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The Cybersecurity & Information Systems 
Information Analysis Center (CSIAC) is a  
U.S. Department of Defense (DoD) IAC sponsored  
by the Defense Technical Information Center 
(DTIC).  CSIAC is operated by SURVICE Engineering 
Company under contract FA8075-21-D-0001 and is 
one of the three next-generation IACs transforming 
the DoD IAC program:  CSIAC, Defense Systems 
Information Analysis Center (DSIAC), and 
Homeland Defense & Security Information  
Analysis Center (HDIAC).

CSIAC serves as the U.S. national clearinghouse 
for worldwide scientific and technical information 
in four technical focus areas:  cybersecurity; 
knowledge management and information sharing; 
modeling and simulation; and software data 
and analysis.  As such, CSIAC collects, analyzes, 
synthesizes, and disseminates related technical 
information and data for each of these focus areas.  
These efforts facilitate a collaboration between 
scientists and engineers in the cybersecurity and 
information systems community while promoting 
improved productivity by fully leveraging this same 
community’s respective knowledge base.  CSIAC  
also uses information obtained to generate 
scientific and technical products, including 
databases, technology assessments, training 
materials, and various technical reports.

State-of-the-Art reports (SOARs)—one of CSIAC’s 
information products—provide in-depth analysis of 
current technologies, evaluate and synthesize the 
latest technical information available, and provide a 
comprehensive assessment of technologies related 
to CSIAC’s technical focus areas.  Specific topic areas 
are established from collaboration with the greater 
cybersecurity and information systems community 
and vetted with DTIC to ensure the value-added 
contributions to Warfighter needs.
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ABOUT CSIAC



St
at

e-
of

-t
he

-A
rt

 R
ep

or
t

v

Extended Reality for Maintenance and Repair Training
DISTRIBUTION STATEMENT A.  Approved for public release:  distribution unlimited.

REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing 
instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of 
information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions 
for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports 
(0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302.  Respondents should be aware that notwithstanding any 
other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a 
currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 
April 2024

2. REPORT TYPE 
State-of-the-Art 
Report

3. DATES COVERED

4. TITLE AND SUBTITLE 
Extended Reality for Maintenance and Repair Training

5a. CONTRACT NUMBER 
FA8075-21-D-0001

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 
Joseph M. Friar and Olutoye Sekiteri

5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Cybersecurity & Information Systems Information Analysis Center (CSIAC) 
SURVICE Engineering Company 
4695 Millennium Drive 
Belcamp, MD 21017-1505

8. PERFORMING ORGANIZATION REPORT 
NUMBER 
CSIAC-BCO-2024-507

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
Defense Technical Information Center (DTIC) 
8725 John J. Kingman Road 
Fort Belvoir, VA 22060

10. SPONSOR/MONITOR’S ACRONYM(S) 
DTIC

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT 
DISTRIBUTION STATEMENT A.  Approved for public release:  distribution unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT 
Extended reality (XR) is an all-encompassing term that groups three similar technologies:  (1) virtual reality (VR), (2) augmented reality 
(AR), and (3) mixed reality (MR).  While XR is a field that has been in development in the U.S. Department of Defense (DoD) since the 
late 1960s, it has continued to see major advancements in recent years.  This transformative technology has already made an impact 
across the DoD and holds considerable potential to improve the defense sector in the coming years.  This report explores the current 
landscape of XR technology and discusses its applications in maintenance and repair within the DoD.  In addition, current technological 
advancements made by impact players in the XR space are showcased, accompanied by research from academic journals and scientific 
reports.  By examining both the benefits and the challenges, this report highlights how VR, AR, and MR are already transforming defense 
space by providing cost savings, time efficiency, and risk reduction to a variety training programs in the defense industry.  With the recent 
developments in the field of XR, the DoD will be presented with opportunities to harness the capabilities of technology to enhance 
training programs and maintenance procedures.

15. SUBJECT TERMS 
extended reality, virtual reality, augmented reality, mixed reality

16. SECURITY CLASSIFICATION OF: 
U

17. LIMITATION 
OF ABSTRACT 
UU

18.  
NUMBER 
OF PAGES 
32

19a. NAME OF RESPONSIBLE PERSON 
Vincent “Ted” Welsh

a. REPORT 
UNCLASSIFIED

b. ABSTRACT 
UNCLASSIFIED

c. THIS PAGE 
UNCLASSIFIED

19b. TELEPHONE NUMBER (include area code) 
443-360-4600

Standard Form 298 (Rev. 8/98) 
Prescribed by ANSI Std. Z39.18

ON THE COVER: 
(Source:  DVIDS)



Cybersecurity & Information Systems Information Analysis Center
DISTRIBUTION STATEMENT A.  Approved for public release:  distribution unlimited.

State-of-the-A
rt Report

vi

JOSEPH M. FRIAR

Mr. Friar works with the Cybersecurity & 
Information Systems Information Analysis Center 
(CSIAC) team as a research inquiry analyst.  He 
recently graduated from Stevenson University, 
acquiring a Bachelor of Science in computer 
information systems with a specialization in 
software design.  At Stevenson, he was a member 
of the Leadership Scholars Program and was an 
active participant in technology-related events 
on campus.  At SURVICE Engineering Company, 
Mr. Friar performs in-depth research relating 
to technology fields such as cybersecurity 
and information systems.  He also works with 
government clients to provide them with 
information-oriented solutions and answer  
their technical inquiries.

OLUTOYE SEKITERI

Mr. Sekiteri works with CSIAC as a research analyst.  
He obtained a Bachelor of Science in information 
systems from the University of Maryland, Baltimore 
County (UMBC), where he is also currently pursuing 
a master’s degree in cybersecurity.  At UMBC, he 
worked as a research assistant for its Department 
of Information Systems, supporting a research 
project recording emergency medical technician 
stress levels during interactive simulations.  For 
CSIAC, Mr. Sekiteri provides research efforts related 
to CSIAC’s four technical focus areas, conducts data  
analysis to support U.S. Department of Defense 
science and technology communities, and connects  
government clients with subject matter experts to 
aid in answering technical inquiries.

THE AUTHORS



St
at

e-
of

-t
he

-A
rt

 R
ep

or
t

vii

Extended Reality for Maintenance and Repair Training
DISTRIBUTION STATEMENT A.  Approved for public release:  distribution unlimited.

ABSTRACT

Extended reality (XR) is an all-encompassing  
term that groups three similar technologies:   
(1) virtual reality (VR), (2) augmented reality (AR),  
and (3) mixed reality (MR).  While XR is a field that 
has been in development in the U.S. Department 
of Defense (DoD) since the late 1960s, it has 
continued to see major advancements in recent 
years.  This transformative technology has already 
made an impact across the DoD and holds 
considerable potential to improve the defense 
sector in the coming years.  This report explores the 
current landscape of XR technology and discusses 
its applications in maintenance and repair within 
the DoD.  In addition, current technological 
advancements made by impact players in the XR 
space are showcased, accompanied by research 
from academic journals and scientific reports.  By 
examining both the benefits and the challenges, 
this report highlights how VR, AR, and MR are 
already transforming defense space by providing 
cost savings, time efficiency, and risk reduction to 
a variety training programs in the defense industry.  
With the recent developments in the field of XR, 
the DoD will be presented with opportunities to 
harness the capabilities of technology to enhance 
training programs and maintenance procedures.
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SECTION

01
A prototype for a head-worn display was developed 
to assist military mechanics when performing 
maintenance tasks on armored vehicles [1].  
The display was able to guide users through 
complicated procedures by providing visual 
elements such as text, labels, and other indicators.  
To determine the effectiveness of the device, a 
study was conducted while the mechanics worked 
on their tasks using the headset.  It was found that 
those using the prototype were able to complete 
tasks more efficiently and that the mechanics felt 
the technology was “intuitive and satisfying for 
the tested sequence of tasks.”  This is one of many 
examples of how extended reality (XR) can be 
integrated into existing maintenance procedures  
to improve overall performance.

XR is an emerging technology with many 
potential use cases for organizations across the 
U.S. Department of Defense (DoD).  XR has been 
acknowledged as a transformative force, having 
the capability to shape the way users perceive 
and interact with physical and digital elements.  
As this sector continues to mature, XR software 
will become increasingly vital in DoD operations, 
particularly in maintenance and repair training.  
This report provides an overview of XR, explores its 
current and future usage in maintenance and repair 
training, and provides a snapshot of the current 
impact players in the field of XR for maintenance 
and repair training with specific application for the 
DoD.

1.1  DEFINING XR

XR is an all-encompassing term used to describe 
virtual reality (VR), augmented reality (AR), and 
mixed reality (MR).  XR refers to all combined real 
and virtual environments and human‑machine 
interactions generated by computer technology 
and wearables [2].

In 1994, Paul Milgram and Fumio Kishino introduced  
the concept of the virtuality continuum, similarly 
presented in Figure 1-1 [3].  The framework places 
the three primary areas of XR relative to the level of 
immersion provided by the technology.  However, 
it is important to note that there are distinct 
differences between VR, AR, and MR, which can  
be better described using individual definitions.

1.1.1  VR

VR provides the user with a digital, simulated 
environment by using a headset or goggles that 
completely obstruct the view of the physical world 
[2].  This allows for a fully immersive experience 
in a digital space.  VR is a computer-simulated 
experience in which computer technologies use 
reality headsets to generate realistic sensations and 
replicate a real environment or create an imaginary 
world (Figure 1-2) [4].  An actual VR environment 
engages all five senses.

INTRODUCTION



1-2

State-of-the-A
rt Report:  SEC

TIO
N

 1

Cybersecurity & Information Systems Information Analysis Center
DISTRIBUTION STATEMENT A.  Approved for public release:  distribution unlimited.

1.1.2  AR

Computer scientist Ron Azuma, known for his 
contributions in the field of AR, defines the 
technology as “a field in which three-dimensional 
(3-D) virtual objects are integrated into a 3-D real 
environment in real time” [5].  AR provides users 
with an overlay of digital information onto their 

view of the physical world [1].  The overlayed 
information can include images, texts, or 3-D 
models and is usually viewed through smart 
glasses, smartphones, or tablets.  This allows AR to 
enhance the real world by adding virtual elements 
to the field of view without obscuring the physical 
world (Figure 1-3) [6].

1.1.3  MR

MR provides the user with an experience that 
combines both VR and AR in a seamless manner [2].  
This is accomplished by projecting virtual objects 
onto the real world and allowing users to interact 
with them.  Mixing both technologies creates a 
unique environment in which virtual and physical 
elements can be integrated into the same space.  
Sometimes called a hybrid reality, MR merges the 
real and virtual worlds to create new atmospheres 
and visualizations to interact in real time.  One 
critical characteristic of MR is that artificial and  
real-world content can respond to one another  
in real time.

Figure 1-1.  Representation of Current XR Technologies According to the Spectrum of Immersion (Source:  Tremosa [3]).

Figure 1-2.  A User Tries a Virtual Reality Simulation for 
Manufacturing Parts (Source:  Conrad [4]).
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1.2  ADVANTAGES OF XR

The Cybersecurity and Information Systems 
Information Analysis Center has found that XR 
can enhance maintenance and repair procedures 
to streamline education, reduce costs, save time, 
and minimize risks.  The technology can provide 
real-time visual assistance to enhance training 
efforts by presenting users with mission-critical 
information.  XR also allows for adaptive learning 
modules, providing personnel with specific user-
tailored learning experiences that can enhance 
student readiness.  AR allows remote assistance 
to be available to technicians in the field, aiding 
them with visual guidance or communication with 
experts when performing complex maintenance 
procedures in real time.  XR technologies have 
allowed new and innovative solutions for 
maintenance and repair training to emerge  
within the DoD, bringing a new wave of tools  
that can benefit many areas of operation.

1.2.1  Streamlining Education

XR technology is now used in classrooms and 
organizational training to supplement traditional 
teaching methods.  Vectrona, the winner of three 
Small Business Innovation Research (SBIR) contracts 
involving innovative training solutions, has stated 
that AR and MR “training can vastly improve the 

quality of academic classroom training and task 
rehearsals” [7].  XR technologies provide these 
improvements by:

•	 Reducing the time spent in classroom training

•	 Allowing students to train, even when physical 
equipment is not available

•	 Enabling students to do preliminary training 
rehearsals prior to live training on physical 
assets

•	 Preparing students to get the greatest possible 
value out of hands-on training opportunities

Another study regarding XR supplementing 
remote education methods also concluded 
that trainees using VR were able to retain 
more information compared to trainees using 
educational videos [8].  A VR metaverse system 
was suggested in the study, in which users could 
immerse themselves and interact with virtual 
objects.  This system was designed to facilitate 
the safe simulation of complex tasks, which 
would otherwise require substantial resources to 
be used in the real world.  The system could be 
integrated into education to enhance learning 
processes using simulated exercises.  Researchers 
determined the effectiveness of the technology 
when applied to education by creating an aircraft 
maintenance simulator.  For the study, users with 
no prior experience were asked to take part in 
the VR-enabled training session and complete a 
knowledge acquisition test afterward, as well as a 
knowledge retention test 10 days later.  Another 
group was asked to attend a video-based training 
session and had to take the same tests as the other 
group.  The results showed that the group using 
the VR training scored significantly higher on 
both tests, indicating that the VR-enabled training 
method could prove more effective than traditional 
video training.  Based on these studies, users 
benefit more from hands-on instructed learning 
with XR compared to traditional learning methods 
such as PowerPoints or videos.

Figure 1-3.  A User Wears an AR Headset to Speak to Someone in San 
Diego for Help With Fixing a Generator (Source:  White [6]).
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1.2.2  Reducing Costs

A major factor that plays a huge role in decision-
making and the bottom line is cost.  The cost of 
traditional military training tends to be quite 
expensive and requires attention to planning the 
training exercise and logistics for all the equipment 
and personnel involved.  According to Mattock  
et al. [9]:

[The] training cost for a basic qualified 
pilot can range from $5.6 million for an 
F‑16 pilot to $10.9 million for an F-22 
pilot.  Bomber pilot training cost is also 
high, ranging from $7.3 million for a 
B-1 pilot to $9.7 million for a B-52 pilot.
Transport and mobility pilot training
costs are somewhat lower, ranging from
$1.1 million for a C-17 pilot to $2.5 million
for a C‑130J pilot.  Training cost per
pilot for command, control, intelligence,
surveillance, and reconnaissance
operations (e.g., the RC-135) is about
$5.5 million.

XR technology used for training can significantly 
reduce the cost associated with planning and  
operating a training exercise.  With the rise of  
telework and remote collaboration, communicating  
with XR technologies is becoming more common.  
The shift in perspective toward XR solutions has 
made organizations more open to adopting 
the technology.  XR training reduces the cost of 
travel and commuting for personnel.  Whether 
a sponsoring organization is paying or the cost 
comes out of pocket, XR eliminates the need for 
travel in certain training instances and provides 
a platform for trainees, instructors, and others to 
collaborate seamlessly.

1.2.3  Minimizing Risk

There is a risk factor associated when training new 
engineers on repairing military equipment.  If 
equipment is not being maintained and repaired in 
the correct manner, the engineer could be injured 

or expensive equipment could be damaged.  By 
leveraging virtual environments in maintenance 
training, users can familiarize themselves with 
complex machinery and hazardous environments 
before working on real equipment.

An inspector general’s report [10] advocates for 
improved training and guidance when it comes 
to the storage and care of military parts and 
components.  Inspectors found two thirds of  
$1.96 billion worth of equipment stored at the 
Defense Logistics Agency (DLA) distribution  
centers showed critical deficiencies.  Overall,  
$1.8 billion of inspected equipment was unsafe  
to use due to failure to follow Pentagon standards 
at DLA storage facilities.  XR technology could help 
address situations like these, as it provides solutions 
that can improve a technician’s productivity, reduce  
operation errors, enhance the safety of maintenance/ 
repair operations, and ensure overall compliance 
with industry-specific standards.

XR also facilitates access to information for 
engineers when performing maintenance tasks 
in real time, which can prevent safety incidents 
caused by poor maintenance.  In a concept study, 
researchers found that “12% of serious aircraft 
accidents and 50% of engine-related flight delays 
and cancellations were caused by maintenance 
deficits.  Complex routines of aircraft maintenance 
and repair not only increase costs but also pose 
a risk to aircraft safety” [11].  To help address this 
issue, an MR system was created to leverage 
digital aircraft components and provide users with 
guidance during inspection processes.  Using MR, 
the digital model of the aircraft component could 
be overlayed on the physical version, allowing 
for efficient comparison.  The system included a 
visual interface that provided instructions during 
maintenance procedures, remaining present on the 
user’s field of view for ease of access.  The inspector 
also had the ability to add marks to damaged 
sections of a component, which would be stored in 
the system’s database and reflected on the digital 
version of the part.
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While wearing a VR headset or AR glasses or with 
the help of a tablet or smartphone, technicians 
can be presented right in their field of view with 
guiding videos and tips that aim to aid in the 
maintenance process.  Having a step-by-step 
walkthrough displayed in a real-world view while 
conducting maintenance tasks greatly increases 
technician accuracy.  Artificial intelligence (AI) 
software paired with a camera can scan equipment 
and compare it to a corresponding digital twin 
stored in the backend.  This allows the software to 
detect issues, imperfections, and damage to the 
equipment before becoming critical.  Knowing the 
equipment status allows a technician to conduct 
positive preventative/corrective maintenance and 
repair.  XR technology could become an essential 
component to minimizing risks associated with 
equipment management and other training 
procedures within the DoD.

1.2.4  Saving Time

XR technology also reduces the time to complete 
various maintenance and training tasks.  Android 
and iPhone operating system (better known as IOS) 
devices already reduce downtime and improve 
efficiency, and XR technologies seek to continue 
that trend.  Using real-time visuals such as pictures, 
videos, and step-by-step instructions helps reduce 
the amount of time needed for completing tasks 
and troubleshooting.

Another benefit of XR is the ability to share one’s 
view with others.  This allows other professionals 
to see what someone else is seeing and provides 
hands-on guidance, eliminating the need to wait 
for help from on-site personnel.  For example, 
Boeing’s aircraft from the 737 to the 787 have 
hundreds of miles of wiring that run through every 
new aircraft in different configurations.  Placing 
these wires requires a high level of precision and 
accuracy, with little margin for error [12].  This task 
can add up to tens of thousands of work hours 
per year.  To reduce the cognitive load, Boeing has 
implemented Google Glass and Upskill Skylight to 

give Boeing’s technicians the correct instructions 
without the need to look away at a laptop or 
smartphone.  “Bar code readers and the Glass 
cameras help identify and confirm wiring inventory.  
When extra help is needed, workers turn on 
Skylight’s ‘See What I See’ video stream and share 
their view with engineers or other remote experts” 
[13].  Boeing claims that, by implementing these 
technologies, it was able to slash production time 
by 25%.

1.3  CHALLENGES IN XR

Along with the many benefits to using XR 
technology in training and maintenance, there 
are still challenges that need to be addressed.  
One common challenge of this technology is the 
strain on the body after wearing an XR headset for 
a prolonged period.  Some health risks that may 
arise include, but are not limited to, headaches, 
neck pain, eye strain, motion sickness, and fatigue 
[14].  XR applications should only conveniently fill 
a user’s field of view with necessary information, 
not overwhelm it.  Developers have not yet 
perfected crafting heads-up displays for the user.  
Another notable challenge XR faces is the visual 
detection of equipment and machine part status.  
For these algorithms to be successful in detecting 
small details in a real-world view, highly effective 
image-processing algorithms need to be accurate 
and reliable with little to no error [15].  Uptime 
and connectivity can become a problem while 
collaborating with team members or asking for 
training or maintenance assistance.  The current 
cost of capable high‑fidelity XR headsets is 
particularly high and can be a few thousand  
dollars for one unit.

The Naval Research Laboratory was the first 
organization in the DoD to test XR equipment 
and determine how it could be used to enhance 
training programs [16].  The lab tackled many 
challenges that were presented by XR hardware, 
such as graphics, depth perception, and portability.  
One of the main concerns with wearable displays 
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was the brightness and contrast and being able 
to provide a clear visual, regardless of outdoor 
lighting.  Engineers had to ensure that the display 
did not emit too much light into the wearer’s eyes 
to compete with external sunlight.  Interactivity 
with XR systems was a focus, making sure that 
applications had intuitive controls that users could 
learn efficiently.  For instance, if soldiers looked 
down at their feet while using an AR system, they 
would be able to open a map in their field of view 
for route planning.
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SECTION

02
This section provides developments achieved 
by organizations in the XR field, including recent 
accomplishments and ongoing efforts.

2.1  IMPACT PLAYERS FOR XR IN 
MAINTENANCE AND REPAIR

The following subsections give brief summaries 
of organizations that are impact players in XR for 
maintenance and repair training, with specific 
applications to the DoD.  These organizations have 
been found to have projects, research, patents, 
or technology that support DoD efforts.  The 
organizations are presented alphabetically.

2.1.1  Boeing

Boeing has developed AR technology to facilitate 
rapid maintenance of deployed aircraft [17].  The 
company named it the Augmented Training 
Operations Maintenance (ATOM) technology, 
and it was tested during the Mobility Guardian 
2023 exercise conducted by the U.S. Air Force 
(USAF) Air Mobility Command.  ATOM was used 
for remote support to assist engineers while they 
performed maintenance on a USAF C-17.  The 
technology allowed an expert representative to 
provide holographic instructions over 800 miles 
away from the aircraft.  Through AR-enabled 
guidance, voice commands, and hand gestures, 
the user was able to benefit from the technology 
during the maintenance session.  The successful 
trial highlighted the practical application of AR 
in addition to the benefits it can have when used 
for aircraft maintenance.  By reducing aircraft 

downtime, enhancing mission readiness, and 
fostering collaboration, AR can become an integral 
tool for the success of field engineers.

2.1.2  Defense Advanced Research Projects 
Agency (DARPA)

DARPA has invested in solutions that combine 
AR and AI to create “virtual partners” for military 
personnel [18].  The program, named Perceptually 
Enabled Task Guidance (PTG), allows for an AI 
assistant to provide critical data and instructions 
to the user’s field of view.  For maintenance and 
repair, PTG would allow engineers to follow 
detailed instructions and visuals to accomplish 
complex tasks.  The agency announced its funding 
opportunity in 2021 and has allocated a total of 
$40 million to create this AI-powered AR tool.  
Other notable technologies implemented in the 
project included deep learning, video analysis, and 
automated reasoning.  The agency is forecasting a 
future in which all military personnel will have an 
AR display that provides essential mission data in 
real time.

2.1.3  DiSTI

DiSTI provides XR software products for a variety  
of training scenarios, including virtual maintenance 
training, virtual operations training, guided field 
services augmentation, and safety training [19].  
The company was awarded a contract in 2020 
by the U.S. Army for the Family of Maintenance 
Trainers Diagnostic Troubleshooting Trainers,  
which is being used to create virtual training to  

IMPACT PLAYERS
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teach skills such as fault diagnostics, troubleshooting,  
and repair.  The contract was for indefinite delivery/
indefinite quantity, with an initial ceiling of  
$42.5 million [20].  The company’s XR solutions are 
helping military customers improve their training 
by focusing on skill transfer, knowledge retention, 
and data-driven applications.  These solutions are 
designed to reduce costs and increase operational 
efficiency.  DiSTI has also developed VE Studio, a 
development platform that end users can utilize to 
create their virtual training solutions, which could 
drastically reduce team size if the customer wants 
to create its own training content.

2.1.4  EON Reality

EON Reality is a software company focused on 
providing AR and VR solutions to sectors such 
as the DoD that can benefit from technology 
[21].  In 2020, the organization was awarded a 
contract through the USAF AFWERX program, 
which provided 3-D models and VR content.  USAF 
technicians also adopted EON’s XR platform for 
immersive maintenance training specifically 
tailored for the F-16 aircraft.  The software allowed 
users to practice repairing complex systems within 
the F-16 and provided students with interactive 
information.  When using the application, users can 
select individual 3-D models of the aircraft.  When 
looking at the cockpit, for instance, the engineer 
can interact with specific controls, buttons, and 
other crucial elements.  The platform supports both 
VR and AR modes, allowing for different levels of 
immersion.

2.1.5  Grid Raster Inc.

Grid Raster Inc. is a developer of cloud-based XR 
platforms, which have earned it multiple SBIR 
Phase I contract awards valued at around $50,000 
each.  The contracts involve the development of 
“a high-performance scalable AR/VR/MR platform 
for aircraft repair and maintenance, advanced 
visualization, and simulated training” [22] and “a 
cloud-based XR operational training and testing 

infrastructure (OTTI) to deliver a unified and shared 
synthetic environment for USAF pilot training” [23].  
The organization was also awarded an SBIR Phase II 
contract with the USAF, valued at around $750,000 
[24].  The contract aimed to enhance aircraft wiring 
maintenance for the USAF CV-22 Osprey aircraft 
using the company’s AR toolset.  To support the 
Phase II effort, Grid Raster developed a prototype 
AR toolset to assist engineers in navigating the 
intricate wiring systems of the CV-22 [25].

2.1.6  King Crow Studios

King Crow Studios specializes in XR-powered 
training and software development.  The company 
develops immersive training solutions that utilize 
XR technology, producing effective learning 
modules that improve retention and reduce costs 
[26].  It exclusively uses its own Structured Training 
and Evolved Process (known as S.T.E.P.) platform to 
create reliable training experiences.  The studio is  
an “SBIR Phase III award-winning solutions provider  
for the [DoD],” creating interactive learning modules  
with a high level of detail.  King Crow Studios has 
also developed XR-enabled training programs 
for industrial, education, law enforcement, and 
medical fields, proving that the technology has 
valuable use cases across many different sectors.  
King Crow Studios recently announced it had 
won an SBIR Phase III contract from the USAF to 
develop immersive training solutions.  The studio 
is the first XR firm in Louisiana to earn the award, 
which was launched in May 2021 and will run until 
2025.  The contract, worth $6.5 million, will back the 
development of B-52 pilot training programs using 
MR technologies over 4 years.  The USAF, along 
with Nexus Louisiana and Precision Procurement 
Solutions, supported the bidding process for the 
contract.  The B-52 virtual reality procedures trainer 
(VRPT) uses an MR platform, simulating the aircraft 
and its equipment, to train pilots and technicians 
on procedures before on-site instruction.  King 
Crow Studios’ VRPT program aims to cut on-site 
training costs for the USAF, along with fuel 
expenses and equipment downtime.
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2.1.7  Mass Virtual

Mass Virtual was awarded a 5-year, $59-million 
contract to develop interactive training modules, 
virtual models for aircraft, and other vehicles for 
the USAF Integrated Technology Platform [27].  
Mass Virtual is an example of providing XR training 
content that can have a great return on investment 
when implemented into the DoD [28].  Its training 
products currently reach over 24,000 students 
per year, providing reductions in aircraft training 
downtime and classroom hours and an increase in 
student retention.  Mass Virtual has also delivered a 
wide variety of training solutions based on industry 
needs, including nuclear power plant operations, 
aircraft preflight procedures, space systems 
operations rehearsal, undersea vehicle models,  
and aircraft engine models.

Mass Virtual has collaborated with the Air Force 
Special Operations Command (AFSOC) to establish 
new training frameworks that make use of XR 
technology [29].  The Virtual Hangar is a training 
platform developed by the company to facilitate 
initial qualification training for all aircrew and 
mission support personnel.  The platform supports 
VR training for the AC-130J, MC-130J, and CV-22, 
allowing munition maintenance crews to train 
using a variety of tools and learning modules.   
Mass Virtual has also developed other virtual 
training experiences, including a C-17 loading  
bay simulator and an explorable full-scale model  
of the C-5M aircraft.

2.1.8  Naval Air Systems Command

The Naval Air Warfare Center Aircraft Division 
is developing AR headset applications that 
can connect experts with maintainers globally, 
aiming to enhance the maintenance and repair 
processes in the Navy [30].  The organization was 
recognized in 2020 with the DoD Maintenance 
Innovation Challenge Award for developing 
the Augmented Reality Remote Maintenance 
Support Service (ARRMSS).  The system facilitates 

real-time collaboration through audio and 
visual communication between engineers 
using AR headsets and allows fleet maintainers 
to troubleshoot issues with the assistance of 
holographic overlays.  ARRMSS is being tested to 
operate in low-bandwidth networks, allowing it to 
remain functional at sea and in other challenging 
environments.  This feature has allowed the 
technology to stand out from other XR products 
and has generated interest from other service 
branches in the DoD.

2.1.9  Raytheon

VirtualWorx is an AR tool developed by Raytheon 
for defense training and simulation [31].  The focal 
use case for this effort is remote communication 
using AR, which connects users with experts to 
facilitate remote maintenance, remote technical 
assistance, remote inspection, and supplier 
support.  VirtualWorx has been able to create 
many solutions for customers by providing them 
with an effective remote communication tool and 
has become a favorable platform for end-to-end 
AR collaboration “to support the maintenance 
of aerospace and defense repairable assets.”  The 
technology streams live video and audio between 
engineers, subject matter experts, and other 
parties involved in the operation, using virtual 
private networking (better known as VPN) to 
secure information being exchanged remotely.  
The system has been used for the maintenance 
of U.S. Navy ships by aiding in diagnosing and 
repairing complex systems.  When working on a 
decommissioned Navy destroyer, a technician on 
board was able to receive detailed instructions 
remotely from an expert via the AR display.

2.1.10  Taqtile

Manifest is a software solution developed by Taqtile,  
which “improves operational workflows so that jobs  
get done more accurately and consistently” [32].   
Field workers can use the software’s special 
computing capabilities to access maintenance data 
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on any device.  This allows customers to choose 
the hardware that is best suited for their needs, 
whether they prefer the hands-free solution that AR 
glasses provide or the accessibility of a tablet.  The 
software was designed to allow experts to build AR 
work instructions efficiently, requiring no coding or 
computer-aided design skills to produce training 
modules with Manifest.  The software also allows for 
remote assistance using video streaming, which is 
optimized to function in low‑bandwidth settings.

Manifest has been used by DoD organizations to 
enhance maintenance and training operations 
by providing engineers with visual guidance via 
AR.  For instance, the tool was used by Booz Allen 
Hamilton in the U.S. Army Join Base Lewis-McChord 
5G AR training program [33].  The DoD invested 
$600 million into this effort to test the capabilities 
of 5G and AR technologies when deployed in 
military settings.  Taqtile was a notable part of this 
project, as its software was used by the program to 
store detailed maintenance and repair procedures 
that made use of AR [34].  Manifest was also used 
to perform maintenance on an M1 Abrams tank, 
allowing the mechanic to access work instructions 
in real time using the AR software [35].

The USAF implemented Taqtile’s AR solution to train 
jet engine mechanics [36].  The Air Force Institute 
of Technology conducted a comprehensive study 
of the impact the Manifest AR platform had on 
routine technical orders (T.O.).  The T.O. information 
was converted into AR content on the Manifest 
platform, allowing visual instructions and steps 
to be displayed in the technician’s field of view.  
While using the Manifest software, engineers were 
significantly less likely to make errors, showcasing 
that AR can improve the efficiency of maintenance 
procedures.

2.1.11  USAF

The USAF has been looking for ways to incorporate 
VR technology into its training programs [37].  
At Sheppard Air Force Base, the Tech Training 

Transformations team has been looking to use 
virtual environments to teach complex aircraft 
maintenance skills.  With the assistance of HTX 
Labs, the team was able to adapt the crew chief 
fundamentals course into VR content, allowing 
trainees to learn critical content in a more 
interactive manner.  Users were able to perform 
maintenance procedures on virtual aircraft models 
and had access to different modules and tools that 
enhanced their learning experience.  Nonplayable 
characters were introduced into the project to 
aid trainees by providing information, such as 
an instructor would in real life.  To determine the 
effectiveness of the new training course, a test was 
given to both trainees learning through traditional 
methods and trainees using the new VR training 
methods.  While both groups had similar results in 
terms of test scores, the VR trainees were able to 
complete the course in half the time.  This example 
shows how XR can be used to provide highly 
interactive training and enhance learning  
processes across the DoD.

2.1.12  U.S. Army

The Army has integrated MR hardware with guided 
maintenance that is powered by machine learning 
[38, 39].  This solution demonstrated the potential 
to support soldiers when maintaining advanced 
medium mobile power sources (AMMPS) that are 
commonly present throughout the military.  This 
effort was led by the U.S. Army Command, Control, 
Communications, Computers, Cyber, Intelligence, 
Surveillance, and Reconnaissance Center, using 
commercial-off-the-shelf (COTS) VR goggles that 
are equipped with maintenance guidance and 
troubleshooting steps.  While wearing the headset, 
the MR program provides visual instruction 
overlayed on the generator to deliver detailed 
information.  The software allows experts to 
communicate remotely to provide aid during 
maintenance procedures and has machine learning 
integration that can modify training content 
based on data collected.  The project also created 
a “digital twin” of AMMPS, allowing engineers 
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to practice repairs at any time without being 
limited by the number of physical AMMPS systems 
available.  When testing the technology during a 
demonstration, Staff Sgt. Jennifer Woolums stated, 
“It’s going to be easier for a Soldier to troubleshoot, 
find the initial problem, get the part ordered, and 
get the piece of equipment up and running in a 
timely manner.  It’ll save hours of time.  Being able 
to maximize a Soldier’s time is the most important 
thing” [39].  The Army believes the project could 
provide many benefits to its personnel, including 
cost savings and training availability.

2.2  OTHER NOTABLE PLAYERS FOR XR IN 
MAINTENANCE AND REPAIR

The following subsections give summaries of 
other notable organizations in XR for maintenance 
and repair training.  These organizations have 
been found to have projects, research, patents, 
or technology that have the potential to support 
DoD efforts.  The organizations are presented 
alphabetically.

2.2.1  CGS

CGS has developed an AR-powered solution 
aimed at field service workers called TeamworkAR, 
which can overlay visual training content onto 
equipment in the user’s field of view [40].  This 
allows educational material to be displayed 
according to the equipment being viewed, so 
technicians can focus on the physical components 
of the learning experience while using AR to assist 
in the process.  The content displayed for the user 
can range from instructional videos to detailed 
step-by-step instructions pointing to physical 
elements.  The solution also has remote support 
capabilities, connecting field technicians with 
experts who can send instructions via video or 
voice chat.  TeamworkAR could be implemented 
into DoD operations to enhance the capabilities 
of field service technicians and maintenance 
personnel.  Overlaying visual training content onto 
equipment within the user’s field of view would 

allow technicians to expedite the troubleshooting 
and repair processes in military settings.

2.2.2  L3Harris

L3Harris’s virtual maintenance trainer (VMT) 
was designed to provide efficient training for 
maintenance operations on commercial aircraft 
[41].  Maintenance technicians can explore the 
aircraft virtually, navigate the interior, and conduct 
real-time component removals to observe 
outcomes.  The VMT has a focus on classroom 
training by offering instructor-led scenarios and 
procedure training and encourages collaboration 
among technicians.  The VMT, equipped with a 
high-fidelity cockpit simulator and interactive 
capabilities, significantly contributes to the 
students’ learning of the cockpit and development 
of spatial awareness.  This technology has the 
potential to support engineers maintaining military 
aircraft, while also increasing their knowledge and 
understanding of aircraft maintenance practices.  
The addition of VMT modules to existing DoD 
curriculum could allow students to benefit from 
highly interactive learning experiences.

2.2.3  Oberon Technologies

Oberon Technologies has developed VR training 
solutions for several technical fields and topics 
such as fire equipment training, lockout/tagout 
procedure training, hazardous or dangerous 
environments training, training for energy gas 
utilities, and more [42].  The company can quickly 
implement immersive courses that address 
common needs such as Occupational Safety and 
Health Administration and standard operating 
procedures training.  Another benefit highlighted 
by the company is the cost savings incurred 
by users due to the elimination of travel and 
optimization of instructor working time.  The DoD 
could implement VR training experiences, such as 
the ones created by this organization, to enhance 
existing training programs and allow trainees to 
practice dangerous scenarios in a safe environment.
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2.2.4  Scope AR

Scope AR provides maintenance information via 
its AR solution [43].  Its platform is called Worklink 
and allows expert guidance to be delivered to 
any mobile device, whether live by a technician 
or through a sequential tutorial powered by 
AR.  The system simplifies the creation of AR 
instruction, providing customers with a no-code 
interface to build their own immersive educational 
experiences.  Scope AR has worked with prominent 
customers in different industries such as Unilever, 
Lockheed Martin, Prince Castle, and Makino.  
Worklink could be used to shape maintenance 
procedures and training methodologies across 
various organizations in the DoD.  By leveraging 
the technology, military engineers in the DoD can 
be provided with real‑time expert guidance and 
tailored instructions that can be adapted to fit any 
maintenance procedure.

2.2.5  TeamViewer

TeamViewer created software for remote computer 
access, which can translate into its latest AR 
solution called TeamViewer Frontline [44].  The 
product is an all-in-one AR platform that can allow 
workers to “speed up processes, decrease error 
rates, improve quality, and save costs.”  One specific 
use case that the company highlights is the use of 
TeamViewer Frontline to enhance maintenance 
and repair processes with Frontline xInspect, which 
can digitalize repair instructions and display the 
information from the technician’s field of view.  
The AR software includes features such as guided 
diagnostics, guided troubleshooting, and virtual 
checklists.  Another notable program within the 
TeamViewer Frontline ecosystem is the xAssist 
solution, which can remotely connect workers 
at a job site to technical experts who provide 
instructions while the maintenance work is being 
done.  Keeping both hands free while performing 
technical work is crucial for the task objective, 
and this AR product allows workers to focus on 
their mission without having to reach for physical 

manuals.  Both xInspect and xAssist can be used as 
tools to enhance maintenance and repair processes 
across military operations.  Existing maintenance 
procedures in the DoD can be adapted using 
the toolsets, allowing field technicians to use 
AR to have access to critical information when 
performing repair work.

2.2.6  Vertex Solutions

Vertex Solutions has many ongoing projects 
focused on XR and its effective application in 
different use cases [45].  The company works  
across multiple domains and has implemented  
XR training successfully in different technical fields.  
Its solutions aim to be hardware agnostic to ensure 
that the right hardware is used in each training 
use case.  In the context of maintenance and 
repair training, it is developing the AFSOC AC-130J 
maintenance trainer.  This specific training solution 
plans to help train technicians with complex tasks 
regarding aircraft repair.  The company hopes that 
this training will provide valuable practice to the 
trainee without risk to the individual or the aircraft.  
Many organizations across the DoD could benefit 
from implementing XR-enabled maintenance 
trainers into their training programs, improving 
personnel readiness and proficiency during 
maintenance procedures.

2.3  XR HARDWARE

Table 2-1 provides a list of notable hardware in the 
XR sector.  The items have been divided into VR, AR, 
and MR.  The hardware listed is COTS available and 
either supports or has the potential to support DoD 
efforts.  It is important to note that a display, motion 
tracker, and image generator may be needed for 
a complete system and not all product packages 
include these components.
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Table 2-1.  Notable COTS XR Hardware (Source:  Brown [46])

Company Product Category Price Release Date Resolution Refresh Rate

HTC

VIVE XR Elite VR $1,099.00
March  
2023

3840 × 1920 90 Hz

VIVE Pro 2 VR $1,399.00
June  
2021

4896 × 2448 120 Hz

Meta Meta Quest Pro VR $999.00
October  

2022
3600 × 1920 90 Hz

Valve Valve Index VR $999.00
April  
2019

2880 × 1600 144 Hz

Magic Leap Magic Leap 2 AR $3,299.99
September 

2022
2880 × 1760 —

Lenovo ThinkReality A3 AR $1,499.99
November  

2021
3840 × 1080 —

Vuzix BLADE 2 AR $1,299.99
September 

2022
960 × 480 —

Apple
Apple Vision 

Pro
MR $3,499.99

February  
2024

7320 × 3200 90 Hz

Meta Meta Quest 3 MR $649.99
October  

2023
4128 × 2208 120 Hz

Microsoft Holo Lens 2 MR $3,500.00
November  

2019
2880 × 936 60 Hz
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SECTION

03 CONCLUSIONS
The integration of XR technologies into 
maintenance and repair efforts across the DoD 
will have significant benefits to those operations.  
The organizations discussed in this report have 
delivered solutions that have had profound results 
when deployed, regardless of whether using VR, AR, 
or MR technologies.  XR-based training programs 
have significantly enhanced the way personnel 
consume training content and have proven that 
interactive learning modules are usually more 
effective than traditional learning methods.  
Allowing technicians to practice maintenance 
procedures in a virtual environment without the 
risk of physical harm allows them to focus on the 
material being taught.  The possibilities for XR are 
seemingly endless, providing immersive training, 
remote maintenance instruction, and easy access 
to mission-critical data.  The technology has the 
potential to transform legacy processes throughout 
the DoD and pave the way for an efficient and 
XR-enabled future.
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