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Abstract—There is currently significant demand for training in
how to use metals additive manufacturing (AM) machines. Such
training is important not only for the technicians who run and
maintain the machines, but also for engineers and strategic
decision makers who need to support AM part fabrication.
Furthermore, there are a variety of AM machines, each with
different details to be learned and potential hazards to overcome,
and it is difficult to train more than a handful of users at one time.
To address these challenges, a prototype training system has been
developed, the AM Training Tutor, which uses interactive virtual
reality (VR) to train users on a specific AM machine — the EOS
M290. To make the training technology more widely available and
expand its use across a variety of different AM machines, efforts
are underway to develop a modularized and generic version of the
AM Training Tutor that can be customized with relatively little
effort to train users to operate other AM machines. This paper
details the progress to-date, challenges and proposed solutions
with the aim to demonstrate how standalone VR-based training
systems can be redesigned for relatively easy repurposing and
generalization.

Keywords—generalized VR, VR-based training, workforce
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I. INTRODUCTION

Additive manufacturing (AM), commonly referred to as 3D
printing, is a manufacturing method in which parts are created
by adding material — whether polymer, metal, ceramic, or
otherwise — in a layer-by-layer fashion.

There is an increasing and acute demand for training
students, technicians, operators, and engineers in the operation
of AM equipment [1].
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The AM Training Tutor, an immersive Virtual Reality (VR)
experience supported by an underlying intelligent tutor, was
developed to address these demands and challenges. It is an
interactive instructional system that simulates the operation of
the EOS M290 laser powder bed machine, one of the most
commonly used AM systems today. Students or trainees interact
with the virtual version of the machine and, as they progress in
the VR system, receive feedback on whether they are taking
correct and reasonable steps in setting up part builds. Users can
also request hints as they work with the tool. This type of training
is known as “cognitive tutoring” and is supported by the
Cognitive Tutor Authoring Tool (CTAT) [2].

This approach has a number of advantages. First, the students
who are learning how to safely use the AM machine will not
need to directly access the actual hardware or be exposed to
hazardous materials. Given the costs and limited availability of
AM machines, it is important to have a way to provide students
with experience and learning opportunities without the machine
being directly available. Second, this approach will allow the
inclusion of instructional support that does not require
instructors to be available to provide feedback. The interactive
software is not intended to replace in-person training on actual
AM machines — an invaluable experience — but will allow safe
preparation in a virtual environment and reduced training time
in front of the machines. The approach will also increase the
capacity to teach large numbers of students or trainees.

The first version of the tutor was limited to a specific
machine and not designed to provide training for a variety of AM
equipment systems. While some of the general skills required for
operating the EOS M290 are transferable to other AM machines,
operating different systems requires new knowledge and further
training.
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Thus, current efforts are focused towards transforming the
AM Training Tutor into a generalized framework that can be
applied rapidly and efficiently to other AM equipment models.

Il. RELATED WORK

Virtual Reality (VR) has wide applications across academia
and industry. It has been successfully utilized to build
educational technologies that are driven by Artificial
Intelligence (Al) and learning science principles [3]. Its adoption
in design and prototyping of manufacturing and machine
assembly methods is well-documented [4, 5]. In the healthcare
sector, VR plays important roles in medical education and
medical procedures such as surgical simulation [6]. VR-based
training systems, within the context of manufacturing, are used
in sectors ranging from the automotive industry [7] to
manufacturing machinery [8] and, in particular, to reduce
inherent health and safety risks through virtual training in sectors
such as mining and construction [9, 10].

Of particular interest to the work presented here is how VR
is used in training engineering students to operate machinery.
Researchers have shown how VR can be used to model and
simulate interactions with Computer Numerical Control (CNC)
machines to supplement instruction in courses involving a large
number of students while minimizing the risk involved in
operating these machines [11]. Most recently, researchers
demonstrated the use of VR to deliver collaborative virtual
learning experiences to students ahead of on-site training,
supporting the argument that VR can serve as a safer and cost-
effective training tool [12].

While the above studies demonstrate the effectiveness of VR
in training to operate machinery, their application is limited to
specific machines and does not address the issue of how these
systems can be repurposed or reconfigured for training on
variants or different models of such machines. The DIVERSE
framework [13] and ViSTA Widgets [14] may be used to build
reconfigurable VR environments and 3D interfaces but both
frameworks require having high technical knowledge of their
platforms. Moreover, they are not tailored to training systems.
Earlier demonstrations of a reconfigurable VR application
focused on reducing the complexities of converting and
importing 3D models built using Computer Aided Design
(CAD) software into the VR application as needed and switching
between simulations without recompiling the VR application
[15, 16, 17]. Although these studies make substantial
contributions in design and engineering approaches to building
decoupled and reconfigurable systems, they are limited in a
number of ways — they are non-immersive desktop applications,
they do not fully demonstrate how to design training systems that
maximize reusability of components such as 3D models and,
most importantly, they provide prescribed on-screen instructions
on how trainees should interact with the simulation instead of a
guided tutorial approach with real-time feedback. In other
words, there is little evidence that training is informed by
learning science principles.

The design and development of VR-based training systems
and educational technologies in general should be guided by

such principles. Moreover, VR-based training systems for
manufacturing equipment should be designed and implemented
with the consideration that the development of new models, parts
and variants has as little impact as possible on their reusability.
No work was found in the literature that takes this critical
consideration into account. This work addresses that and
presents progress in the development of a generalizable VR-
based training framework for one of the fastest-growing
manufacturing technologies — Additive Manufacturing (AM).

I1l. THE AM TRAINING TUTOR

During the initial implementation of a hands-on AM
Laboratory course in 2018, logistical challenges were
experienced in teaching 18 students and concerns were raised
about the likelihood of increased enrollment in future years.
With a practical limit of only a small number of students and an
instructor in front of an AM machine at one time, a prototype
interactive system that includes both declarative (PC-based) and
procedural (VR-based) instruction was developed. The AM
Training Tutor simulates the operation of the EOS M290 with
instructional support for students learning how to use the
machine. As part of the 2020 AM Lab course, 27 enrolled
students had the opportunity to individually complete the
declarative (PC-based) instruction prior to attending in-person
lab sessions on the operation of the actual AM machine. In 2021,
the AM Lab course students, as well as others seeking
instruction on the applicable equipment, will use both the
declarative (PC-based) and procedural (VR-based) modules of
the AM Training Tutor to support their training.

The AM Training Tutor guides students in learning the
necessary safety procedures, equipment components and
operational steps for setting up the EOS M290 for 3D printing.
This framework is supported by a VR system that prompts
students, step-by-step, to set up the equipment. Students can
virtually “grab” machine components and move them from one
location to another to install them, load the metal powder used
for 3D printing, install and level the build plate, and perform all
of the actions needed for actual machine setup. Fig. 1 shows a
student operating the EOS M290 AM machine in the VR
simulation. The instruction has a high degree of fidelity to actual
machine setup and use. Hints are provided, if requested, with
feedback typically in the form of highlighting objects on and
near the machine for the required steps. A 4-minute video
demonstrating the first version of the AM Training Tutor is
available at https://bit.ly/2M61Cbn.

IV. TRANSFORMING THE AM TRAINING TUTOR TO A
GENERALIZED TRAINING FRAMEWORK

While the first version of the AM Training Tutor is fully
functional, it can be applied to train users only on a specific AM
machine. This prototype involved significant development effort
by the interdisciplinary team which required a full year to detail
instruction, design 3D assets, develop the VR application and
create cognitive tutor logic. This implies that creating a tutorial
for a different AM machine would require similar effort and
resources.



Fig. 1. A student operating the VR-based AM Tkaiing Tutor for
the EOS M290 AM machine

In order to reduce this requirement as much as realistically
possible, current efforts are focused on transforming the tutor
into a generalized framework with the specific goal of making
the VR application versatile enough that it will not require
recompiling the application every time tutorials for new AM
machines are created.

Although the procedural (VR-based) instruction of the AM
Training Tutor is implemented as a client-server architecture, all
3D assets and some tutorial logic were implemented in the VR
application for the prototype system. This made generalizing the
VR application very difficult. After multiple design sessions, a
blueprint was created for the new generalized framework and the
following major tasks were identified to implement it.

e Migration of all 3D assets from the VR application to a
remote asset repository

e Extraction of all 3D asset information and other details
specific to an AM machine into a remote configuration
file

e Migration of all tutorial logic embedded in the VR
application to the remote cognitive tutor (CTAT)
service

o Development of a web application to build tutorial
configurations for new AM machines

Fig. 2 demonstrates the earlier architecture of the AM
Training Tutor compared to the new generalized architecture.
Backend services and repositories that are hosted via on-site
cloud services have been developed.

A. Current Progress

Significant progress has been made toward generalizing the
AM Training Tutor. The system is able to load all tutorial assets
from a remote service by consuming configuration information
provided by the service. By altering properties provided in the
configuration file, modifications can be made to the tutorial
without recompiling the VR application. Development of a web
application to build tutorial configurations is also in progress.

B. Challenges

One of the greatest challenges is reducing the time needed to
load 3D assets from a remote location during tutorial startup.
Due to the very high resolution of textures of the 3D models, the
total download size may exceed 1GB, which may require over
10 minutes to import into the VR application. Ways to balance
loading time and 3D texture quality are currently being explored.

The intended audience for the tutorial configuration builder
is AM experts with little or no technical background in VR
application development. This, however, may be challenging as
tutorial configurations must be readily interpretable and usable
by the VR application code itself. It is also likely that the
configuration builder will require at least limited assistance from
a programmer or an expert in VR applications.

And, while every effort is made to reuse 3D assets across
AM systems, some properties or textures are specific to
individual AM machines. Thus, new artwork will be needed for
certain parts of new AM machines. The AM Training Tutor
will then enable the creation of tutorials for new AM machines
by loading all existing and new artwork according to information
provided in the tutorial configuration file.

V. CONCLUSION

By generalizing the AM Training Tutor, instructional
systems for similar AM equipment can be developed in much
less time than was needed to build the initial system. To test the
generalization, a new tutorial will be created for the ExOne
Innovent located in an on-site AM laboratory and also used by
the AM Lab course students. Achieving this milestone will
demonstrate how to successfully repurpose and generalize
existing training systems and how to make use of cognitive
tutoring and established learning science principles to build such
systems, contributions that are absent from the current literature.
Further, it is anticipated that this project will have a broad impact
by contributing to ongoing efforts to address the shortage of
skilled technicians and operators of AM equipment. Finally, to
fully test and prove the generalized framework developed,
iterative testing of the technology with a variety of users
including students, AM technicians and engineers, on-campus
and in industry, will be done.

VI. ACKNOWLEDGMENTS

This work is supported by the CMU Manufacturing Futures
Initiative (MFI), made possible by the Richard King Mellon
Foundation. The authors would like to thank Todd Baer,
Additive Manufacturing Technician, for instruction and support
related to the EOS M290; Lu Sun, Research Associate, for
instructional design; and students from the Entertainment
Technology Center (ETC), Tai Ching Cheung, Ann Maria Jose,
Saumya Lahera, Jiming Li, Danke Luo, Akash Avinash
Phadtare, Chenchen Tan, and Mengqi Wu, for their
contributions to the development of the initial version of the AM
Training Tutor.



(1

[2

(3]

(4]

(5]

[6]
[71

(8]

[9]

Previous Architecture of the AM Training Tutor

— Consult Tutor to determine
step comrectness

wm(:ognilive

VR Tutdial App

Student

Assets

Load assets (textures, imeges, ..)
based on seleetsd tutorial

- Get list of tutom:
utorial

=
< Consult Tutor to determine
-«

VR Tutgrial App

Student

AuthoringTools

Generalizable Architecture of the AM Training Tutor

CMU Cloud Services

/ Previous Architecture \

- Tutorial logic was divided between the Cognitive
Tutor and the VR app.

- All assets were stored in the VR app

- Reconfiguration of the tutorial required re-building

the VR app - which requires a VR developer.
Generalizable Architecture

- All tutorial logic will be moved to CTAT.

- Assets common to all AM machines will be moved
10 & remote repository to be shared across tutorials.,

- Each tutorial will be loaded by accessing a tutorial
configuration file, making the VR app a lightweight,
generic client.

- AM experts will build tutorials for new AM machines
without having to re-build the VR app.

- All remote services will be hosted in the cloud and
tutorials can be run from virtually any location.

Create, retrieve and modify tutarial
Tutorial Configuration Management Service

step comrectness
\. wm(ﬁogniiive AuthoringTacls

Tutorial Configuration Builder,

AM Expert

Fig. 2. Comparison of the previous and current AM Training Tutor architectures

REFERENCES

Y. Huang, M. C. Leu, J. Mazumder, and A. Donmez, "Additive
Manufacturing: Current State, Future Potential, Gaps and Needs, and
Recommendations,” J. Manuf. Sci. Eng., vol. 137, no. 1, Feb, 2015, doi:
10.1115/1.4028725.

V. Aleven, B. M. McLaren, J. Sewall, M. van Velsen, O. Popescu, S.
Demi, M. Ringenberg, and K. R. Koedinger, “Example-tracing tutors:
Intelligent tutor development for non-programmers,” International
Journal of Artificial Intelligence in Education, vol. 26, no. 1, pp. 224-269,
Feb 2016, doi: 10.1007/s40593-015-0088-2.

K. Holstein, B. M. McLaren, and V. Aleven, “Student learning benefits of
a mixed-reality teacher awareness tool in Al-enhanced classrooms,” in
Proc. 19th International Conference on AIED, 2018, pp. 154-168, doi:
10.1007/978-3-319-93843-1_12.

A. Seth, J. M. Vance, and J. H. Oliver, “Virtual reality for assembly
methods prototyping: a review”, Virtual Reality, vol. 15, no. 1, pp. 5-20,
Mar 2011, doi: 10.1007/s10055-009-0153-y.

L. P. Berg, and J. M. Vance, “Industry use of virtual reality in product
design and manufacturing: a survey,” Virtual Reality, vol. 21, no. 1, pp.
1-17, Mar 2017, doi: 10.1007/s10055-016-0293-9.

G. Riva, “Applications of virtual environments in medicine,” Methods Inf.
Med., vol. 42, no. 5, pp. 524-534. 2003, doi: 10.1055/s-0038-1634379.

A. Langley, G. Lawson, S. Hermawati, M. D'Cruz, J. Apold, F. Arlt, and
K. Mura, “Establishing the usability of a virtual training system for
assembly operations within the automotive industry,” Hum. Factor
Ergon. Man., vol. 26, no. 6, pp. 667-679, Aug 2016, doi:
10.1002/hfm.20406.

R. Neugebauer, P. Klimant, and M. Witt, “Realistic machine simulation
with virtual reality,” in Proc. 45th Procedia CIRP, 2012, pp. 103-108, doi:
10.1016/j.procir.2012.07.019.

E. Van Wyk, and R. De Villiers, “Virtual reality training applications for
the mining industry,” in Proc. 6th International Conference on Computer

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Graphics, Virtual Reality, Visualisation and Interaction in Africa, 2009,
pp. 53-63, doi: 10.1145/1503454.1503465.

J. Goulding, W. Nadim, P. Petridis, and M. Alshawi, “Construction
industry offsite production: a virtual reality interactive training
environment prototype,” Advanced Engineering Informatics, vol. 26, no.
1, pp. 103-116, Jan 2012, doi: 10.1016/j.aei.2011.09.004.

A. Sanz, I. Gonzélez, A. J. Castején, and J. L. Casado, “Using virtual
reality in the teaching of manufacturing processes with material removal
in CNC machine-tools,” Materials Science Forum, vol. 692, no. 1, pp.
112-119, Jul 2011, doi: 10.4028/www.scientific.net/MSF.692.112.

A. Badets, V. Havard, K. Richard, and D. Baudry, “Using collaborative
VR technology for lean manufacturing training: a case study,” in Proc.
VRIC, 2020, pp. 118-127.

J. Kelso, L. E. Arsenault, S. G. Satterfield, and R. D. Kriz, “Diverse: A
framework for building extensible and reconfigurable device independent
virtual environments,” in Proc. IEEE Virtual Reality, 2002, pp. 183-190,
doi: 10.1109/VR.2002.996521.

S. Gebhardt, T. Petersen-Krau, S. Pick, D. Rausch, C. Nowke, T. Knott,
P. Schmitz, D. Zielasko, B. Hentschel, and T. W. Kuhlen, “Vista widgets:
a framework for designing 3D user interfaces from reusable interaction
building blocks,” in Proc. 22nd ACM VRST, 2016, pp. 251-260, doi:
10.1145/2993369.2993382.

Q. H. Wang, and J. R. Li, “A desktop VR prototype for industrial training
applications,” Virtual reality, vol. 7, no. 1, pp. 187-197, May 2004, doi:
10.1007/s10055-004-0127-z.

Q. H. Wang, J. R. Li, and H. Q. Gong, “A CAD-linked virtual assembly
environment,” International Journal of Production Research, vol. 44, no.
3, pp. 467-486, 2006, doi: 10.1080/00207540500319294.

M. Hashemipour, H. F. Manesh, and M. Bal, “A modular virtual reality
system for engineering laboratory education,” Computer Applications in
Engineering Education, vol. 19, no. 2, pp. 305-314, Apr 2011, doi:
10.1002/cae.20312.



	I. Introduction
	II. Related Work
	III. The AM Training Tutor
	IV. Transforming the AM Training Tutor to a Generalized Training Framework
	A. Current Progress
	B. Challenges

	V. Conclusion
	VI. ACKNOWLEDGMENTS
	References


