivalent amount of unidirectional car-
bon fibers, the components weight can be reduced by 14%. By means of a simplified 
life cycle assessment, it was possible to show that the hybrid component has even a 
better CO2 footprint already in the production phase than a monolithic aluminum var-
iant. Nevertheless, it was found that the cost of the hybrid component significantly 
exceeds that of conventional design concepts. This is mainly due to high material 
and additional processing costs. It must therefore be considered on individual use-
case basis whether lower weight and environmental impact is justified by additional 
costs. However, with smaller production volumes the cost advantages of conventional 
concepts are reduced, so that a hybrid component concept can be economically rea-
sonable if the requirements for lightweight are particularly high and the number of 
units is small. That could be particularly the case for derivate-dependent adjustment 
in crash performance due to e.g. a heavier powertrain. Furthermore, if the results are 
transferred to electric vehicles, the growing share of renewable energy sources will 
increase the importance of the production phase in terms of CO2 emissions in the 
future, so that the development of sustainable material and component concepts will 
become increasingly important.

Finally, the hybrid A-pillar developed using the proposed numerical design 
method was able to prove its outstanding performance in full vehicle crash simula-
tions and experimental impact tests. This confirmed the importance of smart product 
design methods and shows that the lightweight potential of hybrid components is far 
from being fully exploited.
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