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End-of-life design aid in PLM environment using agent technology
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Abstract. End-of-life oriented product design (design for recycling, disassembly, remanufacturing) is considered an emerging area in modern
approach to product lifecycle. Numerous tools aiding the design process have been developed, but many of them work as independent computer
applications. The presented solution is strictly integrated with typical design environment: CAD 3D and PLM systems. This paper presents the
application of agent technology operating in the PLM environment to support the design process. The architecture of the proposed solution is
shown. A method of product assessment, based of three indicators, is described. The example analysis of real household appliance is presented.
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1. Introduction

For many years, the transformation of manufacturing compa-
nies has been shaped by the global economy and customer mar-
ket. The demands put on the modern manufacture range from
product diversity (multiple variants, wide product selection)
through the reduction of cost and lead times to the improve-
ment of product quality. Modern manufacturing companies
need tools supporting quick decision-making, e.g., regarding
new product concepts. One type of such tools are the product
lifecycle management (PLM) systems. There are a lot of ways
in which manufacturing companies can benefit from the imple-
mentation of a PLM system, such as:

e supporting market analyses and new product concept devel-
opment,

e cnsuring legal and safety compliance,

e mitigating the risk inherent in the marketing of new prod-
ucts,

e improving efficiency of R&D employees,

e supporting management of product design and manufacture
processes,

e reducing time and costs of the design and marketing of new
products while maintaining or even improving quality,

e building a product information database,

e cnabling close collaboration of constructors, process engi-
neers, suppliers, co-operators and customers, aimed at
improving business and marketing strategies.
Implementation of a PLM system in an enterprise requires

complex and tedious configuration of the system individually
for every end user. Many enterprises design unique PLM sys-
tems customised to their needs. Some of the preconditions for
successful implementation of a PLM system include the defini-
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tion of data flow processes and identification of data. In prin-
ciple, PLM systems encompass all enterprise arecas. However,
individual implementations usually cover selected functional
areas. Some functional areas of an enterprise are more likely
to be supported by a PLM system than others [1]. One of the
areas in which PLM support is hardly ever considered is end-
of-life of a product (recycling, disposal of reuse) — an area of
crucial importance for the management of data indispensable
for decision-making. Properly defined and sorted data on, e.g.,
product recycling or disposal can be used as early as at the
design stage to improve sustainability. This paper proposes
to expand the functionality of a PLM to include end-of-life
aspects, with the use of agent-based technology. PLM system
is used for conducting recycling analysis at the design stage of
product lifecycle. Its main task is to collect data on designed
product and results of analysis conducted by agent system sup-
porting ecodesign [2]. These data are collected and stored by
program agent that cooperates with other agents of the recycling
assessment system.

2. End-of-life design in product life cycle

The term eco-design, also known as, e.g., ecological or green
design, or design for environment, has been in use since the
1990s [3]. Eco-design consists in identifying the environmen-
tal aspects of the designed product and including them in the
design process at an early stage of product development [2, 4].
This approach to design is aimed at reducing the product’s
environmental footprint across its life cycle. An eco-designed
product is supposed to be sustainable and socially acceptable,
and meet environmental requirements [3]. Eco-design enables
the reduction of costs of product manufacture and operation,
helps improve products and technological processes, drives the
reduction of material and energy consumption by products and
packaging, helps meet customer expectations as well as cre-
ate new needs and requirements, and facilitates the reduction
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of costs owing to early verification and modification of the
product concept [5]. Eco-design is applied for a wide variety
of reasons — from the environmental approach underpinned by
high environmental awareness through to the mundane obliga-
tion of legal compliance. Nevertheless, the underlying purpose
of eco-design, whether indirect or direct, main or secondary,
is to mitigate the environmental impact of the product across
the life cycle. The sooner it is pursued, i.e., the earlier the
life stage at which environmental aspects are considered, the
sooner it is achieved. Designers have a range of tools, methods
and indicators (e.g. life cycle analysis — L31, life cycle man-
agement — LCM, life cycle cost — LCC, control chart, material
input per service unit — MIPS, MIT, etc.) based on eco-de-
sign guidelines [6]. If those guidelines are followed at early
stages of product development, the environmental impact of
the product can be reduced by 70 to 90% [7]. What is more,
modification of product design and manufacturing process at
early stages of product life cycle generates costs low enough
to enable multiple changes aiming to achieve the best possible
outcome. It should be stressed that the initial 20% of decisions
made (those concerning costs and other matters) determines up
to 80% of the ultimate results [8]. In the eco-design process,
the environmental impact of materials and resources, as well
as the length of life, are taken into consideration. The designer
needs to make choices and take decisions at early stages of
the design process to minimise the product’s environmental
footprint. Decisions made at early stages of the design pro-
cess determine the product’s properties and operation, as well
as the costs generated at subsequent stages of its life cycle.
The ability to explore all the important aspects at the product
development phase is crucial for the achievement of the desired
results (such as reduction of the environmental and financial
costs of production processes, mitigation of the environmental
impact at product retirement, etc.) [9].

One of the approaches to eco-design is the end-of-life
design, aimed to maximise the reuse of materials after product
retirement. Waste from retired products can be utilized in one
of the following ways:

e multiple reuse of the product following regeneration,

e recuse of raw materials without altering their composition

or state,

e rcuse of raw materials with alteration of their composi-

tion or state,

e cnd-of-life design.

End-of-life design is of great relevance to the environment,
as it reduces the amount of waste on one hand, and decreases
the consumption of natural resources on the other. The term
“end-of-life design” is used alternately with “design for recy-
cling”.

3. PLM system in the project life cycle
Data management across the product life cycle can be sup-
ported by a product lifecycle management (PLM) system. In

principle, PLM systems provide functionalities in four key
areas [10]:
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idea, specification, technical requirements and concept
(area 1),

e product design, testing and analysis (area 2),

e implementation (area 3),

e after-sales service and maintenance (area 4).

An alternative approach to the product life cycle takes into
consideration eco-friendliness and environmental protection
[11]. The environmental management practices utilize the prod-
uct life-cycle assessment, defined by the US Environmental
Protection Agency as an objective technical tool to evaluate the
environmental impact of a product, process or activity holisti-
cally, across its entire life cycle [12]. The areas listed above can
encompass eco-design. In areas 1 and 2, eco-design may con-
cern the selection of material (e.g. secondary or regenerated raw
materials) or technology — designing a technological process so
as to minimise energy and water consumption and reduce waste,
flue gas or other by-products harmful to the environment. End-
of-life design, as part of eco-design, facilitates quick and envi-
ronmentally-friendly disassembly of the product. Eco-design
also relates to area 4, which can be expanded to include disposal
at the end-of-life. Here, the task is to create a product which
can be still utilized at its end-of-life, i.e., dismounted so that
certain components can be reused, worn out parts — recycled,
and dangerous waste — disposed of safely. A close link between
areas | and 2 is obvious. The existing PLM systems do not
support environmental assessment or suggest environmentally
friendly design solutions; in other words, they do not support
end-of-life design.

The functionality of PLM systems extends far beyond data
management. The systems are used to support activities under-
taken as part of global cooperation, allowing for the achieve-
ment of competitive advantage. Typically, the functionality of
a PLM system is described as the support of businesses in the
process of product development from concept through design
to production. PLM systems enable the management of product
portfolio and production process, creation of product concept
and design of the product, as well as management and analysis
of legal compliance [13]. The 2017 research shows that the
number of organisational departments which were accessible
through a shared platform of data made available by a PLM
system increased significantly: design 41%; development 51%;
production preparation 40%; production 35%; maintenance
34%; marketing 36%. The challenges posed by Industry 4.0
make further development of PLM systems inevitable. The
systems are bound to be transformed into product innovation
platforms facilitating efficient cooperation, a holistic approach
to the production process, and integration of quality and ser-
vice data. An analysis of the PLM systems described in the
literature shows that the environmental aspect is left out. As
the name suggests, a product lifecycle management system, in
terms of its functionality, should take into consideration all data
regarding product life cycle, including the environmental data,
especially those which enable the design and manufacture of
an environmentally friendly product.

This effect can be achieved through an extension of the PLM
system’s functionality to include the product’s end-of-life. For
successful product life cycle management, communication and
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cooperation among all parties engaged in the product creation,
especially in the management (control) of the process flow, are
of utmost importance. Regardless of importance or type, each
piece of information in the form of a document should have
a place assigned in the system. Each piece of data should be
accessible by anyone who needs it to proceed with their work.
These objectives can be achieved with a single database, acces-
sible to authorised users from various locations, facilitating the
workflow design for better control and safety. This is especially
important when data created at one stage of the design process
are used for decision making at a subsequent stage — as in the
case of eco-design. End-of-life attributes properly defined at
the design process will be used for the decision-making at the
end-of-life. In view of the above, an attempt has been made
to implement attributes describing the environmental properties
of a product in a PLM system.

The solution proposed in this article is an attempt to extend
the functionality of a PLM system to include environmental
data management. Taking into consideration the current trends
in the development of the PLM systems, the objective has been
achieved with the application of intelligent agent-based IT tech-
nologies.

4. Overview of program agents

In the proposed solution, agent system technology was used.
The beginnings of research into program agents date back
to the 1990s, when it accompanied the development of distrib-
uted decision support systems. The subject matter of agents
and multi-agent systems remains relevant today and research
work into agent-based technologies is still underway. Multi-
agent systems owe their popularity to the Industry 4.0 concept,
based on the assumption of system integration and creation
of networks integrating human beings and digitally controlled
machines with the application of the Internet and information
technologies. The idea underpinning Industry 4.0 is the unifica-
tion of the world of machines with the Internet and information
technologies. Agent systems can speed up the practical imple-
mentation of Industry 4.0 [14]. Program agents are capable of
making autonomous decisions and taking goal-oriented actions
in many applications [15—17]. Applications based on agent tech-
nology may range from small, customized systems, such as
email filters, to huge, complex systems [18, 19] utilized in,
e.g., air traffic control [20-22]. Agent systems are aso applied
in management and process control, i.e. business processes [23].
Multiagent solutions have a huge potential for solving various
problems that are not directly connected with the given industry,
i.e. formation control [24] or population-based global optimi-
zation meta-heuristics [25, 26].

The word “agent” originates from the word “agency”,
defined as the capacity to take autonomous action oriented
at the achievement of one’s objectives [27, 28]. There is no
explicit definition of the agent; the existing definitions are
context-dependent and focus on various aspects of the agent-
based technology. One of the most commonly referred to defi-
nitions of the agent is the one provided by Wooldridge and Jen-
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nings [29], who described the agent as a computer or hardware
system characterized by autonomy, social ability, reactivity
and pro-activeness. According to Wooldridge and Jennings,
the agent is “a computer system, situated in some environ-
ment, that is capable of flexible autonomous action in order
to meet its design objectives.” According to IBM, the creator of
many software programs utilizing the agent-based technology,
“intelligent agents are software entities that carry out some
set of operations on behalf of a user or another program with
some degree of independence or autonomy, and in so doing,
employ some knowledge or representation of the user’s goals
or desires” [30].

Work [31] refers to a number of other definitions of the
agent, which contain descriptions of some of the desired fea-
tures of an intelligent agent. The author has computed how
often the agent’s features considered as desired occurred in
a number of selected definitions (see Table 1).

Table 1
Occurrence of particular agent’s features [31]
Occurrence Feature
9 Reactivity
9 Autonomy
8 Computer program
7 Drawing conclusions
7 Acting intentionally
6 Cooperation
5 Taking long-term action
3 Adaptability

It follows from the data in Table 1 that the most desired
features of the agent are reactivity and autonomy. Reactivity
is the agent’s capability to take action resulting from changes
in its environment. The agent needs a picture of the surround-
ing reality and effectors capable of reacting to changes. The
picture of the surrounding reality can be built in two ways: by
means of various sensor monitoring the agent’s environment,
or by means of an environment model (embedded in some
agents). The model describes the way in which the agent’s envi-
ronment changes (both independently of the agent and under
the influence of its actions). The model takes over for the
sensors, building a picture of the environment that includes
those parts of the environment which are beyond the sen-
sors’ field of view at a given moment. The effectors utilized
by the agent for affecting the environment vary depending
on the type, structure and intended use of the agent. They
may be represented by simple algorithms operated in certain
situations, as well as by, e.g., robot’s pinchers grabbing and
moving objects as required. The autonomy of the agent, the
second most frequent feature, enables the agent to perform
tasks assigned to it independently of the ordering party. Agents
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are capable of achieving the assigned objectives without any
intervention from the environment, through autonomous anal-
ysis of possible decisions and choice of optimal, in their view,
solutions. Autonomy is considered one of the main features
differentiating agents from ordinary computer programs. The
word “program” appears in the definitions of intelligent agents
nearly as often as “reactivity” and “autonomy” — rightly so, in
the case of program agents, as every program agent is a pro-
gram (however, not every program is a program agent) [32].
The ability to draw conclusions is inherent in intelligent agents.
It consists in making the most reasonable decisions based on
an analysis and observation of the current state of the agent’s
environment as well as on the archival states, a knowledge
base and its ability to predict the effects of future actions.
“An agent is perceived as an intermediary, a representative,
an entity acting upon authorisation, for the benefit of a third
party” [33]. Therefore, many definitions refer to its ability
to act intentionally.

The features of agents discussed above, in particular auton-
omy, reactivity and ability to act intentionally, have been uti-
lized in the management of data, information and knowledge
to make them available in the process of eco-design, in view of
the entire product life cycle. Design is one of the first stages of
the product life cycle, where the Design for X (DfX) assump-
tions are made. The environmental aspect of the designed
product should be taken into consideration at every stage of
the product life cycle. Design for environment (eco-design)
provides for determining the utilization of the product after
its retirement.

5. Proposed solution

The agent technology is used in the solution to support deci-
sion-making in the design of recycling-oriented products. The
multi-agent system is to conduct a recycling-oriented assess-
ment of a product designed in a CAD 3D (as the part of PLM
environment), based on data from a special kind of product
model (RpM — recycling product model) made in a CAD 3D
system. The role of PLM system is to store the selected group of
data necessary for preparation of RpM and integrate the results
of the design process with regard to environmental issues con-
nected with the product.

The system for recycling-oriented product assessment is
based on the recycling product model (RpM), which was imple-
mented into the CAD 3D system and in the agent system. The
authors implemented the recycling-oriented product assessment
into the agent system. Agents follow the work of the designer in
the 3D CAD system, monitor the changes made in the design,
assess their impact on the parameters relevant to recycling,
and provide suggestions of product improvements to facilitate
recycling. The use of the agent technology and RpM in the
application enabled automatic support for the recycling aspect
of designing directly from the product model, without having
to manually aggregate the parameters relevant to the adopted
method of product recyclability evaluation, and to reintroduce
them to third party systems [34].
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The recycling assessment implemented in the system is
based on the unique total recycling indicator CWR, defined as:

CWR = WRM + WRP + WPR

where:
WRM - diversity of materials indicator,
WRP — diversity of joints indicator,
WPR - recycling level indicator.

The diversity of materials (WRM) indicator is based on
the assumption that the smaller the number of different mate-
rials, the easier the recycling of the product is. The diversity
of joints (WRP) indicator is based on the assumption that the
fewer joints of various types are used, the easier and faster,
thus less expensive, the recycling of the product is. Moreover,
products with a smaller number of different joints are easier
to disassemble, owing to the smaller number of tools necessary
for the disassembly. The recycling level (WPR) indicator shows
the proportion of recyclable (reusable) weight of the product
to its total weight. It has been defined taking into consideration
the recommended minimum recycling levels set forth in Direc-
tive 2012/19/EU on waste electrical and electronic equipment
[35]. All of the indicators are minimants — the lower the value,
the easier the recycling.

The main task of an agent system is to support designers in
the design process taking into account the end-of-life.

The following agents have been defined in the system:

e designer agent — monitors the designer’s operations for
changes in the product model,

e hints agent — performs algorithmic analysis of the design
and draws up a list of possible changes to improve the prod-
uct,

e suggestions agent — qualifies hints as suggestions based on
the history of accepted hints,

e suggestion history agent — records hints used by the designer,

e materials agent — searches the materials base (embedded
in the PLM system) extended to include attributes relevant
to the end-of-life, and generates information on compati-
bility of materials,

e report agent — creates reports based on analysis results,

e knowledge base agent — records knowledge resources
required for the generation of hints and suggestions.

The structure of the system is shown in Fig. 1.

For the PLM system to serve as a knowledge base, addi-
tional attributes in the classes existing in the PLM system
must be defined. The attributes which are missing in typical
implementations of the PLM system represent data required for
product assessment in terms of its end-of-life. The attributes
refer to:

e assigning the product to a particular group of equipment
in terms of legal compliance [36], and the required and
achieved levels of recyclability and re-usability,

e the parameters of materials relevant to the end-of-life (den-
sity, tensile strength, elongation at yield point, processing
temperature, dielectric constant, dielectric strength, Young’s
modulus, water absorption, environmental toxicity, recy-
cling costs).
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(a) R An example of implementing additional attributes in the
“ & ——  PLM Enovia SmarTeam environment is shown in Fig. 2.
System — 7 - The data described above, implemented to RpM, are the
CAD — = - Dbasis for the analysis conducted by the agent system. The agent
Agent system supporting green, recycling oriented design features the
system following functions:

e analysis of product structure, including the logical
correctness of the defined joints between elements (in
order the analysis to be conducted all the parts have to be
included in the structure of joints),

e automatic calculation and updating the weight of com-
ponents,

e detection of changes made to the product model by the

designer (generally: user),

(b) e calculating statistics and recycling assessment indicators

of the entire product and its individual elements,

L hwalysis /

CAD 3D e detecting changes in the recycling rate and recyclability
indicator — thanks to this feature, the user can see which
Report | | Designer changes in the product structure caused the increase,
agent agent reduction or exceeding of acceptable levels and rate of
\L recycling,
Sugsge;:tons < Suﬁ?;z:i;ns <> Knob\’a\'idge ° gle;e:et;risg and identifying inseparable and incompatible
agent agent >
e detecting and identifying elements that have the greatest
Hints || Materias negat.ive impact on the recycling rate, .
agent agent e creating summary of the used materials and types of
joints,
e detecting the use of hazardous materials and warning
PLM the user,
A e suggestions and tips on changing materials or joints
to improve recyclability parameters of the designed
Fig. 1. General (a) and detailed (b) structure of agent system product.

[ ¢ ENOVIA SmarTeam -ox

Session Edit Actions Find Toos PIM StdReports Admin Yiew Window Help

Main | PLM  Add-Ins

¢ |2 @B n|a|28sre|tr|& s =alesm| b @8] @ | e |4 || x |5 |
g Projecs: -ox
- Tre Profile Card | Links Notes
B 0001 Jat Ski o
PRJ-000003 CATIA - Jet 5Ki 2008 25 = ‘—* General
PRI.0000DA rventor - Tws Seater et Ski Enovia e ————
000005 Soldwiorks - Personal w ateeraf Vericle Systen o
000006 Sold Edge - Waterscooler 3 |
000008 AuioCAD - 2D data Eiprect
PRU-000003 Pro/ENGINEER - Scooter
D: | —
000002 Compary Standeids * |PR0000TZ
£ PRU-000012 Electo ket f— =
St Date e EaDse |
Froect Vansger. | Customer: |
Conents |
&«
610 [Group 2 Smal heusehald aplances =
Curert recycing level  |100 Recuived recyeling level |77
Curent sebvage evel  [100 Fleguired selvage level [20
-

Fig. 2. General view of the project profile card with implementation of additional attributes describing the product in terms of legal compliance
(in accordance with [36])
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Fig. 3. Assessed product: a) general view with main parts [37], b) model in CAD 3D system while defining the connection between parts [37],
c) part list in PLM system

6. Recycling-oriented assessment Table 2
of a real household appliance Components of the assessed product

Component Materials

The use of the proposed solution will be illustrated with an
example of analysis of a designed product (electric kettle) in Base lid PP
terms of its recycling properties. In order to conduct the anal- Base PP
ysis, it was necessary to create a RpM model of the product.
The preparation of RpM model includes establishing of typ- Heating element X12CrMnNiN17-7-5
ical CAD 3D product model and defining all necessary attri-

. 3 T ' Button PE
butes that define recycling properties in the meaning of RpM.
It includes the definition of all the joints in the product and Connection between external PE
assigning extended material attributes to all the parts in the and internal handle
model. Handle cover PE
The designed product model consists of 13 parts. The con-
struction of the appliance is shown in Fig. 3. The set analysis External part of the handle PP
was conducted based on that. Water container PP
Hole plug PP
Profile Card | Links Notes - Switch PP
é%m»ﬂ_ﬂ._—————_————‘e*
Material — Top cover PP
St =
C— Densiy [/cm3] Bolt St235
&N:;m Date . 0.9 i i
ez e Rivet X12CrMnNiN17-7-5
Created by: [33
,— Yield point elongation [MPa]
r::dmeéi;yd = 25 . .
T Processng temp ] A total of 16 analyses were conducted, with different mate-
,::aﬁ% e e rial, joint and disassembly configurations. The results of the
I project (RpM model and product categorization from the recy-
C— cling point of view) are transferred into PLM system. It was
l’j:;‘wﬂf" possible due to appropriate customization of PLM by extending
UEEElE existing class of the objects describing project and material
,iozmm data (Fig. 4). An example result of the analysis for the selected
Recyeing cos PLAkg] configuration of materials is presented in Table 2.
- In Table 2 the symbols represent: PE polyethylene;
posic - PP polypropylene; X12CrMnNiN17-7-5 austenitic stainless
steel; St235 mild steel.
Fig. 4. Significant for recycling assessment material attributes imple- The research revealed that the CWR rate was 7 with
mented in PLM system used by agent during the analysis WPR = 1, WRM = 3 and WRP = 3 (Fig. 5), the time of dis-
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RI=TE
Reports  Tools  Language
— Recycling level
Required: 75.00 % Curment: 100.00 %
r— Produkt
Product type  Domysiny -
7 = 1 + 3 + 3
CWR WPR WRM WRP
— Analysis
Latest analysis 14:37:39
Successful analysis 14:37:39
Analyze
A" Messages [ General I Recyding Materials | Connections
[ Connected I~ Connecting I~ Hamfulness
Name Mass Material D.  Zysk Strata
» » Productl 0.398 52.38 % 47.62 % 52.38 %
["Count: connections | Report: materials | Report: connections | €l ¢ »
Kind Count Mass Cost
» Polietylen 3 0.0155712 0.077856
polipropylen 7 0.1594268 0.7971339
St235 10 0.014834 0.07467001
X12MnNiN17 1 0.208182 1.04091

Fig. 5. Agent system during the analysis of product

assembly (TD) was estimated at 40 seconds, the number of
different materials (LM) was 4, the number of different joints
(LP) was 4, and the number of tools needed for the disas-
sembly (LN) was 2. The recycling rate (WPR%) amounted
to approximately 100%. Therefore, it can be concluded that
the appliance is recyclable and meets the standards. Example
of a final report from the agent system is shown in Fig. 6.

Recycling

Required 75.00% Achieved 100.00%

General information

Recovery level 100.00%
Mass 0.398
Disassembly time 00:00:40
Recycling cost 1.03
Number of materials 4
Number of tools 2

Fig. 6. Final report of the analysis of electric kettle
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7. Summary

In theory, PLM systems should support all stages of the product
life cycle. In practice, however, the support is disproportionate:
some stages receive sound support (e.g. geometric design sup-
port in 3D CAD systems), others are supported poorly or not at
all. The latter include product’s end-of-life, i.e. product retire-
ment. The solution presented in this paper has been designed
to ensure equal representation of all stages of product life cycle
in a PLM system. Its main advantages and new features, as
compared to other existing systems, include: ongoing (online)
supervision of recycling parameters, support of online compar-
ison of various versions of the product, automated prompts and
suggestions aimed to improve recycling parameters, no need for
manual data implementation, analysis based on data acquired
from various sources.

The presented solution takes into consideration a new
approach to design, which includes environmental issues related
to the recycling assessment. Based on artificial intelligence,
it works autonomously, thus saving the designer’s time. The
agent-based technology applied allows for easy expansion of
the system. New functionalities can be added by programming
new agents to cooperate with the existing ones. Further works
on the development of the methodology will be focused first
on functional expansion of the IT system, and next on the eval-
uation of opportunities for its application in the area of disas-
sembly, with the use of augmented reality.
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