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Georgia Tech et s

Georgia Institute of Technology
Atlanta, Georgia 30332-0403
USA

May 28, 1995

Dr. George Hazelrigg

Program Director, Design & Integration Engineering
National Science Foundation

4201 Wilson Boulevard

Arlington, VA 22230

Dear Dr. Hazelrigg:

Enclosed is a copy of our Annual Progress Report for project DMI-9414715
entitled “Computer-Aided Design for Demanufacturing & Remanufacturing.” This report
covers our progress from September 15, 1994 through August 31, 1995, the first year of
the project. We are very pleased with our progress.

Thank you for your continued support of our efforts on this and our other NSF
funded projects. We look forward to continued funding on this project.

Sincerely,

[N

David W. Rosen

An Equa! Fducanon and Emplovment Opportunity Institution FAN: 404-894-8330 A Unn of the University Svstem of Georgia




STATUS REPORT
(9/94 - 5/95)

DMI-9414715

COMPUTER-AIDED DESIGN FOR DE- AND REMANUFACTURING

BERT BRAS AND DAVID ROSEN
SYSTEMS REALIZATION LABORATORY
THE GEORGE W. WOODRUFF SCHOOL OF MECHANICAL ENGINEERING
GEORGIA INSTITUTE OF TECHNOLOGY
ATLANTA, GA 30332-0405

SUMMARY

A growing concern about the environment has spurred research into the design of more
environmentally benign products. The most dramatic reduction in environmental impact can be
made by product reuse in which the geometric form of the product, or parts of the product, is
retained between product lives. The focus of the proposed research is to enhance environmentally
safe disposal/recycling by facilitating the inclusion of product take-back considerations in product
design. Demanufacturing and remanufacturing are the names of processes intended to enable both
material recycling and product reuse. Demanufacturing characterizes the entire process involved in
recycling, reuse, incineration, and/or disposal of a product after it has been taken back by a
company. Remanufacturing deals with the refurbishment of partly worn products for their
subsequent reuse.

Due to the complexity of formulating systematic design approaches that include environmental,
economic, and technical considerations, the objectives of the proposed research are to establish an
engineering science base for: (1) the operational parameters and models of plastic-metal product de-
and remanufacturing processes, and (2) computer-based tools for the computer-aided design of
these products which can be recycled and reused through de- and remanufacturin g processes.
These objectives will be achieved by the tasks (1) characterizing the issues involved, (2)
benchmarking available CAD and information management systems, (3) developing a prototypical
CAD tool for de- and remanufacturing, and (4) integrating weight, cost, and manufacturability
tradeoff assessments.

Patrick J. Newcomb and Matt Bauer are the two graduate students who have primarily been
working on this project. Two additional students, Tony Amezquita and Rick Hammond, have
been working on characterizing the issues involved in remanufacturing under NSF Grant no.
DMI-9410005, “Enhancing Reusability by Design™. Also, Zahed Siddique, funded under NSF
Grant no. DMI-9420405, has been assisting Matt Bauer on task (3). Much of the work done thus
far has focused on the automotive industry, since replacement parts for automobiles and trucks are
now the most prevalent and commercially available applications of product remanufacture in the
United States and Europe. However, the goal is to develop domain independent metrics so that
they can be applied to measure the remanufacturability and reusability of any manufactured

roduct.

d We are currently nine months into this project. Progress has been substantial and will be
discussed in the context of the tasks listed in the proposal.

STATUS
1) Characterizing Demanufacturability and Remanufacturability:
a) Work with the industrial partners and augment the technology base for the case studies:
In order to characterize the de- and/or remanufacturability of a product, we have
disassembled and examined several subassemblies, such as automobile doors,
automobile instrument panels, and automobile consoles, which were supplied by the




b)

Chrysler Corporation (one of our industrial partners). Stewart Coulter, one of Dr.
Bras’ students, will be working as an intern on new recyclable instrument panel
designs (one of our case studies) at the Chrysler Corporation and the Vehicle Recycling
Development Center in Detroit in Summer 1995. We have already received and studied
a Chrysler minivan instrument panel and will receive additional panels in Summer
1995.

The potential remanufacturability of a Chrysler LHS automotive door assembly was
extensively researched and documented in [1]. In [2], a remanufacturing process
layout was developed for automotive doors. In [3], two reusable door designs were
developed and detailed CAD models were constructed. An automotive door is an
example in a class of products which have never been designed for de- or
remanufacture on a large scale and because of its complexity and cost seems to have
great potential for remanufacture. The studies on products supplied by Chrysler have
been augmented by electronic products supplied by Ford and Motorola as part of a
separate sponsored project on design for automated demanufacture.

Through these studies, we have been able to develop an understanding of the physical
factors which affect the de- and remanufacturability of a product, as well as the means
by which to evaluate those factors. Also, based on prior knowledge and work
experiences in industry (Tony Amezquita worked for over two years as an
environmental manager at General Electric and Rick Hammond worked for over three
years at the Ford Motor Company), we have also identified aspects of the disassembly
and reassembly processes which would be of concern to de- and remanufacturing, in
terms of economical and ecological ramifications. We will continue to examine and
review additional properties as they become available through the development and
validation of these metrics.

It should be noted that as part of the work under grant DMI-9410005, in order to gain a
broad perspective of the concerns involved, we have also contacted large
remanufacturing operations, such as Rayloc (which remanufactures several
components, and is the exclusive remanufacturer for NAPA) which employs over 200
people, as well as small local shops, such as Alstart Alternators and Starter Motors
which employs only five people. By addressing these concerns up front and
incorporating the information gained from these contacts into the development of the
metrics, a great deal of time is saved in the validation phase, once the metrics have been
developed. We will continue to establish contacts with local remanufacturers and
obtain feedback from them through the development of the metrics.

Investigate De- and Remanufacturing From Other Sources: Information about de- and
remanufacturing of products from other published sources has been and will continue
to be investigated and incorporated into our knowledge base for use in the development
and validation of the metrics. Several of the key authors whose publications have been
investigated to date have been: D. Navin-Chandra, H.C Haynsworth, R.T Lyons, R.
Lund, and several others. As mentioned, we are also working on a project titled
“Design for Automated Demanufacturing of Electronic Products”, sponsored by
AT&T, Motorola and Ford Motor Company. This project provides access to
information from electronics companies.

¢) Postulate Metrics for De- and Remanufacturability: Remanufacturability metrics; There

are five main activities in the remanufacturing process: disassembly, cleaning,
inspection, part replacement/part reconditioning and reassembly. In this part of the task
a preliminary metric table has been postulated using 29 measurables which address the
five activities of the remanufacturing process. This table has been published in [4]. To
generate a reusability score for a product, a weighted-sum metric will be employed
using these 29 measurables. Different weighting scenarios reflect different perspectives
of a problem. The combined reusability score can be used to compare products of the




same family and determine which of the designs has the lowest score (low scores
reflect good reusability).

f; ili ics: Key factors in the demanufacturing process have been
identified. Several tabular metric tables have been established for demanufacturing
assessment. A distinction is made between manual and/or automated destructive and
non-destructive demanufacturing. Most of our efforts have focused on non-destructive
processes, but in [5] we have published a cost model for demanufacturing which
includes destructive shredding processes. We are about to start up a small funded

project with the Chrysler Corporation on classification of destructive mechanical
separation technologies.

d) Validate the measures: Additional case studies have been identified and used to further
validate the metrics. Products such as alternators, computers, automobile doors and
others have been used to test the robustness of our metrics and models. Some
validation regarding metrics’ robustness, and enhancement of understanding has
already been done in an educational environment. Dr. Bras has been teaching a class
on Environmentally Conscious Design in which a number of demanufacturing
assessments were made by students as homework. Specifically, students will be asked
to apply the metrics and assess their efficiency and effectiveness. Products like
telephones, fans, PCs and alarm clocks were primarily assessed.

e) Review achievements and performance with industrial partners. Our primary industrial
partners are recycling executives from Jeep Truck Engineering and the Large Car
Platform at the Chrysler Corporation. We are in constant contact. Publications are
compiled and regularly sent to the industrial partners. This cooperation has already
resulted in an additional small funded project on a classification of mechanical
separation technologies.

2) Benchmark CAD System and Data Management System Capabilities for De-
and Remanufacturability:

a) Benchmark CAD systems against the information requirements identified in Task 1: As
part of the characterization of de- and remanufacturability, the information requirements
for de- and remanufacturing will be identified. In this task, how this information could
be provided to designers is being investigated. Most CAD systems support wireframe,
surface, and solid modeling, while advanced systems support features, parametric
and/or variational modeling, and assembly modeling. The question arises how much of
the information needed for Task 1 metrics can be generated from a CAD representation
of a product?

We have been investigating this question over the past year. Work by all of our
graduate students has contributed to our understanding of a range of CAD systems. In
particular, student projects in Dr. Rosen’s graduate CAD course, ME 6175, have
yielded insightful, written records of CAD system capabilities in supporting de- and
remanufacturing [3; 6]. Results are not surprising: CAD systems are good at
documenting component geometry, parametric relationships, some features, and
materials. Material recycling can be directly supported by solids-based CAD, provided
that materials information is available. But, significant geometric reasoning is
necessary to interpret a design’s implications on other de- and remanufacturing issues.
Given this situation, we will pursue three paths: (Task 2b) investigate Chrysler’s data
management system to assess how they provide information to designers, (Task 2c)
develop geometric reasoning methods to extract more information from existing CAD
systems, and (Task 3) develop CAD representations with expanded informational
coverage.




b) Benchmark the data management systems used by Chrysler against the requirements
identified in Task 1. During Stewart Coulter’s internship at Chrysler summer 1995, he
will have an opportunity to address this task in the context of instrument panels. The
following questions will be investigated:

* How do the partner companies manage supplier information?

» How are changes propagated and managed?

* Is the current data management strategy toward centralized or distributed data
bases? What are the implications of their strategy for design support?

Answers to these questions provide a reality check on our approach to Tasks 2 & 3.

Furthermore, answers provide insight into difficulties of deploying de- and

remanufacturing computer tools into an industrial site such as Chrysler. We are

negotiating with Chrysler to arrange additional internships and visits to fully cover

these issues.

¢) Investigate methods for automatically computing values of de- and remanufacturability
metrics from CAD systems. From the results of Task 1 and the previous steps, we will
have an accurate picture of the information needs (e.g., 29 remanufacture measures)
and the abilities of the partner’s information systems to supply this information. In this
step, we are developing methods to assess de- and remanufacturing properties of prod-
ucts given CAD models of those products. This is being accomplished in two steps:

* Research literature on automated assemblability and disassemblability analysis is
being surveyed by Matt Bauer and Zahed Siddique for automated (and semi-
automated) methods of computing required information. Matt Bauer is also
investigating feature recognition and feature-based design literature.

* From the results of the survey, the students are identifying information and
methods for its computation that can be readily computed from CAD
representations. We are being pragmatic in that if a designer can readily provide
information - and its computation is intractable or exceedingly time consuming -
then we will ask the designer to provide it. As an example, the specification of
disassembly sequences will be interactive, with automated methods for some
aspects, but user-assisted methods for difficult situations (flexible components,
experience-based judgments, etc.).

We are proceeding well on this sub-task. A large body of literature exists but many

difficult issues remain unresolved. We intend to focus our efforts on disassembly and

reassembly over the next year and to leverage results on DMI-9420405, our Virtual

Prototyping project, to aid designer interactions. In the third year of this project, we

intend to revisit broader de- and remanufacturing issues in the context of sub-task (b).

3) Develop a prototypical CAD System for assessing De- and
Remanufacturability

a) Extend an existing prototype CAD system to support de- and remanufacturing:
Currently, we have a prototype CAD system called CODA (COnfiguration Design of
Assemblies) that incorporates new assembly modeling technologies, features, and
parametric modeling and synthesis capabilities built on top of the Noodles solid
modeler [7]. We are now porting CODA to ACIS [8]. The extensions needed to
support the work described here are to add (1) interfaces to the databases in which we
will store information relevant to de- and remanufacturing, (2) additional mating
relationships to the assembly modeler, and (3) methods to compute values of de- and
remanufacturability as identified in Task 2. Work on this has been ongoing for the past

ear.
idatt Bauer has been extending CODA’s mating relationships and assembly modeler
functionalities. P J Newcomb has been adding interfaces to CODA’s database as well
as developing methods to compute aspects of de- and remanufacturing measures (some

swillins




b)

c)

d)

of the 29 measurables mentioned in Task 1). P J’s concentration is on assessing
product modularity, relating modularity to de- and remanufacturability, and redesigning
to improve modularity. Methods being developed include assessments of spatial
coupling, material compatibility, energy transfer coupling, and information transfer
coupling.

Develop models to assess de- and remanufacturability from CAD systems: Given the
postulated metrics for assessing de- and remanufacturability and the results of Task 2,
models will be developed to compute these metrics from available CAD systems.
Progress is proceeding on two fronts: P J Newcomb’s methods mentioned in the
previous paragraph, and a new approach to design for dis/assembly (design for both
assembly and disassembly). This new approach involves the simultaneous parametric
design of the product and the dis/assembly process. That is, parameter values of the
product (lengths, radii, etc.) and the dis/assembly process (component dis/assembly
motions, tool motions, etc.) are chosen to best meet the potentially conflicting
requirements of functionality and de- and remanufacturing. In this way, assessment
results can be directly incorporated into design decision making using the framework of
the compromise DSP [9]. CODA is being extended to enable process modeling and is
being integrated into the DSIDES multiobjective optimization code [10]. Matt Bauer
has primary responsibility for this part of the project and is half way towards his
Master’s degree. This work builds upon Stewart Coulter’s research developing non-
interference constraints for use in parametric design problems that are solved using
integrated CAD-optimization systems [11].

Apply the tool as a test-bed for the case studies: We are approximately two months
away from beginning this task in a substantive way. CAD models of car doors and a
center console have been developed. P J Newcomb’s assessment methods are under
development and he is beginning to test them on the center console. He is expected to
finish his Master’s thesis in Summer 1995, so his experimentation should be complete
in three months. Matt Bauer and Zahed Siddique are developing disassembly process
models for the center console. They will be experimenting with these models and
exercising the simultaneous design for dis/assembly capabilities of CODA and
DSIDES. We have hired an undergraduate student, Clarissa Cochran, to port our CAD
door models to CODA and to further develop their designs.

Review achievements, performance and software with industrial partners: We have
already discussed with Chrysler personnel a visit to Georgia Tech in late summer 1995
for a demonstration of results of this project, along with results of DMI-9410005 and
DMI-9420405.

REMAINING TASKS

L] L] L] L] L] L]

Validate the metrics

Develop models to assess de- and remanufacturability from CAD systems:

Apply the tool as a test-bed for the case studies

Review achievements, performance and software with industrial partners

Assess the impact of reusability enhancement on designs

Enhance Tool with design improvement and trade-off assessment capabilities:

* Establish the framework for formal decision support and design improvement
suggestions.

» Use decision support tools to study the tradeoffs between de- and
remanufacturability and other life-cycle design considerations.




COMMENTARY :

The students working on this project have 5.5 years of industrial experience combined which has
helped us to achieve realistic and relevant work. The cooperation we have obtained from the
industrial sector has allowed us to stay on schedule. The Chrysler Corporation has been most
helpful. The Chrysler Corporation has provided us several large automotive components (e.g.,
complete door assemblies and instrument panels) and technical advice. Chrysler is also donating
an entire Jeep Grand Cherokee to support our research and education in design for de- and
remanufacturing. The summer internship of Stewart Coulter on the design of recyclable instrument
panels at Chrysler and the Big Three’s Vehicle Recycling Development Center will assist
technology transfer between Georgia Tech and our industrial partners.

Remanufacturing support organizations such as the Automotive Rebuilder Magazine and the
Automotive Parts Rebuilders Association (APRA) have also aided our efforts greatly. The
Automotive Rebuilder Magazine Editor sent our lab a year’s worth of free back issues. APRA’s
chairman has waived the registration fees for two of their upcoming seminars and invited us to his
plant to conduct interviews with the employees.

We have used a preliminary de- and remanufacturability assessment table developed under this
grant in Dr. Bras’ class on Environmentally Conscious Design where (among others) students
were asked to assess the remanufacturability of several small appliances. This provided feedback
on the usefulness of the remanufacturability assessment table. In short, we are on track and do not
foresee major deviations from the current budget.

Several major automobile assemblies which we want to use have been modeled in Dr. Rosen’s
graduate CAD class. As mentioned, two reusable/recyclable door designs were developed [3].
Plastic composite external door panels enable non-destructive disassembly and provide access into
the door. Modular door lock and window mechanism subassemblies were also developed. A
model of a Chrysler center console was constructed in order to investigate different fastening
methods and disassembly sequences.

It should also be pointed out that this grant is leveraged in four other funded initiatives, namely,

« Enhancing Reusability by Design
Investigators: Bert Bras, Mechanical Engineering.
Support Organization: National Science Foundation Research Initiation Award, DMI-
9410005
Level of Effort: $90K; 3 years.
» Virtual Design, Service, and Demanufacturing Studio
Investigators: David Rosen (ME), Bert Bras (ME), Farrokh Mistree (ME), Ashok Goel
(College of Computing), Nelson Baker (Civil Engineering)
Support Organization: National Science Foundation, DMI-9420405.
Level of Effort: $400K; 3 years.
* Design for Demanufacturing of Electronic Products
Investigators: Bert Bras, David Rosen, and Kok-Meng Lee, Mechanical Enginecring
Support Organization: AT&T, Motorola, Ford Motor Company.
Level of Effort: $15K; 1 year.
» Classification of Mechanical Separation Technologies
Investigators: Bert Bras, Mechanical Engineering
Support Organization: Chrysler Corporation.
Level of Effort: $5K; 3 months.

BUDGET STATUS

We project that at the end of the first year of the grant, slightly more than 20 percent of the first
year’s budget will remain unexpended. There are two reasons for this situation. First, the School
of Mechanical Engineering at Georgia Tech has a policy of supporting graduate students for up to 4
quarters using School funds. Both P J Newcomb and Matt Bauer were supported by School funds
for part of the first year of this grant. Funds budgeted for student salaries will be carried over for
use in the second and third years of this grant. The second reason for the budget surplus is the

—-6-—




funding levels of the PI's from NSF. Both PI’s have at least two months of NSF summer
funding. We will be rebudgeting PI and graduate student salary funds in the near future to reflect
our successes in attracting NSF funds.

PUBLICATIONS IN WHICH GRANT IS ACKNOWLEDGED

1. Rosen, D.W., Bras, B.A., Hassenzahl, S.L., Newcomb, P.J., and Yu, T., “Computer-Aided
Design for the Life-Cycle”, Journal of Intelligent Manufacturing, (accepted for publication).

2. Coulter, S.L., Bras, B., Rosen, D.W., “Dynamic Non-Interference Constraints in Goal-
Directed Geometry,” ASME Design Automation Conference, Boston, September 17-21, 1995.
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May 28, 1996

Dr. George Hazelrigg

Program Director, Design & Integration Engineering
National Science Foundation

4201 Wilson Boulevard

Arlington, VA 22230

Dear Dr. Hazelrigg:

Enclosed is a copy of our Annual Progress Report for project DMI-9414715
entitled “Computer-Aided Design for Demanufacturing & Remanufacturing.” This report
covers our progress from September 1, 1995 through August 31, 1996, the second year of
the project. We are very pleased with our progress.

Thank you for your continued support of our efforts on this and our other NSF
funded projects. We look forward to continued funding on this project.

Sincerely,

S U e

David W. Rosen

Dr. David Rosen (404) 894-9668

vid.rosen @me.gatech.
Adminisiraion Office . Finance Office A aduate Program . | uﬁj%ldrocnome g.:ne edlr]\\
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APPENDIX D

ANNUAL NSF GRANT PROGRESS REPORT
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Pl Address: fchaa/af{ ﬂecﬁmm‘ca/ (_Cngr,
Atlarita, 6A 30332-0405

Ncam I Continued Funding is Requested
Please include the following information:

1. Brief summary of progress to date and work to be performed during the succeeding period;

2. Statement of funds estimated to remain unobligated —if more than 20%-— at the end of the period for which
NSF currently is providing support (not required for participants in the Federal Demonstration Project);

3 Proposed budget for the ensuing year in the NSF format, only if the original award istter did not indicate

specific incremental amounts or if adjustments to a planned increment exceeding the grester of 10% or

$10,000 are being requested;

Current information about other research support of senior personnel, if changed from the previous

submission,;

Any cther significant information pertinent to the type of project supportad by NSF or as specified by the

terms and conditions of the grant,

A statemnent describing any contribution of the project to the area of educstion and human-resource

deveiopment, if changed from any previous submission; and

Updated information on animal care and use, Institutional Biochazard Committes and Human Subject

Certification, if changed substantially from those originally proposed and approved.

N o o

| certify that to the best of my knowledge (1) the ststements herein (exciuding scientific hypotheses and scientific
opinions) are true and complete, and (2) the text and graphics in this report as well as any accompenying
publications or other documents, uniess otherwise indicated, are the original work of the signatories or individuals
working under their supervision. | understand that the willful provision of false information or concealing a material
fact in this report or any other communication submitted to NSF is a criminal offense (U.S. Code, Title 18, Section

1001.)
P.l. Signature: @—‘/L'/ M
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STATUS REPORT
(9/94 - 5/96)

DMI-9414715

COMPUTER-AIDED DESIGN FOR DE- AND REMANUFACTURING

BERT BRAS AND DAVID ROSEN
SYSTEMS REALIZATION LABORATORY
THE GEORGE W. WOODRUFF SCHOOL OF MECHANICAL ENGINEERING
GEORGIA INSTITUTE OF TECHNOLOGY
ATLANTA, GA 30332-0405

SUMMARY

A growing concern about the environment has spurred research into the design of more
environmentally benign products. The most dramatic reduction in environmental impact can be
made by product reuse in which the geometric form of the product, or parts of the product, is
retained between product lives. The focus of the proposed research is to enhance environmentally
safe disposal/recycling by facilitating the inclusion of product take-back considerations in product
design. Demanufacturing and remanufacturing are the names of processes intended to enable both
material recycling and product reuse. Demanufacturing characterizes the entire process involved in
recycling, reuse, incineration, and/or disposal of a product after it has been taken back by a
company. Remanufacturing deals with the refurbishment of partly worn products for their
subsequent reuse.

Due to the complexity of formulating systematic design approaches that include environmental,
economic, and technical considerations, the objectives of the proposed research are to establish an
engineering science base for: (1) the operational parameters and models of plastic-metal product de-
and remanufacturing processes, and (2) computer-based tools for the computer-aided design of
these products which can be recycled and reused through de- and remanufacturing processes.
These objectives will be achieved by the tasks (1) characterizing the issues involved, (2)
benchmarking available CAD and information management systems, (3) developing a prototypical
CAD tool for de- and remanufacturing, and (4) integrating weight, cost, and manufacturability
tradeoff assessments.

Patrick J. Newcomb and Matt Bauer are the two graduate students who have primarily been
working on this project. Brian Harper started in January 1996. Two additional students, Tony
Amezquita and Rick Hammond, have been working on characterizing the issues involved in
remanufacturing under NSF Grant no. DMI-9410005, “Enhancing Reusability by Design”. Also,
Zahed Siddique and Scott Pierce, funded under NSF Grant no. DMI-94204035, has been assisting
Matt Bauer on task (3). Much of the work done thus far has focused on the automotive industry,
since replacement parts for automobiles and trucks are now the most prevalent and commercially
available applications of product remanufacture in the United States and Europe. However, the
goal is to develop domain independent metrics so that they can be applied to measure the
remanufacturability and reusability of any manufactured product. Matt Hrinyak, a student funded
by a MARC grant, is investigating automated demanufacturing of electronic products; his results
provide a good baseline for comparison.

We are currently 21 months into this project. Progress has been substantial and will be
discussed in the context of Figure 1 which illustrates the relationship between project tasks. Two
studies have been conducted on de- & remanufacturing practices and on CAD/IT systems. Results
of these studies serve as requirements for a CAD system to support de- & remanufacturing
assessments. After these assessments are available, they can be used to support design synthesis.







