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Digital Twin Development for Serial Manipulators: Data Driven Optinfiifaathing and Sequencing of Tasks

Studies in this area focusmostly on
INTRODUCTION concepts, modeling approaches,

frameworks and use cases of DT For
example, various use cases of DT were
presented, such as designs of products and
production lines > © optimization of
production processesand shop floor D
Tesla, Siemens, General Electric, Dassault
Systems and PTC have alsplemented DT
conceps in order to enhance their
manufacturing capability ° Meanwhile,
some researchers  concentrate  on

Digital Twin (DT) has beedtentified as one
of the key technologies in the era of smart
manufacturing to achieve several business
benefits such as improvemest in
productivity, efficiency ath reduction of
time to market fornew products. Since the
concept of a DT model was firsitioduced,
research and development efforts in this
topic were scarce due to the immaturity of
enabling technologie$ Fortunately, recent
breakthrough advancements in high
performance computation engines, data
acquisition systems, communication
protocols, cloud computing, big data
analytics and Artificial Intelligence (Al)
algorithms have enabled the widespread
implementation of DT and allowed for more
studies on this topié?3

1 Grieves, M. (2014). Digital Twin: Manufacturing Excellence through Virtual Factory Replication. US Florida Institute of
Technology.

2Negri, E., Fumagalli, L., & Macchi, M. (2017). A review of the roles of digital twin-bagflSoroduction systes. Procedia
Manufacturing, 11, 93948.

3Tao, F., Qi, Q., Wang, L., Nee, & A.Y.C. (2019). Digital Twins angPBykieal Systems toward Smart Manufacturing and
Industry 4.0: Correlation and Comparison. Engineering, 56633

4Liu, Q., Liu, B., Wang, G., & Zhang, C. (2019). A comparative study on digital twin models. AIP Conference Proceedings, 2073.

5Tao, F., Sui, F., Liu, A., Qi, Q., Zhang, M., Sang,N&ee, A. Y. C. (2019). Digital twiriven product design framework.
International Journal of Production Research, 57(12), 388553.

6 Zhang, H., Liu, Q., Chen, X., Zhang, D., & Leng, J. (2017). A digitasedrapproach for designing and mualjective
optimization of hollow glass production line. IEEE Access, 5, Z6311.

7Uhlemann, T. H. J., Lehmann, C., & Steinhilper, R. (2017). The digital twin: Realizing thbysibar production system for
industry 4.0. Procedia Cirp, 61, 3380.

8Taqg F., & Zhang, M. (2017). Digital twin sHtor: a new shogloor paradigm towards smart manufacturing. IEEE Access, 5,
2041820427.

9 Schleich, B., Anwer, N., Mathieu, L., & Wartzack, S. (2017). Shaping the digital twin for design and productiamgngitiee
Annals, 66(1), 14144.
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background studies such as developing
frameworks for applications of DF¥ 1t

Although studies on DT are various, its
prevalent implemetation has not been
realized. One of the main reasons is that
companies still encounter challenges to
identify the implementation scope where DT
will create worthwhile business valié

Motivated by the above research gap, in this
article, a practical usease of DT developed
and implemented inthe Model Factory (MF)
program at Advanced Remanufacturing and
Technology Centre (ARTC), Singapase
introduced. In this use case, a DT is
developed for a gearbox assembly line
automated by a collaborative robot dbot)
for new gearbox suassembly configuration
requirements. Once the customer order
containing customized configuration of
gearbox sukassembly is received, new
assembly and component designs are
trained to build with an object recognition
model using machine vision and deep
learning algorithms. The trained model is
integrated with the desired operation
sequence to pass the information to the
robot motion planning software. Next, robot

10 Sgderberg, R., Warmefjord, K., Madrid, J., Lorin, S., Forslund, A., & Lindkvist, L. (2018). An Information and Simulation

planning and simulation are executed to
teach the robot with expectednovements.
Subsequently, the virtual robot setup
enables engineers to review and verify the
new robot motion path. Finally, the
approved path is released to the robot
controller linked with the programmable
logic controller (PLC) of the assembly line to
execute assembly operations. During
training and operation, the cobot keeps
publishing its critical status information to
the virtual environment in real time. By
following these steps, which are also aligned
with the vision of a cybephysical system
implementation in Industry 4.0 4 the
order is executed with efficient amitoring,
planning, simulation andptimization. Such
an implementation is novel as it is generic
and can be used for any serial manipulators.
This differs from the state of the art which
targeted towards specific machine or work
cell DT POCs.

In the first section of this article the
definition and advantages of a DT model will
be recapped. Next, the DT model developed
by ARTC will be presented. In particular, the
novelty and innovatio of the development
of the DT model will be discuss in detail.

Framework for Increased Quality in Welded Components, CIRP Annals, 6€168.65

11 Zhuang, C.,l, J., & Xiong, H. (2018). Digital tieiased smart production management and control framework for the complex
product assembly shefloor. The International Journal of Advanced Manufacturing Technology-26111491163.

12 parrott, A., & Warshaw, 12@17), Industry 4.0 and the digital twin. Deloitte University Press.

B3l uo, W., Hu, T., Zhang, C., & Wei, Y. (2019). Digital twin for CNC machine tool: modeling and using strategy. Jouemd! of Ambi

Intelligence and Humanized Computing, 10(3), 112480.

14 Zhao, R., Yan, D., Liu, Q., Leng, J., Wan, J., Chen, X., & Zhang, X. (2019). Digiisedv@gbePhysical System for
Autonomously Controlling of Micro Punching System. IEEE Access, B4%469
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Finally, the authors will draw some
conclusions and suggest future directions for
the research topic

DIGITAOWINGONCEPT

Before the use case @ie DT model of this
article is presented in detalil, it is worthy to
discuss background knowledge about the DT
concept. Enders andoRbach® summarized
the essential features of a DT as follows
First, a DT is defined as a virtual model of a
physical object, witch can be a product, a
machine, a process, a factory, a supply chain,
etc. Second, the physical object is connected
with its twin. Third, thanks to the
connection, the DT can reflect current or
historical behaviors of the object, simulate
and predict itsfuture states, and control it.
Finally, these features must create
observable business values.

In order to explain how a DT can provision
enterprises with business values, its
fundamental components should be well
understood. According toParrott and

Wardhaw, a DT is constituted by the
following components: sensors, data,
integration, analytics, DT application and
actuator. These components are depicted in
Figure 1. Sensors are installed properly to
collect data of the physical object that is
required to ealize the predefined business

values.Sensor data wilthen be combined
with data from enterprise systems such as
Enterprise Resource Planning (ERP), PLM
and Manufacturing Execution System (MES).
The combined data withen be aggregated
accordingly depeding on functions of the
DT. The bridge between the physical object
and its DT is the integration that includes
edge, communication interfaces and
security After data is collected, aggregated
and transferred to the DT through the
integration, analyticséchniques such as Al,
machine learning and simulation, are
executed to monitor, simulate and predict
behaviors of the physical object.
Subsequently, an application is required to
combine all the components and realize the
business values. The applicationanc
visualize the variations of the physical
object, multtlayer data and business related
KPIs in redime. It can also reflect the
deviation of the current performance to the
expected performance. In addition, it can
derive insightful advice to improveh¢
performance. Finally, the application can
suggest actions by the analytics to control or
interfere the physical object when it is
necessary through an actuator mechanism,
which is the final element of the DT.

In the next section, the DT model developed
by ARTC and its business values will be
presented and explained in detail.

15Enders, M. R., & HoRbach, N. (2019). Dimensiobsgial Twin Applicatioré Literature Review.
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Figurel: Essential Component$ a Digital Twin

DIGITALTWIN FORERIAL
MANIPULATORS

In Singapore, manufacturing is a key pillar of
the economyIn order to remain competitive

in manufacturing, the Singapore
government invested in R&D and promoting
technology adaption toards the Future of
Manufacturing (FoM) to open up new
manufacturing business modelth& Agency
for Science, Technology and Research
(A*STARIed the implementation of FONh
Singapore A*STAR has created two Model
Factoriesnamely Model Factory @ SIMTech
and Model Factory @ ARTC

The full gearbox production is carried out in
Model Factory(MF) @ ARTC testbed3$he
testbeds include the gearbox shaft
fabricationprocess byComputer Numerical
Control (CNC) machines, gearbox assembly

1 F{¢! wd &Cdzidz2NB

https://bit.ly/2Y4Wac2

27T

17 Schweichhart, K., Reference Areliiural Model

Industrie 4.0

line, warehouse, Coordate Measuring
Machine (CMM), automated guided vehicle
(AGV), Manufacturing Intelligence Control
Room (MICR), Mual Manufacturing Lab
(VML) and moreThe entire workflow of
gearbox production running IMF@ ARTC is
designed and based on the Reface
Architecture Model Industriet.0 (RAMI 4.0)
as shown in Figur2. The RAMI 4.0 consists
of a threedimensional coordinate system
that describes all important aspects of
Industiie 4.0, such as hierarchy levels, life
cycle and value stream and layers. The
hierarchy levels represent the different
functionalities in the MF. The life cycle axis
represents the life cycle of facilities and
products for the life cycle management
while the vertical layer axis describehe
breakdown properties of a machiner
complexsystem!’ The vertical architecture
dimension is made up of six layers and
describes the toglown approach derived

al ydzf I Ol dzNX y st Visiy Maréhl 20290 Bvaitable {oRlindti S Y 6 S NJ

(RAMI  4.0), Dr. Karsten Schweichhart,

https://ec.europa.eu/futurium/en/system/files/ged/@-schweichhart

reference_architectural_model_industrie 4.0 rami_4.0.pdf
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from a business need to the actions of

physical assets in the real world.
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Figure2: The Referencarchitectural Model for Industri¢.0 (RAMI 4.0) coordinate syst&m

Every asset in MF shop floor is desigaed
modeledwith an assetadministration shell
(AAS)AN AAS is a knowledge structure that
explains the asset type, its technical
functionality and its relationship witlether
assets'® The reason fomodeling the assets
with the AAS concept is to providihe
efficient integration of assets in a modular
way with high agility. Aere is vertical
integration constructed from machines,
equipment, stations and sensors te ERP
system; and the horizontal integration
between all assets ahe shop floor isalso
established through an Industrial TqlloT)
platform.

The gearbox production workflow in MF @
ARTC program iglustrated as shown in
Figure3. This workflow is supported hipe
digital system architecture described in
Figure 4 Atthe start of gearbox production
business, thee-commerceweb page which
connects with the ERP system obtagusy
gearbox order fromhe customers. The sale
orders are planned and scheduled for the
production accordingly with ERP and
scheduling system§ hose two systems are
connected withan lloTsoftwareplatform to
integrate wih other system in the gearbox
production lines. The MESsoftware links
with the loT platform and other major

18 Seif, A., Toro, C., & Akhtar, H. (2019). Implementing Industry 4.0 Asset Administrative Shells in Mini Factories, 28iahkdtern

Conference on Knowled¢g&ased and Intelligent farmation & Engineering Systems, Procedia Computer Science, Accepted and

Presented
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equipment of gearbox productigrsuch as
shaft fabrication CNC machingblTX1000
and NLX2500)the geatbox assembly line
andthe warehouseln the data aggregation
system, hardware and softwarefor
exampe, gateway server, database server,
data acquisition (DAQ), data ingestion, data
storage and edge analytic systemare
included. The outputs of DAQ and edge
analytic software are integrated witlthe
lloT software platform for ceating Idr
applications atmanufacturing sites.Each
work station has an operator running MES to
perform the work order arranged by the
scheduling software. MES is configured by
the station owners according to their
respective standard operation procedures
(SOP)The graphical usanterface (GUI) of
MES beside each station allows an operator
to manage the work orders derived from the
scheduling software. All required raw
materials, fabricated shafts and completed
gearboxesare located in the warehousand
AGV iautilized to transpat those materials
to and from the warehouseia the docking
station based on theoperation requests
through an loT application The inventory

updates are directly linked tihe ERP system
from the warehouse. The data from sensors,
actuatorsand machines of all stations on the
shop floor are acquired with DAQ systems
and some data are transformed into useful
data or information through edge analytic
algorithms.

All those conections and integrations
enable delivery ofgearbox orders from
customers more efficiently and effectively.
The implementations of digital twin system
for the complex applications are not
achievable and rational without the
systematic data rmdel, connection,
communicationand integration. Only with
those capabilities, it is feasible that a
customized gearbox sudssembly order can
be processed and delivered in relatiye
short time with minimum setup requirement
using DT technology. the next sectim, the
authors will demonstraténow a customized
order o gearbox sukassemblies is handled
and operated efficiently using a DT model
with minimum interruption on the existing
whole gearbox production workflow.

[1IC Journal of Innovation



Digital Twin Development for Serial Manipulators: Data Driven Optinfiifaathing and Sequencing of Tasks

Gearbox
Productionin MF @ ARTC
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Figure3: The work stations and their linksargearbox production line at M@ ARTC
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Figure4: The system architecture afgearbox production line at M@ ARTC

testbeds will be demonstrated wittthe
Manufacturing Magic Cub@IMC)concept.
The implemented manufacturing The MMC conceptwas evolved from the
intelligence and capabilities in those  digital twin concet and is applied fora

Overview of the @ital Twin Model
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number of Industry 4.0 applications on the
shop floor of MF @ ARTC. As workflow of
gearbox productiomunning inMF@ ARTC is
designed andnodelsthe assets with AAS
the data from equipment sensors and
actuators could becollected systematically
and convertedas monitoring, signahg or
controlling prerequisites of a digital twin
application The distributed data from
physical sensors throughout the
manufacturing process enable the digital
twin to attain  operational and
environmental data on the shop floofrhose
data are aggregated andadvanced to
integrate with the data acquired from the
enterprise systems suchas ERP, MES and
PLMvia an 1@ platform

After communicating and integrating the
data between the physical andligital

worlds, the data are analyzed with analytic
techniques and processed through

algorithmic simulations and visualization
procedures to deliver the gearbox
production insights.In MF @ ARTC, the
Virtual Manufacturing Lab (VML) téesd is
designed to perform the @eration
monitoring, diagnostics, control and
improvementprocessewith the simulated,
optimized or analyzed solutions insidAfter
verifying the planned or optimized solution
in the virtual workspace, the final decision
will be made iside or through the
Manufacturing Intelligence Control Room
(MICR) if the solution will be preceded or
revised again with the business data and
perspectives. If theproposed solution is
approved, the digital twin will integrate with
the respective machine cordllers and
actuators to execute the physical process in
the real world.This is the overafiractice of
the MMC cortept in MF @ ARTC shop floor,
as shownin Figureb.

I
1 Manufacturing Magic Cube
I

Cloud & Edge Analytics Platforms

[
1 Physical Process
I
1
I

Simulation, Data Analytics

& Process Optimization
N S5

Operation Dashboard, Business
Review & Decision Making

|
|
|
1
P
- s O
: Shop Floor [
- [
| D=1 |
Operation Monitoring, Diagnostics, : 1
Control & Improvement [ > 1
]
MICR — Decision Making ! |
,,, | NLX 2500 Machine :
1
I Implementation !
— 1 i
|
|
1
|
|
|

|
|
I
I
I
|

Two-way Data Flow for Analytics & Optimization

Figure5: The overall workflow ahe MMCconcept in NF @ ARTC
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Based on this MMC concept anmdethod,
the authors identify a use case dT
application related with the gearbox
production line. A customized sale order
which contains the combation of shaft sub
assemblies consistedn a gearbox is
received from a custometo deliverin a
high-priority setting There are three types
of shaft subassembliesoutput, input and
transfer. The production manager applies
the MMC conceptbased DT modé in
planning, simulatingmonitoring,controlling
and executing the resources of the
production line to fulfillsucha customized
order.

Explanation of workflow, components,
technologies

When a high-priority sale order of the
combimation of shaft sukassemblies is
received, the production nreager requires
planning, simulating, monitoring, verifying
and executinghe necessary tasks to fulfill
the order efficiently with minimum
interruption on the full gearbox production
line. In order to achieve this business need,
the managerutilizes the MMC DT model
which requires developing two adaptable
functions collecting necessary raw
materials and picking, placing and
assemblinghaft assembly partS'he assets
and their connections involek in this
operation are described in Figufe Hence,
the digital architecture of productionis
modified with the Cobot Digital Twin
applicationasin Figure?.

The first task occurs at the smart warehouse
and trolley docking area. The warehouse is
equipped with a piezoelectric weighing
machine foreach part to obtain the real
time stock update. The inventory data is
connected and integrated withan ERP
system viaan Iol' platform. When the raw
material stock level hits below the minimum
setting, the required stock replenishing alert
appears atthe ERR and the purchasing
process forrequired materials is initiated.
The material transportation is performed by
an AGV between the warehouse and
assembly line via the docking stations. The
trolley carries the gearbox partand the
AGV transports the tridy to any desired
location on the shop floor. The trolley is
prepared by a warehouse operator to be
secured and fetched by an AGV from the
docking area once the shaft assembly starts.
The computer vision system withan
intelligent part recognition systemis
equipped above the trolley to monitor the
parts locatedthere. The recognition system
can identify the part types and count the
guantity. It is also integrated witlthe IoT
platform and notifies the operator at the
warehouse dashboard to replenishe parts

on the trolley ifneeded. The transportation
of subassembly parts for the customized
order anly starts when the second task, the
configurationsof the specific suassembly
processis ready.

-10-
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Gearbox
Production in MF @ ARTC
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Figure6: The work stations and their links in shaft sagsemblies operations atiM@ ARTC
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Figure7: The system architecture afgearbox production line at M@ ARTC with cobot Digital Twin

efficient solution to achieve the second

At the shaft assembly statiom, cobot with function for the subassembly order

intelligent object recognition systens an
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Initially, the part recognition system of shaft
assembly parts is constructed with the
trained deep learning model using computer
vision (CVechniques The C\systemat the
station requires a 3-dimensional (3D)
camera in this application as the point cloud
data provdes more accuracy for cobot
motion and material handling process
Afterward, the new cobotmotion planning
and simulationfor specificshaft assemlis

are performed by a robotic engineeas
shown in Figure8. Once the new cobot
motion path isachieved, the engineeran
review and validateit with the virtual cobot
in VML.Whenthe confirmationis complete
the new cobot path is released to the robot
controller, and the cobot setup is ready to
execute thecustomized shaft suassembly
operations

Figure8: The cobot simulation model running in the robot motion planning software

Novelty & innovation of the DT model

In order to minimize the effect on the en
going full gearbox assembly lingrocess,
applying the cobot digital twin modeio
validate and verify aewly developed cobot
motion planis costeffective and efficient
This is becausethe planning, simuation,
analysisand verification ofthe new cobot
motion plan can be completedvith the
virtual cobot (cobot DT mode))which can
then be connectedto the simulation model

or a real physical cobot on the shop flgor
based on the requirementsln VML, the
cobot DT modeiks running andinks with the
actual cobot atthe shaft assemblystation.
The detaill cobot DT design and
implementation steps are published in a
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