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ABSTRACT 

This report presents Phase I research to develop an Interface-Driven Design Manager (EDM) that 
greatly reduces the design cycle time for affordable composite aircraft. The IDM represents a 
first attempt to fully integrate powerful new interface element and 3-D interactive graphics 
technology into a single design environment to automate the assembly and analysis of 
multicomponent global-local models for faster, more accurate composite airframe design. These 
emerging technologies have the potential for making multidisciplinary design optimization of 
large-scale composite structures practical and for providing new levels of design automation that 
are currently not possible. The IDM provides a graphical environment for rapidly assembling 
global-local models, as well as other complex multicomponent airframe models, from pre- 
meshed 'stock' components stored in a relational database, without concern for mesh 
compatibility. The IDM enables the designer to automatically insert components or regions with 
a highly refined mesh into the coarse mesh of a global model using interface elements. This 
provides two substantial benefits: (1) detailed local models can be used without remeshing the 
entire structure thereby substantially reducing the associated engineering cost; and (2) higher 
accuracy can be achieved in critical regions without substantial increases in computational cost. 
Both of these benefits make it practical to use higher-fidelity models earlier in the design cycle so 
that primary structures which are truly optimized for the application of affordable composites are 
achieved. 



1. INTRODUCTION 

1.1 Background 

Large-scale aircraft design is presently a highly complex, exhaustive process involving huge 
manpower and computational resources. A complete aircraft structure is multidisciplinary in 
nature and is manufactured from a hierarchy of many different components. These components 
are joined together to form sub-assemblies which are then joined together to form larger 
assemblies and then finally assembled into a complete airplane [Niu 1988]. Due to the inherent 
complexities, airframe design traditionally proceeds in three phases: conceptual, preliminary, and 
final. The conceptual phase is centered on the layout and geometry of the primary surfaces and 
supporting framework; the preliminary phase defines the airframe internal structure and sizes the 
associated components; and the final design phase encompasses design details for individual 
components including interconnections and fasteners. 

There are several problems with the current airframe design process that represent major barriers 
to the application of affordable composites to primary airframe structures. Composites have long 
been recognized as a novel way to reduce weight; however, their use in primary airframe 
structures has not been fully realized in military flight systems. One major reason for this is the 
lack of high fidelity modeling early in the design process. For example, preliminary design 
models do not provide accurate predictions of the stresses in critical regions (e.g., around cutouts 
and bonded joints). Thus, preliminary design models generally result in primary structures that 
are often designed with load path characteristics that exceed the material and manufacturing 
limitations of affordable composite structures. A second major reason is the lack of a bi- 
directional design process that can readily adapt to downstream design modifications needed to 
enhance the application of composites. The present design process is characterized by a feed- 
forward paradigm, whereby the design proceeds sequentially from conceptual to preliminary to 
final with little interaction or feedback between each phase. Ultimately, this results in a degree 
of inflexibility that can allow problem areas to become entrenched, thereby significantly reducing 
the potential for widespread application of composites in the final design. 

Although powerful technologies have been developed to independently address key aspects of 
the design process, a unified virtual design environment that strategically integrates these 
technologies so that they have a major impact on the design process has not been developed. 
Current high-end CAD packages (e.g., Pro/ENGINEER, CATIA, and Unigraphics) have 
sophisticated database driven technology for building, viewing, and changing solid models of 
complex multicomponent systems. They also have sophisticated parametric technologies that 
allow full bi-directional associativity among components. Thus, a multicomponent system, such 
as a wing box, may be built up in such a way that if the planform of the wing changes, the 
location and geometry of the internal components (e.g., spars, ribs, etc.) is automatically changed 
as necessary. However, these systems generally do not work well for the complex geometries 
(e.g., blended regions) inherent in next generation aircraft structures. Also, these packages do 
not support critical emerging finite element modeling technologies such as interface elements 
that can greatly improve the speed and accuracy with which complex multicomponent models 
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can be assembled and analyzed. Although limited analysis capabilities have been integrated into 
these CAD packages, seamless interfaces to sophisticated multidisciplinary analysis codes do not 
exist. 

The present research is centered on developing an Interface-Driven Design Manager (IDM) that 
will greatly reduce the design cycle time for affordable composite aircraft. The IDM represents a 
first attempt to fully integrate powerful new interface element and 3-D interactive graphics 
technology into a single design environment to automate the assembly and analysis of 
multicomponent global-local models for faster, more accurate composite airframe design. These 
emerging technologies have the potential for making multidisciplinary design optimization of 
large-scale structures practical and for providing new levels of design automation that are 
currently not possible. 

The EDM provides a graphical environment for rapidly assembling global-local models, as well 
as other complex multicomponent airframe models, from pre-meshed 'stock' components stored 
in a relational database, without concern for mesh compatibility. The IDM enables the designer 
to automatically insert components or regions with a highly refined mesh into the coarse mesh of 
a global model using interface elements. This provides two significant benefits: (1) detailed local 
models can be used without remeshing the entire structure thereby greatly reducing the associated 
engineering cost; and (2) higher accuracy can be achieved in critical regions without substantial 
increases in computational cost. Both of these benefits make it practical to use higher-fidelity 
models earlier in the design cycle so that primary structures which are truly optimized for the 
application of affordable composites are achieved. 

1.2 Interface Elements 

The interface element is a new type of finite element that joins structures with dissimilar meshes 
(see Figure 1.1a). Interface elements are particularly useful for global-local analysis, where they 
allow detailed local meshes to be created within the coarse meshes of global models, as 
illustrated in Figure Lib and Figure 1.2. In this way, interface elements may be used as an 
efficient means of obtaining more accurate stress results during preliminary design. The 
traditional need for transition modeling, which is often tedious and complicated, is eliminated, 
thereby substantially reducing the engineering cost. Moreover, the errors that typically arise from 
the introduction of distorted elements during transition modeling are also eliminated. Interface 
elements can also be used to assemble complex structural models from independently meshed 
components, without concern for mesh compatibility. For example, interface elements can join 
the internal structural components of a wing to the outer skin at arbitrary locations, independent 
of the structural mesh. This provides the potential to coordinate the mesh of the skin with the 
aerodynamic grid, thereby eliminating the need to interpolate aerodynamic loads onto the 
structural mesh. 
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(a) Dissimilar Mesh Example (b) Global-Local Example 

Figure 1.1 Example Interface Element Applications 

Global model 

Local model Sublocal model 

Figure 1.2 Nested Global-Local Modeling for Boeing Crown Panel 

The one-dimensional interface element (a space curve) developed by Aminpour et al. [1992] is 
designed for joining independently modeled plate and shell substructures at their common 
boundaries. A pictorial representation of a 1-D interface element is shown in Figure 1.3, where 
three independently modeled substructures are being coupled together using a curved interface 
element. Formulated and cast in the form of a finite element, any number of interface elements 
may be used in an assembly of substructures. The interface element acts as a communicator 
between various substructures to accomplish proper load transfer and maintain deformation 
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compatibility. It has its own discretization (which need not match those of the connected 
substructures), and the deformation field over the interface element is described in terms of its 
nodal parameters. The interface element is based on a hybrid variational formulation that uses a 
constraint integral to enforce compatibility across the boundary between the substructures. In 
this way, all the desirable compatibility properties are achieved in a variational sense. 

Finite Element Nodes 

Interface Element 

Figure 1.3 Illustration of One-Dimensional Interface Element 

The 1-D interface elements described above have proven to be robust and accurate, in contrast to 
other interface approaches based on mortar elements [Maday et al. 1988] or spline fits [Shaeffer 
1979]. More recent work [Davila and Aminpour, 1994] extends this technology to join shell 
structures across element faces. Work is underway at Applied Research Associates, Inc. to 
develop a 2-D interface element for NASA Langley Research Center, as shown in Figure 1.4. 

2-D Interface Element 

Figure 1.4 2-D Interface Element to Join 3-D Structures with Incompatible Meshes 
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1.3 Objectives and Scope 

The overall goal of the Phase I effort is to develop and demonstrate a preliminary interface- 
driven design manager (IDM) for large-scale composite aircraft structures that will reduce the 
design cycle time and provide new levels of design automation that are currently not possible. 
The EDM integrates interface element technology into an interactive graphics environment to 
allow dissimilar meshes to be automatically coupled. This enables components or regions with a 
highly refined mesh to be automatically inserted into the coarse mesh of a global model to 
provide higher fidelity results during preliminary design, without large increases in engineering 
time. Interface elements also permit complex airframe structures, such as a wing box, to be 
rapidly assembled from a database of pre-meshed 'stock' components, without concern for mesh 
compatibility. The specific objectives for Phase I are to: 

1. Develop a preliminary EDM design environment for rapidly assembling global-local models, 
as well as other complex multicomponent airframe models, from pre-meshed 'stock' 
components using interface elements. 

2. Extend the capabilities of the preliminary IDM to enable the analysis of a multicomponent 
global-local model assembled using interface elements. 

3. Solve two interface element example problems involving model assembly from stock 
components and global-local analysis to demonstrate the operation and features of the 
preliminary IDM system. 

Under the first objective, we developed a baseline IDM with a 3-D interactive design 
environment that allows a designer to: (1) assemble airframe models from a database of pre- 
meshed 'stock' components; (2) insert refined components into coarse airframe models for 
global-local analysis; and (3) export assembled airframe models for finite element analysis. The 
graphical user interface for the baseline IDM consists of a main window, a stock components 
toolbar, and a three-dimensional modeling area. The 3-D interactive modeling environment 
allows the designer to select components or sub-assemblies from the database, drag these 
components into the modeling window, and 'snap' them together to rapidly build up complex 
models. The baseline IDM features a six-level relational database for storing the stock 
components. The database stores position and orientation information, references to the 
component geometry and finite element mesh files, and connection information that governs how 
components may be joined together. The baseline IDM includes the capability to display finite 
element meshes for each component. It also includes dynamic meshing capability that 
automatically adapts the baseline mesh of a stock component to accommodate resizing 
operations performed interactively by the designer. 

Under the second objective, we developed and integrated two translators into the IDM. The first 
translator enables the designer to generate and export a COMET-AR input file for the assembled 
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structure.1 This translator consolidates the component meshes for an assembled global-local 
model by: (1) parsing through the component database; (2) identifying common edges between 
components; and (3) automatically defining the interface elements that are needed to join the 
meshes between components. After the input file has been exported, the designer can execute a 
stand-alone version of COMET-AR to predict the static response. The second translator enables 
the designer to import and view the static analysis results from within the IDM environment. We 
also developed the capability to define boundary conditions (e.g., nodal loads and displacements) 
from within the IDM by clicking on a given node and entering specified force and/or 
displacement components. 

Under the third objective we solved two interface element example problems to demonstrate the 
operation and features of the IDM system. The first example problem demonstrates use of the 
IDM to assemble and analyze a coarsely meshed wing box sub-assembly model from stock 
components using interface element technology. The second example problem demonstrates the 
IDM capabilities for efficient global-local analysis using interface elements. The IDM 
component assembly tools were used to graphically insert new spar components with refined 
meshes and circular cutouts into the wing box sub-assembly model, replacing components with 
the original square cutouts. Both of these test cases were analyzed to evaluate the impact of 
global-local modeling. Using the IDM analysis utilities, boundary conditions were defined and 
consolidated finite element input files were generated. COMET-AR was then executed to predict 
the static response, and the stress and displacement results for each test case were displayed and 
compared from within the IDM environment. 

The remainder of this report is organized as follows. The methodology and numerical 
implementation of the baseline IDM are described in Chapter 2. In Chapter 3, the operation and 
features of the IDM are demonstrated using two different example problems. Final conclusions 
and recommendations are given in Chapter 4. 

1 COMET-AR is a modular, extendible, multilevel software system for computational structural mechanics research 
that includes interface element technology for connecting independently modeled finite element substructures along 
their common interface [Stanley et al. 1993]. 
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2. METHODOLOGY 

This chapter documents the methodology and numerical implementation of the baseline 
Interface-Driven Design Manager (IDM). The chapter begins with an overview of the features 
and operation of the IDM system. Afterwards, the following principal components of the IDM 
methodology are described in detail: stock component database, finite element import filter, 
interactive component assembly, and mesh consolidation. 

2.1 Overview 

The prototype IDM was developed with a 3-D interactive design environment that allows a 
designer to: (1) assemble airframe models from a database of pre-meshed 'stock' components; 
(2) insert refined components into coarse airframe models for global-local analysis; and (3) 
export assembled airframe models for finite element analysis. The graphical user interface for 
the baseline IDM is shown in Figure 2.1. It consists of a main window, a three-dimensional 
modeling area, and a stock components toolbar. The main window is a large window which 
serves as a container for the rest of the application. The stock component bar and the 3-D 
modeling window are children of the main window, and are contained within it, as are the pull- 
down menus and standard tool buttons. 

The 3-D modeling window provides a unified, design-friendly environment for assembling large 
complex airframe models. The modeling window integrates powerful visualization and 
manipulation capabilities for positioning, resizing, and 'snapping' together stock components on 
the screen in real time. It can be used to graphically translate and rotate individual components 
or groups of components in space using Openlnventor manipulators (see Figure 2.1). It can also 
be used to display the finite element mesh for each component. The modeling window provides 
many standard geometry visualization features, including the ability to view the airframe model 
from any angle with zoom and panning capabilities. 

To simplify the process of model building, the IDM includes a relational database for storing the 
finite element models for 'stock' aircraft components. The stock components toolbar shown in 
Figure 2.1 is the graphical interface to this database. The database stores the position and 
orientation information needed to interactively orient a given component in 3-D space. It also 
stores references to the component geometry and finite element mesh files as well as interface 
connection point data.2 The IDM's 3-D interactive design environment permits the designer to 

1 Openlnventor is an object-oriented three-dimensional toolkit for interactive graphics programming, developed by 
Silicon Graphics. 

2 Interface connection points are a set of discrete reference points along the boundary of each component that govern 
how components may be snapped together (see Section 2.4 for a detailed explanation of connection points). 
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Figure 2.1 Graphical User Interface for the Baseline IDM 

graphically select, customize, and 'snap' together stock components from this database to rapidly 
assemble an airframe structural model. The IDM uses interface element technology to join 
incompatible meshes between components in the global finite element model that it generates for 
the assembled structure. This further reduces the engineering time by freeing the designer to 
connect structural components together without concern for mesh compatibility. 

Prior to using the IDM for the first time, the designer must populate the relational database with a 
core set of stock components. For a given component, this involves first creating a finite element 
model of the component and exporting this model in the form of a PATRAN neutral file. The 
next step is to identify points on the component which are useful points of alignment, that is, 
interface connection points at which the component will be connected or assembled together with 
other components (see Section 2.4). The final step in populating the stock component database is 
to specify categories for the different components - components are grouped by category for easy 
access when assembling a model. Currently, references to the PATRAN neutral file and 
connection point data must be manually entered into the database using a database management 
software package. However, once the database is created, the designer can exploit the inventory 
of stock components to rapidly produce many different new designs. 
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This database approach to model building is based on the fact that many airframe structural 
models can be assembled from a core set of 'building block' components (e.g., ribs, spars, etc.) 
that can be customized (i.e., resized and shaped) to accommodate a given design. Accordingly, 
the IDM database acts as a virtual warehouse of pre-meshed 'stock' aircraft components and sub- 
assemblies that can be used to rapidly build large-scale airframe models. Although new 
structural concepts will invariably require the use of some non-standard specialty components, 
once these components have been created, they can be added to the database to further expand 
the inventory of 'stock' components. A key factor in the success of this approach is the interface 
element technology, which permits pre-meshed components to be connected together without 
concern for mesh compatibility. 

The IDM environment is designed to support rapid, user-friendly global-local analysis. Multiple 
versions of a given component can be stored in the database (i.e., a coarsely meshed version and 
a more detailed, finely meshed version as shown in Figure 2.2). For approximate response 
calculations, the fast-running coarse version of each critical component can be used. For 
applications requiring more detailed stress information, the refined version of each critical 
component can be automatically inserted into the coarse global model for global-local analysis. 
As before, interface elements are used to join the refined and global meshes along the 
boundaries. This provides two substantial benefits: (1) detailed local models can be used without 
remeshing the entire structure thereby substantially reducing the associated engineering cost; and 
(2) higher accuracy can be achieved in critical regions without substantial increases in 
computational cost. Both of these benefits make it practical to use higher-fidelity models earlier 
in the design cycle so that surfaces and primary structures which are truly optimized for the 
application of affordable composites are achieved. 

Hi 

(a) Coarse Version (b) Refined Version 

Figure 2.2 Multiple Versions of a Structural Component 

IDM Operation 

To build an airframe model, the designer begins by graphically selecting several 'stock' 
components from the relational database. He then 'drags' each selected component over to the 
modeling window and 'drops' it into the desired position as shown in Figure 2.3. When the 
modeling window receives notification of the 'drop' event, it takes the information about the 
object, searches the database for the corresponding files, and then loads and displays the 
component in the window. Once a component has been placed in the modeling window, it can 
be dynamically positioned and resized using the IDM's powerful visualization and manipulation 
capabilities. The designer can graphically translate and rotate individual components or groups 
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Figure 2.3 Stock Components Placed in the 3-D Modeling Window 

of components in space using Openlnventor manipulators. In this way, components can be easily 
moved arbitrarily with respect to each other. The designer can also display the finite element 
mesh for each component. Furthermore, the EDM includes dynamic meshing capability that 
automatically adapts the baseline mesh of a stock component to accommodate resizing 
operations performed interactively by the designer. 

After placing components in the modeling window, the designer can interactively 'snap' them 
together to build a multicomponent model (see Figure 2.4). This is done by graphically selecting 
two components to be assembled, identifying the source and destination connection points, and 
activating a button on the user interface. When this process is completed, the component with 
the source connection point translates and rotates in space to align with the destination 
connection point on the other component. Once again, the designer does not need to be 
concerned about mesh incompatibilities between components, since interface elements are used 
to account for this. 

Once the structural model has been assembled, the designer can easily swap out individual 
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Figure 2.4 Assembling Stock Components into a Multicomponent Model 

components to incorporate different levels of modeling detail. For example, the designer can 
delete a coarsely meshed component and insert a finely meshed version of the component to 
obtain more detailed stress information in critical regions (see Figure 2.5). Although not yet 
implemented, the EDM could also enable the designer to save the assembled model as a 
compound object, that is, an object comprised of two or more components. In this way, the 
database could be populated with hierarchies of compound objects in addition to the stock 
component objects. This functionality would be particularly useful for re-using previous models 
or sub-assemblies. 

After the designer has assembled and saved a global-local airframe model, he can export it for 
independent finite element analysis using COMET-AR. The IDM environment enables the 
designer to define boundary conditions (e.g., nodal loads and displacements) by clicking on a 
given node and entering specified force and/or displacement components. Once the boundary 
conditions have been defined, the designer can analyze the structure by: (1) invoking a translator 
to generate and export a COMET-AR input file for the assembled structure, and (2) executing a 
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Figure 2.5 Inserting a Refined Component for Global Local Analysis 

stand-alone version of COMET-AR to predict the static response. Using a second custom 
translator, the designer can import and view the static analysis results from within the IDM 
environment as shown in Figure 2.6. 

2.2 Stock Component Database 

The baseline IDM features a six-level relational database for storing 'stock' airframe 
components. The database stores the position and orientation information needed to interactively 
orient the components in 3-D space. It also stores references to the component geometry and 
finite element mesh files, and connection information that governs how components may be 
joined together. In subsequent developments this database may be extended to store assembled 
models (e.g., a global model with locally refined stock component inserts) as compound objects, 
that is, objects comprised of two or more components. The IDM would automatically define a 
unified set of attributes for the compound object based on the collection of attributes stored for 
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Figure 2.6 Displaying Analysis Results 

its components. In this way, the database could be populated with hierarchies of compound 
objects in addition to the stock component objects. This functionality would be particularly 
useful for re-using previous models or model sub-assemblies. 

The database schema is illustrated in Figure 2.7. The schema is designed to minimize table size, 
divide stock component objects into logical groups, avoid duplication of data, and speed access 
to the data. The first field in every table is the Primary Key. This field is an auto-incrementing 
number which assures that every record in every table is unique. 

The top level table is the STOCKCATS table, a table of component categories such as "Aircraft 
Components" or "Automobile Components." The next table is called CATGROUPS, a table of 
subcategories owned by each component category such as "Wing Box Components" or 
"Actuators." The next table, CATGROUPITEMS, stores links associating individual stock 
components with the subcategories. The STOCKITEMS table contains data for the individual 
stock components, including a reference to the geometry and finite element mesh files for the 
component.  The rTEMCONNECTPTS table contains all the valid connection points, separated 
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by type, for the stock components. As mentioned earlier, the connection points are a set of 
discrete reference points along the boundary of each component that govern how components 
may be snapped together. Each UEMCONNECTPTS record contains a link to a stock 
component as well as position and orientation information in the local object coordinate system. 
This information is used to orient the object in 3-D space, when it is connected to another 
compatible component. 
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Figure 2.7 Stock Components Database Schema 

The CONNECTTYPE table contains information on valid connection type identifiers for the 
stock components. A connection type identifier is assigned to each connection point, and is used 
by the IDM GUI to insure objects are connected only at compatible interface elements. For 
example, this information can be used to prevent the designer from connecting the edge of 2-D 
shell elements with the surface of 3-D brick elements using a 1-D interface element1 (the 
technology to join 2-D shell elements to 3-D brick elements has not yet been developed). The 
connection type information can also be used to constrain assembly in a practical way. For 
example, wing box components may be assigned one connection type, and fuselage body 
components may be assigned another type. The system will then prevent the designer from 
inadvertently connecting fuselage body components to wing box components. 

1 The interface element between two 2-D meshes is a curve with only one independent coordinate and is called a 1-D 
interface element; the interface element between two 3-D meshes is a surface with two independent coordinates and 
is called a 2-D interface element. 
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We developed a stock component toolbar to serve as a graphical user interface to the database. 
The stock component bar is a persistent, dockable toolbar containing categorized links to the 
stock components. During an application, the EDM searches the database for information on the 
current layout of the stock component toolbar. It then populates the tabs of the window with the 
'category names' for this configuration. Next, the program searches for the stock components 
which belong to these categories and places a bitmap representing the component on the 
corresponding tab in the stock component bar. The designer is then able to 'drag' the component 
over to the modeling window and 'drop' it into the desired position. When the modeling window 
receives notification of the 'drop' event, it takes the information about the object, searches the 
database for the corresponding files, and then loads and displays the component in the window. 

2.3 Finite Element Import Filter 

The IDM features an integrated PATRAN neutral file import filter that enables the designer to 
easily import finite element models for aircraft components into the relational database. The 
import filter was implemented as a set of cross-platform portable C++ classes, independent of 
any features specific to the operating system or Openlnventor. Furthermore, the import filter was 
written in a generic way and can easily be extended to accommodate alternative finite element 
formats (e.g., COMET-AR, NIKE3D, etc.). 

The class hierarchy for the PATRAN neutral file import filter is illustrated in Figure 2.8. Here, 
the base-level class is UnstructuredGrid. The UnstructuredGrid class stores all information 
related to the mesh of a single stock component. This class is not derived directly from 
GenericElement and GenericNode (hence the dashed line in Figure 2.8). Rather, it includes data 
members which are lists of GenericNode and GenericElement objects. The most important 
aspect of the UnstructuredGrid class is that it provides the single interface for retrieving all finite 
element data, and for displaying and exporting a global mesh assembled with interface elements. 
Regardless of which finite element file is the source of the data, an object of type 
UnstructuredGrid is used to manage the mesh once it is loaded into memory. 

The GenericNode class objects store all nodal data, including rectangular coordinates in three 
dimensions, displacements, velocities, stresses, etc. This class contains method functions for 
retrieving and setting nodal properties, effectively isolating the specific method of data storage 
from the code that needs to utilize the data. For example, a method function called 
GetDisplacement() is provided for retrieving the nodal displacement vector. 

The GenericElement class objects store all element-specific data, including connectivity 
information and references to interface element data. This class contains method functions for 
retrieving properties of the element, such as element type. Additionally, functions are available 
for parsing the list of polygons that make up the element edge. These polygons reference 
GenericNode objects, which are used to generate an image of the element on the screen, 
including finite element results if requested by the user. 
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Figure 2.8 Finite Element Support C++ Class Hierarchy 

The last class is the PatrariNeutralFileGrid. class. This class is derived from UnstructuredGrid, 
and therefore contains all of the same functionality. Key methods of PatrariNeutralFileGrid 
have been further developed to support PATRAN neutral files. When the stock component 
database contains a reference to a PATRAN neutral file, the IDM creates a new 
PatrariNeutralFileGrid object. The IDM always references the object as an UnstructuredGrid; 
however, because PATRAN file support has been added, the object properly accommodates 
PATRAN neutral files. 

2.4 Interactive Component Assembly 

We developed the IDM design environment to support three-dimensional interactive assembly of 
stock components. The 3-D assembly capability is based on functionality that exists in the SGI 
Openlnventor toolkit using Manipulators. Manipulators are 3-D mouse activated controls that 
allow the designer to interactively change the position, rotation, and size of the components 
being used to build a global model. 

A key part of our approach for interactive component assembly is the use of interface connection 
points. Figure 2.9 illustrates the concept of interface connection points. Each component has a 
set of connecting edges that are identified by the designer. These represent distinct nodal lines 
along the boundaries or surface of the component that can potentially interface with the 
connecting edge of another component. For each connecting edge in a component, the designer 
defines one or more connection points which act as distinct points of alignment for two 
components that are joined at this edge (see Figure 2.9a). Using these connection points, the 
process of component assembly occurs in two steps as follows. In step one, a connection point is 
selected on each component. In step two, the IDM automatically translates and rotates one 
component with respect to the other until the connection points are coincident and the connecting 
edges are colinear (see Figure 2.9b). 

Thus, the connection points are model assembly tools that simplify the precise alignment of stock 
components.   Connection points exist because, although the IDM provides manipulators which 
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(b) Assembled Components 

Figure 2.9 Interface Connection Points 
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intuitively move stock components in space, it is not a trivial matter to attach objects to one 
another. As mentioned previously, connection points are generally located at an interface edge, 
that is, an edge where two stock components will be joined via interface elements. Each 
connection point also has a type identifier that is used to constrain assembly in a practical way. 
For example, wing box components may be assigned one connection type, and fuselage body 
components may be assigned another type. The IDM only allows components to be connected 
together at connection points with compatible types. In this way, it prevents the designer from 
inadvertently connecting fuselage body components to wing box components. 

Three-dimensional interactive assembly of stock components is illustrated in Figures 2.10 and 
2.11 for a global-local model. The image shows some simple stock parts for assembling a wing 
box sub-assembly model. Currently, assembly is done in two stages. During the first stage, 
stock components are dragged into the model scene from the stock component bar, and are 
translated and rotated in space using Openlnventor manipulators. In this way, objects can be 
moved arbitrarily with respect to each other. In Figure 2.10 for example, one component is 
highlighted with a transform box manipulator and may be moved with respect to the other two 
components. 

During the second stage of assembly, objects are snapped together precisely at pre-defined 
interface connection points. Figure 2.11 illustrates partial assembly of the global-local model. 
The highlighted components have been assembled at a connection point, illustrated by a small 
rectangular coordinate system icon. The triangle shape at the origin of the connection point is 
used to visually identify the face or edge that represents the interface. Currently, precise object 
assembly is done by graphically selecting two objects to be assembled, identifying the source and 
destination connection points, and activating a button on the user interface. When this process is 
completed, the object owning the source connection point is translated and rotated in space to 
align with the destination connection point. 

In the future, our approach for 3-D interactive assembly can be extended to support real-time 
snap-together assembly of multiple components into global models via interactive dragging. In 
this scenario, the designer will dynamically drag components and/or sub-assemblies together to 
assemble a structural model. When the distance between the interface connection point on a 
component being dragged is within a specified radius (called the pick radius) of a compatible 
connection point on another component, the manipulator will automatically align the components 
and snap them together. In this context, our use of single-point connection constraints has the 
added advantage that the proximity check required for interactive snapping at each mouse 
movement is not computationally expensive. Mathematically complex methods of interactive 
assembly, such as real-time surface-to-surface collision detection, are computationally expensive, 
and cannot be performed on low- to medium-end personal computers and workstations. 
Alternative fast methods of interactive assembly, such as snapping a point to a selected 
attachment surface do not enforce proper interface element edge alignment. 

1 The interface elements themselves do not depend on the connection points as they are generated independently via 
a topological analysis of the intersection of each pair of stock components. 
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Figure 2.10 Stock Components for a Global-Local Model 

2.5 Mesh Consolidation 

We developed and implemented an algorithm that consolidates the component meshes for an 
assembled global-local model by: (1) parsing through the component database; (2) identifying 
common edges between components; and (3) automatically defining the interface elements that 
are needed to join the meshes between components. This capability is an essential IDM feature 
for building complex models from simple component objects. The IDM must be capable of 
generating a consolidated global mesh given two or more stock component meshes. 

Figure 2.12 illustrates the consolidation of two component meshes, each consisting of a few shell 
elements. In this figure, all of the nodes of the two meshes are retained in the consolidated mesh. 
Node numbers and element numbers are simply shifted.1   Whenever two stock components are 

1  Note that all part-to-part connections are implemented via interface elements, and so it is not possible to 
consolidate nodes between two components. 

2-13 



S«."ä»i!»S4*äSfe*iS!S*!s».« 

£3 £ve   y*w   £b^   Marisu&crc   Window   Vnw^OfnEs^ .£^:V£yafca&>!V;: n^s 

up 

Wing OxTpcticrte" 

Sp#cc«er,S 

Sjc; Sk^wnt {K^JäS cutout] 

i~j 

Spar EietTtef)! {cäcU« cutcwS] 

Pot>:   Roly tH Jl Zoomjj     3 "2J*2-7   :°«"y 

Figure 2.11 Interactive Assembly of the Global-Local Model 

joined, the EDM parses through all of the elements in each mesh to identify those that have an 
edge in common. Each set of consecutive element edges that are shared between two meshes 
represents an interface between the two components. Afterwards, the EDM automatically 
generates a 1-D interface element for each distinct interface that is found. 

It is not trivial to identify an interface when the stock meshes are not compatible at the adjoining 
edge, as illustrated in Figure 2.13. In this case, the EDM mesh consolidation algorithm performs 
a topological search to identify the nodes that lie on the interface edge of each mesh. Since the 
interface edges of each mesh are not exactly the same shape, the criteria for selecting nodes that 
represent each interface edge requires that: (1) elements along the interface edge of one mesh 
must be parallel (within some tolerance) to the corresponding elements of the other mesh; and (2) 
nodes along the interface edge of one mesh must be close (within some tolerance) to the interface 
edge of the other mesh. It is important to note that since the meshes of each component may be 
unstructured (consisting of an arbitrary sequence of nodes and connectivities) it is not known a 
priori which nodes lie on the interface edges of each mesh. Thus, all nodes including interior 
nodes must be considered, and those that are potentially part of an interface edge must satisfy 
both of the aforementioned conditions. 
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Coincident Nodes 
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Interface Element 

Figure 2.13 Meshes with Dissimilar Interface Edges 

Once all of the nodes along an interface edge are known for both meshes, the interface element is 
generated. An interface element is defined by its own unique set of so called pseudo nodes. The 
set of pseudo nodes is known as the pseudo mesh. In some cases, the pseudo nodes are 
coincident with the real mesh nodes; however, in general they are not.   To guarantee that the 
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interface element matrices are nonsingular, the number of pseudo nodes defining an interface 
element is constrained to be less than or equal to the number of nodes of the finest finite element 
mesh attached to the interface [Aminpour 1992]. 

It is important that the pseudo nodes generated for each interface element are consistent with the 
nodal spacing along the edge of each mesh that is being connected. To accomplish this, we 
generate node spacing curves for the interface edge of each mesh as shown in Figure 2.14. The 
vertical axis of the node spacing curve is simply an enumeration of node numbers along the 
interface edge. The horizontal axis is the normalized curvilinear arc length (bounded between 0 
and 1) representing the distance along the curve of the interface edge for each node. As 
illustrated in Figure 2.14, the node spacing curve has a larger slope in regions where nodes are 
concentrated and a smaller slope in regions where nodes are sparse. 

Node spacing curves are used to generate the pseudo nodes for an interface element as follows. 
The vertical axis of the node spacing curve is discretized into n - 1 uniform intervals, where n is 
the number of desired pseudo nodes. The corresponding horizontal axis values specify the 
distances of the corresponding pseudo nodes along the interface edge. 

In cases were the interface element is shared by two or more interface edges, each with a 
different node spacing, it is desirable to generate a pseudo mesh with nodes consistent with all of 
the interface edges that are being connected. This is done by creating a compound node spacing 
curve, that is essentially a weighted average of all the node spacing curves from the shared 
interface edges (see Figure 2.15). The weighting factor assigned to each individual node spacing 
curve is equal to the number of nodes on the interface edge divided by the total number of nodes 
present on all of the shared interface edges. 

Mesh 1 
{■^l-^L '■■^'§: ':-illle.:fH;- "^-^M^^r^^ 

1                                                  '                       ^ 

Mesh 2 
r*\ 

■iV't 
!      !      I 

;             .1             ■!■■■■■■ •      2 
!              -,    ■)■■-■                  !       .             X 
>            -i  .    .   •  !         ■.■■■.* 

i    .          1..            !■..■.   '     X 
1              J    :  ■.-•   X 

Interface 
Edges 

0        0.2      0.4      0.6      0.8       1.0 
Normalized Distance along Interface Edge 

Figure 2.14 Node Spacing Curves for Interface Edges of Two Example Meshes 
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3. EXAMPLE PROBLEMS 

In this chapter the operation and features of the baseline IDM are demonstrated using two 
different example problems. The first example problem demonstrates use of the IDM to 
assemble and analyze a coarsely meshed wing box sub-assembly model from stock components 
using interface element technology. The second example problem demonstrates use of the IDM 
3-D design environment to rapidly create a global-local version of the first model using interface 
elements. Both of these test cases were analyzed to evaluate the impact of global-local modeling. 
Details regarding the assembly of each model are presented first, followed by a description of the 
analysis and results. 

3.1 Example 1 - Coarse Wing Box Sub-Assembly Model 

The first example problem demonstrates use of the IDM to assemble and analyze a 
multicomponent model from stock components using interface element technology. For this 
demonstration we assembled the wing box sub-assembly shown in Figure 3.1. Three different 
stock components were defined and stored in the component database: a solid spar component, a 
spar component with a square cutout, and a solid rib component (see Figure 3.2). Eight solid 
spar components, four spar components with cutouts, and two solid rib components were used to 
assemble the wing box sub-assembly. 
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Figure 3.2 Stock Components used for Example 1 

A diagram of the assembled finite element model of the wing box sub-assembly is shown in 
Figure 3.3.  The outer dimensions are taken to be 60 inches in length, 24 inches in width, and 6 
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inches in height. The structural members are modeled using four-node assumed-natural-strain 
shell elements [Aminpour 1990] and a linear elastic material, and they are assumed to have a 
uniform constant thickness of 0.25 inches. The material of each member is taken to be aluminum 
with Young's modulus of 10.3 Mpsi and Poisson's ratio of 0.334. As shown in Figure 3.3, a 
total vertical load of 4000 pounds is uniformly distributed over the right end of the wing box 
model; the left end of the model is completely fixed. The coarse model of the wing box sub- 
assembly is discretized using 38 shell elements. In addition, 12 one-dimensional interface 
elements are required to assemble this model due to the meshing incompatibilities between 
components (see Figure 3.3). 

Interface Elements. 
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Figure 3.3 Finite Element Model for Wing Box Sub-Assembly 

The baseline finite element model for each stock component was defined using PATRAN and 
then imported into the component database using the PATRAN import filter integrated in the 
EDM. The interface connection points for each component were defined using IDM utilities and 
stored in the component database. The interface connection points are shown in Figure 3.4 for 
each of the three stock components. 

Using the 3-D interactive EDM modeling environment, multiple copies of each stock component 
were joined together to form the wing box sub-assembly (see Figure 3.5). After building the 
model, boundary conditions were defined by clicking on various nodes and entering the specified 
force and/or displacement components from a dialog box. This process is shown in Figure 3.6. 
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Figure 3.4 Interface Connection Points for the Stock Components 

3.2 Example 2 - Global-Local Wing Box Sub-Assembly Model 

The second example problem involves creating a global-local version of the first model, 
featuring locally refined spar components with meshes that more closely approximate the true 
circular geometry of the cutout (see Figure 3.7). This example demonstrates the IDM capabilities 
for rapid, user-friendly global-local analysis using interface elements. Specifically, the 
capabilities for creating and inserting a detailed or enhanced component into a global mesh and 
then analyzing the resulting hybrid (i.e., coarse and refined) model is demonstrated. 

A refined version of the spar component with the square cutout used in the first example was 
created in PATRAN. As mentioned above, this version features a refined mesh that closely 
approximates the true circular geometry of the cutout and sufficiently predicts the local stress 
distribution. The refined spar component was imported into the component database using the 
integrated PATRAN import filter, and interface connection points were defined in the same 
manner as before. 
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Figure 3.5. Interactive Assembly of the Initial Coarse Model 

Using the graphical IDM component assembly tools, the new refined spar component was 
inserted into a copy of the wing box sub-assembly model, replacing components with the original 
square cutouts (see Figure 3.8). All of the other finite element information (e.g., boundary 
conditions and material properties) defined for the original model were retained for the new 
global-local model. 

3.3 Analysis and Results 

Both of the wing box sub-assembly models described above were analyzed (i.e., the initial model 
with coarsely meshed square-cutouts and the global-local model with finely meshed circular 
cutouts). For each model, the Finite Element Model Export function was invoked to generate 
and export a COMET-AR input file for the assembled structure. A stand-alone version of 
COMET-AR was then executed to predict the static response. Using the Finite Element Results 
Import 
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Figure 3.8 Interactive Assembly of Global-Local Model 

function, the static analysis results were read from the COMET-AR output files and displayed 
from within the IDM environment. 

The deformed configuration of the global-local model is shown in Figure 3.9 (the deformed 
configuration of the coarse model is similar). As expected, the global-local model with the 
refined circular cutouts exhibits a slightly larger tip deflection than the coarse model (5.75 inches 
versus 5.68 inches). This is due to the additional compliance introduced by the locally refined 
portions of the mesh. 

' The Finite Element Model Export and Results Import functions are built into the IDM interface and controlled by 
the analysis menu. 
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Figure 3.9 Deformed Configuration of the Global-Local Model 

The stress contour results for each model are shown in Figures 3.10 and 3.11. As expected, the 
global-local model provides a more detailed prediction of the stress distribution around the 
cutouts. The maximum stress around the square cutout is 32.2 Kpsi, whereas the maximum 
stress around the circular cutout is 96.3 Kpsi. This is significant, as it illustrates the impact that 
global-local analysis can have on analysis results and consequently on the design decisions 

1 It may be noted that the displayed stress contours in Figures 3.10 and 3.11 exhibit some discontinuities across the 
interface. This is a result of the use of different meshes on either side of the interface. Recall that the interface 
element enforces continuity of the displacements and tractions across the interface. However the stresses are 
computed in the postprocessing phase of the analysis, and the accuracy of the stress results is limited by the mesh 
discretization. The discontinuities observed in Figures 3.10 and 3.11 are due to a more accurate resolution of the 
stress resultants on the refined mesh compared to the coarse mesh. 
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Figure 3.10 Stress Contour Results for Coarse Model 

influenced by these results. Without accurate predictions of the stresses in critical regions, 
primary structures may be designed with load path characteristics that exceed the material and 
manufacturing limitations of affordable composite structures. 

The baseline IDM developed herein takes a significant first step toward addressing this critical 
need. As demonstrated by these example problems, the EDM enables the designer to 
automatically insert components or regions with a highly refined mesh into the coarse mesh of a 
global model using interface elements. This provides two substantial benefits: (1) detailed local 
models can be used without remeshing the entire structure thereby substantially reducing the 
associated engineering cost; and (2) higher accuracy can be achieved in critical regions without 
substantial increases in computational cost. Both of these benefits make it practical to use 
higher-fidelity models earlier in the design cycle so that primary structures which are truly 
optimized for the application of affordable composites are achieved. 
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Figure 3.11 Stress Contour Results for Global-Local Model 
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4. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

4.1 Summary 

The overall goal of this Phase I research was to develop and demonstrate a preliminary interface- 
driven design manager (EDM) to reduce the design cycle time for large-scale composite aircraft 
structures. The EDM integrates interface element technology and a relational airframe component 
database into an interactive graphics environment to simplify the process of assembling complex 
structural models and performing global-local analysis. 

We developed a baseline EDM with a 3-D interactive design environment that allows a designer 
to: (1) assemble airframe models from a database of pre-meshed 'stock' components; (2) insert 
refined components into coarse airframe models for global-local analysis; and (3) export 
assembled airframe models for finite element analysis. The graphical user interface for the 
baseline EDM allows the designer to select components or sub-assemblies from the database, drag 
these components into a 3-D modeling window, and 'snap' them together to rapidly assemble 
complex models. The baseline EDM includes the capability to display finite element meshes for 
each component. It also includes dynamic meshing capability that automatically adapts the 
baseline mesh of a stock component to accommodate resizing operations performed interactively 
by the designer. 

We developed and integrated two translators into the EDM to support the analysis of global-local 
models assembled using interface elements. The first translator enables the designer to generate 
and export a COMET-AR model definition file for the assembled structure. This translator 
consolidates the finite element information for the assembled structure and automatically 
generates the interface elements that are needed to join the meshes between structural 
components. The second translator enables the designer to import and view the static analysis 
results from within the EDM environment. We also developed the capability to define boundary 
conditions (e.g., nodal loads and displacements) from within the EDM by clicking on a given 
node and entering specified force and/or displacement components. 

We solved two interface element example problems to demonstrate the operation and features of 
the EDM system. The first example problem demonstrates use of the EDM to assemble and 
analyze a coarsely meshed wing box sub-assembly model from stock components using interface 
element technology. The second example problem involves creating a global-local version of the 
first model by graphically replacing some of the coarsely meshed components with their finely 
meshed counterparts. Using the EDM analysis utilities, both of these test cases were analyzed to 
evaluate the impact of global-local modeling. As expected, the global-local model provides a 
more detailed prediction of the stress distribution around the cutouts in the wing box sub- 
assembly. These examples serve to underscore the importance of the global-local analysis 
support provided by the EDM. Without accurate predictions of the stresses in critical regions, 
design decisions can be significantly misguided. 
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4.2 Conclusions and Recommendations 

The baseline IDM developed in Phase I clearly demonstrates the technical feasibility of 
combining interface element and 3-D interactive graphics technology to form a single design 
environment that automates the assembly and analysis of multicomponent global-local models 
for faster, more accurate preliminary airframe design. The IDM's 3-D interactive design 
environment permits the user to graphically select, customize, and 'snap' together 'stock' 
components from a database to rapidly assemble airframe structural models. The design 
environment features powerful visualization and manipulation capabilities for dynamically 
positioning and resizing stock objects on the screen in real time. The IDM uses interface element 
technology to join components with incompatible meshes. This further reduces the engineering 
time by freeing the designer to connect structural components together without concern for mesh 
compatibility. 

The IDM design environment greatly reduces the engineering time for global-local modeling. 
Using interface elements, coarsely meshed components in a structural model can be easily 
replaced (in a manner similar to 'cutting and pasting') with finely meshed versions of these 
components to obtain more detailed stress information in critical regions. This is significant, 
since inaccurate predictions of the stresses in critical regions can lead to a design whose load 
path characteristics exceed the material and manufacturing limitations of affordable composite 
structures. The global-local modeling support provided by the IDM makes it more practical to 
use higher-fidelity models earlier in the design cycle so that primary structures which are truly 
optimized for the application of affordable composites are achieved. 

The relational database developed for the IDM also plays a key role in simplifying the process of 
model building. The process of building new airframe models has historically been very tedious 
and time consuming for large complex applications. The IDM database helps simplify this 
process by serving as a virtual warehouse of pre-meshed 'stock' aircraft components and sub- 
assemblies that can be used to rapidly build large multicomponent airframe models. Although 
new structural concepts will invariably require the use of some non-standard specialty 
components, once these components have been created, they can be added to the database to 
further expand the inventory. Once again, a key factor in the success of this approach is the 
interface element technology, which permits pre-meshed components to be connected together 
without concern for mesh compatibility. 

This research provides the needed experience base and foundation for developing a next 
generation version of the IDM with the core features necessary to support fully associative 
composite aircraft design. Detailed recommendations for the development of a next generation 
IDM are included in the Phase II proposal. 
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