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ABSTRACT

Micro-Electro-Mechanical Systems (MEMS) design and manufacturing are inherently
multi-physical and multi-disciplinary; no single person is able to perform a full development
process for a MEM device or system. This chapter presents a web-enabled design platform
for collaborative design of MEMS. The proposed web-based distributed object modeling
and evaluation framework with client-knowledge server architecture, KS-DMME, allows
multi-users/designers in different locations to participate in the same design process. Under
this framework, concurrent integrated MEMS design and simulation models can be built
using both local and distributed resources, and the design collaboration can be realized
by exchanging services between modules based upon CORBA standard communication
protocol. To facilitate the rapid construction of the concurrent integrated design models for
MEMS, a prototype web-enabled design system, Web-MEMS Designer, is implemented
through concurrent integration of multiple distributed and cooperative knowledge sources
and software. By use of the developed prototype system, MEMS design and simulation can
be carried out simultaneously and intelligently in an integrated but open design environment
on the web. A case study of a microgripper design for micro robotic assembly systems is
provided to illustrate how designers in different teams and organizations may participate
and collaborate in MEMS design.

*This work was supported by the Post-Doctoral Fellowship Program of Korea Science & Engineering Foundation
and the Korea Research Foundation grant funded by the Korean government (MOEHRD).
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1. INTRODUCTION

Micro-electrical Mechanical Systems (MEMS) are systems that generally incorporate
silicon based electrical and mechanical elements at the micro level (10~° m). It is estimated
that the MEMS market has already reached around $30 billion. Micro-Electro-Mechanical
Systems (MEMS) is a rapidly expanding field of multi-disciplinary technology, which takes
advantage of semiconductor fabrication processes to produce micron-scale mechanical,
fluidic, electric, optical, and other devices. MEMS devices are often integrated with
microelectronic circuits, which control their behavior, perform signal processing and com-
puting, and control/activate the behavior of the mechanical structures.

With the parallel development of new technologies, new device configurations, and
new applications for microsensors, microactuators, and micro-systems, there has arisen a
growing need for multi-disciplinary CAD support for MEMS. Needs, key issues and re-
quirements in this arena have been identified, formulated, and reviewed in [39, 46, 47].
MEMS CAD shares some common techniques with the conventional CAD, but it is dif-
ferent in many ways. The multi-dimensional, multi-disciplinary, and multi-scale nature of
MEMS makes the CAD software very difficult to develop [15]. Smart product design can
be achieved with the aid of concurrent and intelligent concepts to facilitate design tasks.
The inherently multi-physical and multi-disciplinary MEMS design problem requires new
concurrent intelligent design methodologies and systems involving the integration of mod-
eling, design, analysis and evaluation, and simulation for MEMS devices or systems as
early as possible in the course of the different life-cycle phases. On the other hand, con-
temporary MEMS design problems often embody significant levels of complexities that
make it unlikely that a single designer can work alone. The continuing growth of knowl-
edge and supporting information and ever increasing complexity of design problems has
led to increasing specialization. It has been recognized that further rapid progress in MEMS
technology will be difficult to accomplish without a full range of multi-level hierarchical
design tools (from a high-fidelity device level to a system level). Because of the heteroge-
neous structure of micro-systems, MEMS design and simulation requires different grades of
abstraction and needs the cooperation/ collaboration of different disciplines and resources.
Wide-area networks and the internet-based WWW allow users/designers to provide re-
mote design servers. MEMS CAD systems running on these design servers can support a
large-scale group of users/designers who communicate with the systems over the network.
Based on the web protocols (e.g. HTTP), user/designer interfaces can provide access to
the remote Web-based design servers with appropriate web browsers. Users do not need
special hardware or software to consult these services. Thus, multiple users/designers in
different locations are able to use the same CAD tool and design a MEMS device or system
together. With the advent of Internet and WWW, it is expected that one of the focal re-
search areas in MEMS design community will be on the development of web-based design
framework/platform for collaborative MEMS design [43].



WEB-ENABLED KNOWLEDGE-INTENSIVE SUPPORT FRAMEWORK 37

The purpose of this chapter is to present a web-based knowledge intensive development
framework to facilitate the rapid construction of concurrent integrated distributed design
models for MEMS, and to provide distributed designers with a platform/tool for collabora-
tively building these models. Specifically, in this chapter, the issues to be addressed include
the following:

(1) To explore a new concurrent intelligent design methodology, involving the inte-
gration of modeling, design, analysis and evaluation, and simulation, for MEMS
devices or systems;

(2) To develop a concurrent knowledge intensive design framework for MEMS design
and simulation; and

(3) To develop a distributed intelligent platform for MEMS design and simulation using
Java and CORBA over the web.

The structure of the chapter is as follows. It begins with an overview and requirements
for network-centric design tools (Section 2). Then, in Sections 3 and 4, the web-based
framework for supporting different types of collaborative design activities in a distributed
design environment is developed for MEMS design, analysis and simulation. Section 5
provides a detailed implementation of the collaborative MEMS design system. A case study
of collaborative microgripper design is provided in Section 6 to illustrate how designers
in different teams and organizations may participate in the design of a microgripper for
micro-robotic assembly system. Section 7 summarizes the chapter.

2. CURRENT STATUS OF RESEARCH

2.1. Computer-Aided MEMS Design

MEMS development is a broad field that combines a large range of technical
disciplines. Computer-aided design (CAD) tools are clearly needed to reduce the consump-
tion of development resources, and frequently help provide insight into complex physical
processes for the evolution of high aspect ratio micromechanical devices (like pumps, valves,
and micromotors) as high performance demands are placed on these devices, especially in
precision and accuracy. Software modeling tools are rapidly gained acceptance by the de-
sign community whenever /wherever they are applicable and useful. CAD tools permit the
rational design of these devices and evaluate the effects of parameters such as temperature,
strain, acceleration, etc. [32]. Without CAD tools, fabrication remains in the domain of
experts, and evolution of the design process relies on empirical approaches. In general, the
CAD software packages are structured as sketched in Figure 1, with the design aids used
to create the design, simulation to develop the technology, and verification to check the
design. The final verification is to avoid wasteful and slow experiments by carrying out less
costly computer work in order to get the fabrication right the first time [30].

Several CAD systems, which might facilitate the wider acceptance of MEMS, are
discussed below. According to Senturia and Howe [45], the ideal suites of CAD tools
required for MEMS development are [49]:

(1) Rapid construction and visualization of three-dimensional solid models;
(2) A comprehensive database of materials properties;
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FIGURE 1. Design, simulation and verification in CAD systems

(3) Simulation tools for basic physical phenomena, e.g., thermal analysis, mechanical
and structural analysis, electrostatic analysis, magneto static analysis, and fluid
analysis;

(4) Coupled force simulators, e.g., thermally induced deformation, electrostatic and
magnetostatic actuators, and interaction of fluids with deformable structures;

(5) Formulation and use of macromodels, e.g., lumped mechanical equivalents for com-
plex structures, equivalent electric circuit of a resonant sensor, and feedback repre-
sentation for coupled-force problems;

(6) Process simulation or process database, including, lithographic and etch process
biases; and process tolerances on thicknesses, lateral dimensions, doping, and resis-
tivity levels;

(7) Design optimization and sensitivity analysis, e.g., variation of device sizing to op-
timize performance, and analysis of effects of process tolerances;

(8) Mask layout;

(9) Design verification, including, construction of a three-dimensional solid model of de-
sign using the actual masks and process sequence, checking the design for violation
of any design rules imposed by the process, simulation of the expected performance
of the design including the construction of macromodels of performance usable in
circuit simulators to assess overall system performance;

Several worldwide projects are continuing to develop comprehensive MEMS design
tools focusing on either device or system level CAD. They are derived either from the ex-
isting microelectronic design tools (ECAD/TCAD) or mechanical tools [14]. Such systems
are at boundary between two large CAD industries: electronic design automation (EDA)
and mechanical design automation (MDA). Thus, the major task of MEMS CAD systems is
to intentionally integrate tools from MDA and EDA. Several vendors, including Coventor,
ANSYS, ISE, and CFD Research Corp., are developing MEMS CAD software system.
Some examples of MEMS CAD programs under development and developed so far are
Opyster [24], CAEMEMS [7], MIT’s MEMCAD (now CoventorWare) [13, 14], SESES
[25], and IntelliSense [31], IntelliCAD, MEMSCAP, CyberCAD [57], An’s MEMS CAD
(2000), etc. Oyster facilitates the construction of a three-dimensional polyhedral-based solid
mask set and gives a rudimentary process description. MEMCAD is directed at conceptual
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FIGURE 2. Overview of existing MEMS CAD and simulation tools

design and simulation, as well as design verification. CAEMEMS is geared towards design
optimization and sensitivity analysis. SESES addresses conceptual design and simulation
and design verification. IntelliCAD includes the material database. The material database
contains electrical, mechanical, optical, and physical properties of semiconductor thin films
collected from the literature. On a general remark, these tools focus on structure design and
indeed have little about design that links functions to structures—a notion called synthesis.
Moreover, these tools have not provided design process management. To make the CAD
system more flexible, a knowledge base/database system is required that has a very system-
atic representation with less data and more information and that keeps on updating itself
as the new information arrives. MEMS CAD is a free MEMS Layout Design tool under
development with Java. Since it is programmed by Java, it works on all platforms, such as
MS Windows, Linux, Sun, HP and SGI. Its basic functions are: 1) photo mask design, 2)
mouse-driven drawing, 3) command-line free polyline drawing, 4) CIF data conversion
with polyline, and 5) 3D exploded view with mouse/keyboard navigation. Figure 2 gives
an overview of existing MEMS CAD and simulation tools.

In the general area of design, the development of intelligent computer support systems
for design has been the subject for many years. One of the key technologies is relevant to
the modeling of functions and structures. The matured technology is available for model-
ing functions alone, but neither the function nor the linkage of the function to structure is
available. The notable modeling idea is the so-called function-behaviour-structure frame-
work. This framework is not yet unified, which leads to ad-hoc developments of systems
for MEMS design. Contemporary CAD tools for MEMS have not considered the process
management, which puts a high demand for research on this missing component.
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2.2. Collaborative Design for MEMS

There have been many research efforts on enabling technologies or infrastructure to
assist product designers in the computer network-centric distributed design environment [11,
17, 28, 35, 36, 40, 50, 59, 64]. Some of them are intended to help designers to collaborate
or coordinate by sharing product information and manufacturing services through formal
or informal interactions [8, 26, 51]. Others propose formalized frameworks that manage
conflicts between design constraints and assist designers in making decisions [8, 37, 38, 42].
There are also national-level efforts involving university and industry collaboration to make
a variety of engineering services available over the Internet [29]. The RaDEO program is
concerned with comprehensive information modeling and design tools needed to support
the rapid design of electro-mechanical systems. It supports engineers by improving their
ability to explore, generate, track, store, and analyze design alternatives.

The SHARE project by Toye et al [59] supports design teams by allowing them to
gather, organize, re-access and communicate design information over computer networks
to establish a shared understanding of the design and development process. While SHARE
is primarily directed towards interaction through integrated multimedia communication
and groupware tools, the NEXT-LINK project incorporates agents to coordinate design
decisions affected by specifications and constraints [40]. A network-centric design system
using interacting agents to integrate manufacturing services available over the network is
under development [11].

The Electronic Design Notebook (EDN) is an interactive electronic document that
maintains the look and feel of an engineering document to provide an integrated user in-
terface for computer programs, design studies, planning documents, and databases [26].
Manufacturing tools and services are encapsulated in the hypertext documents and dis-
tributed through servers using HTTP [51].

A computer-based design system developed by Sriram et al [52, 53] provides a shared
workspace where multiple designers work in separate engineering discipline. In their Dis-
tributed and Integrated Environment for Computer-aided Engineering (DICE) program, an
object-oriented database management system with a global control mechanism is utilized
to resolve coordination and communication problems. Design rationale provided during the
product design process is also used for resolving design conflicts.

A design information system proposed by Bliznakov et al [5, 6] incorporates a hybrid
model for the representation of design information at several levels of formalization and
granularity. It is intended to allow designers in a large virtual organization to indicate the
status of tasks assigned to each designer or team so that other designers can follow their
progress. A central database manages pointers and access methods for product and process
information in the distributed environment.

Hardwick and Spooner [17] propose an information infrastructure architecture that
enhances collaboration between design and manufacturing firm. This architecture uses
the WWW for information sharing and the STEP standard [33] for product modeling.
It utilizes the CORBA standard for interoperability between software applications in the
virtual enterprise.

N-dim is a computer-based collaborative design environment for capturing, organizing
and sharing data [60]. It is a base, on which applications can be added for the purpose
of history maintenance, access control and revision management. The primary focus of
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environment is on information modeling. The system provides a way for defining informa-
tion types that capture the relations between data or models.

Pahng et al [35, 36] developed a Web-based framework for collaborative design
modeling and decision support, based on the distributed object modeling and evalua-
tion (DOME). The DOME framework asserts that multidisciplinary problems are decom-
posed into modular sub-problems. Modularity divides overall complexity and distributes
knowledge and responsibility amongst designers. It also facilitates the reuse of model-
ing elements. Thus, DOME allows designers to define mathematical models or modules
and integrate or interconnect them to form large system models. In DOME, a multiple
attribute decision method is used to capture preferences and evaluate design alternatives from
different viewpoints.

The above on-going research efforts pave the ways in which a network-centric design
environment is able to support product designers and suggest what a computer-based design
tool or system should look like in such an environment. However, they do not provide a
structured and formalized framework for modeling the characteristics of multi-disciplinary
and multi-objective design problems, and none of them are focused on the network-centric,
distributed and collaborative design of MEMS. Existing CAD tools above for MEMS de-
sign, simulation and manufacturing are unable to support collaborative MEMS modeling
and design activities. They are generally specialized and stand-alone applications. It is very
difficult to use them for understanding and designing the integrated performance of product
systems. Therefore, they are unable to support and coordinate highly distributed and decen-
tralized MEMS modeling and design activities [72]. The motivation and vision presented
in this chapter share some similar themes with [28, 35, 36] but emphasizes design and
simulation modeling, decision-making, and search/optimization for MEMS.

3. KNOWLEDGE INTENSIVE COLLABORATIVE FRAMEWORK
FOR NETWORK-CENTRIC DESIGN

Contemporary design process is knowledge-intensive and collaborative. The
knowledge-intensive support become critical in the design process and has been recognized
as a key solution towards future competitive advantages in product development. The inte-
grated design requires the skills of many design designers and experts that each participant
creates models and tools to provide information or simulation services to other participants
given appropriate input information. It is the goal that the collective network of participants
exchanging services forms a concurrent model of the integrated design.

Based on the DOME framework [35, 36], a web knowledge server framework, was de-
veloped for collaborative design process [66—-69, 72]. The developed knowledge-intensive
framework adopts the design-with-objects [66, 70], module network [4, 35, 36], and knowl-
edge server paradigms [10]. The knowledge server paradigms are techniques by which
knowledge-based systems can utilize the connectivity provided by the Internet to increase
the size of the user base whilst minimizing distribution and maintenance overheads. The
knowledge intensive system can then exploit the modularity of knowledge-based systems, in
that the inference engine and knowledge bases are located on a server computer and the user
interface is exported on demand to client computers via network connections. Thus, design
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FIGURE 3. (a) Client-knowledge server architecture and (b) main components for KS-DMME

modules or objects are connected together so that they can exchange services to form large
integrated system models. The module structure leads itself to a client (browser)/knowledge
server-oriented architecture using distributed object technology. The main system compo-
nents of the developed client/server architecture are shown in Figure 3. Each of these
components interacts with one another using a communication protocol (CORBA) over
the Internet so that it is not required to maintain the elements on a single machine. As a
gateway for providing services, the interface of a system component invokes the necessary
actions to provide requested services. To request a service, a system component must have
an interface pointer to the desired interface.

With a client / knowledge server architecture, the characteristics of the knowledge
intensive framework may be described as follows: (i) extensive knowledge based; (ii) hybrid
intelligent system that integrates various knowledge sources; and (iii) concurrent, integrated,
distributed. Thus, an intensive knowledge model for design is a large-scale knowledge
framework that allows processing various types, different levels, and multiple functionality
of knowledge in a design process [66].

4. KS-WebDMME FRAMEWORK FOR COLLABORATIVE DESIGN OF MEMS

The development process of MEMS devices or systems includes many steps from
design, analysis and simulation, fabrication, to assembly/package and operation. Each of
which is difficult, high-cost and time-consuming. Many loops of these steps are needed in the
development process. In this section, we will discuss how the KS-WebDMME framework
above is used for network-centric MEMS design, analysis and simulation process.
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4.1. MEMS Design Process and Environment

A wide range of design problems are included in MEM devices or systems devel-
opment, such as conceptual design, configuration design, process simulation, solid body
geometric renderings from photo-masks and process descriptions, optimization of geom-
etry and process sequence, micro assembly design, planning and simulation, and design
of full systems. There are generally two rather different types of CAD requirements [47]:
conceptual design phase and product-level phase. The first conceptual phase of a new de-
vice is to assist in finding practical configurations; the second product-level phase is to
enable careful attention to physical behavior and parasitic phenomena. There is a great
benefit if the actual device masks and process description can be used as input to the
simulations. The rendering of three-dimensional solid models from mask and process data,
both to permit checking of geometries and as input to physical simulation, assures that the
device being simulated is also the one being built.

MEMS CAD can be categorized into the work at the following levels: system, device,
physical/behavioral, and process level, in which lumped networks, energy-based macro-
models, 3D simulation, and TCAD are included respectively ([47, 61, 62], MEMCAD
2000). The host of modeling and simulation requirements for a MEMS CAD system at
these levels can be identified and described as follows:

(1) process modeling tools for all process steps;

(2) process optimization tools to achieve a desired device geometry (e.g., topology
optimization);

(3) physical simulation in multiple coupled energy domain;

(4) construction of designer-useful behavioral models from simulation (micro models);

(5) device optimization tools to achieve desired device behavior;

(6) insertion of behavioral device models into system-level simulation tools;

(7) behavioral model optimization for desired system performance

In an ideal MEMS design environment, the user will first simulate the fabrication pro-
cess steps to generate the 3D geometrical model including fabrication dependent material
properties and initial conditions (e.g. fabrication induced stresses). The input to this
simulation step is the mask layouts (e.g. in CIF or GDS II format) and a process description
file (e.g. PFR). To compute fabrication dependent initial fields, the initial geometry model
will be meshed and physics based process models (deposition, etching, milling, bonding,
annealing, etc) will create a simulation-ready virtual model with complete definition of ma-
terial properties, boundary and volume conditions, and physical/numerical parameters for
field solvers. All model parameters should be specified directly “on geometry” rather than
on mesh to allow multi resolution (grid independence) and solution-based mesh adaptation.
The ultimate goal, of course, is that the device and the associated system are fabricated, and
the system performance is as desired. To the extent that issues can be anticipated through
simulation and modeling, also called computational prototyping, costly fabrication exper-
iments can be reduced in number and increased in effectiveness. Figure 4 shows MEMS
design methodology and modeling levels.

4.2. Web-Based Collaborative Design Platform for MEMS

Based on the design process of MEMS, the KS-DMME architecture for distributed
collaborative MEMS design can be illustrated as shown in Figure 5. Under this framework,
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the requirements for the Web-based MEMS development tool can range from complex
intelligent design, modeling, and simulation capabilities to more narrowly defined require-
ments. Its capabilities should be built into selectable or configurable, and knowledge-
intensive modules that are packaged together to meet the requirements of a desired de-
velopment flow.

The web-based collaborative MEMS design platform should be able to address the
following issues: device layout and construction; device modeling and simulation; sys-
tem modeling and simulation, and package, etc. The device layout and construction suite
includes a direct, automatic connection between design of process and layout and full
3D-device modeling and visualization. It enables MEMS design to be driven by either ex-
perienced layout designers or mechanical engineers demanding full 3D editing capabilities.
The device modeling and simulation suite provides solvers for the specific 3D physics of
each kind of MEMS device. Specific knowledge on MEMS device modeling will be wrapped
around state-of-the-art hybrid finite element and boundary element numerical tools. Thus,
MEMS designers do not have to be experts in numerical techniques to get usable, accurate
simulation results. The system modeling and simulation suite provides tools to help the
designer understand manufacturing sensitivities and co-design of MEMS systems and de-
vices. Design engineers can build and simulate accurate system models containing MEMS
components integrated with external or on-chip circuit systems. Advanced tools enable au-
tomatic extraction of efficient, physically realistic SPICE and SPICE-like models of MEMS
components from three-dimensional analysis. The packaging suite provides MEMS design-
ers and packaging groups with tools to support communication and co-design. It enables
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true-coupled 3D package and device co-simulation. Package and MEMS groups can com-
municate by sharing quantitative models of package induced effects, along with tools to
understand detailed device sensitivities to package design variables.

The solution to providing distributed MEMS design support in this research is to
extend an original stand-alone MEMS design system, i.e., MEMS Designer [66], into a
Web-based collaborative MEMS design system, i.e., Web-MEMS Designer. The system
is deployed on a web server enabling access via the Internet a comprehensive suite of
scalable and configurable software tools for MEMS design and simulation. Details about
the implementation of the Web-based MEMS Designer system will be discussed below.

5. DEVELOPMENT OF WEB-BASED COLLABORATIVE MEMS DESIGN SYSTEM

To facilitate the rapid construction of the concurrent integrated models, a web-based
collaborative design environment is essential for MEMS design and simulation. In this sec-
tion, we describe the implementation of the prototype collaborative MEMS design system,
Web-MEMS Designer. The focus is on the description of the technologies employed in
the design and development of the Web-MEMS Designer system under the KS-DMME
framework discussed above.

5.1. System Overview

The MEMS Designer system is a knowledge-driven design platform that delivers com-
plete end-to-end development flow for MEMS-enabled devices or systems. It equips design
engineers with the means to develop MEMS devices or systems from an initial concept
through complete coupled analysis, which can also include package design characteristics,
and ultimately extract high-level models for system simulation. The Web-MEMS Designer
system exploits the modularity of knowledge-based systems, in that the inference engine
and knowledge bases are located on server computers and the user interfaces are exported
on demand to client computers via the Web. It is therefore a distributed intelligent devel-
opment environment, consisting of 3D design, modeling and simulation software tools,
which enable the creation of complex micro and/or MEM devices. The design flow of the
MEMS Designer system is similar to MEMCAD that coordinates four key MEMS product
development functions: layout and construction, device modeling, systems modeling and
packaging analysis. The developed prototype MEMS Designer system contains a set of
modules that are able to preliminarily support some of these functions, as follows:

(1) function-behavior-structure modeler for conceptual MEMS design (MEMS De-
signer @Concept) (Appdendix B);

(2) 2D drawing tool (including layout editor) (MEMS Designer @ Concept);

(3) masking and fabrication process sequence builder (MEMS Designer @Builder);

(4) embedded manufacturing process and material databases (MEMS Designer @
Builder (MaskProcess));

(5) 3D geometric modeler and viewer (MEMS Designer @ Builder);

(6) manufacturing advisory system (MEMS Designer @ Advisor);

(7) embedded design optimization tool (e.g. GA tools) (MEMS Designer @ Analysis);

(8) 2D and 3D FEM analysis (including an ANSYS interface) (MEMS Designer
@ Analysis).
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The capabilities of these modules enable the MEMS Designer system to offer a special
design platform for collaborative MEMS design, analysis and simulation.

5.2. System Implementation

The implementation of the prototype Web-MEMS Designer system is actually a three-
stage process. The first stage was to convert MEMS Designer into a stand-alone application
[66], involving the translation of the original knowledge base into an appropriate format
and reconstructing the necessary functionality. The second stage was to convert the stand-
alone application implemented in C/C++ into CGI executables that were deployed on a
standard Web server, in terms of template Web pages to contain dynamically generated
input forms, the necessary code to extract knowledge from submitted forms, and display
results. The third stage was to implement the Web-MEMS Designer using Java and CORBA
technologies integrating with a Java Expert System Shell, Jess/FuzzylJess, based upon Win-
dows NT-based environment with a front-end Web-browser-based Graphical User Interface
(GUI). Jess is a multi-paradigm programming language that provides support for rule-based,
object-oriented, and procedural programming system language. The underlying modules
are written in Java/Java3D/JDBC, respectively. The implementation architecture shown
in Figure 6 uses the two-tier client/ knowledge server architecture (Figure 3) to support
collaborative design interactions. Designers can integrate MEMS design problem models
with the existing application packages, such as Java3D and JDBC for CAD and database
applications.

The CORBA [48] standard is used to add distributed communications capabilities to
modules (Orbix and OrbixWeb from IONA Technologies Ltd [20]). CORBA serves as an

() Network Backbone (Internet/Intranet, WWW) ()

Y A A

/ Database Server
MMED GUI DMME Server Model Base Server
Optimization DBMS Model Base
WWW-based GUI MDL Server Interface
Knowledge Base -
Interpreter CORBA-Compliant Java-based Obiject
Java Applet-based Inference Object Request roatous Brocer
Object Request Broker Engine Broker
OMG Kernel ics Server
CAD Server
DMME Server Interface Graphics (2D & 3D)
CAD Applicati ﬂ
CORBA-Compliant CORBA-Compliant CORBA-Compliant
Object Request Broker Object Request Broker Object Request Broker
Client Knowledge Server

| ;
() Network Backbone (Internet/Intranet, WWW) ()

FIGURE 6. Implementation of the open design environment




48 XUAN F ZHA

Designer A Designer B

Modeling Layer GUI \/

Workspace in DMME w
Servers

CORBA Communication Layer
(Internet, WWW)

—>> Service request —p» Service provision > Requested

Change

FIGURE 7. Service exchanges between distributed modules

information and service exchange infrastructure above the computer network layer and pro-
vides the capability to interact with existing CAD applications and database management
systems through other Object Request Brokers (ORB). In turn, the KS-DMME frame-
work provides the methods and interfaces needed for the interaction with other modules
in the networked environment. These interactions are graphically depicted in Figure 7.
When Designer B makes a change, the service corresponding to the request from De-
signer A will reflect the design change. The enumerated request shows the sequence for
Designer A needs obtaining the service that. The light gray module seen by Designer A
is the remote module published by Designer B. The underlying collaboration mechanism
is based on the board systems. Each modular system has two-board systems, black and
white board, as shown in Figure 8. The blackboard system is used for the local modular
system to store intermediate reasoning and calculation results. It dynamically flushes in
running. The whiteboard system is used for collaboration, which is actually a bulletin board
system.

The Web-MEMS Designer GUI provides users with the ability to examine the con-
figuration of design problem models, analyze tradeoffs by modifying design parameters
within modules, and to search for alternatives using an optimization tool. The GUI is a
pure client of the DMME server, delegating all events to an associated DMME server. For
wide accessibility and interoperability, the GUI is implemented as a Web browser-based
client application, which is a combination of HTML/XML documents and Java applets. For
the CORBA-based remote communication between the GUI Java applets and the back-end
side system components such as DMME server, CAD server, graphics server, and model
base server, a commercial ORB implementation of Java applets (OrbixWeb) is employed
[20]. Based on the system implementation architecture in Figure 6, the functionality of the
knowledge server is achieved through implementing DMME servers, model base server,
core knowledge engine, database server, and even knowledge base assistant and inter-server
communications explanation facilities. Figure 9 shows several demonstration screenshots of
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MEMS Designer GUI both as a standalone and as an applet. Figure 9(a) is a design screenshot
of flow rate sensor using C4+-+ MEMS Designer standalone; Figure 9(b) illustrates the con-
ceptual design of micro gear mechanism using the MEMS Designer @ Concept; Figure 9(c)
gives screenshots of Java-based web-enabled MEMS Designer startup and design for an
oscillator by Web-MEMS Designer @ Builder.

The GUI interacts with designers’ events and requests to the DMME server that pro-
vides the back-end implementation for the modeling of design problems. The core of the
server is based upon object modeling and evaluation (OME) kernel [35, 36] written in
Java/Java3D/JDBC, integrating Jess/FuzzyJess. The back-end implementation for knowl-
edge server, including DMME server, and model base server, and the front-end interface to
the GUI are written in Java. The DMME server manages each design session in a workspace
and can simultaneously maintain several workspaces. The workspace manages administra-
tive aspects of a model (e.g., ownership, access privilege, links to other workspaces in
different DMME servers, etc.). The DMME server itself is a CORBA-compliant distributed
object and can communicate with other DMME servers. The model base server maintains
persistent storage for models created by the DMME servers. The model repository stores a
model in a model definition file (MDF) with two parts: meta definition and model definition.
The meta definition contains the information such as model id, ownership and access priv-
ilege information. The model definition is based upon a model definition language (MDL)
used by the system. The core knowledge engine includes knowledge base and problem-
solving paradigm (inference engine). The knowledge base is built in Java/Jess. The Web
database system is developed by use of Microsoft Access or MySQL databases to store
the details of data and Java programs to access these databases through JDBC connections
[58, 68].

To enable real-time communication/talking among customers, designers and manu-
facturing engineers, Windows NetMeeting is incorporated into KS-DMME and used as a
video design conferencing tool. The whiteboard system is implemented in NetMeeting.
Using the chat function of NetMeeting, designers/ users can talk to and discuss with cus-
tomers, other designers, and manufacturing engineers for any issues. Using the program
sharing function of NetMeeting, designers/users can also share the CAD system with manu-
facturing engineers to discuss or design the product together in real-time. If designers/users
share an image editing software, such as the Microsoft Paint, and import the image file
of object (module, product variant, family), then they can mark it up, and discuss any
issues.

6. CASE STUDY: COLLABORATIVE DESIGN FOR A MICROGRIPPER

To illustrate the application of the developed Web-MEMS Designer system for collab-
orative MEMS design process, a working case of a microgripper design for a micro-robotic
assembly system was carried out. The design case originated from [9, 55]. It was chosen be-
cause of its interdisciplinary and developing nature. The research results from this particular
case could be generalized to cover other designs that require collaboration and integration
of multiple domains. The focus of the illustration is on how designers from different teams,
divisions, or companies in remote locations may participate to create an integrated design
model for the microgripper design.
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6.1. Problem Definition

Currently, the most common technique used to fabricate MEMS devices involves some
form of a lithography-based micro-fabrication method with little or no little assembly.
MEMS products manufactured utilizing this technique are accelerometers, and inkjet printer
heads. However, certain micro systems or parts cannot be manufactured using MEMS tech-
niques. MEMS devices that have incompatible processes, different materials, or complex
geometries, have to be ‘assembled’. Assembly practices require that a human operator pick
and place micro-parts manually using high power microscopes and microtweezers. This
method of assembly is tiresome, time consuming, unreliable, and costly. The term ‘micro
assembly’ is used to describe the assembly of micronsized parts that are extremely small
(in the order of 10~° meters). As manual assembly of micro devices is extremely difficult
and tedious, there is a need to design computer-controlled approaches to facilitate rapid as-
sembly. In this context, the design of automated or semi automated environments for micro
assembly applications become important. Innovative computer based automated assembly
methods must be developed to increase efficiency, reliability, and reduce cost. One of the
long-term goals of this research is to develop an integrated physical and virtual assembly
system to support the design and analysis of candidate assembly and manipulation. The
scope of discussion in this chapter is restricted to the design of the micro robotic assem-
bly work cell to support the assembly of micro devices. The emphasis of discussion is
on the distributed collaborative design of microgripper used for micromanipulation/micro
assembly.

Suppose that designers from different teams, divisions, or companies in remote loca-
tions would like to participate in designing a micro-robotic assembly work cell. The micro
robotic assembly work cell discussed consists of four major components: the robot sys-
tem, the micro-positioning stages (work platform) for work piece, a micro-gripper used for
manipulation, micro sized parts to be assembled, and microscope with camera to provide
guidance and visual feed back, as illustrated in Figure 10. The microgripper could be used
as a tool in micro assembly and micro measurement in the micrometer scale.

We use the developed system to carry out collaborative design of the micro robotic
assembly work cell. We first decompose the robotic system design problem into modules
and define how these modules are related to one another to create the model of a robotic
system design problem. The relationships among these modules specify how outputs of
a module are connected to inputs of other modules. Then, we use the distributed module
modeling and evaluation (DMME) approach to carry out the distributed collaborative design
of micro robotic manipulation systems and microgripper used for micromanipulation under
the system support.

6.2. Collaborative Micro Robotic System Design Process

Generally, a micro-robotic assembly system consists of three major parts: a micro-robot
system, an assembling platform, and micro-components to be assembled. A micro-robot
system is generally composed of a micro-robot body and its end-effector with a microgripper.
Thus, the overall topology of the design problem and the design workspace can be illustrated
in Figure 11. As shown in Figure 11, the micro-robot and microgripper manufacturers
provide their design and simulation models to the micro-robot system designers who in turn
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develop the technical models for the micro-robot system. The micro-robot system manager
collaborates with the micro-robot system designers and provides models and data for micro-
robot operating conditions and requirements. Then, he/she uses the micro-robot system
design models created by the micro-robot system designers to develop cost evaluation and
redesign models. The microgripper and micro-robot manufacturers develop models for
their products so that their customers can obtain performance predictions and evaluations
for different parametric configurations and operating conditions. These individual models
are constructed, published and served by different companies, as shown in Figure 12. If
a single designer or company creates all these models and provides all those services the
design work is carried out in an individual workspace, as illustrated in Figure 13.

The design session GUI of Web-MEMS Designer creates and depicts the layout and
construction and simulation models or modules in the microgripper design workspaces.
Designers can use any commercial web browser to access and work on these modules. Since
users/customers will connect to these models to assess the performance of their products,
designers should decide how to publish these models, i.e., what simulation services the
models offer given appropriate input information. When a model is published anyone can
use its services if he/she has the appropriate access privileges. The owner of the model
can or may want to conceal knowledge intensive engineering formulae or supply chain
information embedded in the model. Through service publication, a designer sets access
privilege levels for the services of each module in their workspace. Therefore, the designer
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working on the design model is assigning access privileges to the services that modules can
provide.

As the robot system design and operation are tightly coupled, it would make sense for
designers in these groups to share a common model. Thus, while designers from different
groups are in remote locations, they can access into the same workspace, which is referred
as a shared workspace. Figure 12 shows the design workspace as viewed by the designers
from the robot system design team and the robot operation team. The robot system design
team is connected to the robot and gripper manufacturing teams so that their robot system
design integrated with gripper and robot models can be tested. In this implementation and
demonstration, the robotic system is assembled through the use of predefined fixed types of
modules (joint modules and link modules) in distributed module inventories (repositories).
These modules are published and can be accessed.

Since the micro robot system design and operations are tightly coupled, it would make
sense for designers in these groups to share a common model. Therefore, while designers
from different groups are in remote locations, they can access into the same workspace,
which is referred as a shared workspace. Figure 12 shows the design workspace as viewed by
the micro-robot system designers and operation designers. The micro-robot system designer
is connected to the microgripper and micro-robot manufacturers. The micro-robot system
designer can test their micro-robot system design integrated with microgripper and micro-
robot models. In this implementation and demonstration, the robotic system is assembled
through the use of predefined fixed types of modules (joint modules and link modules)
in distributed module inventories (repositories). These modules are published and can be
accessed. The users or operation team can share their workspaces with the design team. The
design team creates modules in the upper left corner while the robot system operation team
makes the rest design. In this case the design team owns the session and the operation team
join as a builder. Although builders cannot modify the modules created by other builders or
owners, they can add new modules and utilize all services. For example, the operation team
can use a service from a design module to obtain the robot accuracy and the open distance
of the gripper and can build new modules in the workspace that utilize this information.

Similarly, the design team can also use services from the models published by the robot
and gripper manufacturing team. Utilizing models provided by other designers is referred
to as subscribing to a model. It is the responsibility of the design team to provide these
data or to locate other models that can provide these data as services. The robot system
managers want to evaluate the design from in term of costs and they may link their models
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to the design module to obtain the information services needed by their models. The design
team has only published cost related aspects of their models. This means that the robot
system managers can only observe elements of the design models that were published, as
the designers wanted to protect their proprietary models.

The microgripper analysis and simulation and the microgripper design are also tightly
coupled so that the designers from different design and simulation groups may also need to
share a common model and access into the same workspace, although these groups may be
in remote locations. The micro-assembly system is operated by means of a virtual micro-
robot manipulation system in which 3D models of the micro-components are manipulated
virtually in a computer graphics constructed by VRML in the web scheme. The micro-
assembly system simulator developed by the simulation team provides a new design tool of
3D MEMS by combining the possibility of the flexible assembly and the intuitive operations.
Designers in the design team can use this tool to carry out the intuitive operations and
simulations. This can help the designers to verify the design. When a simulating assembly
or operating sequence is running, users can control microgripper open-close states, micro-
robot positions and orientations, micro-components positions and orientations by clicking
on them. The user interface graphically displays micro-robot configurations, microgripper
states, and the component states. The simulation results also help the designers in the design
team to modify/redesign the design if necessary.

6.3. Collaborative Microgripper Design and Analysis

As discussed above, the microgripper is one of the important components in the micro
robotic assembly system. In the collaborative design of mircogripper, many considerations
and constraints should be emphasized and negotiated among designers on how to make sure
the sensor could work well and the signals could be transferred back without any problem.
Figure 14 depicts a mask layout, 2D & 3D model and elastic simulation model for the
gripper. Figure 14a shows the shape design of the microgripper. It is a symmetric structure
consisting of six beams and four compliant linkages. In operation, the electricity current is
applied to the beams of the thermal extension element. The beam heats up and lengthens,
causing an angular deformation in the compliant mechanism and then open the gripper tips.
Normally, the gripper is in its close position. Adding and switching off the voltage on the
thermal extension element can open/close the gripper and thus an object can be gripped.
Details can be found in the literature [9, 55].

Since the whole structure is symmetric, only half of it needs to be analyzed. The open
distance of the microgripper mostly depends on the compliant mechanism part. Several
parameters, including the widths and lengths of the linkages and the distance between the
two linkages, influence the final function of the mechanism. The relationship between these
parameters and the open distance is studied (see Appendix A). The algebraic equations
for the description of the parameters, the relationships, and the conditions under which
they apply facilitate dealing with the process of parametric design of microgripper in a
systematic and efficient manner. Here, design diagram, a graph representation [23], is used,
which is more effective for depicting the parameters and parameter relationships involved
in the design. Furthermore, design diagrams bridge the representational gap that usually
exists and provides a standard procedure. Constraint nets and data-flow graphs are closely
related representation methods.
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In the distributed module modeling and design schema, design modules are allowed to
make decisions independently on certain parameters identified to be in the control of indi-
vidual modules; these are decision parameters. Also, values of some exclusive and shared
parameters are specified in the design requirements identified as given parameters. The
strategy of concurrence can, however, result in conflict in shared parameters (i.e. conflict
parameters), due to propagation of given parameters and decision parameters through en-
gineering relationships between the parameters. Resolution of the conflict in values of the
shared parameters requires some form of negotiation between the design modules to agree
on mutually acceptable values. The classical models of utility and economic negotiation
are useful to form the basis for a model of design negotiation. An illustrative situation is
shown in Figure 15 in the form of a design diagram, where three modules Dy, Ay, and
Eoq are the design module, analysis module and evaluation module respectively. Figure 16
shows the mesh generation and 2D &3D FEM analysis GUI of the Web-MEMS Designer
@ Analysis for the microgripper.

6.4. Decision Support in Collaborative Design

The consultation or decision support session in Web-MEMS Designer for collaborative
design was implemented through the application of advisory systems for design support,
for example, in assembly method selection, material and process selection, and so on. To
illustrate the use of the manufacturing service module in Web-MEMS Designer for material
and process selection, an example of a prototype gripper is explored to show the possibilities
for making a full production run. Thus, it is necessary to use the process search, material
search, and results survey mode [73]. The specifications are made for the procedures of
process search and material search. The process search is for the lowest possible cost over
a long production cycle. At the end of the process search, Electro-Dischargeable Machine
(EDM) (rank 1.00) was ahead of the only other possibility, Etch (rank 0.96). Similarly, after
material search, the system generated six viable materials, with carbon steel ranking the
highest at 1.00 and aluminum & alloys ranking at 0.98. Furthermore, after process search
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and material search, the “Final Result” button would be enabled and clicked to combine the
results of both searches to find the best material/process combination. As shown in Figure 17,
the two boxes at the top is a summary of the viable materials and processes, and the final
box lists all of the feasible combinations, taking into account a compatibility factor between
each process and material. Thus, EDM with carbon steel is the best choice, with etched
stainless steel second.

On completion of the reasoning process, Web-MEMS Designer returns the score ob-
tained for this design with respect to this attribute and indicates in the result page the
Pass/Fail status of each design parameter. To request an explanation of the evaluation, the
user can click on the button of the “Explain the Result” on the results’ page shown above.
The explanation may consist of the rationale for the score in terms of justifications and
references, both to the design literature and various on-line resources. It also shows an
example of how on-line expert design knowledge and resources can be accessed during the
design process.

7. SUMMARY AND FUTURE WORK

This chapter presented a web-based design platform for supporting collaborative
MEMS design over the Internet and web. A two-tiered client (browser) / knowledge server
architecture was adopted to allow experts and designers to publish and subscribe modeling
services on the web. The proposed KS-DMME framework is built upon to provide mod-
ule network architecture for integrating modeling services. In the module network, design
resources, models, data, and activities are not centralized nor concentrated in one location.
They are distributed among many companies, designers, or design participants working
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together over the internet/intranet. When module services are connected, the resultant ser-
vice exchange network creates a concurrent integrated system model or a module network
that invokes a chain of service requests if needed to provide correct information. To pro-
vide distributed designers with a tool for collaboratively building the concurrent integrated
design system models, the KS-DMME framework is extended to be a computer network
environment focusing on the design and simulation for MEMS. MEMS design modules are
created by fully implementing the locally defined modules and subscribing to the services
of remote modules. The implementation of Web-MEMS Designer system hides the details
of the remote interaction mechanism from the user but allows the MEMS designer to model
interactions between local and remote modules in a transparent manner. In turn designers
can selectively publish modeling services for use by others. The microgripper design for
micro-robot assembly example illustrates the concept and different models of collaboration
supported by the prototype implementation.

The knowledge supported design system can help companies capture and archive their
design knowledge and manage the design process. It also supports communication and
teamwork by sharing the most up-to-date design information. Designers, especially novices,
can benefit from retrieval of knowledge about previous designs by abstracting information
and applying it to a new design or by gaining insight into how an earlier related product
was designed. By making use of the design knowledge, companies are expected to improve
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the design process for more innovative products and reducing product development cycle
time. As a kernel of the knowledge supported design system, the design decision support
system can help design teamsmake better decisions.

The preliminary implementation of the Web-MEMS Designer system illustrates the
potential of KS-DMME framework for MEMS design and simulation. When fully im-
plemented and integrated with other computer-based collaboration tools, the Web-MEMS
Designer system will provide designers with a powerful infrastructure for collaborative
MEMS design. However, there exists a large amount of work to be done both on the par-
ticular design paradigms or methodologies for MEMS and the system development. For
example, the framework should accommodate top-down and bottom-up approaches or mod-
els in the context of both traditional sequential design processes and concurrent design for
MEMS devices or systems. In a collaborative design environment, there are also a number of
fundamental issues yet to be addressed such as knowledge base evolutionary maintenance,
model interface standard, computational strategy for resolving circular dependencies in the
DMME model, parallel service request invocation, etc. In addition, other aspects such as
human interaction and knowledge sharing will still require the integration of additional
support tools with the framework (e.g., ontology, etc.). The project described in this chapter
is still in progress.

8. DISCLAIMER

The bulk of the work reported here by the author was conducted during his tenure
at Nanyang Technological University, Singapore. No approval or endorsement of any
commercial product, service or company by the National Institute of Standards and Tech-
nology is intended or implied.

REFERENCES

1. An, S. (2000), MEMS CAD, http://myhome.dreamx.net/piyo123/default.html (not accessible now)

2. Abdrzej, P, An Integrated Multidisciplinary CAD/CAE Environment for Micro-Electro-Mechanical System
(MEMS), CFD Research Corp., AL, 1998.

3. Bay, Eric, Seah, Calvin, Zha, X.F.,, and Du, H., A Web-Enabled Drawing Applet for Masking Process in
MEMS, Final Year Project Report, School of Mechanical and Production Engineering, Nanyang Technological
University, Singapore, 2000.

4. Bic, L.F, Fukuda, M., and Dillencourt, M.B., Distributed Computing Using Autonomous Objects, IEEE
Computer, 1995;55-61.

5. Bliznakov, P.I., Shah, J.J., Jeon, D.K., and Urban, S.D., Design Information System Infrastructure to Collab-
orative Design in a Large Organization, Proceedings of ASME DETC, Boston, MA, 1995, Vol. 1, pp. 1-8.

6. Bliznakov, P.I., Design Information Framework to Support Engineering Design Process, Dissertation, Arizona
State University, AZ, 1996.

7. Cary, S.B. and Zhang, Y., CAEMEMS: An Integrated Computer Aided Engineering Work Bench for
Micro-Electro-Mechanical Systems, Proceedings of 1990 IEEE Micro-Electro-Mechanical Systems Work-
shop, 1990.

8. Case, M.P. and Lu, S.C.-Y., Discourse Model for Collaborative Design, Computer-Aided Design,
1996;28(5):333-345.

9. Du, H,, Su, C., Lim, M.K., and Jin, W.L., A Micro-machined Thermally-driven Gripper: a Numerical and
Experimental Study, Smart Material and Structure, 1999;8:616-622.



64

10.
11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31
32.

33.
34.

35.

37.

XUAN F ZHA

Eriksson, H., Expert systems as Knowledge servers. IEEE Expert, 1996;14(3):14-19.

Frost, H.R. and Cutkosky, M.R., Design for Manufacturability via Agent Interaction, Proceedings of 1996
ASME DETC, Trvine, California, 1996.

Gad-el-Hak, M., The MEMS Handbook, CRC Press, 2002.

Gilbert, J.R., Osterberg, PM., Harris, R.M., Ouma, D.O., Cai, X., Pfajfer, A., White, J., and Senturia, S.D.,
Implementation of A MEMCAD System for Electrostatic and Mechanical Analysis of Complex Structures
from Mask Descriptions, Proceedings of MEMS’93, Fort Lauderdale, FL, 1993, pp. 207-212.

Gilbert, J.R., Integrating CAD Tools for MEMS Design, Computer, 1998, pp. 99-101.

Giridharam, M.G., Stout., P., Yang, H.Q. et. al., Multi-Disciplinary CAD System for MEMS, Journal of
Modeling and Simulation of Microsystems, 2001;2(1):43-50.

Graham, 1., Object-Oriented Methods, Addison-Wesley, 1994.

Hardwick M. and Spooner, D., An Information Infrastructure for a Virtual Manufacturing Enterprise, Pro-
ceedings of Concurrent Engineering: A Global Perspective, McLean, VA, 1995, pp. 417-429.

Hahn, K. and Bruck, R., Web-based Design Tools for MEMS-Process Configuration, Technical Proceed-
ings of the 1999 International Conference on Modeling and Simulation of Microsystems, 1999, pp. 346—
349.

Schneider, C., Schumer, C., and Briick, R., An Internet-Based Design Tool in 3-Tier Component-Architecture
for Adaptive MEMS-Design, The Eleventh Micromechanics Europe Workshop (MME ’00) (Uppsala, 2000),
Uppsala University: Eigenverlag, 2000.

IONA, Orbix2 Programming Guide, IONA Technologies Ltd., 1997.

Karam, J.M., Beourtois, B., and Boutamine, H. etal., CAD and Foundries for Microsystems, DAC97, Anaheim,
California, 1997.

Judy, J.W., Microelectromechanical Systems (MEMS): Fabrication, Design and Applications, Smart Materials
and Structures, 2001;10:1115-1134.

Kannapan, S.M. and Marshek, K.M., An Approach to Parametric Machine Design and Negotiation in Con-
current Engineering, in Kusiak, A., Chapter 20, Concurrent Engineering: Automation, Tools, and Techniques,
1993, John Wiley & Sons, Inc., pp. 509-533.

Koppleman, G.M., OYSTER, A Three Dimensional Structural Simulator for Micro-Electro-Mechanical De-
sign, Sensors and Actuators, 1989, Vol. 20.

Korvink, J.G., Funk, J., Roos, M., Wachutka, G., and Baltes, H., SESES: A Comprehensive MEMS Modeling
System, IEEE International Workshop on Micro Electro Mechanical Systems, MEMS’94, Osio, Japan, 1994,
pp. 22-27.

Lewis J.W. and Singh, K.J., Electronic Design Notebooks (EDN): Technical Issues, Proceedings of Concurrent
Engineering: A Global Perspective, McLean, VA, 1995, pp. 431-436.

Lin, H.C., JAVAMESH-A Two Dimensional Triangular Mesh Generator for Finite Elements, Master Thesis,
University of Pittsburgh, PA, 1997.

Li, Y.L., Shao, X.Y., Li, P.G., and Liu, Q., Design and Implementation of A Process-oriented Intelligent
Collaborative Product Design System, Computer in Industry, 2004;53:205-229.

MADEFast (1999), http:// madefast.stanford.edu/

Maseeh, F., A CAD Architecture for Microelectromechanical Systems, Proceedings of IEEE Conference on
Micro Electro Mechanical Systems (MEMS’90), Napa Valley, CA, 1990, pp. 44—49.

Maseeh, F., A Novel Multidimensional Semiconductor Material Analysis Tool, Solid State Technology,
1994,37:83-84.

Madou, M., Fundamentals of Microfabrication, CRC Press, 1997.

Owen, J., STEP—An Introduction, Winchester, 1993.

Osterberg, PM. and Senturia, S.D., MEMBUILDER: An Automated 3D Solid Model Construction Program
for Micro-Electro-Mechanical Structures, Proceedings of TRANSDUCERS’95, Stockholm, Sweden, 1995,
pp. 21-24.

Pahng, F., Senin, N., and Wallace, D., Modeling an Evaluation of Product Design Problems in a Distributed
Design Environment, CD ROM Proceedings of ASME DETC, Sacramento, CA, 1997.

. Pahng, F.,, Bae, S.H., and Wallace, D., Web-based Collaborative Design Modeling and Decision Support,

Proceedings of DETC’98, Atlanta, Georgia, USA, 1998.

Pena-Mora, F., Sriram, R., and Logcher, R., SHARED DRIMS: SHARED Design Recommendation-Intent
Management System, Enabling Technologies: Infrastructure for Collaborative Enterprises, I[EEE Press, 1993,
pp. 213-221.



WEB-ENABLED KNOWLEDGE-INTENSIVE SUPPORT FRAMEWORK 65

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.
49.

50.

SI.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Pena-Mora, F., Sriram, R., and Logcher, R., Conflict Mitigation System for Collaborative Engineering, A/
EDAM—Special Issue of Concurrent Engineering, 1995;9(2):101-123.

Perterson, K.E., Dynamics Micromechanics on Silicon: Techniques and Devices, IEEE Trans. Electron Devices
ED-25, 1978;1241-1250.

Petrie, C., Cutkosky, M., and Park, H., Design Space Navigation as a Collaborative Aid, Proceedings of Third
International Conference on Artificial Intelligence in Design, Lausanne, Switzerland, 1994.

Rao, D.J., The Finite Element Method Site, http://members.tripod.com/dattaraj_rao/FEM/index.html
Salzberg S. and Watkin, M., Managing Information for Concurrent Engineering: Challenges and Barriers,
Research in Engineering Design, 1990;(2):35-52.

Saha, D. and Chandrakasan, A.P., A Framework for Distributed Web-based Microsystem Design, Proceedings
Sixth IEEE workshops on Enabling Technologies: Infrastructure for Collaborative Enterprises, Cambridge,
MA, 1997, pp. 69-74.

Schneider, P, Huck, E., Reitz, S., Parodat, S., Schneider, A., and Schwarz, P., A Modular Approach for
Simulation-based Optimization of MEMS, Design, Modeling and Simulation in Microelectronics, SPIE Pro-
ceedings Series, Singapore, 2000, 4228.

Senturia, S.D. and Howe, R.T., Mechanical Properties and CAD, Lecture Notes, MIT, Boston, MA, 1990.
Senturia, S.D. and Harris, R.M., A Computer-Aided Design System for Micro-Electro-Mechanical Systems
(MEMCAD), Journal of Micro-Electro-Mechanical Systems, 1992;1(1).

Senturia, S.D., CAD Challenges for Microsensors, Microactuators, and Microsystems, Proceedings of the
IEEE, 1998;86(8):1611-1626.

Siegel, J., CORBA: Fundamentals and Programming: OMG, 1996.

Sinha, N., Modeling for Effective Computer Support to MEMS Product Development, Master Thesis, University
of Saskatchewan, Canada, 2004.

Singh, A.K., CONSENS—An IT Solution for Concurrent Engineering, Proceedings of Concurrent Engineer-
ing: A Global Perspective, McLean, VA, 1995, pp. 635-644.

Sobolewski M.W. and Erkes, J., CAMnet Architecture and Applications, Proceedings of Concurrent Engi-
neering: A Global Perspective, McLean, VA, 1995, pp. 627-634.

Sriram D. and Logcher, R., The MITDICE Project, IEEE Computer, 1993, pp. 64-65.

Sriram, R.D., Distributed and Integrated Collaborative Engineering Design, Sarven Publishers, Glenwood,
MD 21738, USA, 2002.

Stodes, M., Managing Engineering Knowledge: MOKA Methodology for Knowledge Based Engineering
Applications, MOKA Consortium, London.

Su, C., Development of Three MEMS Devices: A Microgripper, A Micromechanism and A Microaccelerometer,
M. Eng Theses, Nanyang Technological University, Singapore, 1999.

Tadigadapa, S.A. and Najafi, N, Developments in Microelectromechanical Systems (MEMS): A Manufactur-
ing Perspective, Transaction of the ASME, Journal of Manufacturing Science and Engineering,2003;125:816—
823.

Tay, Francis E.H., Collaborative Design Software for MEMS, Proceedings of SPIE- The International Society
for Optical Engineering, Proceedings of the 1999 Education in Microelectronics and MEMS, Oct 28—Oct 29,
1999, Vol. 3894, pp. 152-158.

Toh, W.Y., Development of a Web Database System for Manufacturing Processes of MEMS, Final Year Project
Report, School of Mechanical and Production Engineering, Nanyang Technological University, Singapore,
2001.

Toye, G. Cutkosky, M.R., Tenenbaum, J.M., and Glicksman, J., SHARE: A Methodology and Environment
for Collaborative Product Development, Proceedings of Second Workshop on Enabling Technologies: Infras-
tructure for Collaborative Enterprises, Morgantown, West Virginia, 1993, pp. 33-47.

Westerberg, A.W., Coyne, R. Cuningham, D. Dutoit, A. Gardner, E. Konda, Levy, S. Monarch S.I., Patrick,
R. Reich, Y. Subrahmanian, E., Terk, M., and Thomas, M., Distributed and Collaborative Computer- Aided
Environment in Process Engineering Design, Proceedings of ISPE, 1995.

Wilson, N.M., Liang, S. Pinsky, P.M., and Dutton, R.W., A Novel Method to Utilize Existing TCAD Tools
to Build Accurate Geometry Required for MEMS simulation, Proceedings of Modeling and Simulation of
Microsystems, April 19-21, 1999, pp. 120-123.

Wilson, N.M., Wang, K. Yergeau, D., and Dutton, R.-W., GEODESIC: A New and Extensible Geometry
Tool and Framework with Application to MEMS, Proceedings of Modeling and Simulation of Microsystems,
March 27-29, 2000, pp. 716-719.



66 XUAN F ZHA

63. Wilson, N.M., Wang, K. Yergeau, D., and Dutton, R.W., Internet-based Prototyping of Micro-Electro-
Mechanical Systems, ICCES 2000, 2000.

64. Wood III, W.H. and Agogino, A.M., Case-based Conceptual Design Information Server for Concurrent En-
gineering, Computer-Aided Design, 1996;8(5):361-369.

65. Yoshimura, S., Kowalczyk, T., Wada, Y., and Yagawa, G. (1998), A CAE System for Multidisciplinary
Design and Its Interface in Internet, Transactions of JSCES, http://save k.u-tokyo.ac.jp/jsces/trans/trans1998/
n19980004/n19980004.html.

66. Zha, X.F. and Du, H., Knowledge Intensive Methodology for Design and Simulation of Micro-
Eelectro-Mechanical System (MEMS) Devices, Report-MEMS CAD/CAE/CE for Singapore NSTB Project
ARC 5/97, School of Mechanical and Production Engineering, Nanyang Technological University, Singapore,
1999.

67. Zha, X.F. and Du, H., Web-Based Knowledge Intensive Collaborative Design Modeling and Decision Support
for MEMS, Proceedings of International Conference on Engineering and Technological Sciences, Beijing,
China, 2000.

68. Zha, X.F. and Du, H., A World Wide Web Based Manufacturing Advisory Service System for Fabrica-
tion/Packaging Process/Material Selection in Concurrent Collaborative Design of MEMS Devices, Proceed-
ings of International Conference on Material for Advanced Technologies, Singapore, 2001a.

69. Zha, X.F. and Du, H., Web-Based Knowledge Intensive Collaborative Design Framework for MEMS, Pro-
ceedings of International Workshop on MEMS, Singapore, 2001b.

70. Zha, X.F. and Du, H., Mechanical Systems and Assemblies Modeling Using Knowledge Intensive Petri Net
Formalisms, Artificial Intelligence for Engineering Design, Analysis, and Manufacturing (An international
Journal), 2001¢;15(3):145-171.

71. Zha, X.F. and Du, H., An Integrated Representational Model for Concurrent Assembly Design and Plan-
ning, Proceedings of 4th IEEE International Symposium on Assembly and Task Planning, Fukuoka, Japan,
2001d.

72. Zha, X.F. and Du, H., Web-based Knowledge-Intensive Support Framework for Collaborative Design of
MEMS, Journal of Microengineering and Micromechanics, 2002;12:509-522.

73. Zha, X.F. and Du, H., Manufacturing Process and Material Selection in Concurrent Collaborative Design of
MEMS Devices, Journal of Microengineering and Micromechanics, 2003;13:512-524.

APPENDIX A: ANALYSIS OF MICROGRIPPER

The analysis of the microgripper is based on the work [9, 55]. In the model shown
in Figure 12a, the expansion element is replaced by a spring with stiffness K., and K, =
EA./l., here E is the Young’s modulus and A, and /. are cross-section area and length of
the thermal extension element. The transfer element and the two compliant linkages are
treated as Euler beam. Because the two linkages have the same functions, they should have
the same dimensions. As the figure shows, one linkage is fixed on the basement and a small
displacement in Y direction is inputted at the end of the other one. A much shorter and wider
beam connects the two compliant linkages, and thus the beam can be considered as a rigid
body. The gripper arm is also treated as an Euler beam and another spring with stiffness
coefficient K§ is used to simulate the supporting spring structure.

Figure A1 shows force condition of the connector beam. From the force equilibrium
principle, it can be known that the forces added on point C and F should have the same
values and opposite directions. m; and m;, are the moments added on the connector beam
by the linkages. The sum of the moments on the beam should be zero, therefore,

my+my+ 3P — 4Py + KAg =0 (A1)
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where, Ay is the rotation angle of the connector beam and K represents the equivalent
rotation stiffness of the gripper arm at point D and should be

3ELK,?
=2 °a (A2)
3El, + K.}
where, I, and /, denote the second moment of area and length of the arm. As the rotation
angle Ay is normally only a small value [55], sinAy can be considered the same as Ay,
sinAg = Ay. In this case, the difference between the x-coordinates of point C and F reduces
I3 Ay and the difference between the y-coordinates of point C and F increases I4Agy. Thus,

! 112 11(2z+z) 1112
122 1 2) | m 2E]11m2

2| EIL
1 2 1 (A3)
[ 134321 +3L12) | P, — A =0
+3[E111+EI (2+ ol + 2)} 304
and,
2 L+ l+1 P, +1Ag = A (Ad)
EAll EA, " K.Y

where, 11, [ and I, [, represent the second moment of area and length of the linkages and
the displacement transfer element respectively. The ends of beam BC and beam GF should
also rotate Ay and they can be considered as cantilever beam, then m;, m,, P, and Aghould
have the following relationship,

—1l+—ll —1 ll2 1l(21+l)P—A =0 (AS5)
m =
1 2 1 El,! Ebz 1+ 4 x 0
and

! l I 1 BP —Ay=0 (A6)
En TR EL VTR0
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This means the rotation angle Ay is generated by the combination of the moment and the
force.

In total, there are five variables, namely m;, my, Py, Py, and Agand we have five equa-
tions (A1)—(A6). Hence, if the geometric dimensions of the microgripper are determined,
these variables can be found, and then the open distance can be calculated out as

3ELL A,

= aa v A7
3EI, + K3 (A7)

Further, to evaluate the strength of gripper, the location and the value of the maxim strain
need to be determined. In this design, deforming some certain parts transfers the displace-
ment, and the strain is concentrated mainly in the two compliant linkages. The two linkages
have the same rotation angles at their ends, and the rotation stiffness of the beam FG is
stronger than the stiffness of the combination of beam BC and beam AB. Therefore, m;
should be bigger than m; and the maximum strain occurs at the left side of the beam FG as
follows:

m?3 Pmax Py

2 A8
El EA, (A8)

Emax =

where, p,,,« should be half of the width of the beam FG. The gripping force can be expressed
as

El
=2 (A9)
I ps

e

where ¢; denotes strain of the piezoresistive film, I; and /; denote the second moment of
area and length of the tip and p, denotes how far the piezoresistive film is away from the
central line of the tip.

APPENDIX B: GENERIC P/T NET FOR MICRO ASSEMBLY REPRESENTATION
AND CONCEPTUAL MEMS DESIGN

A generic graph can be described as a two tuple G = G (V, E), where V is the set of
nodes and E is the set of connecting arcs which link between nodes. If each arc in a graph
has a direction, then the graph is a directed graph. If a node is categorized into two classes:
place (P) node and transition (T) node, then a place-transition (P/T) net graph model, as
shown in Figure B1 (a), can be formally defined as: PTN = {P, T, A, W}, where, P = (p1,
P2, .., Pm) is the place node set; T=(t}, tp, ..., t,) is the transition node set; and A is a
arcs set which links between place node and transition node, and has the characteristics
of :PNT=¢,PUT#¢,and AC (P xT) U (T x P); and W: A—{0,1} is an association
weight function on arcs, VacA, W(a) = wj, w; is the weight of arc a. Correspondingly, if
each arc in the P/T net graph has a direction, then it becomes a directed P/T net graph, as
shown in Figure B1(b).

Based on the definition, a Petri net consists of places (P) and transitions (T), which are
linked to each other by arcs. Therefore, a Petri net graph is in fact a directed P/T net graph. If
the net activities are based on a vision of tokens moving around an abstract network, in which
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(b) Directed Petri net (c) Marked Petri net

FIGURE B1. Generic P/T net graph

tokens are conceptual entities that model the objects and appear as small solid dots moving
in a real network, a marked Petri net, as shown in Figure B1(c), can be formally defined as
a 5-tuple, PN = (PTN, M) = (P, T, A, W, My), where, PTN is a directed P/T net; P, T, W, A
are the same as above definitions; My: P —{0,1,2, ... } is the initial marking. The Petri net
graph is a graphic representation of Petri net structure and visualizes the reasoning rules.

By the generic P/T net scheme, we mean that a P/T net model of a problem is first
described as a kind of “template”, and the models of the particular sub-problems are then
established as instances of the template. Since incorporating a P/T net model into a general
problem description scheme in Al generates the proposed generic P/T net, existing Al-
based problem solving strategies such as search, reasoning and (fuzzy) expert systems are
applicable for the generic P/T net modeling and analysis. Thus, the generic P/T net is
knowledge intensive, also called knowledge P/T net. For more descriptions, please refer to
[70, 71].

As an assembly is composed of parts or components and connectors (joints), and
a single part is composed of physical features, the different levels of assembly actually
form a hierarchy, which utilizes the relationships between different parts of assembly and
even different features of part. The “place-transition” (P/T) model is used to represent
the mechanical systems and assemblies, in which each part is represented as a place and
each connector (joint) is represented as a transition. Therefore, a mechanical system or
assembly can be viewed as a hierarchical P/T net, called Assembly_Model, and accordingly
a subsystem or subassembly is a sub P/T net. Using modular representation, a sub P/T net
(object) can be described as either a macro place or transition. This is mainly dependent
on its function as either a component or a joint or a connector. Token data abstraction and
dynamic distribution can be used for knowledge representation in describing the structure
and system state changes. In addition, the generic P/T net can be used for intelligent modeling
of assembly functions and behaviors, and design, planning and simulation of assembly
processes and assembly systems.
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FIGURE B2. P/T net-based representation for micro primitive mechanisms

A multi-level P/T net could be generated by network modeling from top to bottom. Any
conceptual design product can be considered as a combination of places and transitions.
Transitions make places work normally by connecting them. Each primitive mechanism
can be viewed as a micro place node or micro place node in the P/T net-based hierarchical
structure of the mechanical product. Each primitive mechanism can also be represented
by a P/T net. Figure B2a, b and ¢ show a P/T net-based representation of three primitive
mechanisms (Cam, gear mesh, and pulley-belt), respectively.

P/T net model could also allow for the possibility that the properties take some values
in the form of a fuzzy set over a base range. For example, a transition with a motion
transmission function might become a gear pair; a transition with a fixing function might
be a collection of geometric mating surfaces such as a cylinder and shoulder. Since places
and transitions for components and connectors are conceptually fuzzy, they might form a
fuzzy P/T net to represent a sub-assembly during later stages of design.

APPENDIX C: MEMS MODELING AND SIMULATION RELATED WEBSITES

3-D Modeling and Simulation

ANSYS (http://www.ansys.com/products/multiphysics.shtml)

CFD Research Corporation (http://www.cfdrc.com/datab/Applications/MEMS/mems.html)
IntelliSuite (http://www.intellisuite.com/)
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MEMCAD (http://www.memcad.com)
FlumeCAD(http://www.flumecad.com)
SESE (http://www.nmtec.ch)

Solidis (http://www.ise.ch)

Coyote Systems (http://www.coyotesystems.com/applications/applications.html)
IntelliSense Corporation (http://www.intellisense.com/software.html)
Microcosm Technologies, Inc. (http://www.memcad.com/products.html)
Stanford University (http://www-tcad.stanford.edu/tcad.html)

University of Illinois (http://galaxy.ccsm.uiuc.edu/mems_research.htm)

Reduced Order Modeling

Analogy (http://www.analogy.com/Mixed/default.htm)

Duke University (http://www.ee.duke.edu/Research/IMPACTY/)

Massachusetts Institute of Technology (http://rle-vlsi.mit.edu/research)

Microcosm Technologies, Inc. (http://www.memcad.com/products.html)

System Level Modeling

Carnegie Mellon University (http://www.ece.cmu.edu/~mems/projects/memsyn/index.sht
ml)

University of California—Berkeley (http://ptolemy.eecs.berkeley.edu/)

Tool Suites

MEMSCAP (http://www.memscap.com/)

An’s MEMS CAD, http://myhome.dreamx.net/piyol123/default.html
IntelliSense (2001), http://www.intellisense.com/

Jess (1999), http: // herzberg.ca.sandia.gov /jess, Sandia National Laboratories
MEMCAD (2000), http://www.memcad.com/

Other

University of California—Berkeley (http://www-bsac.eecs.berkeley.edu/~cfm/)
NIIP (1999), http:// www.niiip.org/

RaDEO (1998), http://elib.cme.nist.gov/radeo/

Anis, http://www.intellisense.com/software/anise.html

SIMODE, http://www.gemac-cheminitz.de/mst/simode.html

MicroCAD, http://www.fuji-rico.co.jp/crab/electric/semicon/microcad/micro.html
SEGS, http://www.design.caltech.edu/Research/ MEMS/software.html
SIMPler, http://www-inst.eecs.berkeley.edu/~ee40/SIMPLer/SIMPLer.html
CaMEL, http://www.memsrus.com/cronos/svcs2tcml.html

LASI, http://cmoseu.com/cmos1/winlasi/winlasi.htm

MAGIC, http://www.research.digital.com/wrl/projects/magic/magic.html
VALCAIN, http://www.memscap.com

MEMS Pro, http://www.tanner.com or http://www.memscap.com

Mentor Graphics, http://www.mentorg.com

Saber, http://www.analogy.com
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