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ABSTRACT

This paper describes the development of a "Suite of Design and Manufacturing Tools" for product designers who are driven by short delivery-times.  This suite allows mechanical engineers familiar with commercial MCAD systems (Mechanical CAD) to interact with electrical engineers who work with commercial ECAD (Electrical CAD) layout tools, on concurrent designs of electronic-mechanical products.  The suite manages the design features of both the mechanical and electrical engineering domains throughout the life-cycle of product development.  An analysis tool, utilizing an experimental design approach, is developed to tune interacting cross-domain design factors affecting the overall response of the design. 

INTRODUCTION

In the present research, typical products currently being designed and prototyped are wearable computing and communication devices.  Such devices include cellular phones, pagers, PDAs, etc.  The CAD/CAM pipelines for producing such devices can be seen in Figure 1.  Previous work in the generation of this CAD/CAM pipeline can be found in the Cybercut project (Ahn et al. 2001) and the Agent Based Manufacturing project (Dornfeld et al. 2001).  

The left and right sides of the pipeline represent the two design domains involved in the overall design and manufacture of an electronic-mechanical product.  On the left side, the electrical engineering designer creates the chip design and printed circuit board (PCB) layouts for the product using commercially available ECAD software and makes available their CAD files to the mechanical domain through a neutral STEP file called AP210 (Kemmerer 1999).  The designs are then passed on to a specific chip fabrication process such as MOSIS (MOS Implementation System) System (Afek et al. 1985)(The MOSIS VLSI Fabrication Service 1997). Next, the PCBs are assembled by an outside assembly house. On the right hand side of the pipeline, the MCAD designers concurrently develop designs intending to use the injection molding process and applying specific DfM rules to their designs.  Their CAD models are also made available to the ECAD designers by way of a neutral format called STEP AP203 (Kemmerer 1999).  The models are then passed through a feature recognizer and then through the Cybercut pipeline (Ahn et al. 2001) where they are processed and CNC tool paths are planned for cutting the new mold.  The mold is machined and plastic enclosures are produced through injection molding.  Finally, the plastic enclosures are assembled with the PCBs to constitute the final electronic-mechanical product.

The Berkeley Manufacturing Institute (BMI) collaborates with several groups to produce the wireless devices shown in Figure 2. These research groups include the Berkeley Wireless Research Center (BWRC), the Intel Research Berkeley Laboratory, and the Network Embedded Software Technology (NEST) group.  Figure 2(a) is a picture of the Button Mote (Hill et al. 2000)  and Figure 2(b) shows the PicoRadio Testbed (Rabaey et al. 2000).  

The first objective is to integrate the geometric data on both sides of Figure 1 so that printed circuit boards, displays, batteries, and all the electronic components fit exactly into the mechanical enclosures during design, prototyping, and full-scale production by injection molding.   The second objective is to analyze the interactions between electrical and mechanical designs when attempting to meet a desired performance or functionality from the product.
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This paper addresses both objectives by the development of two tools: DUCADE and DOET.  The first tool, DUCADE, manages the design couplings that exist between cross-domain product designs using an entity-relational based approach to modeling the information.  The second tool, DOET, is an educational experimental design tool developed for the analysis of complex systems.

DESIGN OF CROSS-DOMAIN SYSTEMS

Ideally, the designers on both sides of the pipeline in Figure 1 work on their domain specific designs concurrently through product development.  By designing in parallel it is necessary to have good communication and exchange of information between both domain designers.  Each side must be current with the latest modifications to CAD models in order to reduce costly and timely redesigns.  Therefore, a single collaborative design environment is used to manage key cross-domain design couplings. For the highest level of design integration, a web-based environment was developed to manage the design constraints between multi-domain product designs.  The design tool is called DUCADE, which stands for Domain Unified Computer Aided Design Environment and is the bridge between the electrical and mechanical domains as shown in Figure 1.

The following principles that make up the foundations of DUCADE are as follows:

· Top-Down Approach Modeling (CAT)

· Internet Based Software

· Neutral File Format Interchange

· Entity-Relation Information Modeling

These principles are discussed further in the next sections.

Component Anatomy Tree (CAT)

DUCADE structures its product information by using Component Anatomy Trees (CAT) which highlight the cross-domain interactions or couplings between the MCAD and ECAD design features. An example of a CAT can be seen in Figure 3 from the previously mentioned Button Mote.  A CAT is simply a high level representation of each domain’s top-down approach design emanating from the left and right sides.  What makes the CAT unique is that it also reveals the interactions or couplings between the electrical and mechanical features of each sub-system.  The dotted lines connecting coupled features from both domains show these couplings.  For example, in Figure 3, the size and position of the lid access holes are coupled with the size and position of the contact pads that are part of the PCB components.  Any alterations in the position or size of the contact pads from the electrical side will greatly affect the position and size of the lid access holes on the mechanical side.  Figure 4 shows a photo of how the lid access holes are related to the contact pads.
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The aim of the CATs is to visually convey to the designer the cross-couplings that exist between the sub-components in the mechanical and electrical domains. Importantly, they strongly encourage designers to keep track of local changes in their own domain that are very likely to have an impact in other domains.  Unfortunately, such a graphical representation is only useful when a system is very simple.  For more complex products, the visualization of graphs or CATs becomes less useful since the graphs become large in number as well as the couplings (Di Battista et al. 1994).  Expandable and collapsible CATs make it possible to view only a small subset of couplings without confusion. 

Internet Based Software

An early version of DUCADE developed for a UNIX network system was pioneered by Wang, Richards, and Wright (1996)(1998).  Wang focused on the same goal of the current system: to manage the design features coupled between the mechanical and electrical domains.  The previous system worked intimately with specific commercial CAD systems and relied heavily on their proprietary file formats and databases for data exchange.  As newer CAD systems evolved, it became difficult to migrate over to the newer CAD software and adapt the DUCADE environment.  

The current internet-based DUCADE system relies more on the information entered by the designer than on tapping into the commercial CAD software and its databases. The DUCADE system is accessible by using either a Netscape or IE web browser.  The software is constructed upon a client-server (Windows NT Server) architecture. Clients interact through a web browser to update their design information located on the database server that interfaces with the server-side application.  In this way, electrical and mechanical designers can work remotely and can easily access current design information. 

DUCADE aims to prevent a management environment that solely depends on specific MCAD/ECAD systems.  Instead, the environment should allow designers to have the freedom of choice of CAD systems.  Eventually, the DUCADE system will utilize standard CAD model files to quickly populate its database with the necessary geometric and assembly information. The DUCADE system can be found at the following URL: http://spiderman.me.berkeley.edu/ducade.

Standard File Format for CAD Data Exchange

STEP, Standard for the Exchange of Product Model Data, provides a representation of product information along with the necessary mechanisms and definitions to enable product data to be exchanged. STEP uses application protocols (APs) to specify the representation of product information for one or more applications (Kemmerer 1999).

Almost all commercial MCAD systems output a file format called AP203 which is the application protocol for Configuration Controlled 3D Designs of Mechanical Parts and Assemblies.  With the emergence of AP210, Electronic Assembly, Interconnect and Packaging Design, commercial ECAD systems can provide a standard file format for exchanging PCB geometric information.  With AP203 and AP210, CAD information can truly be exchanged without concern of which CAD system each domain designer works with while maintaining and updating design couplings through the DUCADE management environment.

Relational Data Structure

The underlying data structure for DUCADE is one based in relational theory. The word "relation" is used here with the most general meaning and refers to links between pieces of homogeneous or heterogeneous information, even at different levels of abstraction (Bozza & Folini 1997). For example, a relation can exists between two circles defined to be concentric by a geometric modeling constraint. A relation can associate a LCD display screen’s x-y dimensions with the pager casing window x-y dimensions it fits into.  A relation can also couple a person’s username to a project name he or she is working on.  
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Relations can be represented by the following notation (Bozza & Folini 1997):








Rs(a,b)





(1)

In (1), R denotes the link or relation between a and b.  The letters a and b represent nodes that represent basic information elements that can be referred by the software system. Nodes can be either atomic, (e.g. a point in a 3D space), or composed of sub-nodes (e.g. an assembly composed of parts and sub-assemblies).   The subscript S represents the generic software system that enables the storing and manipulation of these relations.  An object-relational (or enhanced relational) database management system (ORDBMS) by Oracle8i is used for DUCADE.  This hybrid database system allows for multivalued attributes as well as nested tables equivalent to tables with object attributes (Elmasri & Navathe 2000).  In addition, the ORDBMS manages large objects like imaging and text documents.  

An example of the basic relations used for defining design domain couplings is shown in Table 1.

In the first relation above, electronic feature IDs, which uniquely identify a specific feature, are associated or coupled with mechanical feature IDs.  
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The third attribute assigns the type of coupling 

between these two features whether it is geometric, structural, thermal, magnetic, etc.   The second relation associates an owner or designer responsible for developing a particular electrical subsystem.  An entity-relationship (ER) diagram shown in Figure 5 can represent all of these relations.  The ER diagram below shows an abbreviated version of the database schema without attribute information.  In the diagram, we see the fundamental relationship between mechanical (MFEATURE) and electronic features (EFEATURE) through the relationship “related to” which contains a multivalued attribute (COUPLING_TYPE) describing the type of coupling. 

ANALYSIS OF CROSS-DOMAIN SYSTEMS

It is usually necessary to carry out design of experiments (DOEs) to adjudicate conflicts when a certain desired performance in one sub-domain sets up an opposing constraint in another sub-domain. DOEs provide a means of simultaneously varying a system’s parameters to investigate and measure their effectiveness on the desired system’s response.  In addition, they provide the stepping stones to empirically building predictive models.  Design of experiments are used when a design or process needs to be investigated or modeled when the underlying mechanism behind the system is not well understood or very complex to theoretically model.

For example, the heat generated by a microprocessor might dictate an unwelcome increase in package size or the addition of an unexpected fan-component. Or, as a second example, the antenna positioning might also interfere with desirable ergonomic styling. The goal of the DOEs is to "satisfice” (Simon 1978) these opposing constraints. 

Another part of the “Suite of Manufacturing and Design Tools” is the Design of Experiment Testbed (DOET). The DOET allows engineers to perform factorial design of experiments via the internet.  The testbed utilizes five principles to accomplish this:

· Classification Scheme

· DOE Methodology Database

· Archival Experiments Database

· Heuristics Module

· Statistical Kernel

Classification Scheme

Similar in modeling DUCADE’s information, the DOET schema is also based on an entity-relational model. The ER model structures the DOE methodology and archival experiments in a manner to exploit the capabilities of powerful queries.

DOE Methodology and Archival Databases
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Historical archiving of past experiments is stored for purposes of building a knowledgebase of DOEs.  Such a knowledgebase allows experiments to be classified under types of categories.  One query might search on a particular area of experimentation such as electrical, mechanical, biological, chemical, fluidic, and thermal domains.  Another query might search a level down, for example, mechanical domain experiments that deal with injection molding, manufacturing processes, such as rolling, machining, extrusion, etc., can be queried and studied. 

By reviewing past experiments, one can conduct a similar experiment in that selected area with a priori knowledge that may aid in the current design of experiment or analysis.  For example, an engineer interested in performing a design of experiment on burn-in time for printed circuit boards may first query the knowledgebase system for preliminary help and suggestions from previous work.  The user can then perform a search on past experiments in the electrical engineering or semi-conductor domain, specifically related to burn-in testing, and understand what parameters were included, how the experiment was constructed, and what conclusions were drawn. The testbed allows interactive learning by providing case studies from previous experiments in addition to step-by-step explanations of the DOE process.

Heuristics Module 

Heuristic knowledge (Giarratano 1998) or a set of rules will be maintained in a heuristics module.  The module derives its rules from the information residing in the methodology and archival databases.  Rules from existing DOE methodology can be constructed into the module and updated.  Rules that evolve from past archived experiments are also updated to the module.

The software makes recommendations to the experimenter in regard to the analysis of effects and linear model construction.  In addition, statistical tests and ANOVA analysis are generated to evaluate effect significance and model adequacy.

Statistical Kernel 

The DOET statistical kernel is purely non-proprietary and based on literature and work in statistical experimental design (Wu & Hamada 2000)(Ross 1996)(DeVor, Chang, & Sutherland 1992)(Box, Hunter, & Hunter 1978). Commercially available software shown in Table 2 shows the diversity of products available.  The DOET does not claim to have all the functionality of such commercial software but contains the fundamental tools for experimental design and validates itself with several of the better-known commercial packages.  The DOET can be accessed at http://spiderman.me.berkeley.edu/doet.

CASE STUDY 1: BUTTON MOTE DESIGN

The Button Mote is a wireless sensor designed by both mechanical and electrical engineers using the collaborative environment of DUCADE.  The engineer can create a design coupling in the Button Mote device and then query the Lid subsystem to reveal all its associated domain couplings as shown in Figure 6.  

The electrical designer creates subsystems called  “PCB mote” and “PCB components” and the mechanical designer creates the mechanical subsystems referred to as “Enclosure” and “Lid”.  Next, features are created for each subsystem.  For instance, the access holes are features of the lid and they contain properties of size and location relative to the lid.  The diameter and center locations of these access holes are geometric properties that must line up correctly over the PCB contact pads, which are features of the PCB components.  Figure 6 shows the listing of these geometric couplings. 

When a coupling is created, constraints can be applied in order to assure that specified dimensions are not exceeded. In the case of the center location of the pads and windows, the constraint makes sure that both features remain concentric.  When a dimension changes (in size or location of either the contact pads or windows) and potentially violates a constraint, a message is sent to the designers involved with the lid and PCB component subsystems to alert them of the change.  After a feature change occurs, the feature log is updated.  For purposes of revisiting design iterations, the feature log allows designers to go back and see the reasons why, for instance, the PCB layout designs were altered and how it affected the form and functional design of the enclosure.  This revisiting of past designs can provide a learning base for engineers to use in future electronic-mechanical products.  
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CASE STUDY 2: BEE PROJECT
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The BEE project is another electronic-mechanical system being currently worked on by both the BMI and BWRC.  BEE stands for Biggascale Emulation Engine (Chen & Kuusilinna 2001).  The emulation engine is a real time hardware emulator built with multiple high density Field Programmable Gate Arrays (FPGAs).  It is being designed to directly emulate the digital portion of the chip and interface with the analog front-end. 

The DUCADE system is being used in the management of the design couplings.  DUCADE maintains up-to-date CAD information about PCB layout features and chassis features to facilitate concurrent design of both subsystems.  The engine is comparable to the chassis design of a PC and is shown in Figure 7.  The engine consists up to 4 to 5 chassises stacked one on top of the other.  Each FPGA consumes 20 Watts of power.  Given the voltage and number of FPGA chips, approximately 166 Amps of current are drawn. As a result, components generate a large amount of heat.  Figure 7 shows a model of one of the chassis stacks.  Design factors contributing to the build up or dissipation of heat are the number and position of the following: fans, heat sinks, and ventilation slits.  In addition, the location of the power supply that resides below the motherboard can also contribute to thermal effects.  The goal of the design is to minimize the temperature of the air within the chassis.

A DOE was conducted using the DOET given the design factors and the goal of minimizing the air temperature (see Figure 8). CAD models are used in the thermal analysis of the air temperature through simulation with the next step being enclosure prototyping.  By conducting DOEs through simulation and prototyping, the results should direct the final designs to contain the appropriate number of fans, heat sinks, and ventilation slits for a specific location to provide the lowest air temperature for the operating conditions.

CONCLUSIONS 

Following the initial creation of the high-level design it is necessary to begin sub-area detailed design and DfM procedures. However it should be emphasized that it will be important to revisit the overall system design, and DOE trade-offs from time to time to ensure that the whole system still holds together.
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For example, the initial design of the Button Mote yielded a design suitable for rapid prototyping. An enclosure was developed using the Fused Deposition Modeling process.  The prototype enclosure validated whether or not the mote fits properly.  Afterwards, modifications to the enclosure model were needed to manufacture the casing for injection molding.  Once designed for injection molding, a prototype of the casing was fabricated to revisit the issue of proper fit between mote and casing.  Figure 9 shows the machined mold and injected molded part.  The development of the Button Mote illustrates the CAD/CAM pipeline in Figure 1, where designers were creating CAD models, identifying the component-anatomy-tree couplings, prototyping, applying DfM rules, revisiting designs, and finally manufacturing the motes and casings.  Both the Button Mote and BEE project utilized the tools needed for design integration and experimentation.  The use of DUCADE’s collaborative environment helped streamline the design process by managing the key design features, from both domains, throughout the life-cycle of the Button Mote.  The DOET allowed designers of the BEE system to design and analyze their experiments via the internet while becoming knowledgeable and more comfortable with the DOE process.
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FUTURE WORK

Work continues on the mapping of geometric information from the object-relational structure within DUCADE to the CAD model files.  Such mapping will allow rapid population of the DUCADE ORDBMS with geometric information and enable automatic updates to feature information. 

In achieving this goal, ECAD systems need to provide the AP210 format as an output option for the PCB layouts.  When more commercial ECAD systems adopt this standard, efforts can be confidently put towards the development of this mapping from the DUCADE system to the AP formats to automate CAD data exchange.  Reliance on proprietary formats poses the dependency problem on that specific CAD system and hence is avoided.  The STEP AP formats are looked upon as the standard format to use. The DUCADE system is also currently being used in a product development course.  Plans are in place to utilize the DOET in an undergraduate course dealing with injection molding. 
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FIGURE 6. Listing of Button Mote couplings.











FIGURE 5. Abbreviated Entity-Relationship (ER) diagram of DUCADE’s underlying ORDBMS.
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FIGURE 8. Design matrix generated by DOET.
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FIGURE 4. Contact pads coupled with lid access holes for Button Mote.





FIGURE 2. FDM prototypes of (a) Button Mote and (b) PicoRadio Test Bed (Odell 2001). 





FIGURE 3. CAT for Button Mote design.





FIGURE 1. CAD/CAM pipeline for electronic-mechanical products.





Table 2. List of commercial DOE software.





SAS JMP�
Mixsoft�
�
S-Plus�
Nutek Qualitek-4�
�
Genstat�
StatSoft�
�
Minitab�
Adept Scientific DOE_PC IV�
�
State-Ease/DesignExpert�
Process Builder STRATEGY�
�
Echip�
S-Matrix CARD�
�
Statgraphics�
Qualitron Systems DoES�
�
Systat�
RSD Associates Matrex�
�
Umetrics MODDE 6�
�
�






FIGURE 7. Biggascale Emulation Engine (BEE) CAD model (Chen & Kuusilinna 2001).





Figure 9. Button Mote machined mold and injected molded part.








TABLE 1. Example Relations for DUCADE.








_1062944197

