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ABSTRACT
This article presents the experimental–numerical analysis carried out in order to achieve a new automotive component, consist-
ing of a C-pillar constituted by sandwich structure made of steel skins and a rigid foam core. The objective was to achieve a light-
er component than the corresponding reference configuration, yet fulfilling mechanical requirements related to stiffness and
strength. In fact, the new C-pillar should be at least stiffer and stronger than the reference component. In addition, the final price
of the new C-pillar should be in the same range as the price of the initial component, which made it impossible to apply expen-
sive materials such as carbon fiber composite materials.
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Introduction
The existing weight reduction trend within the automotive sector is a constant challenge that is driving new develop‐
ments [1]. This is due to the fact that a weight reduction implies a lower consumption of fuel and, therefore, lower
polluting emissions. However, there must be a balance between the weight reduction pursuit in a car and the existing
requirements in terms of stiffness and strength, mainly in order to resist adequately different types of crashes that a
car may encounter [2].

Main car manufacturers are researching on the application of advanced materials and manufacturing processes to
the construction of new car components. Examples of new materials substituting the traditional standard steel are car‐
bon fiber composite materials, or alternative metals to steel, such as aluminum or magnesium [3]. However, these
materials have a specific price per kilogram that far exceeds that of steel, even by several orders of magnitude, as in
the case of carbon fiber composite materials. In this context, sandwich structures are being applied to car panel con‐
struction not only due to their acoustic properties [4] but also due to their high stiffness and high flexural and bucking
strength characteristics per kilogram weight [5]. Aluminum or composite skins combined with a polyurethane, poly‐
vinyl chloride (PVC), or even aluminum foam core are usual examples of car sandwich panels [6]. In addition, differ‐
ent foam types have been applied to automotive-specific components in order to improve their ability to absorb crash
energy [7] and to dampen vibrations [8].

However, unlike what has been collected in the state of the art, this article explains the development of a compo‐
nent that does not have a flat panel shape, but it belongs to a curved C-pillar of a car, which for the first time has been
constructed by means of the application of a sandwich structure, made of steel skins and epoxy foam core. By means
of this new concept of C-pillar, a significant weight reduction was expected in comparison to the existing C-pillar
made of stamped steel. It must be taken into account that C-pillar components have a great influence on the torsional
stiffness of the car. Moreover, the new C-pillar will provide greater stiffness and strength than the current component,
having a final price in the same order of magnitude, thanks to the application of steel and epoxy resin as constituent
materials and standard manufacturing processes. High-priced raw materials have been avoided in this research.
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The design criteria applicable to the new C-pillar will be presented, which are related to geometrical limitations
and mechanical stiffness and strength. First, a numerical optimization of the new C-pillar was carried out by means of
the finite element method (FEM). Second, three prototypes were manufactured, thanks to the construction of low cost
molds. Finally, the final verification tests were developed by means of the built prototypes. These tests provided ex‐
perimental validation of the mechanical behavior of the developed C-pillars and also served to obtain a numerical–
experimental correlation between numerical calculations and experimental results.

Objective
This paper is focused on the introduction of innovative sandwich structures in C-pillar’s components of a passen‐

ger car for the improvement of its static torsional stiffness and strength, also achieving a weight reduction with re‐
spect to the original design. The University of Zaragoza (Spain) worked in close collaboration with the Spanish car
manufacturer SEAT, and the geometry and characteristics of a SEAT’s small family car model (according to European
New Car Assessment Programme European Nnnew Cccar Aaassessment Ppprogramme EuroNCAPEuroNCAP class)
were taken as a reference for carrying out this analysis. [AQ2]Obtained results are applicable to other car categories,
and future structural developments will benefit from this research, though.

It should be noted that a higher static torsional stiffness of the car will have a positive effect on basic aspects of the
vehicle’s performance [9,10] such as its handling, stability, durability, noise, and vibrations, among others, which
therefore could also be pointed out as the ultimate aim in this research.

Design requirements in C-pillar optimization
The initial composition of C-pillar in the specific vehicle analyzed is shown in Figure 1. Concretely, the set loca‐

ted at the left side of the car has been analyzed and basically consists of two stamped sheet metal parts joined togeth‐
er by means of spot welds. The part at the bottom is assembled to the rear left wheel tower, and the part at the top is
supporting the rear roof rail. These two curved U-shaped parts (from now on will be referred to as “upper C-pillar”
and “lower C-pillar”) are also spot welded by means of their side flanges to the inner left flank of the car body. An
additional intermediate part connects the top end of upper C-pillar to the roof rear rail (see part “assembly to roof” in
Figure 1). The first design requirement was to maintain the exterior geometry of the original C-pillar as well as the
specific positions of the spot-welded joints so as to be able to substitute the current design for a new one, without
affecting other components in the global assembly of the body-in-white (BIW) of the car. Therefore, sandwich struc‐
tures in the new proposed designs were oriented inwards from the outer surfaces in current upper and lower C-pillars
(see Figure 2).
Figure 1. CAD model of BIW’s sheet steel parts comprising the left C-pillar. Reference points 1 to 6.
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Figure 2. (a) Upper C-pillar, (b) lower C-pillar, and (c) complete C-pillar.

In relation to strength and stiffness constraints, the new C-pillar designs were focused on achieving an improved
torsional rigidity. This means that, in relation to the initial design’s torsional rigidity results, a higher torsional rigidity
(and therefore a better structural performance) should be reached in the new designs. Car manufacturers normally
assess the structural performance of their vehicles by means of test procedures practiced on the complete BIW, which
include static torsion and static bending tests and modal analysis tests [9,10]. In the case of torsional rigidity tests, a
test bench supports the BIW, and a torsion load is applied at the front or at the rear of the vehicle, and then, the tor‐
sional angle reached is measured.

In this research, two approaches were considered for assessing the torsional rigidity at C-pillars. In the first ap‐
proach, the manufacturer supplied the displacement results obtained with the initial design at several reference points
when a torsional load is applied to the vehicle. These displacement values were imposed as boundary conditions on
the numerical models created, which made possible to assess the structural response in upper and lower C-pillars.
Table 1 shows the displacement values obtained from the torsional test of the vehicle at six reference points (see
Figure 1). Reference points 1 and 2 were taken from the middle longitudinal section at the roof rear rail, and refer‐
ence points 3, 4, 5, and 6 were taken from the car body. In the second approach, a torsional angle of 1° was directly
imposed on the top of upper C-pillar, and then, the structural response was numerically measured in the components.

Table 1. Displacement values at reference points 1 to 6 obtained from the torsional test of the vehicle.

Reference point X displacement (mm) Y displacement (mm) Z displacement (mm)
1 0.0157 –9.9139 0.0873
2 0.0618 –9.8305 0.2269
3 0.1895 –9.7929 –1.0059
4 –0.0493 –9.2162 –1.5271
5 –0.4488 –4.0359 –2.5786
6 –0.5446 –4.1025 –2.6944

Concerning weight reduction, the new design proposals were focused on using as less material as possible main‐
taining the same or a higher torsional rigidity. The use of sandwich structures consisting of two outer stamped steel
sheets and a polymeric material core allowed to reduce the gauge of the steel sheets at a feasible minimum, while the
second moment of area in the pillar components is increased [11]. The manufacturer required a minimum thickness
value of 0.4 mm for each sandwich’s steel sheet due to manufacturability limitations present in resistance spot weld‐
ing. Moreover, the steel grades used in the initial design of C-pillars were kept for the new designs.[AQ3]
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The new design was intended to be added to the car structure without major changes in the existing manufacturing
process. As a consequence, the spot welding positions were maintained in their original coordinates for all the numer‐
ical models.

Methodology for analysis and optimization of C-pillar by the FEM

Design and evaluation approaches for the new C-pillars
In the first place, and parting from the original geometry, three different possibilities were considered for modeling

the C-pillar components as FE submodels. It was taken into account that upper and lower C-pillars are part of the
BIW that constitutes the structure of the vehicle and are therefore working as structural elements in combination with
adjacent components. In this sense, not only should C-pillar’s components perform correctly as individual parts but
also should work adequately combined and once fixed to the car structure. The following analysis strategies were
then considered:

1. Structural analysis assessing upper and lower C-pillars working independently.
2. Structural analysis assessing upper and lower C-pillars working combined but not connected to

the vehicle structure.
3. Structural analysis assessing upper and lower C-pillars working together and welded to the adja‐

cent structural parts at the top and at the bottom of the vehicle (assembly to roof part and to rear
wheel cover part, respectively).

Table 2 below collects the design approaches that were considered in the numerical models and the analyses car‐
ried out for each design.

Table 2. New C-pillar designs analyzed and numerical models’ configuration.

Design approach/numerical model a) Pillars ana‐
lyzed inde‐
pendently

b) Pillars an‐
alyzed to‐
gether

c) Pillars ana‐
lyzed together
with adjacent
parts

1. Original geometry changing initial thicknesses in steel sheets X X  
2. Sandwich structures with 3-mm polymer sandwich core X X  
3. Sandwich structures with 10-mm rigid polymer foam sandwich core X X  
4. Design no. 2 with cross-shaped stamping carried out on inner skins X X  
5. Design no. 3 with cross-shaped stamping carried out on inner skins X X  
6. Mixed C-pillar: no. 3 sandwich lower pillar with stamped steel upper
pillar

 X  

7. Design no. 3 with new connection region between upper and lower
pillars, with flanges at both inner and outer skins

 X X

Design approach no. 1 was the simplest one and consisted in checking the performance of the initial design using
different steel sheet’s thicknesses. Designs no. 2 and 3 were the two possibilities of sandwich structure analyzed, con‐
sidering a different core material and thickness at each case. Designs no. 4 and 5 included cross-shaped stamped geo‐
metries in the inner steel sheets of the sandwich configurations and was intended to assess their work hardening effect
over the torsional rigidity of the components. In this case, the outer sheet geometries were maintained as original.
Design no. 6 studied the combination of one upper or lower original C-pillar with another upper or lower no. 3 sand‐
wich C-pillar. Design no. 7 included new geometries for the assembly region between upper and lower C-pillars, in‐
tended to correct the low rigidity sections in the spot-welded area and achieving a better integration of the sandwich
structures for performing as a whole. It also included welding flanges in both the inner and outer sheet of the sand‐
wich in order to strengthen the assembly to adjacent components.
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FE mesh models developed
In a first step, the original computer-aided design (CAD) models of the components were supplied by the manu‐

facturer, which included the welding points’ positions for joining them. [AQ4]The FE numerical models were then
created using a commercial pre-processor software and finally analyzed with commercial FE codes. Since the main
objective was to assess the torsional rigidity of the components in normal driving conditions, which was far from
plasticity or material failure in the original design, the numerical simulations were performed as linear static stress
analyses. In models no. 1, 2, and 3, the steel stamped sheets were modeled using three-dimensional first-order inter‐
polation shell elements, which were mainly four-node shell elements and three-node ones for highly curved surfaces
and mesh transition regions. These elements were used with reduced integration, and their thicknesses were defined
through the section property definition of the code. The six displacement and rotational degrees of freedom were
available for these shell elements, and transverse shear deformation was also computed in them. The sandwich cores
filling the components in models 2 and 3 were modeled with first-order interpolation solid continuum elements,
mainly by means of eight-node linear brick elements with reduced integration and six-node linear triangular prism
elements in mesh transition regions. Since their geometry represents the volume of the material, these solid elements
did not require thickness definition. Consequently, they only had three displacement degrees of freedom available in
the analysis. Welded joints were modeled using rigid multi-point constraints between two nodes in different parts.

Two different designs were considered for the sandwich structures:

1. 3-mm-thick core made of polymer (design approaches no. 2 and 4, see Figures 3 and 5) and
2. 10-mm-thick core made of rigid polymer foam (design approaches no. 3 and 5, see Figures 4 and

6).

An isotropic linear elastic material model was considered for the steel sheets and the polymers’ characterization.
This numerical model was appropriate because it is normally valid for small elastic strains of less than 5%, and the
considered load cases simulated the torsional performance of the vehicle in load situations not intended to reach per‐
manent strains. Table 3 shows the mechanical properties of the materials considered in the numerical models. The
values considered for PVC or polyester polymer and rigid polymer were normal medium values that can be reached
with these material types.

Table 3. Mechanical properties of materials considered in the numerical models.

Component Material Density
(kg/m3)

Elastic mod‐
ulus (MPa)

Poisson’s
ratio

Re (MPa) Rm (MPa) A80
(%)

Lower C-pillar Steel HC 260 LA/1.0480
(EN 10268)[12]

7800 210,000 0.3 260–330 350–430 26

Upper C-pillar Steel HC 260 LA/1.0480
(EN 10268)

7800 210,000 0.3 260–330 350–430 26

Assembly to roof Steel DX 53D/1.0951 (EN
10346)[13]

7800 210,000 0.3 140–260 270–380 30

Rear wheel cover Steel HC 220 B/1.0396
(EN 10268)

7800 210,000 0.3 220–270 320–400 32

Sandwich core designs
no. 2 and 4

Polymer: PVC or polyester 1500 2800 0.3 – – –

Sandwich core designs
no. 3, 5, 6 and 7

Rigid polymer foam 130 200 0.3 – – –

PVC: polyvinyl chloride.

The complex geometries present in design approaches no. 4 and 5 and the cross-shaped notches stamped at the
inner sheets of the sandwich made necessary a major use of 3-node shell elements (first-order interpolation with re‐
duced integration) for modeling the skins and 10-node quadratic solid tetrahedrons (solid continuum elements with
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second-order interpolation) for the cores in order to accurately reproduce the stamped shapes by the mesh models.
Similarly, as before, while shell elements required thickness definition, in the case of solid elements, the volume was
geometrically meshed, and it was not necessary. As shown in Figure 7, these notches were modeled with a different
size depending on the sandwich core thickness. [AQ5][AQ6]All sandwich mesh models used equivalent nodes for
bonding the skins to the core. Mesh size ranged approximately from 1.5 to 4 mm in all cases.
Figure 3. Design no. 2’s FE models, sandwich structures with 3-mm thermoplastic core. Left: lower C-pillar (outer skin, core, and
inner skin) and right: upper C-pillar (outer skin, core, and inner skin).

Figure 4. Design no. 3’s FE models, sandwich structures with 10-mm polymer foam core. Left: lower C-pillar (outer skin, core,
and inner skin) and right: upper C-pillar (outer skin, core, and inner skin).

Figure 5. Design no. 4’s FE models, sandwich structures with 3-mm thermoplastic foam core. Left: lower C-pillar (outer skin,
core, and inner skin) and right: upper C-pillar (outer skin, core, and inner skin).

Figure 6. Design no. 5’s FE models, 10-mm foam core sandwich with cross-shaped stamping carried out on inner skins. Left: low‐
er C-pillar (outer skin, core, and inner skin) and right: upper C-pillar (outer skin, core, and inner skin).
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Figure 7. Cross-sectional dimensions of cross-shaped notches located at the inner skins of sandwich pillar designs no. 4 and 5.

Upper and lower C-pillars were analyzed both working independently and together in design approaches no. 1, 2,
3, 4, and 5. In terms of rigidity, approach no. 3 was considered the optimum one from this series of simulations, and it
was therefore used as a basis for the following designs. So, design approaches no. 6 and 7 were only analyzed work‐
ing together because in these cases it was only necessary to check the combined upper-lower C-pillar behavior. Con‐
cerning option no. 6, it combined different pillars from the previous simulations, and as for option no. 7, it introduced
several improvements at the transition region between the sandwich pillars and at the pillars’ flanges used for weld‐
ing the pillars to adjacent components.

The torsional rigidity performance of C-pillar was assessed by means of these FE numerical models. In order to
validate the numerical results, in the next step, a prototype series based on the optimum C-pillar design was manufac‐
tured and later on tested at Zaragoza University’s facilities. New steel molds were specifically manufactured for shap‐
ing the four steel sheets; then, the core material could be injected between the inner and outer skins before reaching
the solid state. The test conditions were numerically simulated, and a high correlation was found between the numeri‐
cal and the experimental results.

Phase 1: preliminary load cases analyzed and results
Torsional displacements from the complete vehicle tests

In this case, displacement conditions were taken from Table 1, calculating the average relative displacements in x,
y, and z direction between reference points 1 and 2 and reference points 5 and 6 (see Figure 1). In a first step, dis‐
placements at points 1 and 2 were averaged, and then, the same was performed at bottom points 5 and 6. In a second
step, these averaged displacements were used for obtaining the relative displacement between the top and the bottom.
The relative displacements were Δx = +0.53 mm, Δy = –5.8 mm, and Δz = +2.79 mm and were used as boundary con‐
ditions for the static analyses.

In the independent analysis of upper C-pillar, the displacement field was applied to all the nodes located at the top
rim of the component, while the welding points located at the connection with lower C-pillar were constrained in x, y,
and z directions. In a similar manner, for the independent analysis of lower C-pillar, the displacement field was ap‐
plied to the welding points located at the connection with upper C-pillar, while all the nodes at the component’s bot‐
tom flanges were constrained in x, y, and z directions.

Finally, the analysis of the complete C-pillar was performed applying the displacement field at the upper C-pillar’s
top rim nodes while constraining the nodes at lower C-pillar bottom flanges. The pillars were connected by means of
rigid constraints located at the welding points’ nodal positions. Figure 10 shows the boundary conditions for these
three situations.
Figure 8. Mesh model for the transition region included at sandwich C-pillar design no. 7. Top: 10-mm core meshes for upper and
lower C-pillars and bottom: lower and upper C-pillars with new transition region.
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Figure 9. Mesh models for outer and inner skins at sandwich C-pillar design no. 7. Left: upper C-pillar’s skins and bottom: lower
C-pillar’s skins.

Figure 10. Torsional displacement load cases considered (mm). Left: upper C-pillar, center: lower C-pillar, and right: upper and
lower C-pillars connected by welding points.
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Results from the complete pillar simulation are collected in Table 4. Tables 5 and 6 collect the separated analyses
carried out for upper and lower C-pillar, respectively. In all cases, the displacement magnitude considered for calcu‐
lating the specific stiffness was 6.46 mm.

Table 4. Results for upper and lower C-pillar analyzed connected—torsional displacements load case.

Design Thickness (mm) Reaction force
(N)

Mass
(kg)

Specific stiff‐
ness (N/
mm·kg)

Upper C-pillar Lower C-pillar
Outer skin Inner

skin
Outer
skin

Inner
skin

Original 1.75 0.8 3928 1.284 473
1a. Original with thickness
change

1.85 0.8 4007 1.318 470

1b. Original with thickness
change

1.75 0.9 4430 1.370 500

2. Sandwich 3 mm (thermoplas‐
tic core)

0.55 0.55 0.4 0.4 4540 1.464 480

3. Sandwich 10 mm (polymer
foam core)

0.4 0.4 0.4 0.4 5144 1.041 765

4a. Sandwich 3 mm with cross
stamping

0.55 0.55 0.4 0.4 4037 1.472 425

4b. Sandwich 3 mm with cross
stamping

0.75 0.75 0.4 0.4 4833 1.600 467

4b. Sandwich 3 mm with cross
stamping

0.55 0.55 0.5 0.5 5587 1.631 530

5a. Sandwich 10 mm with cross
stamping

0.4 0.4 0.4 0.4 4125.27 1.097 582

5b. Sandwich 10 mm with cross
stamping

0.5 0.5 0.4 0.4 5433.43 1.108 759

5c. Sandwich 10 mm with cross
stamping

0.4 0.4 0.5 0.5 6199.91 1.205 796
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Table 5. Results for upper C-pillar designs analyzed separately—torsional displacements load case.

Design Thickness (mm) Reaction force (N) Mass (kg) Specific stiffness (N/mm·kg)
Upper C-pillar
Outer skin Inner skin

Original 1.75 113,587 0.597 29.44E+3
1a. Original with thickness change 1.85 123,592 0.631 30.30E+3
2a. Sandwich 3 mm (thermoplastic
core)

0.55 0.55 55,586 0.467 18.42E+3

2b. Sandwich 3 mm (thermoplastic
core)

0.75 0.75 85,732 0.603 22.01E+3

3a. Sandwich 10 mm (polymer
foam core)

0.4 0.4 37,213 0.291 19.78E+3

3b. Sandwich 10 mm (polymer
foam core)

0.5 0.5 49,436 0.358 21.37E+3

Table 6. Results for lower C-pillar designs analyzed separately—torsional displacements load case.

Design Thickness (mm) Reaction force
(N)

Mass (kg) Specific stiffness (N/
mm·kg)Lower C-pillar

Outer skin Inner skin
Original 0.8 24,981 0.687 5.63E+3
1a. Original with thickness change 0.9 29,700 0.773 5.94E+3
2a. Sandwich 3 mm (thermoplastic core) 0.4 0.4 35,938 0.997 5.58E+3
2b. Sandwich 3 mm (thermoplastic core) 0.5 0.5 45,832 1.164 6.09E+3
3a. Sandwich 10 mm (polymer foam
core)

0.4 0.4 38,082 0.749 7.86E+3

3b. Sandwich 10 mm (polymer foam
core)

0.5 0.5 48,172 0.914 8.16E+3

Torsional rotation of 1°

Differently, in this load case, a torsional rotation of 1° was directly imposed to the nodes on the top rim of upper
C-pillar and on the top welding points of lower C-pillar in order to assess numerically the torsional response. For
upper C-pillar, the rotation was imposed around an axis parallel to “xy” plane and at 30° with respect to global “y”
direction. The rotational axis orientation was chosen for alignment with C-pillar’s geometry, after checking from an
“xy” view that the original upper C-pillar design formed approximately 30° with the global “y” axis. Equivalently, for
lower C-pillar, the rotation was imposed around an axis parallel to “xz” plane and at 30° with respect to the global “z”
axis. The original lower C-pillar formed approximately 30° with the global “z” axis. This latter approach was also
used for the complete upper-lower pillar simulation.

The reaction forces were then measured at the constrained nodes located at the bottom (welding point nodes for
upper C-pillar and nodes at the bottom flanges for lower C-pillar), whose values allowed to compare the strength and
rigidity levels against torsion that are available with different designs. The simulation of a pure rotational deformation
in these components is not as realistic a working performance as the previous displacement conditions case, because,
as stated before, it is the combined behavior of the BIW’s components interacting in the vehicle’s structure that gives
the actual torsional performance. This simulation approach provided basic information and contributed a new point of
view to the design process though. Figure 11 shows the boundary conditions applied to the independently analyzed
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pillar’s components. Tables 7 and 8 collect the separated analyses carried out for upper and lower C-pillar, respective‐
ly.
Figure 11. One-degree torsional rotation load cases. Left: upper C-pillar and right: lower C-pillar.

Table 7. Results for upper C-pillar designs analyzed separately—one-degree torsional rotation load case.

Design Thickness (mm) Reaction moment
(N·mm)

Mass (kg) Specific stiffness
(N·mm/°·kg)Upper C-pillar

Outer skin Inner skin
Original 1.75 64,744 0.597 108.4E+3
1a. Original with thickness change 1.85 69,543 0.631 110.1E+3
2a. Sandwich 3 mm (thermoplastic
core)

0.55 0.55 52,289 0.467 111.9E+3

2b. Sandwich 3 mm (thermoplastic
core)

0.75 0.75 73,027 0.603 121.1E+3

3a. Sandwich 10 mm (polymer foam
core)

0.4 0.4 74,152 0.291 254.6E+3

3b. Sandwich 10 mm (polymer foam
core)

0.5 0.5 92,823 0.358 259.2E+3

4a. Sandwich 3 mm with cross stamping 0.55 0.55 45,177 0.470 96E+3
4b. Sandwich 3 mm with cross stamp‐
ing

0.75 0.75 64,078 0.610 105E+3

5a. Sandwich 10 mm with cross stamp‐
ing

0.4 0.4 46,663 0.302 154.4E+3

5b. Sandwich 10 mm with cross stamp‐
ing

0.5 0.5 60,330 0.372 162E+3

Table 8. Results for lower C-pillar designs analyzed separately—one-degree torsional rotation load case.
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Design Thickness (mm) Reaction moment
(N·mm)

Mass (kg) Specific stiffness
(N·mm/°·kg)Lower C-pillar

Outer skin Inner skin
Original 0.8 70,483 0.687 102.5E+3
1a. Original with thickness change 0.9 82,987 0.773 107.3E+3
2a. Sandwich 3 mm (thermoplastic
core)

0.4 0.4 99,933 0.997 100.2E+3

2b. Sandwich 3 mm (thermoplastic
core)

0.5 0.5 125,581 1.164 107.8E+3

3a. Sandwich 10 mm (polymer foam
core)

0.4 0.4 133,731 0.749 178.3E+3

3b. Sandwich 10 mm (polymer foam
core)

0.5 0.5 168,416 0.914 184.2E+3

4a. Sandwich 3 mm with cross stamping 0.4 0.4 89,136 1.002 89E+3
4b. Sandwich 3 mm with cross stamp‐
ing

0.5 0.5 96,932 1.171 96.9E+3

5a. Sandwich 10 mm with cross stamp‐
ing

0.4 0.4 101,728 0.795 128E+3

5b. Sandwich 10 mm with cross stamp‐
ing

0.5 0.5 128,741 0.972 132.4E+3

Phase 1 results’ assessment

Comparing the different values obtained for the different models in reaction force and moment, mass, and specific
stiffness from Tables 4 to 8, it was concluded that design approach no. 3 had the best torsional performance. From
Table 4, it can be observed that this 10-mm rigid polymer core sandwich with a 0.4 mm thickness in inner and outer
sheets achieved a mass reduction of 0.243 kg (18.9%), a reaction force increase of 1216.22 N (30.9%), and a stiffness
increase of 292 N/mm·kg (38.1%) in the connected pillars simulation. Design approach no. 3 required an increase in
sheets’ thickness (it worked more effectively in lower C-pillar) for achieving as high a force reaction as design no. 2,
which penalized its mass and consequently its specific stiffness. The inclusion of cross-shaped stamping at inner
skins of sandwich structures no. 4 and no. 5 did not contribute positively neither for the 3-mm thermoplastic core nor
for the 10-mm polymer core (observed comparing 4a with 2a, 4b with 2b, 5a with 3a, and 5b with 3b in the tables).
Therefore, design options no. 2, 4, and 5 were rejected.

Another interesting result was that the reaction force and specific stiffness in the displacement load case for upper
C-pillar provided lower values in the sandwich designs than the original upper C-pillar (see Table 4). Differently, the
reaction moment and the specific rotational stiffness reached higher values in all sandwich designs for the torsional
rotation load case.

Moreover, the sensitivity to an increase of 0.1 mm in thickness was different in the original upper and lower C-
pillars, being the thickness increase for lower pillar which produced the higher stiffness increase in all the simula‐
tions. For instance, the specific torsional stiffness increased 1.56% for upper C-pillar and 4.68% for lower C-pillar
when a one-degree rotation was applied to each component (0.1 mm thicker).

All in all, and from the basis of design no. 3, the following steps were considered in a second phase of this re‐
search:

• To combine the original upper C-pillar with equal and reduced thickness with a sandwich structure
for the lower C-pillar.

• To introduce a new geometry in the joint region connecting upper and lower sandwich pillars in or‐
der to improve its area moment of inertia. The original region performed as a weak point to flexural
loads once sandwich structures were included.
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• To include welding flanges for both inner and outer sandwich’s skins in order to avoid non-desirable
hinge effects.

Phase 2: modified models analyzed and results
Mixed C-pillar: original upper pillar with 10-mm sandwich lower pillar

Here, three different thicknesses (1.75, 1.5, and 1.25 mm) were selected for the original upper C-pillar, while de‐
sign no. 3 was used for lower C-pillar (10-mm sandwich structure with rigid polymer foam and 0.4-mm-thick steel
sheets). Tables 9 and 10 show the results for the mixed C-pillar analyzed complete with welding points in the connec‐
tion region.

Table 9. Results for mixed C-pillar analyzed connected—torsional displacements load case.

Design Thickness (mm) Reaction force (N) Mass (kg) Specific stiffness (N/mm·kg)
Upper C-pillar Lower C-pillar

Outer skin Inner skin
6a. Mixed C-pillar 1.75 0.4 0.4 5581 1.347 641
6b. Mixed C-pillar 1.50 0.4 0.4 5334 1.262 654
6c. Mixed C-pillar 1.25 0.4 0.4 5048 1.176 664

Table 10. Results for mixed C-pillar analyzed connected—one-degree torsional rotation load case.

Design Thickness (mm) Reaction moment
(N·mm)

Mass (kg) Specific torsional stiffness
(N/°·kg)Upper C-pillar Lower C-pillar

Outer skin Inner skin
6a. Mixed C-pillar 1.75 0.4 0.4 16,382 1.347 12,162
6b. Mixed C-pillar 1.50 0.4 0.4 12,995 1.262 10,297
6c. Mixed C-pillar 1.25 0.4 0.4 9954 1.176 8464

Sandwich pillars with modified connection region

The modifications included in design approach no. 7 are shown in Figure 8 and Figure 9. In this case, the sand‐
wich structure was extended to the connection region between upper and lower pillars. Tables 11 and 12 show the
results obtained with this configuration and also the stiffness improvement obtained by changing upper or lower
sheets’ thicknesses from 0.4 to 0.5 mm.

Table 11. Results 10-mm core sandwich, modified connected region—torsional displacements load case.

Design Thickness (mm) Reaction force
(N)

Mass (kg) Specific stiffness (N/
mm·kg)Upper C-pillar Lower C-pillar

Outer skin Inner skin Outer skin Inner skin
7a. Sandwich 10 mm
(rigid foam core)

0.4 0.4 0.4 0.4 6340 1.040 952

7b. Sandwich 10 mm
(rigid foam core)

0.5 0.5 0.4 0.4 6774 1.106 947

7c. Sandwich 10 mm
(rigid foam core)

0.4 0.4 0.5 0.5 7518 1.204 966
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Table 12. Results 10-mm core sandwich, modified connected region—one-degree torsional rotation load case.

Design Thickness (mm) Reaction moment
(N·mm)

Mass (kg) Specific stiffness
(N/°·kg)Upper C-pillar Lower C-pillar

Outer skin Inner skin Outer skin Inner skin
7a. Sandwich 10 mm
(rigid foam core)

0.4 0.4 0.4 0.4 40,023 1.040 38,484

7b. Sandwich 10 mm
(rigid foam core)

0.5 0.5 0.4 0.4 47,302 1.106 42,738

7c. Sandwich 10 mm
(rigid foam core)

0.4 0.4 0.5 0.5 41,886 1.204 34,786

Finally, and in order to check the torsional response at a higher structural level, this same C-pillar configuration
was analyzed including components adjacent to upper and lower C-pillar and including welding flanges for both the
inner and outer skins of the sandwich (which added a little more mass). Figure 12 shows the new FE model with the
load cases considered, and Tables 13 and 14 collect the results. In the torsional displacements case, the displacements
considered were the same as in previous models: Δx = 0.5 mm, Δy = –5.8 mm, and Δz = 2.79 mm, and they were ap‐
plied to the nodes at the rim of the “assembly to roof” component. In the torsional rotation case, the 1° rotation was
directly applied to these rim nodes and around y axis. The constrained nodes were also considered differently, con‐
straining x, y, and z displacements in the contour of the “rear wheel cover” component shown in Figure 12.
Figure 12. Left: torsional displacements (mm) and right: torsional angle.

Table 13. Results for FE models with adjacent components—torsional displacements load case.

Design Thickness (mm) Reaction force
(N)

Mass (kg) Specific stiffness (N/
mm·kg)Upper C-pillar Lower C-pillar

Outer skin Inner skin Outer skin Inner skin
Original C-pillar 1.65 0.8 140.6 1.254 17.3
7a. Sandwich 10
mm (rigid foam
core)

0.4 0.4 0.4 0.4 195.2 1.062 28.4
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Table 14. Results for FE models with adjacent components—one-degree torsional rotation load case.

Design Thickness (mm) Reaction moment
(N·mm)

Mass (kg) Specific torsional stiff‐
ness (N/°·kg)Upper C-pillar Lower C-pillar

Outer skin Inner skin Outer skin Inner skin
Original C-pillar 1.65 0.8 2642 1.254 2106.4
7a. Sandwich 10
mm (rigid foam
core)

0.4 0.4 0.4 0.4 10,362 1.062 9756.1

Phase 2 results’ assessment

Concerning no. 6 mixed configuration, while in the torsional displacement load case the reaction force was higher
(only for gauges 1.75 mm and 1.5 mm in upper pillar), in all the simulations, the resulting specific stiffness was lower
than the values previously obtained with a complete sandwich configuration. Moreover, in the torsional rotation load
case, not only the reaction moment values but also the specific stiffness ones were lower than the complete sandwich
configuration. Therefore, this possibility was finally rejected.

On the contrary, the improvement in the connection region of configuration no. 7 gave quite better specific stiff‐
ness results, increasing 24% in the displacement load case and 35% in the torsional rotation load case. The 0.1 mm
sheet gauge increase worked better applied to the lower pillar in the displacement load case and applied to the upper
pillar in the torsional rotation load case.

It was concluded that sandwich structures with 0.4-mm-thick steel sheets and 10-mm rigid foam core, including
the new connection region and welding flanges for both inner and outer skins, were the best design option: not only
did they have the lowest mass values, but they also achieved quite higher reaction forces and moments. This perform‐
ance was checked in a more complete structural model including two adjacent parts, obtaining a 64% increase in spe‐
cific stiffness for the vehicular displacements load case and a 363% increase in specific torsional stiffness for the
rotational angle load case. The main features of the new design are shown and compared with the original C-pillar in
Table 15.

Table 15. Main features of the new design compared with the original design for C-pillar.

Design Upper C-pillar Lower C-pillar Mass
(kg)

Specific
stiffness
(N/mm·kg)

Specific
torsional
stiffness
(N/°·kg)

Original C-
pillar

Steel HC 260 LAThickness = 1.65
mm

Steel HC 260 LAThickness = 0.8
mm

1.254 17.3 2106.4

New C-pil‐
lar (sand‐
wich design
7a)

Sandwich skins: –Steel HC 260
LA–Thickness = 0.4 mm–Improved
upper–lower joint region–Welding
flanges for inner and outer
skinsSandwich core: –Rigid poly‐
mer foam–Thickness = 10 mm

Sandwich skins: –Steel HC 260
LA–Thickness = 0.4 mm–Im‐
proved upper-lower joint region–
Welding flanges for inner and out‐
er skinsSandwich core: Rigid pol‐
ymer foamThickness = 10 mm

1.062 28.4 9756.1

Experimental validation of the FE sandwich model with prototype tests
A sandwich C-pillar prototype was manufactured and later on tested, in order to validate the stiffness response

obtained in previously analyzed FE models, by means of an adequate experimental–numerical correlation. The proto‐
type was intended to represent the numerical model shown in Figure 12. Preliminarily, it was necessary to manufac‐
ture four die-punch pairs required for the stamping process of all inner and outer steel sheets. CAD models of the
sandwich’s skins developed in design no. 7 were used for manufacturing the steel stamping dies in Computer Numer‐

© Copyrights 2018



ical Control (CNC) milling machine. All die-punch pairs and the resulting stamped parts are shown in Figure 13.
[AQ7]
Figure 13. Steel CNC milled die-punch pairs and prototype’s stamped parts.

The four steel skins were stamped using cold-formable low-carbon steel EN10346:2015 [13] DX51D in 0.5-mm-
thick sheets; then, the sandwich structures were created filling each inner-outer pair with a standard low density ep‐
oxy foam Sicomin PB170 DM02 [14]. While being in viscous state, this bi-component resin was introduced by gravi‐
ty at each foam cavity, and later on, it expanded and turned into solid foam inside the sandwich due to the polymeri‐
zation reaction (in this case, 48 hours at ambient temperature plus 24 hours at 40°C). Finally, and after the curing
process, the bonding between upper and lower pillar was achieved applying a bi-component polyurethane adhesive
SikaForce-7752 L90 [15] between the surfaces in contact at the connection region. Table 16 shows the mechanical
properties in these materials comprising the prototype. Figure 14 shows images of the filling and the bonding process
during the prototypes’ manufacture. The total mass of the C-pillar sandwich prototype was 1.334 kg, value slightly
higher than the original design (1.254 kg).

Table 16. Mechanical properties of the prototype’s materials.

 Density (kg/m3) Elastic modulus
(MPa)

Poisson’s ratio Tensile strength
(MPa)

Elongation at break
(/1)

Steel EN10346 DX51D 7800 210,000 0.3 270a 0.18a

© Copyrights 2018



 Density (kg/m3) Elastic modulus
(MPa)

Poisson’s ratio Tensile strength
(MPa)

Elongation at break
(/1)

Sicomin PB170 DM02 170 128b 0.3 1.7b 0.02b

SikaForce-7752 L90 1520c – 0.3 10 0.2

aValues obtained from the steel supplier’s certification.
bFlexural properties.
cAccording to components proportion.
Figure 14. Left: filling process in lower pillars and right: upper and lower pillars assembled by pressure during the adhesive cur‐
ing.

Finally, two parts adjacent to C-pillar were included into test specimens: the left “assembly to roof” part at the top
and a portion of the structural part covering the rear left wheel at the bottom. Both parts were fixed by means of rivets
instead of the welding points. Since the objective of these tests was more to check the stiffness performance of the
prototypes than to obtain the stress values reached, this assembly procedure was considered adequate.

The final specimen was mounted and screwed on a resin and wood support specifically manufactured for fixing
the prototype to the test bench. Figure 15 shows the test configuration: the displacement was applied with an angle of
30° in relation to the transversal axis of the vehicle by means of a screwed fastener, transforming the rotation of its
inner screw into translation. A load cell was placed between the fastener and the specimen for measuring the resulting
force. Finally, the fastener’s end was hooked to a steel post, clamped to the test bench, and designed with an adequate
height for achieving a 30° angle for the force direction.
Figure 15. Left: test configuration.

Two uniaxial extensiometric gauges were bonded to one of the specimens in order to measure the micro-strain
values reached at two points located on the outer surfaces of the upper and lower C-pillar. Figure 16 shows the posi‐
tion of these gauges on the prototype.
Figure 16. Extensiometric gauges’ position at upper and lower C-pillars (mm).
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Three samples were tested at Zaragoza University facilities. The force–displacement graphs obtained for the three
specimens are gathered in Figure 17, and the micro-strain values obtained from the second specimen tested are shown
in Figure 18. Table 17 details the strain values registered at 100, 200, 300, and 350 scans in test 2 as well as the force
values measured with the load cell for each of these scanning numbers.
Figure 17. Force–vertical displacement results for the three specimens tested and the numerical FE model.

Figure 18. Strain results obtained at the extensiometric gauges in the second specimen tested (gauge 1 at upper C-pillar and gauge
2 at lower C-pillar).
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Table 17. Strain values at gauges 1 and 2 at different force values in test 2.

Scanning number Force (N) Strain gauge 1 (µε) Strain gauge 2 (µε)
100 106 –22.77 35.76
200 208 –31.54 64.90
300 314 –44.44 84.99
350 386 –48.03 112.78

From Figure 17, it can be observed that the three specimens’ vertical displacements performed quite similarly until
reaching a force value of 200 N. From that point on, an increase in force value corresponded to different vertical dis‐
placements at each specimen tested: while specimens 1 and 3 showed maximum displacements ranging from 12 to
14 mm for 500 N, specimen 2 performed less rigidly, reaching a maximum displacement of 19.3 mm for 386 N. The
numerical results obtained with the FE model analyzed are also included in Figure 17. Ten static analyses were run
applying the same boundary conditions and different force values: 50, 100, 150, 200, 250, 300, 350, 400, 450, and
500 N. As can be observed, numerical displacement values were very similar to the test values until reaching approxi‐
mately 200 N. However, at higher force levels, vertical displacement values were located halfway between test 1 and
test 2 values. Figure 19 shows the vertical displacements distribution (z axis in the model) obtained in the numerical
model for two of the load cases analyzed: 200 N and 500 N.
Figure 19. Vertical displacement values obtained numerically for force values 200 N and 500 N.
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Finally, the strain values measured with the extensiometric gauges in test 2 (Figure 16) were compared with the
strain values obtained at the same locations in the numerical model analyzed. For instance, while the experimental
strain obtained at gauge 1 (upper C-pillar) was –22.77 µε for a force of 106 N, the numerical strain at that position
was –39.9 µε for the load case with 100 N. As for the lower C-pillar, while the experimental strain obtained at gauge
2 was +35.76 µε for a force of 106 N, the numerical strain at that position was +22 µε for the load case with 100 N.
Although the obtained numerical values were not equal to the experimental ones, they were quite close and achieved
to represent the strain progression during the test quite properly.

As a result of this experimental–numerical validation, it was considered that the numerical model was able to re‐
produce C-pillar’s rigidity response appropriately, mainly at force values below 200 N. At higher force values, the
tested specimens performed differently, probably due to geometrical and material irregularities generated during their
manufacture process.

Conclusions
Results of a research project carried out in close collaboration between the University of Zaragoza and the Spanish

car manufacturer SEAT are shown in the present article.

From a C-pillar made nowadays of stamped steel, mechanical behavior of six new different C-pillar configurations
was studied. The new C-pillars were constructed as a sandwich structure with steel skins and 10 mm of rigid polymer
foam core or 3 mm polymer sandwich core. Some of studied configurations included some cross-shaped foldings em‐
bossed on inner skins for the 3 mm and 10 mm thickness C-pillars. Additionally, it was studied a final configuration
incorporating an optimal connection region between upper and lower pillars, including flanges to connect inner and
outer skins between each other in order to avoid hinge effect at that area. FEM models of all the analyzed configura‐
tions of C-pillar were developed.

Two load cases were applied for assessing the torsional stiffness of C-pillars. On one hand, first load case consists
of displacement results obtained at several reference points when an overall torsional load is applied to the complete
vehicle including the current C-pillar. On the other hand, second load case consists of imposing a torsional angle of
1° in the upper border of the C-pillar, while the lower border is clamped.

Specific stiffness (N/mm kg) of each analyzed C-pillar was obtained numerically under both load cases.

Comparing the different values obtained for the different models in terms of reaction force and moment, mass, and
specific stiffness, it was found that C-pillar design number 3 (sandwich structures with 10-mm rigid polymer foam
core and 0.4 mm steel skins) had the best performance in terms of torsional stiffness. A mass reduction of 0.243 kg
(18.9%) and a stiffness increase of 292 N/mm·kg (38.1%) were achieved. However, it has been stated that the inclu‐
sion of cross-shaped foldings embossed at inner skins of sandwich structures did not contribute positively neither for
C-pillar with 3-mm thermoplastic core nor for the one with 10-mm polymer core.

It was concluded that a thickness increase for lower pillar was more effective than a thickness increase for upper
pillar. Additionally, when applying sandwich structure on upper and lower C-pillar, the joint region connecting both
pillars had to be redesigned including an overlap between them in order to improve the momentum of inertia in the
joint zone. Otherwise, this region resulted as a weak point to flexural loads once sandwich structures were included,
showing non-desirable hinge effects in it.

Specifically, sandwich structures with 0.4 mm steel skins and 10 mm rigid foam core, including the new connec‐
tion region and welding flanges for both inner and outer skins, were the best design option. Not only did they have
the lowest mass values, but they also achieved quite higher reaction forces and moments. This mechanical perform‐
ance was verified in a more complete structural model including two adjacent parts, obtaining a 64% increase in spe‐
cific stiffness for the first load case corresponding to vehicular displacements and a 363% increase in the second load
case related to specific torsional stiffness for the rotational 1° angle.

Three sandwich C-pillar prototypes were manufactured by means of low cost molds, in order to carry out tests
with them, applying a load similar to the existing load in the first displacement load case. Global displacement and
strain values were measured by using dial and extensiometric gauges in testing. These values were compared with the
corresponding ones obtained at the same locations in the numerical model analyzed. The comparison was carried out
for different instants throughout the loading process. Taking into account the high experimental–numerical correla‐
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tion, it was considered that the numerical model was able to reproduce stiffness response of C-pillar properly, mainly
at force values below 200 N.
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