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Abstract This paper suggests an extended product data mod-
el that integrates product design and manufacturing data to
support personal manufacturing based on 3D printing ser-
vices. To produce highly customized products with limited
resources, personal manufacturers require data management
tools for integrated product design and manufacturing.
However, the current separated and dedicated design and
manufacturing information systems for mass production can-
not satisfy the requirements of personal manufacturing. To
solve this problem, this study introduces an extended product
data model that has data objects for bills of processes (BOP),
customer orders and manufacturing operation linked to 3D
printing services through Internet of things (IOTs) technolo-
gies. The extended product data model can support product
design, process planning, production planning, and execution
of manufacturing operation in a unified single user environ-
ment. To demonstrate the applicability of the model, this study
implemented it as a prototype product data management
(PDM) system and applied the system to an example product
development.
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1 Introduction

3D printers are a type of additive manufacturing (AM)
facility that can produce three-dimensional shapes by lay-
ing a layer of plastic or metal powder on top of another
[1]. Additive manufacturing is comparable to subtractive
manufacturing, which cuts or carves material using cut-
ting tools or laser beams to shape products. While existing
subtractive manufacturing for mass production requires
multi-phased manufacturing steps with dedicated tools
and fixtures, additive manufacturing can produce products
directly from their 3D CAD models without additional
tools or fixtures [2].

Consumer 3D printers are affordable 3D printers that indi-
viduals can purchase. The market for consumer 3D printers
expanded by 200400% annually between 2007 and 2011,
and makes up the largest portion of the whole 3D printer
market [3]. Decreases in prices due to innovations in 3D print-
ing technologies and open-source hardware and software [4]
have increased the market for consumer 3D printers and their
distribution. Consumer 3D printers are adequate tools for
those who want to create simple personalized goods such as
toys, accessories, shoes or simple gear.

Due to the widespread availability of consumer 3D
printers, Internet-based 3D printing services are considered
an emerging manufacturing platform for personal
manufacturing or customized production [2]. These pro-
vide online 3D printing services or link personal manufac-
turers requiring 3D printing services to individuals who
own 3D printers. Current 3D printing services provide
upload-to-make printing services, where users cannot con-
trol 3D printers directly through the Internet. They need to
upload their 3D model files on web sites provided by ser-
vice providers, and then service providers print the prod-
ucts and send them to users through delivery services.
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Personal manufacturing allows an individual to produce
and sell small amounts of personalized products by using ad-
ditive manufacturing facilities, laser cutters and open-source
hardware and software [5]. Additive manufacturing features
allow personal manufacturers to produce small amounts of
highly customized products without dedicated manufacturing
facilities and resources. This new manufacturing approach is
based not only on improved machines, software and controls
for manufacturing, but also on the spread of Internet and social
media (SM) as collaboration and communication tools with
outside advisors for marketing, design, manufacturing and
customer services. The Internet also allows individuals to eas-
ily deliver capital and reach markets for their product devel-
opment and manufacturing.

However, the current personal manufacturing individuals
have no design and manufacturing support for their integrated
and consistent data management needs. Even though they
have to manage product data and processes from design to
manufacturing with limited resources, they can only use iso-
lated CAD/CAM software systems, general-purpose email
systems, office applications and file servers to manage various
customer orders of relatively small lot sizes. They have diffi-
culty managing design and manufacturing data along with
customer orders spread among heterogeneous information
tools and data storages.

To solve the current problems of data management for per-
sonal manufacturing, the author proposed a framework to in-
tegrate design and manufacturing data that can support per-
sonal manufacturing based on 3D printing services [6]. The
framework consists of three features: the application range of
product design and manufacturing, product data management
(PDM) centered-integration, and enabling information tech-
nologies for the integration.

In order to realize the framework, this study enhanced the
framework and proposed an extended product data model that
can integrate product data including bills of processes (BOP),
customer order and manufacturing operation with existing
product design objects. The product data model allows per-
sonal manufacturers to manage product design, process plan-
ning, production planning and manufacturing execution data
in a unified user environment of an extended PDM system. It
supports the unified user environment through applications of
SM, AM and Internet of things (IoT) technologies based on
3D printing services.

To demonstrate the feasibility of the product data model,
this study implemented it as an extended PDM system for
personal manufacturing. In addition, to illustrate the
supporting functions of the implemented PDM system, four
representative application examples of the prototype system
for each design and manufacturing process are presented.

The remainder of this paper is organized as follows: in
Section 2, this study reviews related work. Section 3 intro-
duces a framework for integrating design and manufacturing
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data for personal manufacturing. Section 4 proposes a product
data model for an extended PDM system that integrates data
objects for BOP and manufacturing operation with existing
product design objects. Section 5 describes the implementa-
tion of the model as an extended PDM system with applica-
tion examples of product design and manufacturing. Section 6
concludes the study with further research topics.

2 Related work and research contributions

The main theme of this study is to integrate design and
manufacturing data using emerging information and commu-
nication technologies (ICTs), including 3D printing services,
in order to support personal manufacturing. Therefore, this
section describes different approaches to design and
manufacturing integration based on ICTs for personal and
customized production. Since the result of this study will be
a computer-based information system, the reviews focus on
information management tools and methods.

2.1 Integration of design and manufacturing

To support personal manufacturers with integrated informa-
tion systems, the proposed framework and product data model
integrate design and manufacturing processes and their asso-
ciated data. In order to integrate enterprise information sys-
tems including design and manufacturing supporting systems,
Xu et al. [7] proposed industrial information integration engi-
neering (IIIE), and Chen [8] reviewed related studies. IIIE is a
set of fundamental concepts and techniques that facilitate the
industrial information integration process [8].

The proposed framework and data model can be a subset or
instance of IIIE, since it allows interactions with multiple dis-
ciplines in separate areas as IIIE suggested. For example, it
allows the integration of online hardware facilities and infor-
mation systems. The proposed framework attempts to inte-
grate not only separate data management functions for design,
planning and manufacturing processes, but also manufactur-
ing hardware facilities (3D printers) with a supporting infor-
mation system as a function of an extended PDM system. In
addition, the framework applies social science to enhance in-
formation systems and product design processes. It applies
social media for collaboration with outside experts during
product design and manufacturing processes.

To integrate emerging [oT technologies into manufacturing
industries, Cai et al. [9], Tao et al. [10] and Tao et al. [11] use
the product lifecycle management (PLM) concept, which
covers product lifecycle stages from product conceptualiza-
tion to disposal. The proposed framework in this study also
uses extended PDM to cover processes from product design to
manufacturing execution, in order to integrate IoT technolo-
gies for remote operation of 3D printers. Just as Tao et al. [10]
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use bill of material (BOM) as the basis of the integration and
application of IoT technologies through the product life cycle,
the proposed framework also uses BOM (product structures)
to integrate product design, process planning, material re-
source planning and manufacturing execution in an extended
PDM system. It also integrates 3D printing services with its
product data management through IoT technologies.
However, while previous studies use [oT to identify products
during different stages of the product life cycle, the proposed
framework uses it to allow personal manufacturers to monitor
and control dispersed 3D printers through the Internet.

As another integration framework based on an emerging
information technology, Wu et al. [12, 13] suggested cloud-
based design and manufacturing (CBDM), which consists of
cloud computing infrastructures, computer-aided design and
manufacturing software, hardware, information management
and supply chain management services. Figure 1a shows the
CBDM framework and its six component services, along with
its supporting design and manufacturing processes. This paper
compares the components of the proposed PDM system with
CBDM services to clarify the relationship between the two
approaches (see Fig. 1a, b).

The extended PDM system follows a subset of CBDM
architecture. While CBDM has no limitations to its applica-
tion domain, the proposed approach specifies personal
manufacturing as its application domain. CBDM also con-
siders general product development processes from conceptu-
alization to manufacturing, but the proposed approach limits
its processes from product design to manufacturing execution
(see the four product design and manufacturing processes in
Fig. 1b). The proposed approach also limits its production
methods to 3D printing services. However, the generalized
conceptual model in CBDM prohibits the provision of con-
crete descriptions or examples of the approach. Even the sce-
nario in a study [12] lists available technologies and services
without concrete data or instantiation examples. This study
implemented the extended product data model as a prototype
PDM system and applies it to product development and
manufacturing processes for a personalized product.

Fig.1 Comparisons with CBDM
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design

Embodiment &
Detail design

Prototyping &
Manufacturing

While CBDM considers information management as a ser-
vice, the proposed approach uses information management as
a unified user interface to integrate services for product design
and manufacturing processes (see the extended PDM system
in Fig. 1b). To integrate the services, the proposed approach
supports both product data objects and extended PDM func-
tions (see product data objects). In the case of CBDM, there
are no specifications for integrators or containers that integrate
necessary services for specific applications. It may be difficult
for personal manufacturers to integrate or interface necessary
services, since the services cover whole product design and
manufacturing processes and have heterogeneous operation
and interface environments.

The 3D printing services with the product data objects in
the proposed PDM system correspond to the hardware as a
service and supply chain management in the CBDM architec-
ture. Selecting a specific 3D printing service determines a
supplier (3D printing service provider) and the supplied part.
Through product data objects, the supplier and associated part
data are tightly integrated to other product data that can be
applied to various kinds of design and manufacturing data
management. For example, an item object that represents
hardware-as-a-services maintains an operation object that
links connections of the part supplier (see the assembly, part
and operation objects in Fig. 1b). In addition, the item object
maintains its 3D model file as its associated document object.
As a manufacturing application, it can provide the 3D model
file to the 3D printing service managed by its operation object.
The item, document and operation objects are integrated with
other design and manufacturing data objects in the product
data model. They can provide integrated and comprehensive
product data for different product design and manufacturing
applications.

As a result, the proposed extended product data model for
personal manufacturing allows personal manufacturers to
manage comprehensive and integrated design and
manufacturing data in one place, allowing external services
for computer-aided tools and online 3D printing services (see
Fig. 1b).
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2.2 3D printing services in cloud manufacturing

There have been many reports on different 3D printing ser-
vices [2, 12, 14]. This paper is interested in online 3D printing
services and classifies them into four groups: online 3D print-
ing services, distributed 3D printing services, online design
tool services, and online 3D printer cluster services.

Online 3D printing services provide upload-to-make ser-
vices to individuals who want to print their customized prod-
ucts. Shapeways [15] and Ponoko [16] provide online 3D
printing services. They use their own 3D printing facilities to
produce ordered designs.

Distributed 3D printing services match individuals who
want to print their products to owners of personal 3D printers,
allowing the individuals to search locations, 3D printing con-
ditions and available materials of service providers. 3D hubs
[17] provides distributed 3D printing services.

Online design tool services aim to provide online software
tools such as 3D modelers and 3D scanners for 3D printing.
123Dapps [18] provides different online software tools for 3D
printing. They provide a cloud computing-based 3D CAD
modeler, smartphone-based 3D scanning service and online
design tool for electronic circuits. They link the results of
some design tools to other distributed 3D printing services
in order to streamline customer design and manufacturing
processes.

Some 3D printing services use a farm of 3D printers with
centralized control systems [19] and provide application pro-
gramming interfaces (APIs) for customers to use the service
from their application programs. This clustering approach
aims to overcome the long fabrication time of 3D printers with
efficient allocation of resources for printing tasks. Centralized
control systems are applied to their own 3D printer farms and
the APIs allow users to add their printing job to the schedule
managed by the control systems.

Our approach allows personal manufacturers to access and
control dispersed 3D printers as their local 3D printer, allowing
users to upload 3D files, start 3D printing, adjust printing pa-
rameters and monitor progress through web cameras. The 3D
printers are connected to an extended PDM system through the
Internet using small computer boards [20] with Linux operating
systems and open-source control software [21]. Our approach
also allows users to manage online and distributed 3D printing
services as manufacturing execution data associated with item
objects from the view of an integrated product data object for
design and manufacturing.

Mai et al. [2] suggested a framework of 3D printing ser-
vices in cloud computing-based manufacturing. Figure 2a
shows the framework, which consists of five different layers
from the physical device to the application layers. Through the
physical device, adapter and servilisation layers, it can provide
basic 3D printing services that connect networked 3D printers.
Based on the services, the service and 3D model management
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layer allows users to connect to proper 3D printing services
and manage 3D models for 3D printing. The application layer
can build planning or scheduling systems for 3D printing
based on the management layer.

To illustrate the differences of the proposed system to
existing approaches, this paper compares components of the
proposed system with those of the existing framework in
Fig. 2a. Figure 2b shows components of the proposed
system that can be built using the proposed framework and
product data model described in Sections 3 and 4.

The physical device and adapter layers in Fig. 2b are the
same as the existing framework. However, the proposed sys-
tem has poor servilisation functions, since it uses 3D printing
services connected to each 3D printer without service publi-
cation or query functions. It also uses the online or distributed
3D printing services described in the previous section.

To manage connections to 3D printing services and 3D
models, the proposed system uses an integrated product data
model. The document objects (see Doc in Fig. 2b) manage 3D
models as part of the product design specifications, and the
operation objects maintain connections to selected 3D printing
services as attribute values of their manufacturing execution
data. The document and operation objects are elements of prod-
uct data objects that represent comprehensive product design
and manufacturing data including parts, document, product
structures, manufacturing processes and operation objects.

The extended PDM system based on the product data model
supports basic procedures to connect 3D printing services and
upload 3D models to 3D printing services using the integrated
document and operation objects. The extended PDM system
also provides more comprehensive applications with integrated
product data objects. For example, the proposed system plans
production of a product with the items, product structures and
operation objects. Then, the associated document and operation
objects support 3D printing services based on the production
schedule. As a result, the proposed system supports the man-
agement and application layers of the existing framework with
more comprehensive and integrated product design and
manufacturing data and extended PDM functions.

2.3 Research contributions

To support integrated design and manufacturing information
systems for personal manufacturers using online 3D printing
services, this study proposed a framework, product data model
and prototype PDM system with illustrative application
examples.

The framework is a subset of previous frameworks such as
[IE or CBDM that include integration of design and manufactur-
ing. The proposed framework is different from previous studies
in that it provides a product data model that can implement
specific application systems based on the proposed framework.
This is because the framework limits its integration area to design
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Fig. 2 Comparisons with the
framework of a 3D printing
service [2]

Application layer
(Planning, Scheduling)

Management layer
(Service, 3D Model mgt.)

Servilisation layer

Adapter layer

Physical device layer

Ext. PDM system

\ Assembly Product

Data

[ Part | | _Part | Objects

/ l Doc H Operation ‘
\l/ \l/
< Adapter layer

< Physical device layer

@—l (a)

and manufacturing and its application area to personal
manufacturing based on 3D printing services.

The other difference is that it provides a PDM-centered
integration framework, which extends PDM systems to inte-
grate or contain different services required during product
design and manufacturing. The PDM system extends its data
structures to support customer orders, operation and
manufacturing execution to support different services for
manufacturing and remote 3D printing operations.

Based on the framework, this study developed a product
data model that can support the integration of design and
manufacturing for personal manufacturers based on 3D print-
ing services. The model enables personal manufacturers to
link existing online 3D printing services to its comprehensive
product data model, which covers product design, process
planning, production planning and manufacturing execution.
This is different from the existing approach that concentrates
on 3D printing centered services with limited integration of
design and manufacturing processes such as the management
of 3D models or scheduling of 3D printing sequences.

Implementation of the framework and data model employs
current state-of-the-art 3D printing and associated [oT tech-
nologies. Different from the existing product identification-
oriented IoT application, implementation focuses on the appli-
cation of IoT to integrate remote 3D printers into integrated
design and manufacturing information systems where users
can monitor and control remote 3D printers through the
Internet. This comprehensive and integrated information sys-
tem allows personal manufacturers to develop and manufac-
ture their products in a unified supporting information system
based on online 3D printing services.

3 A framework for integrated design
and manufacturing data management

This section describes a framework for integrated design and
manufacturing data management for personal manufacturing
based on 3D printing services. It enhances the existing

@4' (b)

framework [6] with the data object layer, and provides a basic
framework for the extended product data model and its imple-
mentation in Sections 4 and 5. Figure 3 presents features of the
framework.

3.1 Integrated processes from product design
to manufacturing execution

As shown in Fig. 3, the framework covers four design and
manufacturing phases, including the product design, process
planning, production planning and manufacturing execution
processes (see the production processes in Fig. 3). Product
design specifies properties of target products such as their
shapes or dimensions. Process planning defines how to make
products by using manufacturing technologies and their se-
quences. The framework assumes that personal manufacturers
prepare product configurations that have both common mod-
ules for groups of products and personalized modules for each
customer. To prepare the product configurations before cus-
tomer orders, the design and manufacturing process goes
through the production design and process planning phases
before the customer order events. Production planning calcu-
lates the amount of products and their production time based
on customer orders and process planning. Manufacturing ex-
ecution monitors and controls the progress of manufacturing
processes.

3.2 PDM-centered integration

There are existing information systems for target design and
manufacturing processes (see the supporting information sys-
tems in Fig. 3). PDM, computer-aided process planning
(CAPP), material resource planning (MRP) and manufactur-
ing execution system (MES) are supporting information sys-
tems for product design, process planning, production plan-
ning and manufacturing execution, respectively.

The proposed framework tries to integrate all supporting
functions for design and manufacturing into an extended
PDM system. Extension of the PDM system considers the
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following characteristics of personal manufacturing based on
3D printing services.

First, SM functions in a PDM system are an essential tool
for personal manufacturers to collaborate with outside experts
for product design and manufacturing. There have been stud-
ies on SM in PDM [13, 22, 23] and the implementation of SM
in commercial PDM systems [24-26]. In addition, there are
many outlooks for social PDM systems that employ SM as
their main communication and knowledge management tool
as a future PDM system [27-29]. Therefore, the framework
selects SM as a tool for the PDM extension in Fig. 3.

Second, personal manufacturing requires version control
and change management to efficiently produce customized
products using existing product design [5]. Since personal
manufacturing should keep different product specifications
for customized products and maximize their reuse, efficient
management of the design specifications is a critical function
for supporting information systems. Since the main functions
of the PDM system include version control and engineering
change management, the framework employs PDM as a main
information tool for supporting personal manufacturing.

Third, low-volume production in personal manufacturing
decreases the importance of CAPP. In addition, 3D printing
services also decrease the importance of MRP. In mass pro-
duction, CAPP can effectively improve the efficiency of the
manufacturing process, since small improvements in the
manufacturing process can be magnified by large production
numbers. In personal manufacturing, CAPP cannot improve
the efficiency as much as the mass production since the lot
size is often one or a relatively small number. In addition,
online 3D printing services through the Internet serve as flex-
ible and unlimited supply chains or inventory networks. Since
the low volume production and 3D printing service is a flex-
ible supply chain, the integrated system requires only primi-
tive CAPP and MRP functions.

Fourth, direct manufacturing through 3D printing services
simplifies the function of CAPP. As additive manufacturing
can produce final products from 3D CAD models without
dedicated tools or fixtures, CAPP in 3D printing services has
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a limited role. It allows an extended PDM system to integrate
CAPP functions into a unified user environment.

To merge the functions and processes of other supporting
information tools into an extended PDM system, the frame-
work uses an extended product data model that can support all
phases of design and manufacturing. The data objects in Fig. 3
show the original product data objects for PDM (see items,
product structures, document and engineering changes objects
in Fig. 3) and extended objects (see the work and operation
objects). To integrate CAPP functions, the data model pro-
vides the work object that represents a manufacturing process
unit. It also supports BOP concepts that integrate product
structures of parts with manufacturing processes. The opera-
tion object contains the order, sourcing and execution objects
that can represent basic data for the production planning and
manufacturing execution (Objects will be introduced in
Section 4).

3.3 10T and online 3D printing services

The technologies for the extension in Fig. 3 list SM, AM and
IoT as emerging technologies that enable new supporting in-
formation tools for personal manufacturing. Since the previ-
ous section describes the roles of SM and AM, this section
introduces IoT as an enabling technology that integrates con-
trol of remotely connected 3D printers to the extended PDM
environment as MES functions.

Internet of things (IoT) is a set of information and commu-
nication technologies that connects dispersed sensors or actu-
ators thorough the Internet [30]. It allows users to collect in-
formation from sensors and actively control connected ma-
chines or facilities through embedded actuators. This study
introduces Octo Print technology [21], which enables remote
users to monitor and control Internet-connected 3D printers. It
supports open hardware and software for 3D printers [4].
Through IoT technology, users can upload 3D printing files,
start printing their products, and monitor and control the 3D
printers as MES functions for their production.
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4 A product data model for integrating product
structures, routings, and operation

The proposed product data model describes data objects and
their behavior, which enable PDM systems to support integra-
tion of design and manufacturing data for personal
manufacturing. This section describes the overall data struc-
ture for the extended PDM system and then illustrates the
extended manufacturing data objects, BOP and operation
objects.

Figure 4 displays a class diagram for the proposed product
data model. The diagram shows three main objects: the object,
item, and operation with related objects. The item group, the
item object and its associated objects represent product design
data that existing PDM systems manage. The operation group
consists of objects representing manufacturing data that will
be integrated with design data. The object group integrates the
item and operation groups and provides common objects that
support access control, documentation, social media and
workflow.

4.1 Product data model for design data management

This section shows the item group that manages product de-
sign data. Item represents a general object for design data, and
contains the part, material and work subclasses. Part repre-
sents physical components, assemblies or end products that
consist of part lists. Material represents general material re-
sources used to fabricate products. Work represents specifica-
tions of operation to produce its parent part by using sibling
parts or materials in product structures. It will be described
further in Section 4.2.

Rel, an abbreviation of relationship, represents relation-
ships between two items through the relating and related attri-
butes. It usually represents a constituent relationship between
the relating and related items when the related item serves as a
component of the relating item. By using a set of linked rel
objects, the model can represent product structures of partici-
pating items.

” Material H Work | | Order ||$ourcing||Execution|

| Part

Fig.4 A class diagram showing all participating product design, routing,
and operation classes and their relationships

Object is a generic object of the item and operation objects.
Thought the object, the model can share the person, owner,
document, note tag and action objects by inheriting associa-
tions with the objects to the three subclasses: the item, engi-
neering changes, and operation objects. The person and owner
objects manage access of users to specific data objects. The
document object contains engineering documents including
CAD models or 3D printing files and associates them with
specific objects. The note tag is a simple text-based SM that
engineers can attach to item or engineering change objects to
communicate during product development. The action object
is a simple workflow that allows stages of review or approval
by other participants. All these associated product data can be
shared through the generic object.

As a subclass of the object, the engineering change object
(the eng chg object in Fig. 4) represents changes in product
designs through the two link attributes, the input and output, to
the item objects. It also shares the owner, document, note tag
and action objects through its parent object.

Figures 5 and 6 show how to represent real products using
the proposed product data model. Figure 5 shows a product,
17001 lamp, and its product structures with component parts
and materials. The 07001 and 030 base asm are components
of 17001. The lines between 17001 and the two parts represent
constituent relationships. The 07001 part is made from M010
PLA material through a W020 3D printing process. The 030
part is an assembly and has 010 LED as a purchased part and
020 base through the W010 3D printing process using M010
material.

Figure 6 shows the example 17001, 030, 020 and 010
parts and M010 material and their product structures in-
stantiated with the product data model in Fig. 4. Each
instance uses object identifiers from their part or material
numbers or system generated identifiers (e.g., the rel and
rel _ops objects).

—

rder

20160502

WO040 assemble j
Exe

% E010

020 base

010

wE

M PLA

010 PL WO010 3DPRT

17001 lamp

07001 screen

E020

Q)
WO030,
! assemble

MO010 PLA W020 3DPRT

S010

Fig. 5 An example product and associated work, order and operation
objects
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4.2 Integration of routing—bills of processes

To integrate CAPP with PDM, the product data model pre-
pares the work object as a subclass of the item object (see the
work object in Fig. 4). While engineering product structures
(usually called engineering bills of material, EBOM) present
only parts or materials for design specifications, the proposed
model adds specifications of manufacturing processes
(routings) with the related parts or material in their product
structures using the work object.

In Fig. 5, 07001 and 020 parts printed with 3D printers
have the work objects, W010 and W020, representing 3D
printing in addition to their materials, M010 PLA, as their
components. The sub product structures of 07001 and 020
specify all the necessary materials and component parts in-
cluding routings to produce the parent parts. Usually, the work
sequence consists of routings for the manufacturing process,
and product structures with routings become manufacturing
bills of material (MBOM).

Figure 6 shows the W010, W020, W030 and W040 work
objects, which specify the 3D printings and assembly opera-
tion to produce the 17001 end product. This shows that the
work objects also use the rel objects to link with other item
objects (see the work and rel instances in Fig. 6).

4.3 Integration of operation—orders, sourcing,
and execution

The operation group in Fig. 4 represents manufacturing data
integrated with the item group through the generic object. The
operation object has the order, execution and sourcing objects
as its subclasses. In Fig. 5, when a personal manufacturer
receives an order for the 17001 product, he or she can repre-
sent it with an order object linked to the 17001 part object (see

Fig. 6 An instance diagram for
the example in Fig. 5 based on the
data model in Fig. 4

E020: Execution

07001: Part

160502 object). Then, he or she purchases the 010 part and
asks the 3D printing service provider to print the 07001 and
020 parts. All the manufacturing activities are represented
with the order, sourcing, and execution objects (see
instances of the order, sourcing, and execution objects in
Figs. 5 and 6).

As aresult, the proposed product data model has represent-
ed all product design and manufacturing data for product spec-
ifications, routing planning, material resource planning, and
manufacturing execution in an integrated data model.

5 Implementation of the proposed model
and its applications

To demonstrate the feasibility of the proposed data model, this
study implemented the model as a prototype PDM system. To
illustrate the supporting functions of the implemented PDM
system, representative application examples of the PDM sys-
tem for each design and manufacturing process were selected.

—  Configuration control is an application during the product
design phase, which illustrates using social media collab-
oration with outside experts.

—  Cost estimation is an application during the process plan-
ning phase, which uses both data from product structures
and bills of processes.

—  Material resource planning is an application during the
production planning phase, which calculates the amount
of material from customer orders and product structure
information.

—  Remote monitoring and control of 3D printing illustrates
the [oT technologies used during the manufacturing exe-
cution phase.

160502: Order
01: Rel_Op

17001: Part

| 04: Rel | | 05: Rel |

W040: Work

030: Part

| 09: Rel | I 10: Rel |

| 06: Rel H 02: Rel | | 01: Rel | |E010: Execution|

[M010: Material || wo2: Work | | woso: work | [o10: Part | | 020: Part|
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Design Operation
Data [\BEP—J Data

Extended PDM Databases
Fig. 7 System architecture of the implemented PDM system

Section 5.1 describes the system architecture for the imple-
mented prototype system with connected 3D printing services.
It also introduces an example product that will be used for
application examples in the following sections. Sections 5.2
and 5.3 present illustrative applications of the implemented
PDM system with a comprehensive product design and
manufacturing example.

5.1 System architecture with connected 3D printing
services and an example product

Figure 7 shows the system architecture of the implement-
ed PDM system. The system has extended PDM data-
bases, which consist of the design, BOP and operation
data. The extended PDM server supports access to data
objects in the PDM databases with basic input/output op-
eration. Product data management provides core PDM op-
eration such as management of the parts list, engineering
documents, product structures and engineering changes.
Based on the product data management functions, the
system supports applications for design and manufactur-
ing processes through a web-based user environment. The

Fig. 8 Product data for the
example products

!
|
-
@ |
o B

v

030 base assembly

07001 screen 07002 screen

010 led lamp

020 base

Fig. 9 Example product design and engineering changes

system is implemented with the MySQL database man-
agement system [31] and a Java-based web application
development environment [32].

The extended PDM server connects remote 3D printers
with control software that supports open hardware and soft-
ware for 3D printers. The control software provides applica-
tions and APIs that allow remote control of dispersed 3D
printers [21].

Figure 8 shows 3D CAD models and a completed product
of the example used throughout this section. The lamp is a
desktop stand with an LED light bulb powered by USB. The
lamp was modeled using a 3D CAD system [18] freely
downloaded through the Internet as Software-as-a-Service
(see Fig. 8a). The screen of the lamp printed with specific
images makes the product a highly personalized product (see
Fig. 8b). The implemented PDM system supports various de-
sign and manufacturing data to realize the lamp using 3D
printing services (see Fig. 8c).

Figure 9 shows a simplified version of product structures
and an engineering change of example products (see Figs. 5
and 6 for product structures with their associated design and
manufacturing objects). The engineering change is reviewed
and approved through the configuration control process de-
scribed in Section 5.2.

v v e A -

——
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© (b)

Fig. 10 The EC, action, and tags for configuration control process

5.2 Configuration control and process planning examples

Controlling product configurations checks the acceptance of
stakeholders for an engineering change and decides on its
application. The stakeholders for engineering changes usually
include other design engineers, product managers,
manufacturing engineers and inventory controllers. In the case

@ Springer
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0 17001 lamp NDo PART 0.0 1

1 07001 screen NDO PART 0.0 1.0 0.0

2 W020 3D printing ~ WORK 10000.0 1.0 10000.0
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3 WO010 3D printing ~ WORK 1000.0 1.0 1000.0
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total 49000.0
Report generated on Sun Jun 26 11:59:03 KST 2016

Fig. 11 Cost estimation from product design and process planning data

of personal manufacturing, they could be outside experts who
can advise on the changes.

The implemented system provides the engineering change,
action and note tag objects for configuration control (see
Fig. 4). Figure 10a shows an action browse window to review
an engineering change on the screen of the example lamp (see
structure changes in Fig. 9). The window shows the action
manages configuration control with the prepare, EC proposal
(ECP), effectivity and Final Assurance Inspection (FAI)
stages. Figure 10b shows exchanges of note tags among par-
ticipating engineers or experts during the ECP stage of the
target engineering change. The example application shows
that SM in the extended PDM system can support collabora-
tion among personal manufacturers and outside experts during
configuration control processes.

The proposed model suggested BOP, which integrates
manufacturing processes into product structures. Figure 11
shows the integrated product structures of both parts (includ-
ing material) and processes represented with the work objects.
For example, material M10 and work W010 as material and a
3D printing process for the 020 part indicate that the material

Mo L
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order gty = 100.0

leve no name type qty total

0 17001 lamp NDo PART 1 100.0
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2 MO010 PLA MATERIAL 42 4200
1 030 base asm PART 1.0 100.0
2 020 base PART 1.0 100.0
3 MO010 PLA MATERIAL 25 250.0
2 010 LED PART 1.0 100.0

Report generated on Sun Jun 26 11:50:46 KST 2016

Fig. 12 Material resource planning
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Fig. 13 Windows of the
extended PDM to monitor 3D
printing processes
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and work objects should be prepared to produce the parent
part. Using the integrated product structures and BOP, the
implemented PDM system can estimate the cost of products.

Figure 11 shows the result of the cost estimation of prod-
ucts during the process planning phase. The window shows
the estimated cost of the product from product structures with
cost information from the participating parts, material and
work objects.

5.3 Production planning and operation monitoring
examples

During the production planning phase, to satisfy customer
orders, personal manufacturers create operation objects that
represent orders and plans for sourcing and manufacturing
execution. During the production planning phase, personal
manufacturers can calculate the necessary components and
materials from customer orders and product structures of the
ordered products. Figure 12 shows the result of the material
resource planning to calculate the amount of necessary parts
and material.

As a result of the production planning, personal manufac-
turers assign 3D printing services to specific parts with the
execution objects. Different 3D printing services can be
assigned to a part through its execution objects. One group
is online 3D printing services provided by outside services,
and the other is online 3D printing services connected to the
PDM system. Figure 13 shows a window of the 3D printing
service connected to the PDM system to upload 3D printing

files, start 3D printing and monitor the 3D printing process
during the production execution phase. The 3D printing func-
tions are implemented using the REST (REpresentational
State Transfer) APIs provided by the Octoprint control appli-
cation [21].

6 Conclusion

This study proposed a product data model that can integrate
design and manufacturing data for personal manufacturing
based on 3D printing services. Application examples of the
implemented PDM system based on the model show that it is
a possible solution for personal manufacturers who are suffer-
ing from a lack of integrated information management tools
for their product design and manufacturing. Its version and
change management functions can also help personal manu-
facturers to reuse their product design for configuration man-
agement of highly customized products.

Since both personal manufacturing and 3D printing are at
the initial stage of their development, and the integration of
design and manufacturing data covers a large portion of prod-
uct development and manufacturing processes, there are sev-
eral limitations in our approach.

First, it requires comprehensive 3D printing services,
which provide intelligent matching and scheduling functions.
This study uses only remotely controllable 3D printers with-
out management services. As Mai et al. [2] suggested, intelli-
gent matching and scheduling services in the extended PDM
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system can help personal manufacturers produce their prod-
ucts using flexible and efficient 3D printing service networks.

Second, the framework or product data model should pro-
vide interfaces to other engineering or manufacturing cloud
services for more competitive product design and manufactur-
ing. A candidate solution is providing APIs that allow remote
execution through the Internet. Several candidates such as
REST technologies can be introduced to the framework for
different cloud services to access data objects stored in extend-
ed PDM systems.

Third, as Bi et al. [33] indicated, combining IoT and cloud
computing requires big data applications. To enhance the ef-
ficiency of the supporting information systems, the framework
and data model should provide advanced data analytics tools
for personal manufacturing. For example, in order to select
relevant experts for existing product design or manufacturing
problems, a personal manufacturer can apply data analytics
tools to product data accumulated in the PDM system to re-
ceive suitable recommendations. The accumulated product
design, manufacturing and SM data in the information system
based on the framework can provide appropriate operational
data for analysis.

Finally, the proposed framework, data models and applica-
tion examples did not consider existing limitations of consum-
er 3D printers such as the low quality of 3D printed parts and
limitations of material types for 3D printing. Since the frame-
work is based on 3D printing services using low-cost consum-
er 3D printers, quality problems may require additional re-
works or post-processing after remote-controlled 3D printing
services. In addition, the current prototype system cannot sup-
port 3D printed parts containing specific materials such as
metals, and associated 3D printing methods except for the
fused deposit modeling method used in low-cost consumer
3D printers. These kinds of parts can limit open software-
based remote 3D printing services supported by the prototype,
and require different types of 3D printing services with addi-
tional pre- and post-processing.

As further research, the author plans to study advanced data
analytics for groups of personal manufacturers and outside
experts in a community to help their decision making during
product design and manufacturing.
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