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Building prototypes of damaged systems from analysis simulations 

Cynthia S. Tsai, Ronald M. Dolin, Jill Hefele 

Center for Advanced Engineering Technology, Los Alamos National Laboratory 
Los Alamos, NM 87545 

ABSTRACT 
Our rapid prototype of damaged systems project seeks to provide a technology for allowing engineers to 
build demonstration prototypes of damaged products from analysis post-processing data. Most 
commercial finite element programs do not have a capability to construct deformed geometry at the 
conclusion of an analysis simulation. It is therefore not presently possible to build prototypes of predicted 
states of a product as the result of being subjected to simulated adverse environments. 

Our approach is to reverse engineer a description of a deformed finite element mesh into a 
stereolithography format for prototyping using a Selective Laser Sintering (SLS) machine. This 
stereolithography file can be generated from deformed surface node information as well as from a 
reconstructed surface defined by inspection data. We are developing software to allow users to represent a 
part or assembly in a deformed condition. The damaged part can then be manufactured using the SLS 
process for visualization and assessment purposes. The resulting representation can also be used to create 
simulated X-rays of a damaged or deformed configuration for comparison with experimental test results or 
field data. This allows engineers to benchmark their analysis methods and provide increased 
understanding of analysis results through enhanced visualization. 

The process of reverse engineering "in-use" or damaged products allows for a more refined inspection and 
comparison of imperfect parts. It addresses the issue of whether or not a part will still work when 
subjected to certain environments or scenarios. Answers to this question can be found using our model 
reconstruction technique that represents an "as-built" engineering model configuration. An additional 
feature of this reverse engineering process is product benchmarking and closer engineer/manufacturer 
interactions. 
Key words: Reverse engineering, rapid prototyping technology, model reconstruction. 

2. INTRODUCTION 
One important aspect of any design process is determining if a given design can withstand the 
environments to which it will be subjected during its life cycle. These environments include mechanical 
and thermal insults, as well as loads due to acceleration and impact. These probability and risk 
assessments are increasingly being made using models created with the use of computer aided engineering 
tools. These tools have the ability to define a model in solid geometry, create a topological definition of 
the design for analysis, perform an analysis of the design in virtually any simulated environment, and 
post-process the results into two-dimensional flat screen projections for the analyst to review. The analyst 
can then provide feedback to the designer as to the feasibility of the use of the design within its intended 
environment. However, the ability of a designer to comprehend all the subtleties of the actual state of the 
design in its intended environment is, more often than not, deficient at this point with the current suite of 
commercially available technology. What is needed is a method whereby a designer can readily visualize 
a distressed model in a tactile three-dimensional mode. This tactile visualization is usually achieved by 
building a physical model and testing it under the specified conditions. This is a time consuming and 
expensive process. Further, because of both the time and costs, it limits an engineer's ability to fully 
explore a design's solution space for the best possible design POLIN961 [MUSGSS]. 

The ability to fully visualize and comprehend damage in design models subject to environmental 
conditions is an important capability for the Los Alamos National Laboratory as well as the entire 
Department of Energy's Nuclear Weapons Complex. The international ban on underground nuclear 
testing has made damage simulations an ever increasing asset. We are no longer permitted to perform the 
full assembly tests that historically have provided designers the verification that a particular design will 



function as predicted. Reverse engineering projects, such as the one described in this paper, were started 
to provide new advanced engineering technology to the Accident Response Group. The Accident 
Response Group needed a capability that would allow them to practice manipulating damaged nuclear 
weapons within the safety of digital environments and to respond to actual emergencies where critical 
assessments concerning the safety of a damaged nuclear weapon must be made quickly with the utmost 
caution. Time is of the essence when the Accident Response Group is called to a nuclear accident, and as 
much information about the system, the accident scenario, and the level of damage as possible is needed to 
be effective in such situations. 

In 1994, the Los Alamos National Laboratory's Center for Advanced Engineering Technology, which is 
part of the Engineering Sciences and Applications Division, began exploring capabilities development 
possibilities that might meet the needs of the Accident Response Group. Like most of the Center's 
projects, we sought to develop only what we could not acquire either commercially or from our industrial 
and academic collaborations. Our goal was to develop a capability that would allow our engineers to build 
both a digital as well as a physical model of a damaged design. 

The approach taken began with the construction of an undamaged model using a commercial engineering 
design software package. We then subjected the design to adverse conditions using commercially 
available mesh generating and finite element analysis tools. The result of this step was digital 
representation of our damaged design. However, in most commercial mesh generating or analysis tools, 
the deformations that occur in a mesh as the result of simulation are not incorporated back into the model. 
That is primarily due to the fact that it is often difficult to update mesh geometry after an analysis. Also, 
until recently there has been little need for producing a damaged model. Most commercial tools that have 
analysis post-processing capabilities display the damage incurred during an analysis by taking the 
undamaged mesh geometry and displacing each node point by its deformation. But, the mesh itself is 
never updated. In our project, we have developed the algorithms that update the topology of a deformed 
mesh. Our algorithm, which will be discussed later, includes many complex capabilities l i e  adding 
thickness to shell elements and compensating for element cross-over. The main reason for wanting to be 
able to generate a damaged digital model is so that we can construct a selective laser sintered model as 
well as a simulated X-ray of the damaged design. Our motivation for wanting the rapid prototype model 
and the simulated X-ray of the damaged design is that it allows for a much more intuitive and 
comprehensive perception of the current state of the design than is currently available with simple 
computer displays. 

3. HISTORY 
As stated earlier, our goals in this project were to develop a capability that would allow our engineers to 
build prototypes of damaged designs and to simulate what an X-ray of a damaged design would look l i e .  
The idea of building damaged prototypes began in 1994 when a group of Los Alamos National Laboratory 
engineers first considered using X-ray data gathered in the field to reconstruct a damaged model of that 
system digitally for the purpose of analyzing its safety and stability. At that time, this much needed 
capability did not exist, which left the Los Alamos Accident Response Group without a way to practice 
their exercises and respond to actual nuclear emergencies with as much information as they would have 
liked to have. Our hope was that this capability would allow sophisticated analysis techniques to be used 
to help augment engineering judgment since it provided a way for analysts to model and analyze a 
damaged system in new environments to assess the potential risk prior to deployment. 

We soon realized that the current state-of-the-art in computer aided engineering (CAE) was not 
sophisticated enough to perform this task. What was needed was a process that could allow for the 
transformation of geometry models into topology models and then back again. The first transformation is 
widely available commercially. In fact, it is the method employed by most finite element mesh generating 
tools. The second transformation is not available. We know of no tool that can take a topology model and 
construct a solid geometry model from it. We know of a few vendors who claim to have such capabilities 
but, upon close inspection, do not. The necessary delineation between geometry and topology model 
comes from the fact that different engineering disciplines use different kinds of models. For example, a 



design engineer quite often builds a solid model that is defined in terms of its geometry. On the other 
hand, an engineering analyst or manufacturing engineer usually deals more with model topology. 

When we realized that we could not acquire the technology to allow us to build geometry models 
automatically from topology models, we chose to assume that the CAE industry would mature and provide 
those capabilities at some point in the future. We decided that while we waited for industry to develop the 
technology we sought, we would focus on applying what we had to tools that would help our engineers. 
We decided that two things that could be done with topology models that would help our engineers would 
be to develop a capability for building damaged prototypes and for generating damaged X-ray simulations. 

4. PROCESS 
Our technology survey of commercial computer aided engineering (CAE) packages has led us to conclude 
that there does not exist a capability to transform a topographic model into a geometric model. A 
topology model only describes the surface or boundary of a model in a simple invariant manner. An 
example would be a set of point (x, y, z) coordinates. Geometric models are defined by algebraic 
expressions and are quite often used to construct the solid models used by designers in their CAE systems. 

As an initial starting point in our project we have chosen SDRC’s I-DEAS as our CAE package. After 
determining the design environment, the analyst makes a finite element analysis (FEA) model from a 3D 
solid. This FEA model is generally a discretized mesh that subdivides the initial geometry model into a 
set of discrete elements of varying complexity. The FEA model is analyzed for a particular environment, 
loads andor thermal insults by applying a set of initial boundary conditions. The analysis results are 
written into an SDRC I-DEAS’ universal file, where information about the model’s material, dimensions, 
coordinates, and coordinate displacements are found. This universal file can contain solid and topological 
information about the model. A key to visualizing the damaged topology model lies in applying the 
specified modal displacements onto the original noddl coordinates. In I-DEAS these sections are 
delimited by the headers “2411” for the original nodal coordinates, and “2414” for the damage 
displacement coordinates. 

The displacement coordinates represent the off-sets to the original model after the initial and boundary 
conditions have been applied. This universal file is manipulated in an external FORTRAN program 
developed for this project, that adds the original coordinate and displacement values together. These new 
values now define the damaged geometry of the object and are written into the “2411” heading of the 
universal file. The universal file is now a new FEA model definition of the displaced configuration. We 
next import this file back into I-DEAS where the analyst can view the deformations and perform a surface 
coating operation. Surface coating removes the interior nodes of the elements, leaving just surface nodes. 
These surface nodes are then written to a new universal file where they will be further processed by 
another FORTRAN program developed for this project. 

This FORTRAN program that we call STLGEN, triangularizes the model’s surface and places the data 
into a stereolithography formatted (STL) file. The finite element types supported by this FORTRAN 
program are 6- and 15-noded tetrahedrons, 8- and 20-noded bricks, and 3-, 4-, 6-, and 8-noded shells. 
Within the program a user can specify if the model is a thin shell or a solid. In the case of a thin shell, the 
object is projected in both directions radially perpendicular to the surhce. At the completion of the 
program, the STL file is ready for rapid prototyping and X-ray simulation. 



Figure 1. Undeformed thin shell 



Figure 2. Deformed cylinder 
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5. FACETING 
Faceting is the process which translates a model in the CAE environment into a rapid prototype 
definition. In the same way that CAE programs use faceting of the geometric definition of a solid model, 
we also use faceting to characterize our STL model definition created from a topological definition of the 
model. By definition, faceting takes the surface of an element and divides it into triangles. In d e  hceting 
process the facet normal and triangle vertex order is generated. The facet normal is a unit normal vector 
pointing away from the element face. Industry standard dictates that the facet normal must obey the 
“Right Hand Rule.” 

The technology to change a CAE geometric model into an STL representation already exists. What we 
have created is the technology to translate a damaged CAE model to an STL representation. When a CAE 
program creates its STL file, it uses an algorithm to break the geometrically defined surface into triangles. 
Our algorithm triangularizes each finite element, creating a very fine mesh. A notable difference between 
the two methods is that the CAD system optimizes its triangularization, thereby using less triangles to 
define the model’s geometry. The number of triangles used to define our STL file is a function of how 
many FEA elements are in d e  topological definition, and the rapid prototype build of our model depends 
on the fineness of our mesh. The finer the mesh, the larger the STL file and the more accurate the rapid 
prototype build. 

The triangularization differs for each of the finite element types our program supports. The number of 
triangles generated on the surface of the surface coated elements are one for the 15-noded tetrahedron and 
6-noded shell, two for the 8-noded brick and 4-nod& shell, and six for the 20-noded brick and 8-noded 
shell. Since the 15-noded tetrahedron and 6-noded shells are already triangularized, only the facet normal 
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is calculated. Figure 1 shows the correlation between each surface coated element type supported by our 
program and the resulting facet written for the STL file characterization. 
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Figure 4 Triangularization of Elements for Faceting 

6. APPLICATIONS AND BENEFITS 
The primary motivation behind building damaged prototypes from simulated models was to provide the 
Accident Response Group (ARG) with enhanced capabilities in performing its duties. In the event of a 
nuclear emergency, time is critical and having as much information as possible of the scene and events 
that led to it facilitates resolution of the situation. 

Another notable application of this project is the ability to validate the analysis performed by the analyst 
in the CAE environment. The visualization of the analytical results becomes intuitive and comprehensive 



when the results can be held in your hand and viewed in a 3-dimensional environment. Additionally, if a 
change to a design is needed but is difficult to verbally articulate, the visual model is helpful for the 
designer to grasp the situation. 

There are several benefits. In the short-term, the analyst and designer can immediately visualize the 
results in a 3 dimensional sense. The research conducted in this developmental effort also supports the 
efforts of other researchers to translate topological information to a geometric formulation. Three 
methods are being investigated in this area using inspection data, radiographic data, and finite element 
analysis data, as the topological definition. The use of all three methods of model validation provides for 
multiple bench marking and verification. Research into the development of these capabilities are 
concurrently in progress at Los Alamos National Laboratory. 

7. CONCLUSION 
The ability to visualize damaged systems is an important aptitude for both the nuclear weapons 
community and industry, at large. It is an excellent capability for the analysts, designers, and test 
engineers to perceive data in a more comprehensive fashion. Since there is the common point of 
visualizing the same system in a 3-dimensional sense provides enhanced communication between the 
analyst, designer, test engineer, and manufacturing engineer. 

This is the first step in the process to integrate deformations in design models. Future work will include 
expanding this software to translate from other CAE packages, and to work fi-om a STEP definition rather 
than a universal file definition. 
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