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ANALYSIS
Ì >ÌÊÌ iÊvÀViÊ>VÌ}ÊÊÌ
LMS
International, working in conjunction
with BMW, FH iÊVÃ}Ê
Aachen and MAKROSS, has developed an
ÊÃÊ>ÊÃ}wV>ÌÊµÕ>ÌÌÞ°Ê/ iÊ

analytical
process
that allows predicting
the durability performance of vehicle doors. The scope
/ iÊ Ê`iÊÌ
>ÌÊÜ>ÃÊÕÃi`ÊÌÊ
Û>`>ÌÊÃ Üi`Ê>Ê } ÊÃiÃÌÛÌÞÊ
iÊ`ÀÊÃ>ÊÃiµÕiViÃÊ
vÊÌ iÊvÀViÊ
ÃÌÀiÃÊÜÌ
of ÃÕ>ÌiÊÌ
this project
comprises the use of virtual
simulation
to ÊÀiÃ«iVÌÊÌÊ
predict the ability of components to
VÃÃÌÃÊvÊÌ iÊ`À]ÊL`ÞÊvÀ>i]Ê
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withstand
door slams.
It combines
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Finite-Element (FE)
analyses using modal superposition
}ÀiÌÊ>`ÊV°Ê/
iÊL>ÃVÊ
Ê
Ì iÊV>ÊÃÌvviÃÃÊ>ÀÕ`ÊÌ
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provide
reliable insights in the
of body and door components, before
i}iiÀÃÊVÕÌÊÕÌÊÌ iÊ>Ài>Ê>ÀÕ`Ê
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available.
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Ì >ÌÊÌ iÊvÀViÊ>VÌ}ÊÊÌ iÊVÃ}Ê
Tight
vehicleiÞÊÀi>âi`ÊÌ
crash regulations
and
although
a number iÊ`>ÊÃV>ÌÃÊ
of disadvantages are
reinforcement spot welds. In the second
`À°Ê/
iÊViVÌÊ
Ãi>}]Ê>`ÊÌ
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iÊ
high
quality
and
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Expensive
prototypes
design, the reinforcement was revisited
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} in
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the
bar
vehicleare
required
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`ÀÊ`iÃÊLÞÊi>ÃÊvÊÌÊ
«iÀvÀi`]Ê}L>Ê>ÃÊÜiÊ>ÃÊ,>Þi} Ê
vÊÌ
iÊvÀViÊ
ÃÌÀiÃÊÜÌ
ÊÀiÃ«iVÌÊÌÊ
body
and
door
design.
The
inclusion
of
tests,
and
the
evaluation
of
numerous
door
distribution.
iiiÌÃ°ÊÌ}iÌ iÀ]ÊÌ iÊÀiÃÕÌ}Ê
`>«}ÊÜiÀiÊÕÃi`°
Ìadditional
iÊ>ÌiÀ>Ê«ÃÌ}ÊvÊÌ
iÊ ]Ê
crash safety structures
as well
slam events consumes a considerable
`iÊVÃÃÌi`ÊvÊ>««ÀÝ>ÌiÞÊ
ÌasiÊV>ÊÃÌvviÃÃÊ>ÀÕ`ÊÌ
the usage of softer rubber iÊVÊ
elements
amount of time. And when discovering
When studying a door slam sequence
Èä]äääÊiiiÌÃÊ>`ÊÈx]äääÊ`iÃ°Ê
ÕÌ]Ê>`ÊÌ
iÊ>ÌiÀ>Ê«À«iÀÌiÃÊ
increase the loading
of components when
durability problems, the design needs
in greater detail, three phases can be
/ iÊÀÕLLiÀÊ}ÀiÌÊÜ>ÃÊ`ii`Ê
vÊÌ
iÊÌÀ>ÃiÌÊ
Ê
doorsiÊÀÕLLiÀ°Ê/
are being closed.
Also changes
to be adapted, prototypes modified, and
distinguished. First, the door contacts
LÞÊ>ÊÃ}iÊÀÜÊvÊÃ`ÊiiiÌÃÊ
ÃÕ>ÌÃÊvÀÊ>ÊÃ}iÊ`ÀÊÃ>Ê
made to trim packages for increased
tests rerun, adding both time and cost to
the rubber grommet on the body, which
ÜÌÀiiÊ`vviÀiÌÊVÃ}ÊÛiVÌiÃÊ
Ê>ÊÃÊvÊVÌ>VÌÊÃ iÃÊÊÌ«°Ê
vÀÊÌ
passenger
comfort, such as integrating
the vehicle development process.
undergoes large deformations. The
iÊi>ÀÊ
new/ÊÌ>iÊÌÊ>VVÕÌÊÌ
acoustic isolation materials,
kinetic energy absorbed by the rubber is
>`ÊÌÜÊ`vviÀiÌÊ`iÃ}ÃÊ
>ÛiÊLiiÊ
Li >ÛÀÊvÊÌ
potentially
impact iÊÀÕLLiÀ]Ê>ÊÜ
the durability-9-Ê
of doors
When the door hits
converted into heat and elastic energy.
«iÀvÀi`ÊÕÃ}ÊiÝ«VÌÊ
`iÃÌÞÊv>Ê>ÌiÀ>Ê`iÊÜ>ÃÊ
and
associated
body
components.
When
the
closing
hook
…
Then, the door hits the closing hook and is
- 9 Ê Ê>>ÞÃiÃ°ÊÊÌ iÃiÊ
ÕÃi`ÊvÀÊÌ
iÊÃ`Ã°Ê/
iÊ>ÌiÀ>Ê
these
components
are
not
properly
completely stopped. In the final phase, the
ÃÕ>ÌÃ]ÊÌ iÊ`>ÊÃÕ«iÀ«ÃÌÊ
«>À>iÌiÀÃÊvÊÌ
iÊÀÕLLiÀÊ
>ÛiÊLiiÊ
designed
for
durability,
intensive
use
of
the
BMW’s
goal
was
to
explore
the
possibility
previously stored elastic energy tries to
ÌiV µÕiÊÃÊÕÃi`ÊÌÊ>VVÕÌÊvÀÊÌ iÊ
V>LÀ>Ìi`ÊLÞÊV«>À}ÊV>VÕ>Ìi`Ê
doors
may
cause
obstructions
when
they
to
evaluate
the
durability
of
door
and
swing back the door, but is stopped by the
À}`L`ÞÊÌÊvÊÌ iÊ`À]ÊÌ iÊ
>`ÊiÝ«iÀiÌ>Ê`>Ì>ÊvÀÊ>ÊÃ«iÊ
are
opened
or
closed.
Such
occurrences
body
components
in
relation
to
door
hook. The precise capturing of the timeiÝÌiÃÛiÊ`ivÀ>ÌÃÊvÊÌ iÊÀÕLLiÀÊ
ÌiÃÌÊÃiÌÕ«°Ê/
iÊVÊÜ>ÃÊ`ii`ÊLÞÊ
may
generate
undesired
noise
and
rust,
slam
events
by
means
of
virtual
durability
dependent contact conditions between
Ãi>}]Ê>`ÊÌ iÊ`>ÊÃV>ÌÃÊ
ÕÃ}Ê>ÊÝÌÕÀiÊvÊÃ`Ê>`ÊÃ
iÊ
and
may
even
lead
to
malfunctioning
simulation.
The
durability
test
that
was
the different components of the closing
vÊÌ iÊ`À°ÊÊÌ iÊÃÕ>ÌÃÊ
of the
door lock mechanism.
In order
simulated consists of repeated door
mechanism is essential in simulating the
iiiÌÃ°Ê/
iÊÃÕÀv>ViÃÊÛÛi`ÊÊ
«iÀvÀi`]Ê}L>Ê>ÃÊÜiÊ>ÃÊ,>Þi} Ê
to avoid
these
problems
and
maintain
slam
events
with
a
predefined
mixture
load transfer between the door and the
Ì iÊÃ`}ÊVÌ>VÌÊÜiÀiÊ`ii`ÊÊ
`>«}ÊÜiÀiÊÕÃi`°
reputation
for
extremely
high
quality,
BMW
of
three
different
door-closing
velocities.
frame. The body-door contact sequence
`iÌ>ÊÌÊ>Û`ÊÕÀi>ÃÌVÊ«i>Ê>`ÃÊ
performs
tests
on
physical
prototypes
to
The
simulations
and
physical
tests
brings about a variable deformation of
Ü iÊÌ iÊVÌ>VÌ}ÊV«iÌÊÃÊ
guarantee
that
the
durability
performance
involved
were
carried
out
on
two
different
the rubber grommet, due to the curbed
Ã`}ÊÛiÀÊÌ iÊiÃ Êi`}iÃ°Ê/ iÊ
#UT
OUT
AND
RElNED
MESH
IN
THE
CRITICAL
AREA
of door
and
body
components
is
sufficient.
designs.
The
first
design
exhibited
early
movement of the door and the resulting
«>ÃÌVÊLÕvviÀÃ]ÊV>Ì}Ê>`ÊLÕ«Ê
AROUND
THEmetal
LOCK HOOK
ThisÃÌ«ÃÊÜiÀiÊ`ii`Ê>ÃÊÜ`iÃÌÞÊ
test approach delivers reliable results, failures
in the
sheets close to the
modal oscillations of the door itself.
v>°Ê*ÀiÃÌÀiÃÃi`ÊÃ«À}ÊiiiÌÃÊ
Starting from advanced FE
ÜiÀiÊVÕ`i`Ê>ÃÊÜiÊ>ÃÊ>Ê`>«iÀÊ
modeling and analysis
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Ì iÊV}ÊiV >Ã°
The FE model that was used to simulate
the door slam sequences consists of the
ÃÌi>`ÊvÊÕÃ}ÊÃ«iÊ`i
door, body frame, grommet and lock.
Ì`iÊLi>ÊViVÌÃ]ÊÌ iÊ
The basic FE mesh of the body frame
Li>ÃÊÜiÀiÊViVÌi`ÊÌÊÌ iÊÃ iiÌÊ
components was taken from an existing
iiiÌÃÊLÞÊÃV>i`ÊÀ}`ÊÃ«`iÀÃ°Ê
full-vehicle model that was previously used
/ ÃÊ`wV>ÌÊÃ«wiÃÊÌ iÊ
for stiffness calculations. The engineers
«>ViiÌÊvÊÌ iÊLi>Ã]ÊiÃ«iV>ÞÊ
cut out the area around the front-left front
Ü iÊ`ÃÃ>ÀÊiÃ iÃÊii`ÊÌÊLiÊ
door to reduce the number of elements,
ViVÌi`°Ê/ iÊ>««V>ÌÊvÊÀ}`Ê
and refined the mesh density in the critical
$ETAILED DOOR MODEL FROM PREVIOUS SIDE IMPACT
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area around the lock hook.
SIMULATION
>ÛÀÊvÊÌ
#UTÃÌvviÃÃÊLi
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refined
mesh
the critical area around the lock hook.
Ü`iÃÌÞÊ Cut-out and
iiÌÃÊ
`>«iÀÊ
ÊvÀVÌÊvÊ

Detailed door model from previous
side impact simulation.
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ÛÀÌÕ>ÊÃÕ>ÌÊ>««À>V Ê >ÃÊÌ iÊ
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`ÀÊV«iÌÃ]ÊÜÌ ÕÌÊ >Û}Ê The lock was modeled by using a mixture
ÌÊÜ>ÌÊvÀÊ«ÀÌÌÞ«iÃÊÌÊLiÊLÕÌÊ of solid and shell elements. The surfaces
>`ÊÌiÃÌi`°Ê7 iÊÌi}À>Ìi`ÊÊÌ iÊ involved in the sliding contact were
>ÃÌÀi>Ê`iÛi«iÌ]ÊÌ ÃÊÜ>ÞÊvÊ
modeled in detail to avoid unrealistic peak
ÜÀ}Ê«ÌiÌ>ÞÊÞi`ÃÊÃ}wÊV>ÌÊloads when the contacting component is
sliding over the mesh edges. The plastic
LiiwÊÌÃÊÊÌiÀÃÊvÊ`iÛi«iÌÊ
buffers, coating and bump stops were
µÕ>ÌÞ]Ê`ÕÀ>ÌÊ>`ÊVÃÌ°»
modeled as low-density foam. Prestressed spring elements were included as
well as a damper element to account for
the friction of the locking mechanism.

$ETAILED MODEL OF THE LOCK BASED ON A MIXTURE OF
Detailed
model of the lock based on a
SOLID AND SHELL
ELEMENTS

modified
the door
frame
4HE MODIlED The
DESIGN
OF THEdesign
DOORofFRAME
RE INFORCEMENT
re-inforcement component improved
COMPONENT IMPROVED
THE TOTAL LIFE BY A FACTOR EXCEEDING
the total life by a factor exceeding 20.
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From previous
side-impact simulations,
Îää£ÊiÕÛiÊÊ i}Õ
they retrieved a detailed model of the
* i\ÊÊ ³ÎÓÊ£ÈÊÎn{ÊÓää
door. They
the connection
>Ý\ÊÊrealized
³ÎÓÊ£ÈÊÎn{ÊÎxä
between
the body frame and the door
i>\ÊvJÃ°Li
models ÌÌ«\ÉÉÜÜÜ°ÃÌ°V
by means of joint elements.
Altogether, the resulting model consisted
of approximately 60,000 elements and
65,000 nodes. The rubber grommet was
modeled by a single row of solid elements
with a skin of contact shells on top. To
take into account the non-linear behavior
of the rubber, a low-density foam material
model was used for the solids. The
material parameters of the rubber have
been calibrated by comparing calculated
and experimental data from a simple test
setup.
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mixture of solid and shell elements.

the transient analysis option activated. For
the sheet metal, the strain-life approach is
used, while for spot welds the engineers
opted for a modified Rupp’s approach.
The primary input was the elastic-stress
histories with elasto-plastic effects
approximated with Neuber-type estimates.
In the resulting elastic-plastic stress
and strain histories, closed hysteresis
loops were identified with the help of the
rainflow-counting method. A damage value
was assigned to each loop using material
Instead of using
simple node-to-node
data
a suitable damage parameter.
4HE MODIlED
DESIGN OF THE DOOR FRAME
RE and
INFORCEMENT
COMPONENT
THE TOTAL LIFE BYThe
A FACTOR
beam connections,
theIMPROVED
beams were
forceEXCEEDING
and moment histories at spot
connected
to the sheet elements by
welds were extracted from the beam, and
so-called rigid spiders. This modification
radial stress histories in both connected
simplifies the placement of the beams,
metal sheets were calculated using
especially when dissimilar meshes need
specific analytical formulas. These radial
ÌiÀiÕÛi>>ÊÈn
to be connected. The application
of
rigid
Îää£ÊiÕÛiÊÊ stress
i}Õ histories were then input into a
spiders also improves the overall
stiffness
stress-life analysis using a back-calculated
* i\ÊÊ
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behavior of the model. The engineers
Wöhler curve.
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validated the FE model by comparing
ÌÌ«\ÉÉÜÜÜ°ÃÌ°V
simulation and experimental results,
Dr. G. Tokar of Structural Analysis at
and this showed an acceptable level of
BMW commented on the surplus value of
correlation. It became very clear that
the project, “Both the experimental and
the force acting on the closing hook is a
virtual results showed that the modified
significant quantity. The validation showed design improved the total life by a factor
a high sensitivity of the force histories
exceeding 20! The results predicted by
with respect to the lateral positioning of
the strain-life approach accorded better
the hook, the local stiffness around the
with physical test results than the results
lock mount, and the material properties of produced by Rupp’s approach, which
the rubber.
turned out to be too conservative. The use
of rigid spiders instead of simple nodeThe transient FE simulations for a single
to-node connections caused the spot
door slam for three different closing
weld beams to transfer higher moments
velocities and two different designs have
than those that occur in reality. This was
been performed using explicit ANSYS LSpartly adjusted by establishing a new
DYNA FE analyses. In these simulations,
back-calculated Wöhler curve for the
the modal superposition technique is used modified spot-weld modeling. The project
to account for the rigid-body motion of the demonstrated that the combination
door, the extensive deformations of the
of non-linear FE analysis and fatiguerubber sealing, and the modal oscillations
life predictions is the right way to go.
of the door. In the simulations performed,
Once further elaborated and optimized,
global as well as Rayleigh damping were
this virtual simulation approach has
used.
the potential to efficiently and reliably
predict the fatigue life of body and door
From local stresses to accurate components, without having to wait
durability predictions
for prototypes to be built and tested.
When integrated in the mainstream
The stress outputs from the FE analysis
development, this way of working
served as inputs for LMS FALANCS,
potentially yields significant benefits in
which reliably converted the local-stress
terms of development quality, duration
histories into fatigue-life predictions.
and cost.”
As the loads generated by a door slam
create mode shapes of the door, regular
quasistatic superposition techniques
cannot be applied. Therefore, durability
analyses are performed following the
modal superposition technique and with
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