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Introduction of a New Function,
(CONTROL_FORMING_SCRAP_FALL), in LS-DYNA &
Its Applications in Scrap Fall Simulation
Jennifer Gu, Yuanping Hu, & Xianqiang Lu
Ford Motor Company
Xinhai Zhu & Li Zhang
LSTC
Abstract
In stamping plants, one of the most common defects is scrap fall failure, in which some of the trimmed scraps do not
fall according to the designed chutes or intended path. The scrap fall failure can damage dies or/and panels and
cause stamping production line shutdown, which could easily result in millions of dollars lost. This paper is focused
on developing effective analytical tools to detect potential scrap fall failures in tool/die design stages.
Scrap cutting/separation from its parent sheet metal is an important step in properly simulating the scrap
falling sequence. There are several critical characteristics which need to be properly captured by an analytical
method in order to "detect" scrap fall errors. First, many broken-off scraps carry the initial kinematics and
dynamics from the upper moving trim steel through contact during the trim process. Second, the trimming action is
not simultaneous along the trim curve even in most simple direct trims. In complex cases such as multiple direct trim
processes or mixture of direct trim and cam trim, the sequence of the scrap separation is very different from one
design to another. In addition to the scrap separation sequence and the initial kinematics and dynamics of the scrap,
contact between scrap and low trim steel and post is another very critical factor to the trajectory of the scrap fall.
Some efforts ([1], [2], and [3]) have been made to understand and detect the root causes of scrap fall
issues. To our best knowledge, there are no methods available today which could consider all three above factors
accurately. Therefore, simulation results from those methods might not yield the results observed in the stamping
plants (refering to some cases presented in the paper).
To capture above mentioned three characteristics in simulation of scrap fall, a new function, called
CONTROL_FORMING_SCRAP_FALL in LS-DYNA, has been jointly developed by Ford and LSTC.
In this paper, we will first reveal the basic parameters employed in the new function, and illustrate how
they are used to simulate the scrap separation & falling with a few simple cases. Then, several complex examples
will be shown to illustrate how the new function along w/ LS-DYNA existing capabilities to be able to simulate real
trimming processes accurately (to capture above mentioned three key characteristics) and detect scrap fall failures.

Introduction
Three examples will be given in this paper. The first one will be used to explain how the
new function works and what are the parameters & modeling techniques involved. The second
example is to illustrate why the new function is needed in order to accurately understand and
simulate the scrap fall from a trimming process on a real die design. The third example is also
from a real die design case and is used to reveal that the new function can be applied to simulate
a complicated multiple trimming process successfully.
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From the demonstration of the three cases, we would like to conclude that this new
function, "CONTROL_FORMING_SCRAP_FALL", can help improve the accuracy of the scrap
fall simulation and is robust to be applied to complicated die design cases.
Section 1 – How does the "CONTROL_FORMING_SCRAP_FALL" work?
The detail description is given in LS-DYNA User’s manual (Version 971, revision 1127).
see attachment-1. It involves the following parameters, i.e. PID (part ID), VECTID (vector ID),
NDSET (node set), LCID (Load curve ID), DEPTH, and DIST.
VECTID is the Vector ID used to define a trim steel movement (directions).
LCID is the curve ID which is used to define the steel trim kinematics
NDSET is "A Node Set" which consists of all the nodes along the cutting edge of the trim steel.
PID is used to define all the parts (ID) of the scrap pieces which will be trimmed away.
DEPTH is a parameter to define a threshed value of allowed small penetrating distance between
the cutting edge of the trim steel and the scrap pieces. Nodes along the scrap edge are released
from automatically-added constraints, based on the parts included in the PID card, and free to
move after the threshed value is reached.
DIST is a distance tolerance measured in the plane normal to the trim steel moving direction,
between nodes along the cutting edge of the steel trim defined by the NDSET and nodes along
edge of the scrap.
The following is an example to illustrate how the new function works. Figure 1-1 is the
model which consists of three parts. Many details are given in LS-DYNA User’s manual.

Figure 1-1 Simulation model

Figure 1-2 Scrap/parent piece

The sheet panel, which will be trimmed, is modeled as two pieces. One is called “scrap” and the
other is “parent piece” as shown in Figure 1-2. The “parent” is not necessarily to be included in
the simulation. Therefore, they are not included in other examples shown below.
The trim line is defined along the edge of the scrap which is determined automatically by
the Control_Forming_Scrap_Fall with the information from the NDSET and DIST.
2
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A simple trim process, in which the trim steel will move down with a constant speed, is
simulated. When the steel trim cuts into the panel, detected by the penetration of the nodes along
the trim steel cutting edge into the scrap piece, the constraints imposed on the nodes on the scrap
piece will be released. The scrap will, first, be pushed down along with the trim steel through the
contact and fall after it is completely separated (or trimmed). The following Figures are used to
illustrate the simulated trimming process.

Figure 1-3. Early stage of trimming (right - trim steel not shown)
The same trimming process, simulated by the approaches used in [2] & [3], results are shown in
the following two Figures.

Figure 1-4. Final stage of the trimming (right – trim steel not shown)
The same trimming process, simulated by the approaches used in [2] & [3], results are
shown in the following two Figures.
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Figure 1-5. Trimming results with other approaches ([2], [3]).
From Figures 1-3 to 1-5, the results of the scrap fall from the two different simulations
are quite different. We believe that the results from the process with the new function of
CONTROL_FORMING_SCRAP_FALL are more close to the reality because (1) it includes the
effect (contact) from the Trim Steel to the scrap and (2) it simulates the sequence of the scrap
separation.
Section 2 – Application of the New Function in Direct Trim
Direct Trim is a terminology used at Ford for a trimming process that all the trim steels,
applied to the interested scrap, are moving in vertical direction. Since the trimming direction is
aligned with the direction of the gravity force, it is considered as the most simple trimming
process and, usually, has the least concerns for the scrap fall failures. However, from the
following example, one can see that the new function developed in LS-DANA is really needed in
order to accurately simulate a simple direct trim process.
Figure 2-1 is the die design for a hood outer panel. The interested scrap (circled out in the
Figure) is through a direct trim.

Figure 2-1. Overview of a die design for a hood outer panel
4
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Figure 2-2. Details of the tools/panel near a corner of two trim edges
There are two trim edges. At the intersection of the two trim edges, i.e. "Attention Area"
circled out in the Figure 2-2, the trim steel, which cuts along the "Trim Edge 2", would have
interference with the "Lower Tool 1" if it had not had the offset on the “Lower Tool supporting
surface” at the corner. This design feature, i.e. the offset on the "Lower Tool supporting surface",
is necessary to ensure no interference between the trim steel and the tooling. Also, this area is
usually the last one to be cut by the trim steel. Consequently, motion of the scrap (fall) can be
affected by the sequence of the scrap separation. Improper design of those features may result in
concerns on scrap fall.
The design feature and its importance to the scrap fall are one of the reasons which
motivated us to develop the new function. Figure 2-3 shows the CAE model and simulation
results from LS-DYNA applied to the interested scrap.

5
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Figure 2-3. The direct trim model at a hood corner and simulation results
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Section 3 – Application of the New Function in bypass Trim Process
In addition to the direct trim, a process to have all trim steels move align the same
direction other than the vertical is called Angle Trim at Ford. A trim process, which consists of at
least one direct trim and one angle trim, is called bypass trim. In the following example, an
example of a bypass trim process (Figure 1) is simulation and explained.

Figure 3-1. An example of a bypass trim

Figure 3-2. Intersection area of two trim steels
In the circled area of the Figure 3-2, the angle trim and the direct trim need to cut on the
same trim line with some overlap in order to ensure the scrap is trimmed. The sequence is that
the angle trim cuts first, followed by the direct trim. After the scrap is trimmed, the direct trim
moves away first and followed by the angle trim. Since the entire trim process completes within
a few seconds, it is not trivial to design the required overlapped trim line (area) and sequence of
the trim steels moving in and out to ensure the trimmings are done properly while the scrap falls
according to designed chutes or intended path. In reality, scrap fall concerns are often surfaced in
early tool try-out for this kind of bypass trims. Then, a costly and time consuming re-work
process is needed to fix the issues (usually by trial and error approach). With the help of upfront
7
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engineering with the help of CAE simulation, the scrap fall concerns can be reduced. In addition,
the CAE simulation can also help the re-work process to quickly identify what may be the most
effective fix after the model is correlated.
Following are the Figures of the simulation used LS-DYNA with the new function of
CONTROL_FORMING_SCRAP_FALL.

Figure 3-3. LS-DYNA model

Figure 3-4. Results of the LS-DYNA Simulation
Conclusion
A new function and process, which can accurately simulate scrap trim and fall, has been
successfully developed and implemented into LS-DYNA. The new function,
CONTROL_FORMING_SCRAP_FALL, can be used in various trimming processes and should
result in more accurate results, comparing with previous process used in [2] & [3], in scrap fall
simulation.
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Parametric Study for Evaluating Damageability of
Automotive Radiator by Impacting Stones
Satyajit Singh, Mohammad Usman, and Jon Raver
Ford Motor Company

Abstract
The performance of automotive engines depends on the adequate heat rejection by radiator. The
durability of radiator under all road conditions is an important consideration during the design
and development stage, specifically protection of radiators from impacting road debris and
stones. A parametric study was conducted to investigate the damageability of radiators by small
stone impacts. In this paper, radiator design parameters are studied for damage protection
caused by stone impacts. The strain in the radiator material caused by stone impacts has been
used as the measure of damageability. The parameters considered for the study are the fin
thickness, fin pitch, tube height, tube thickness, tube nose radius, tube depth, stone size and stone
speed. The results show that strain is dependent on fin thickness, tube thickness, stone size and
stone velocity. Also strain is insensitive to Tube nose radius, tube construction type, and tube
depth.

1.0 Introduction
Automotive radiator is a heat exchanger which
helps reject heat from the hot fluid transported
from the engine by circulating it through
radiator tubes which are surrounded by fins. In
our study the radiator fins and tubes are
constructed from Post Brazed Aluminum
(Figure 1).
The probability of stone hitting the radiator is
function of design of grill openings, the
distance between the grill and the radiator, the
mounting of the radiator, type of the road and
Figure 1 – Tube and Fin Construction
road conditions. The probability of stone
impact is very high with large grill openings. Stone impact avoidance is possible in the early
design and packaging phase of front end components by optimizing the size and shape of the
grill openings.
Radiator function as a heat exchanger is highly dependent on the ambient air flow through the
radiator. Design team is often challenged by conflicting design requirements – larger grill
opening are desired for effective cooling of the hot fluid but smaller openings are desired for
1
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damage avoidance by stone impacts. If damage is not detected early, it may result in fire or
cracking the engine block due to overheat. Even if radiator damage is detected early the
replacement cost of radiator is significant which results in
increased OEM warranty cost.
Integrity of radiator against stone impact is a design
requirement which must be met during the product design
stage to withstand stone impacts. Automotive OEMs have
developed design specifications, and also component level
tests in order to assure robust design of radiators. Figure 2
and 3 show the damage observed due to stone impacts
during day to day usage of an automobile.
In this study, an effort is made to evaluate the design
parameters of a radiator that may be considered at early
development stage for robust design. Moreover, minimum
values of these parameters are established as the design
guidelines.

2.0 Theoretical Formulation

Figure 2 – Radiator Damage

The material domain of the radiator is considered as a
continuum.
Kinematics
The radiator body is a set of particles. A typical particle of
radiator is denoted by its position vector X at initial time
. The domain of X at time
is called undeformed
configuration of the body. Let x denote the position of
particle P at time t. The motion of particle P is descried by
the vector function [1]:
x=

X,t)

Figure 3-Radiator Damage
(2.1)

For a fixed X, (2.1) gives the trace of particle P as time t increases. At a fixed time t, (2.1) gives
the position of all particles of the radiator body. This motion is assumed to be one-to-one so that
(2.1) can be inverted and written as
x=

X,t)

(2.2)

The velocity and accelerations of particle P are given by
X,i) =

2

(2.3)
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The governing equations for Langrangian formulation are given below [2]3.
Governing Equations
The momentum equation is,



ij , j

 f

..

i

x

(2.5)

i

Satisfying the boundary condition,

 n  t (t )
ij i

(2.6)

i

On boundary δ b 1, the displacement boundary conditions,
x ( X , t )  D (t )
i 
i
On boundary δ b 2, the contact discontinuity,


(   )n
ij
ij i  0

(2.7)

(2.8)

Mass conservation is trivially stated,
ρV = ρ0

(2.9)

Where V is the relative volume and ρ0 is the reference density.
The energy equation is
.

.

.

(2.10)
E  Vs   ( p  q)V
ij ij
LSDYNA3D is used to compute strains developed in the radiator structure due to stone impact.
The problem is modeled as high speed impact problem. Explicit formulation is deployed which
means that we are solving the following equation:

ma n  cv n  kd n  f n

(2.11)

Where n = time step. Where kdn is the internal force in the structure. The basic problem is to
determine the displacement d n+1, at time t n+1. The above dynamic solution can be re-written as:
Explicit: d n1  f (d n , v n , a n , d n1 , v n1 ,...)

(2.12)

All these terms are known at time state "n" and thus can be solved directly.
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Constitutive Model – Piecewise Elastoplasticity
At low stress levels in elastoplastic
materials the stresses, σij, depends
only on the state of strain, however,
above a certain stress level, called the
yield stress, σy (ai), nonrecoverable
plastic deformations are obtained.
The yield stress changes with
increasing plastic deformations,
which are measured by internal
variables, ai.
In the uniaxial tension test, a curve
like in Figure 4 is generated where
Figure 4 - Plastic Behavior
logarithmic uniaxial strain is plotted against the
uniaxial true stress which is defined as the applied load P divided by the cross-sectional area, A.
This model includes strain rate effects. The yield function Φ is a function of Deviatoric stresses,
and is given by:



1
y 2
sij sij 
0
2
3

(2.13)

Where

     f ( p )
Y

0

h

eff

(2.14)

Here, linear hardening of the form fh( p eff ) = Ep ( p eff ) is assumed where Ep (plastic hardening
modulus) and  p eff (effective plastic strain) are given in Equations

Ep =



EtE
E  Et

P
2. p. p
  (   )1/ 2 dt
eff
3 ij ij

(2.15)

(2.16)

Parameter β accounts for strain rate effects. In the implementation of this material model, the
deviatoric stresses are updated elastically the yield function is checked, and if it is satisfied the
deviatoric stresses are accepted. If it is not, an increment in plastic strain is computed.
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(2.17)

p

Where G is the shear modulus and Ep is the current plastic hardening modulus. The trial
*
deviatoric stress state S is scaled back
ij



n 1
*
y
S

S
3 * *
ij
ij
( S S )1/ 2
2 ij ij

(2.18)

Radiator is modeled with shell elements, for these elements the above equations apply, but with
the addition of an iterative loop to solve for the normal strain increment, such that the stress
component normal to the mid surface of the shell element approaches to zero.

3.0 Parametric Study
Radiator is designed to condition the engine fluid to a required temperature. This function is
delivered by right sizing the radiator which includes the number and size of tubes and fins, and
strategy of fluid flow through the radiator. The structural integrity of radiator against the
damageability due to stone impact only depends on many parameters of tube and fin design. Fins
are designed to provide spacing and structural strength to tubes. In the following paragraph these
parameters are discussed:
1. Construction of the tube:
(a) Folded B (Figure 5) – When the tube is
constructed, both ends are folded in the
center and it looks like the letter B.
(b) Welded (Figure 6) – When the tube is
constructed, both the ends are welded
together.

Figure 5 – Folded B Construction

2. The Table 1 shows the parameters considered
for tube and fin designs parametric scheme.
3. The baseline parameter values are as follows:
(a) Fin thickness – 0.08 mm,
(b) Fin Pitch – 3.0/2 mm,
(c) Tube height – 1.75 mm,
(d) Tube thickness – 0.2mm,

Figure 6 – Welded Construction
5
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(e)
(f)
(g)
(h)
4.

Tube nose radius – 0.875 mm,
Tube depth – 25 mm,
Stone size – 2 mm and
Stone speed 30 mph.
Externally applied parameters are speed of the stone and size of the stone.

Fin Thickness
(mm)
Fin Pitch (mm)

*

0.1

*

3.5/2

*

2.0

0.04

0.06

0.08

2.0/2

2.5/2

3.0/2

1.25

1.5

1.75

0.1

0.2

*

0.3

0.4

0.2

0.4

0.6

0.875

15

20

Stone Size (mm)

25

1

Stone Speed
(mph)

2

15

30

Tube Height
(mm)
Tube Thickness
(mm)
Tube Nose Radius
(mm)
Tube Depth (mm)

*
*

*

*

30

4

6

45

60

* shows base values

Table 1 – Showing parameters studied
Figure 7 pictorially shows the definitions of design parameters of tube and fin. The changes in
plastic strain versus three discrete values of each parameter are studied.

Figure 7 – Various parameters of Radiator
(See Table 1 for parameter dimensions)
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Material properties of Post Brazed Aluminum are:
Density = 2.73 g/cc
Modulus of Elasticity = 57186 MPa
Poisson's ratio = 0.33

Figure 8 – Stress versus Strain for Aluminum material

4.0 Computation Results
The baseline values for this study are given in 3.0(3). LSDYNA3D has been deployed to obtain
computational results. These results are discussed in this section.
Plastic Strain Insensitive to the change in the parameters values
For the baseline design, speed and stone size, the construction types, folded B or welded,
do not affect the plastic strain in tube (Figures 10 to 16). Similarly, the fin thickness, fin
pitch, and tube depth do not affect the plastic strain in the tube. See Figures 9, 10 and 14,
respectively.
Plastic Strain Slightly Sensitive to the change in the parameters values
For the baseline design, speed and stone size, the changes in tube height, tube nose radius
and tube depth showed insignificant changes in the plastic strain of the tube.
See Figures 11 and 13, respectively
Plastic Strain Insensitive to the change in the parameters values
For the baseline design, speed and stone size:
a)
For tube thicknesses from .1 to .4 mm the plastic strain dropped from 23% to 6%
which is significant to achieve robust design against stone impact (Figure 12).
b)
For stone sizes 1 to 6 mm, the change in plastic strain was 87% which is
substantially significant. It demonstrates that frontend grill mesh size should be small
enough to screen stone sizes of greater than 3mm to keep the plastic strain below the
yield value of 15% (Figure 15).
c)
For stone speeds from 15 to 60 mph, the plastic strain increased from 8% to 35%
which is significant. The speed of the impacting stone is noise factor and can not be
controlled. The design of tube and the stone shield (grill) has to be robust to meet the
requirements. (Figures 16)
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Figure 9 – Plastic Strain vs. Fin Thickness

Figure 10 – Plastic Strain vs Fin Pitch
8
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Figure 11 – Plastic Strain vs. Tube Height

Figure 12 – Plastic Strain vs. Tube Thickness
9
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Figure 13 – Plastic Strain vs. Tube Nose Radius

Figure 14 – Plastic Strain vs. Tube Depth
10
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Figure 15 – Plastic Strain vs. Stone Size

Figure 16 – Plastic Strain vs. Stone Speed
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5.0 Concluding Remarks

This parametric study suggests that the tube thickness is the key parameter for robust design of
the radiator to protect the tube damage due to stone impact. The external noise factor, stone size,
should be addressed by the design of the frontend grill mesh opening size.
Future research may be conducted for effect of multi-variable interaction on damageability of
radiator by stone impacts.
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Benchmark of Topology Optimization Methods for
Crashworthiness Design
C. H. Chuang and R. J. Yang
Ford Motor Company

Abstract
Linear structural topology optimization has been widely studied and implemented into various engineering
applications. Few studies are found in the literature which deals with nonlinear structures during vehicle impact
events. One of the major challenges for nonlinear structural topology optimization is the unavailability of design
sensitivities in impact simulations, due to the highly nonlinear and computationally intensive nature of these
problems. In this paper, three commercially available methods are reviewed and discussed: Equivalent Static Loads
(ESL), Hybrid Cellular Automata (HCA), and Inertia Relief Method (IRM). A vehicle structure, subjected to a full
frontal impact, is used to compare the topology optimization results generated using HCA and IRM.

Introduction
Topology optimization in structural design has been well studied to determine the optimal
distribution of a specified amount of material under load cases in a given design space in recent
years. Many books and numerous papers [1, 2, 3] have been published on the development and
applications of topology optimization methods. Those valuable research efforts have made a
significant impact on modern enterprises and their product developments through the interface
with commercial finite element solvers. Many industries including aerospace, automotive,
biomedical, consumer goods, electronics, energy, heavy industry, and marine have utilized the
advantages of topology optimization. Positive outcomes of using topology optimization include
reducing product development time, weight, and cost; improving design performance; and
exploring more design alternatives.
The applications of modern structural design in recent decades have rapidly changed to more
complex system in order to simulate real product service environment. The current topology
optimization, which mainly focuses on static, linear elastic problems, does not provide sufficient
capabilities to meet those challenges, particularly with respect to vehicle crashworthiness design.
The context of vehicle crashworthiness simulation is a very complex problem due to nonlinear
interactions among material nonlinearities, geometry, and transient nature of boundary
conditions. The sensitivity information, which is commonly used in linear topology optimization,
is practically infeasible due to intensive computation cost of crashworthiness simulations. Even
though the sensitivity information can be made available, the accuracy validation of the
sensitivity calculation will pose another challenge. Thus, alternative methods that can satisfy the
demand for crashworthiness topology optimization need to be explored in order to support
vehicle crashworthiness design.
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In this study, three commercially available, nonlinear topology optimization methods Equivalent
Static Loads (ESL), Hybrid Cellular Automata (HCA), and Inertia Relief Method (IRM), will be
briefly reviewed. Then, the potential application opportunities of each on vehicle
crashworthiness design are discussed. Lastly, a crashworthiness topology optimization example
with full frontal impact loads is presented to compare the results obtained by using HCA in LSTaSC and the IRM implemented in OptiStruct.

Equivalent Static Loads (ESL)
The Equivalent Static Loads Method (ESL) was proposed by Professor G. J. Park [4] for solving
general, nonlinear structural optimization problems. The basic concept of ESL is to decompose
the nonlinear structural optimization problem into two manageable phases, i.e., linear design
phase and nonlinear structural simulations phase and then alternates. In the design phase, the
linear topology optimization is performed, subjecting a multiple of load cases which are
generated from the structural response at specific time steps during dynamic or nonlinear
analysis. The intention of these equivalent static loads is to produce the same response field as in
nonlinear structural analysis. Based on the results from linear topology optimization, an updated
nonlinear structural analysis model is generated for next optimization iteration. The process
proceeds iteratively until convergence criteria are satisfied. The ESL method has been
investigated by academia researchers and industrial engineers. Majority of the applications are
dealing with small-scale problems with nonlinear static, dynamic transient and flexible multibody dynamic analyses [4, 5, 6].
Even though ESL can fully utilize the well developed linear topology optimization capabilities
and minimize the computational cost for crashworthiness analysis during topology optimization
iterations, there is limited published literature regarding topology crashworthiness design, using
ESL [4]. There are some challenges that need to be overcome before ESL can be considered for
crashworthiness design. First, the equivalent static load sets are applied to linear elastic models
which contradict characteristics of impacts with large structural deformation in very short
periods of time. In addition, the stiffness of the structure changes significantly during the impact
events so that the linear load cases may not apply. Thus, whether the equivalent static load is
accurate enough to present the response field of crashworthiness analysis needs to be intensively
investigated. Second, two different types of finite element models are required for ESL. One is
for the finite element model for crashworthiness analysis and the other is the linear finite element
model converted from the crashworthiness model for linear topology optimization. Note that this
kind of model conversion usually involves two different finite element codes. As a result,
significant modeling efforts and model correlation need to be performed before optimization
iterations. Moreover, updating the equivalent static load cases for the linear model and
transferring of topology optimization results back to the crash model will add an extra burden
during the optimization iterations. From an industry application viewpoint, ESL requires major
developments in methodology and pre- and post-processing of the model conversion to fully
meet crashworthiness design requirements.

Hybrid Cellular Automata (HCA)
Hybrid Cellar Automata is a heuristic topology optimization method developed at the University
of Notre Dame [7, 8]. The methodology has been integrated into the LS-DYNA environment,
2
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which is called LS-TaSC [9]. The idea of original concept of cellular automata is to determine
the state of a cell based on the local neighborhood information. For structural optimization
problems, the state of cellular automation is defined by rules from the local surrounding
information where the field variables are calculated from the global governing equations. Thus,
the state of the cell is determined from both local and global information, and hence, the method
is called hybrid cellular automata [7].
The concept of topology optimization formulation from HCA is similar to the fully-stressed
design with uniform strain energy density approach. For the crashworthiness topology
optimization, the objective is to obtain a uniform internal energy density throughout the whole
structure, while constraining the mass. The optimization problem is formulated as,
N

L

min  (w jU j ( x i )  U *j ),
x

i 1 j 1

N

subject to :   ( x i )Vi  M *

(1)

i 1

x min  x i  1.0
where Ui represents the internal energy density (IED) of the ith element, Vi is the volume of ith
element, U* represents a internal energy set point, ρ is the material density, M* is the target of
mass distribution, and there are L load cases. A few small-scale impact problems have been
provided [10, 11] to demonstrate the capabilities of the LS-TaSC code, such as imposing global
constraints, manufacturing constraints for symmetry and casting directions, and including shell
elements.
The main advantage of the HCA in LS-TaSC is that there is no model conversion required. The
LS-TaSC directly calls LS-DYNA from inside of the optimization loop. This leads to seamless
information transfer without losing data accuracy between the optimization and simulation runs
and also much of the modeling and pre/post-processing work is eliminated. In addition, the
Graphic Users Interface (GUI) of LS-TaSC and the pre- and post-processor of LS-PREPOST
facilitate the topology optimization setup, monitoring, and post-processing of optimization
results.
Several issues and limitations were discovered during the release of LS-TaSC. One main concern
is the HCA algorithm accuracy and robustness during optimization process. It has been seen
through published examples that numerous iterations are required in order to achieve better
visible topology optimization results. The non-periodic oscillatory behavior also found on the
objective function (total internal energy density) history is an issue. These raise the concern of
the robustness of HCA algorithm and eventually lead to computation inefficiency when applying
to the large scale of industry application problems.
LS-TaSC has shown the potential to produce optimal topology layouts for small-scale structural
design problems, subjected to impact loads. For vehicle crashworthiness development, the
energy absorption of the structure is an important aspect to be considered. Other responses such
as vehicle pulse (acceleration), deformation, and resistance force are also depending on the
impact mode. As only one type of optimization formulation is available in Equation (1) from LS3
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TaSC, it is insufficient to fully meet the needs for the crashworthiness design. More responses
with different types of optimization formulation should be considered for future development in
order to support industry application challenges.

Inertia Relief Method (IRM)
The Inertia Relief Method (IRM) is an approximate way to find the internal forces experienced
by moving structures such as airplanes and automobiles through dynamic loadings. The basic
assumption is that the free-free structure is treated as a rigid body and the acceleration can be
calculated by the rigid body dynamic theory. Thus, under the dynamic loading, the inertia forces
can be recovered and act at every point of the structure. Then, the regular linear static analysis
can be performed to evaluate the structural performances, such as displacement, stress, and strain
energy. The accuracy of the inertia relief method has been investigated [12] and the researchers
determined that the period of external force should be much larger than the vibration frequency
excited by the external load. Since there is no robust commercial code available for
crashworthiness topology optimization, IRM has regained attention and serves as a practical
engineering approach [13] for crashworthiness topology optimization to meet the increased
demands from product development. In order to apply IRM for crashworthiness topology
optimization, the number, the magnitude and the location of loads need to be carefully prescribed
to represent the impact events. The knowledge and experience from engineers to determine those
load cases for inertia relief analysis plays a crucial role on how useful topology optimization
results are for impact events. Compared with ESL, no model conversion between the nonlinear
analysis and the linear topology optimization is needed for IRM.

Example
A simulation example of a vehicle subjected to a full frontal impact is used to compare the
topology optimization results from HCA and IRM. The finite element model based on LSDYNA, shown in Figure 1, has about 865000 solid elements to simulate a 35 mph full frontal
impact into a rigid barrier. The GUI of LS-TaSC is used to setup the topology optimization run.
The target mass is 6% of the initial mass and the geometry symmetry constraint along X-Z plane
is specified. The convergence history of total IED as the objective function is shown in Figure 2.
The optimization converges after 16 iterations with oscillation observed during the process. The
elapsed time of the topology optimization run is around 10 hours on Linux system with 32 CPUs
for the LS-DYNA simulation and 4 CPUs for the LS-TaSC execution. The final topology
optimization results in a uniform distribution of the internal energy density as the objective is
shown in Figure 3. As expected, the material distribution is mostly in the vehicle’s front-end
structure due to a full frontal impact event. Load paths are found through the shotgun, rail, and
subframe systems which is consistent with current vehicle front-end designs.
IRM is used for topology optimization, using the same example. In order to use linear topology
optimization, the LS-DYNA finite element model needs to be converted into OptiStruct type of
finite element model, as shown in Figure 4. To better account for the mass inertia effects during
inertia relief analysis, the major components such as radiator, engine, seats, tires, and fuel tank
were added into the model. The peak section forces shown in Figure 5 in the front end center
location of front rail, shotgun, and subframe are recovered from full front impact analysis to
serve as loadings for inertia relief analysis during topology optimization iterations. The
4
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optimization problem is to minimize the compliance of the body structure with 6% mass fraction
and geometry symmetry criteria as the design constraints. Fifty-five design iterations were
performed to achieve the convergence, as shown in Figure 6. The elapsed time of this topology
optimization run is around 1.5 hours on Linux system with 4 CPUs for OptiStruct execution. In
Figure 7, the topology optimization material density plot shows not only similar load paths to
those shown in Figure 3 from the HCA method, but also extends those load paths into underbody
and rear end vehicle structure. These may give engineers more load path information when the
underbody structure design is considered to support a full front impact event.

Figure1: A Vehicle Example with Full Frontal Impact
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Figure2: Convergence History of Total IED
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Figure3: HCA Topology Optimization Result

Figure4: IRM Topology Optimization Model
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Figure5: IRM Loads
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Figure7: IRM Topology Optimization Result

Summary
This paper provides a brief overview of currently available methodologies, HCA, ESL, and IRM
for crashworthiness topology optimization. A vehicle example under full frontal impact is used
to demonstrate the current crashworthiness topology optimization capabilities from both HCA
and IRM. Based on this study, none of these methods, in current form, have sufficient
capabilities to fully support vehicle crashworthiness design. Although the HCA method that is
implemented into LS-TaSC shows some promising results compared to other methods, further
improvement and development is still a challenge. IRM can be useful and practical but requires
special attention for defining the loads and the optimization problems.
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