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Chapter 1

Augment-Me: An  
Approach for Enhancing Pilot’s 
Helmet-Mounted Display 
Visualization for Tactical Combat 
Effectiveness and Survivability
Angelo Compierchio, Phillip Tretten and Prasanna Illankoon

Abstract

A learning framework for combining state-of-the-art augmented reality (AR) 
technologies and artificial intelligence (AI) for helmet-mounted display applications 
in combat aviation has been proposed to explore perceptual and cognitive performance 
factors and their influence on mission needs. The analysis originated through  
examining helmet-mounted display (HMD) design features and their configurations 
for tactical situational awareness (SA). In accomplishing this goal, the relationship 
between the pilot visual search and recent advancements in AI have been gauged as 
a background source to unlock pilot’s uncued visual search limit. In this context, the 
Augment-Me framework is introduced with the ability to view and organize SA infor-
mation in a predictive way. The provisioning of AI-augmented fixation maps could 
effectively outperform current AR-HMD capabilities, facilitating human decision 
while pursuing the detection and compensation of the mechanisms of human error.

Keywords: augmented reality, helmet-mounted display, situational awareness, 
artificial intelligence, visual search, tactical readiness, fixation

1. Introduction

The dynamic evolution of global challenges has endured many Air Forces in 
seeking more innovative and financially optimized solutions to enhance pilots’ 
performance and learning within a wider combat envelope. Wearable solutions have 
led researchers to rely on the use of advances in technology to examine the tactical 
information needs of pilots. This explanatory step has led to the development of 
state-of-the-art devices for processing, transmitting, and displaying images onto 
the pilot’s visor. Revolutionary interface designs have extended the helmet line-of-
sight from virtual images enabling the pilot to see a target through the aircraft to an 
uninterrupted display of navigation imagery both day and night. These developments 
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coined with the Distributed Aperture System (DAS) capable of warning the pilot of 
incoming threats have made the F-35 stealth aircraft as the most capable SA aircraft 
[1]. Such an unrivaled capability accelerates decision-making with unmatched data 
sharing networked for warfare operational vision [2].

Operational vision boundaries have been confronted with the paradigm of linking 
computational-oriented knowledge and naturalistic recognition of decision-making. 
This recognition has been evaluated from the perspective to integrate event-driven 
and goal-driven outcomes. VR augment cockpit information, however, for effec-
tive airpower intelligent support is needed as the human central vision is limited 
to roughly two degrees wide [3]. When the senses can provide accurate and depth 
information, the inherent perception and action connection represents an opportu-
nity for fast cognitive processing of maneuver-related information. Seeing is fixating, 
humans need to fix the gaze on a single spot to inspect the minute details of the world 
[4]. However, often some stimuli convey distorted images or sounds that cannot be 
easily perceived, as are biases to sensory processing. This limitation can be overcome 
if a stimulus has been primed with other stimuli. In this context, the Augment-ME 
framework explores this discrimination with AI augmented content through a 
“virtual pilot” to enhance threat detection when engaged in combat conditions. 
There is an ongoing trend in implementing AI in the combat domain on either side 
of the Atlantic. Recent reports indicate that Su-57 Fighters are to Get “Smarter” with 
AI-enabled sensor fusion and data processing. A report stated that: “intelligent support 
of the leading and slave pair of fighters in the process of conducting long-range air combat 
with a pair of enemy fighters” [5].

This definition emphasizes two aims a “pair of fighters” as a two-on-two scenario 
and “long rang” as beyond visual range combat.

Against potential opponents, the tasks of the virtual pilot are to uncover potential 
enemy threats in a reasonable amount of time with fixations through an eye-tracking 
system. This measurement concerns recording eye movements of the pilot and is 
examined by eye and pupil metrics [3, 6–10]. An AI algorithm can be developed to 
estimate the position and duration of fixations as shown in Figure 1.

The main purpose of a pilot is to rely on the eye as the primary sensor to retain 
critical SA elements and establish cognitive dominance, as defined: “Conscious 
awareness of actions within two mutually embedded four-dimensional envelopes” 
[11], this relationship is portrayed in Figure 2.

Therefore, the evolving pilot’s mental model relative to the time, position and 
direction of the aircraft is represented through the inner and outer envelope of the 
SA construct. The role of the inner envelope refers to a pilot positioned through 
Boyd’s Observe/Orient/Decide/Act (OODA) loop in an unaided sensory space, while 
the outer envelope refers to the pilot receiving assistive AI information. This task is 
implicit as the pilot can bypass the explicit part of the loop almost simultaneously. 
Moreover, a pilot engaged in air-to-air combat in a challenging SA environment poses 

Figure 1. 
The virtual pilot.
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higher demands on locomotion and stimuli response. These important aspects refer to 
the optical flow of pilots’ view, in relation to the eye sensitivity to motion and the field 
of regard (FoR) which is the local motion within the total area that can be perceived 
[13]. A frame from a MotoGP event in Figure 3 shows this effect in action.

The optical flow is presented by vectors representing motion velocity on the track. 
The scenario of moving forward presents arrowed objects that although the rider 
accelerates and decelerates apart, they converge toward each other. This sequence 
makes the fixation on each of the paired objects relatively easier to detect. In prin-
ciple, this paired category yields the perceptual relationship of object motions in 
relation to the background.

This approach is intended to uncover fixation time-based maps and to maximize 
the chances of detecting a target through additional spacetime, as well as capture 
focused attention as expressed in SA space terms by the U.S. Department of Defense 
(DOD) dictionary: “The requisite foundational, current, and predictive knowledge and 
characterization of space objects and the operational environment upon which space 
operations depend” [14]. The visual engagement of a target remains the main focus in 
aerial victories, but humans are mostly capable of making only two to three fixations 
per second. In this study, an AI-augmented approach has been proposed to leverage 
the effects of falling acuity when the direction of the eye is stirring from one fixation 
point to another.

Figure 2. 
Positioning the virtual pilot in a mixed real-virtual environment, (adapted from [12]).

Figure 3. 
Pilots’ optical flow (source adapted from public domain).
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2. Evolution of AR-HMDs

The pace of technological advances embedded in combat flight helmets has been 
relentless. Just over a decade after the Wright Brother first flight in 1903, Albert Bacon 
Pratt patented an integrated gun helmet, this conceptual helmet-mounted sight 
(HMS) was worn with a platform for weapon delivery and control [15]. Undoubtedly, 
the combined integrated approach was also awarded US and UK patents for an 
“Integrated helmet mounted aiming and weapon delivery system”. This was the 
first known conception of combat flight helmets as an integrated system. From the 
mid-1930 till 1940 the Type B Flying helmet was developed with improved and new 
design features such as oxygen masks, radio earphones and removable goggles. The 
leather helmet was later replaced by a hard helmet to add further protection to pilots 
when forced to eject at higher speed, while the goggle was replaced with a tinted visor 
to protect the eyesight from harsh sunlight. In the mid 1950s Gordon Nash reportedly 
researched new methods to equip pilots with additional information, further envis-
aging the pilot’s constant need for operational and tactical information for combat 
survival. During WWII the advent of the radar changed warfare development on a 
wider scale, greatly influencing the dominion of airspace and the role of fighters.

This revolutionary development was also tailored with a fire control system to 
assist pilots to hit a target by supplying both the range and the direction of the target. 
This device known as a fire-control radar designed to improve mission performance 
remains a proven capability these days. A fighter aircraft equipped with a fire-
control radar would have tactical superiority from being practically invisible to the 
naked eye, therefore, a pilot to prevail had to have knowledge of flight navigation 
and weapon information. The thoughtfulness of presenting flight referential condi-
tions to the pilot led to the development of the Head-up Display (HUD), a fixed, 
transparent and localized display that presented flight data without obstructing the 
user’s view. The HUD allowed the pilot to keep focus on the image and attention on 
the forward airspace, unlike, earlier Head-Down Displays (HDD) that presented 
aircraft status information and required the pilot to look inside the cockpit for 
updates. One aircraft equipped with a real true HUD was the Havilland Mosquito, 
allowing a pilot to view radar information and an artificial horizon directly in front 
of flight controls. The addition of the horizon was instrumental for flying as without 
the pilot could not tell the aircraft’s position and lose the sense of balance or position 
[16]. Most obviously the HUD also presented some drawbacks to pilots acquiring 
and maintaining the SA. The pilot could only receive collimated imagery as of target 
information only on a small-forward looking area of the aircraft, then a viewing 
device was needed to always provide information directly in front of the pilot’s eyes. 
The solution originated in the 1960s with the design and development of the HMD as 
it provided the pilot unobstructed visual field and unrestricted head movement with 
heads-up capability. In physiological terms, this translates to better eye relief and 
lower weight.

2.1 Technological trends

The HMD enhanced the fighter’s offensive capability by allowing pilots to choose 
a target only by looking at a guileless perceived threat. A common classification for 
HMDs refers to the type of presentation of the sensory image and symbology, which 
include monocular which refers to one image to one eye, biocular or the same image to 
both eyes, or binocular or two different images to each eye.
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The Israeli DASH became the first known HMD that measured the pilot’s line of 
sight (LOS), slaved missile and sensory data to the target location while integrat-
ing all aircraft operational modes while the pilot had Hands On Throttle And Stick 
(HOTAS) controls. The DASH formed the basis for the Joint Helmet Mounted Cueing 
System (JHMCS) program. JHMCS technology was developed through a joint ven-
ture established by Elbit Systems, Vision Systems International (VSI) and Kaiser 
Electronics. The JHMCS equipped the F-16, F/A-18, F-15 and F-22, it gave the pilot 
advanced helmet sight despite reduced Air-To-Ground (A/G) accuracy performance 
due to known timing drift issues related to the cockpit magnetic fields. An overview 
of fixed-wing HMD development programs is shown in Figure 4.

Earlier HMDs developed as the JHMCS, the TopSight-I and the VIPER-IV HMDs 
employed a monocular visor-projected display and retained sensory technology to 
determine the pilot’s line-of-sight. This trend, thereafter, from TYPHOON to the 
F-35 steadily shifted toward binocular visor-projected display reflecting the potential 
benefits of this classification as decluttering information, reducing perceived work-
load, improved capturing attention, search times and reducing response times [17]. 
The projection of AR-style symbology on the F-35 HMDS evolved from simple flight 
data to full motion video, image insertion and color symbology. The Helmet Mounted 
Display System (HDMS) used the same JHMCS symbology and was the first helmet to 
incorporate HUD functionality.

Ironed challenges of the HDMS benefited the roll-out of the F-35 Gen III helmet 
that included the resolution of blooming effects especially during night-time, it was 
discovered the employed liquid-crystal display (LCD) active-matrix (AM) displayed 
on the HMD visor a green haze from the backlight. This finding made it difficult to 
locate targets in dark conditions. The solution focused on replacing LCD with organic 
light-emitting diode (OLED) displays which eliminated the bleed-through green glow. 
A change was also made to the helmet tracker to meet helmet line-of-sight accuracy 
strafing requirements [18]. The Gen III helmet became fully operational with two 
ocular cameras situated above the helmet’s display visor. The cameras are manually 
aligned to the pilot’s interpupillary distance (IPD) settings for each eye. This task is set 
to optimize the acuity of each pilot’s vision as well as establish the proper fit of each 

Figure 4. 
Summary of HMD programs (helmet source: Public domain).
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helmet. The next generation of binocular HMDs (Zero-G HDMS+) is set to empower 
the 4th, 5th and 6th with improved optical acuity, SA and information management.

However, technological advances have added additional emphasis to these trends 
on the physical limitations of the eye as a sensor. Despite innovative technologies, 
there is ongoing HMD research on F-35 topics influencing human performance: green 
glow, double vision, monocular symbology and canopy interaction [19]. These aspects 
cover the basic visual search demands that can be commensurate with an HMD 
cueing system, however, eye-tracking technology is currently not available on aircraft 
HMDs. This technology would enable to investigate pilot’s scan patterns necessary for 
high maneuverability.

3. The augmented SA

Air Forces engage reconnaissance squadrons to maintain tactical readiness and to 
conduct close air support (CAS) operations. CAS is denoted as “air action … against 
hostile targets that are in close proximity to friendly forces…(requiring). .. detailed integra-
tion of each air mission with the fire and movement of those forces” [20].

The ability to sustain CAS capability requires eye-blink situational awareness 
with advanced integrated avionics. The deployment of the F-35 stealth aircraft to 
provide CAS requires experienced pilots capable to converse decision-making directly 
on the edge. This need was already perused by earlier known pilots such as Oswald 
Boelcke, the central theme in combat tactics laid on the basic concepts of analyzing 
the enemy’s position, executing counteroffensive maneuvers and making continuous 
decisions. As the recognition of decision-making depends on the knowledge structure 
directly recruited through time-based tactical appreciations, the complex percepts 
involved were codified by the OODA loop. This reveling interaction evokes Gibson’s 
work in stating that the pilot’s sensory system abided the percept construct directly 
from the environment, such a thought led to establishing the Theory of Direct 
Perception (TDP) [21]. This theory introduced the concept of affordances related to 
the interaction between the entire world and the pilot as if the sensory system would 
be resonating with environmental features.

The effects of this interpretation were quoted as: “When the senses are considered as 
perceptual systems, all theories of perception become at one stroke unnecessary. It is no lon-
ger a question of how the mind operates on the deliverances of sense or how past experience 
can organize the data, or even how the brain can process the inputs of the nerves, but sim-
ply how information is picked up” [22]. The picking of maneuver task-relevant infor-
mation is key to minimizing workload and increasing SA, while the symbology flow 
afforded to pilots on display concepts as the HUD provided the opportunity to inter-
cede constraint performance on cognitive tasks [23, 24]. Essentially, the HUD was a 
genuine precursor to AR breakthroughs in the aviation domain. The two AR words 
as a phrase were coined by Tom Caudell and David Mizell [25]. The overlay of virtual 
guidance symbology on the pilot’s out-the-window view provided comprehensive 
situational awareness (SA) improvement enabling the pilot to filter a larger amount of 
information into relevant SA inputs. The HUD essentially provided the pilot with the 
means to remain “head-up” despite instrumental meteorological conditions (IMC). 
Furthermore, the combination of real and augmented cues provided several aids to 
the pilot, including increased flight safety related to improved warning indications, 
reduced pilot workload based on flight completeness of information, increased flight 
precision and direct trajectory visualization. The Augment-Me framework follows 
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the reflection of visual and control augmentation combination, their influences on 
cognitive thinking and endows the role of the SA. This ability respond to different 
SA levels as “Level (1) the pilot’s accurate perception of elements information within 
the cockpit, the aircraft and the external world, Level (2) the comprehension of the 
significance of those elements, to form a knowledge pattern with a holistic temporal 
picture of the external world and Level (3) the ability of the pilot to project future 
actions through the knowledge acquired from the projection of the elements status in 
the near future” [26]. This description is illustrated in Figure 5.

4. Augmented visual search

The prospect of superimposing and projecting on the HMD visor virtual informa-
tion with visual cues empowered tactical maneuvering and delimited attentional cap-
ture. The first HMD that exploited AR was the Integrated Helmet And Display Sight 
System (IHADSS). The IHADSS was a monocular device displaying a virtual image on 
a single eye, this feature led to increased workload and stresses as a result of projected 
visual disturbance due to head movements. This layout triggers competition between 
both eyes affecting visual search. On the other hand, an alike condition caused by 
the neural adaptation of switches between the perceptual state also characterizes 
binocular rivalry by facilitating visibility near the point of fixation rather than the 
fixation itself [27, 28]. A consideration for monocular augmented reality is that there 
is competitive dominance between stimuli luminescence and moving or stationary 
stimuli. While for binocular rivalry when wearing see-through displays experiments 
have shown that the influence of stimuli was less unstable than in monocular displays 
[29]. Notably, this can cause visual fatigue as binocular bistability could incur due to 
the image alteration between both [30]. The dynamics of every single action starts 
with the eye and end with the eye and an eye reaches an object before the completion 
of the head motion.

As such, the distinctive ontology between pilots and combat situations is that 
situations are structured while pilots do not. This is remarked by the exemplified 
same human components of a pilot that flew the Tornado aircraft in the late 1970s and 
a pilot who flies the F35 today. Besides the technological advances the importance of 

Figure 5. 
SA interface model.
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the pilot visual search has not changed, a pilot would still have the last say, whether 
they are performing Active air and missile defense or Passive air and missile defense. 
Active defense refers to containing the enemy through kinetic and non-kinetic 
actions, while Passive defense includes all measures except detection and warning 
assets [4]. This leads to the instantaneous and continuous evolution of the pilot’s 
mental picture invoking the dynamics of visually guided reaching [31].

4.1 Visual search measures

Visual search is made up of a series of discrete fixations [32]. Fixation refers to 
the visual gaze that shifts to a location for a period, between this shift saccade forms. 
This formation creates 3–5 saccades per second with fixations occurring for about 
300 ms, while longer fixations are representative of higher cognitive processing [33]. 
Saccadic eye movements inhibited between visual attention patterns are relatively 
brief, their movement has a central function of forming fixation. Eye-tracking 
devices require sufficient spatial and temporal resolution and must capture in real 
time a wide range of eye movement measures [34–41]. Eye-trackers are non-intru-
sive and can be monocular or binocular and following calibration can measure eye 
movements of the line-of-sight direction along both the x-axis range and the y-axis 
range. It is worth noting that the line-of-sight is defined from the direction of the 
eye gaze and the head. On aircraft, video images generated from sensors mounted on 
the aircraft or the HMD are directly correlated with the eye-of-sight. Sophisticated 
HMDs have been built with incorporated eye and head tracking systems. Generally, 
most eye-tracking devices have video-based capability and are categorized as mobile 
and remote tracking systems. The former refers to head-mounted devices less 
invasive and are best suited for realistic simulator applications, and can be used with 
alternative tracking technology such as electroencephalography (EEG) [42]. While 
the latter is less complex and can be mounted on a computer and it does not touch 
the user. Therefore, the visual space is already incorporated, the downside of this 
device is that it is fixed affecting data accuracy due to the unrestricted movements of 
the user’s head.

Furthermore, there are two gaze estimation methods available to examine the 
geometry of the eye, the model-based method that use a priori knowledge to fit a 3D 
model to the eye image and the appearance-based method that attempts through a 
statistical model to train a mapping model of the eye gaze direction [43–48].

4.2 The need of a virtual pilot

In an air-to-air combat, the pilot’s thought process is not linear and constrained by 
timed critical events. The continued accommodation of information requires the pilot 
to synthesize with sensemaking ability HMD imagery contributing toward correct 
decisions. In this perspective, the pilot has to be capable of acting adaptively when 
transitioning from one maneuver to another without missing important cues. This 
understanding involves multi-tasking and higher cognitive overload that could affect 
what makes up the pilot’s mental model. Cognitive psychology defines that humans 
can perform up to two tasks at a time, while performing more tasks would result in 
reduced and a potential accident. In a combat scenario, the building blocks of the SA 
rely on sensors and communications. This all-encompassing information requires 
translating the holistic picture of detecting an adversary aircraft in a single fixation. 
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Fixation has been raised as a human factor red flag sometimes influencing modern-
day accidents [49]. From the outset this cause is not new, there are recorded accidents 
from both military and civil aircraft directly tracing the cause of accidents to the 
fixation on the outside environment. 

The latest 5th Generation of aircraft as the F-35 has departed from traditional 
mechanics of the F-15/F-16/F-21 multi-role aircraft with a new design philosophy. 
The pilot’s HMD Gen III is essentially a component of the Information Fusion 
system, with the addition of advanced radar and infrared sensors that can pass data 
to a rocket battery on the ground to improve its accuracy. This capability allows the 
F-35 to track and destroy rockets, but to actually shut down a just launched one, 
the pilot would have to detect it just before reaching 100,000 ft [50]. In this case, 

Figure 6. 
The visual search limits: (a) cumulative probability of a pilot searching a 90° sector with 20 fixation/minute 
would detect an aircraft approaching direction by colored range (orange, green, blue). (b) The instant virtual 
map of the fixation points of the pilot’s eye.

Figure 7. 
Augment-me learning framework.



Applications of Augmented Reality – Current State of the Art

12

the pilot would have limited time to detect and intersect the rocket. This limitation 
highlights the pilot’s uncued visual search limit. This limit is also evident against 
enemy aircraft or standard squadron formation. The systematic search in Figure 6 
highpoint this observation.

Figure 7 demonstrates that the pilot would have very limited time to respond to 
enemy attacks. This is the consequence of adversary aircraft falling just outside the 
pilot’s central vision and the fixation at any given point. The established collabora-
tive setting would require the use of AI to reproduce the pilot’s fixations mechanisms 
generated in real-time during the mission.

5. The augment-me framework

The learning framework provides a cohesive structure for displaying information 
to pilots from on-board and off-board sensory sources while harvesting cognitive 
competencies of the pilot’s decision-making when managing unexpected tactical 
maneuvers. The adaptation of this approach enhances precision engagements against 
fixed and moving targets as shown in Figure 7.

The learning framework was designed with the following objective:

• improve pilot’s cueing ability

• add a prediction layer to the SA from acquiring long-range sensor data

• optimize the pilot visual search in combat by monitoring the pilot eye movement 
and pupil measures to design fixation maps

• enable AI technology to develop from fixation maps to tactical search areas

• combine AR and AI data to generate frozen search area sectors

• rapidly integration and transfer to ground support

The components required to build the framework are described as:
Assigned mission, engagement, intra-communication: High-level measures to quan-

tify the combat capability to complete the mission.
Visual search: On-board, off-board measures visual performance and target 

prioritization.
Common AR engagement: Modular, distributed AR merging AI and virtual fixation 

environment (VFE).
Multi-intelligence fusion: Measure of intercept and detection probability quantifi-

able in a single variable.
Operational information: Imagery displayed on HMD and cockpit display.
Pilot HMD: Equipped with eye-tracking to find fixation points saccadic 

eye-motions.
Eye movement measures: Measures are identified using either are-based, dispersion-

based or velocity-based algorithms.
Detection AI algorithm: Estimate the spatial position of the fixations.
Virtual pilot: Virtual agent or AI-powered processing for reconfigurable fixation 

maps.
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Fixation maps: Fixation patterns for classification and maneuver profiles for 
ground-based tactical counteroffensives.

Since SA development requires recursive levels of abstractions and continued 
refinements of a combat scenario, the virtual pilot adds predictive action measures 
through the provision of virtual scan patterns, since each pattern allows a complete 
coverage of sliced sectors in Figure 7b, hence assuring a timely ground-based 
response. Efforts have been made to enhance the F-35 training pilots with eye tracking 
and EEG technology and to establish future applications [51].

5.1 AI augmented reality

Significant SA advantages can be gained through the implementation of AI-based 
solutions, especially in Level 3 SA. In this context, AI-augmented solutions provide 
assisted decision-making with real-time analysis and target prediction capability. The 
basic elements for online tracking combining optical flow, appearance model and a 
filter to determine the fixation state change are shown in Figure 8.

A technique to track eye motions is to use infrared light on the cornea and the 
pupil. A camera then is positioned to capture eye images and a processing algo-
rithm estimates the center of the pupil and the positions of the glints. Pupil-cornea 
reflection measurements are performed in real-time, while the image processing 
algorithm provides an accurate measurement of the gaze. The appearance model 
updated only would function as a classifier while the filter is used to predict the 
search region and the fixation state can be modeled from Markov decision models, 
Cumulative Sum algorithms, Deep Learning and Machine Learning (ML) processes 
and Edge computing [52–54]. Edge computing can promote multimodal interaction 
with improved pilot-cockpit integration beyond standard interfaces with a high 
level of speed and accuracy [55]. The trend of applicable AI solutions could include 
Fog/Edge Computing to enable on-board computation rather than other off-board 
platforms, therefore improving SA responsiveness [24]. Further benefits of AR 
include low latency for data transmission from node to destination and no single-
point failure. This follows the distributed approach of the Edge architecture that in 
case of a source failure, redirects instantaneously data transmission to an alternative 
edge network [56].

6. Conclusion

Modern combat aircraft are relying even more on robust sensor, weapon and 
network communication technology to provide pilots with superior SA. While this 
situation is evolving the pilot is expected to perform organized visual search patterns 
and avoid detection and tracking by enemy sensors. The visual search area and associ-
ated observation processes of the pilot have been utilized to model the aerial sensor 

Figure 8. 
Schematic of eye tracking filter structure.
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Chapter 2

A Wearable Force-Feedback
Mechanism for Immersive
Free-Range Haptic Experience
Peter Kudry and Michael Cohen

Abstract

This chapter presents the development of a wearable force-feedback mechanism
designed to provide a free-range haptic experience within the spectrum of Extended
Reality (XR). The proposed system offers untethered six degrees-of-freedom and
small- to medium-scale force-feedback, enabling users to immerse themselves in
haptic interactions within virtual environments. The hardware comprises a modified
3D Systems Touch haptic device, driven by software that allows for ambulatory
exploration of various haptic aspects. Two experiments were conducted to evaluate
the precision, ergonomics, stability, usability, user experience, and performance of
the system. Despite indication of software and hardware deficiencies, the results
highlight the potential of combining haptic force-feedback and ambulatory XR to
enhance immersion in free-range virtual environments. Furthermore, the integration
of Mixed Reality pass-through enables users to seamlessly merge real-world environ-
ments with augmenting virtual elements. This extension contributes to the explora-
tion of new possibilities for immersive and interactive experiences within mixed
reality applications. Future research can delve deeper into the prototype’s potential,
further unlocking opportunities for haptic-enabled ambulatory XR experiences and
pushing the boundaries of immersive technologies.

Keywords: haptic interface, wearable computer, virtual reality, augmented reality,
mixed reality, human-computer interaction (HCI), ambulatory application,
force-feedback, perceptual overlay, tangible user interface (TUI), spatial computing,
multimodal interaction, extended reality (XR), mixed reality (MR), virtual
environments (VE)

1. Introduction

In this section, we survey the evolution of extended reality (XR), discuss its
present trends, highlight areas that are comparatively less developed within this
paradigm, emphasize the significance of further advancements, and provide an over-
view of the alternate solution we have developed through our research.
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1.1 History of XR

Origins of contemporary virtual reality (VR) can be traced back to the early
twentieth century with “Link Trainer,” the first flight simulator, developed in 1929
and patented in 1931 [1]. However, VR hardware primarily targeted commercial use,
and early attempts to bring this technology to the general public for entertainment
purposes encountered commercial failures. Disappointments include the Sega VR-1
and Nintendo Virtual Boy, released in 1994 and 1995, respectively. This situation has
significantly changed in the recent years, as marked by the release of the Oculus Rift
in 2010, which sparked a renaissance in VR.

Similarly, in the augmented reality (AR) domain, there were already several
established AR solutions by 2010, but the ARToolKit, developed in 2000 [2], can be
considered the precursor to modern AR. By 2020, use of VR and AR, collectively
referred to as extended reality (XR), expanded across various domains, including
entertainment, education, and industrial training. XR technologies have become
widely accessible to the general public through integration with popular
gaming consoles, smartphones, and stand-alone headsets, offering immersive
experiences at a fraction of the cost compared to earlier VR waves [3, 4]. Such rapid
technological advancements have exponentiated numerous trends within a relatively
short period.

1.2 Ongoing and emerging trends in XR

In recent years, integration of VR and XR across various industries, including
marketing, design, and retail, has caused a notable shift in dominance within specific
demographic segments [5]. This shift is evident in the current landscape of XR expe-
riences, which predominantly cater to industrial applications rather than gaming and
entertainment. The 2020 XR Industry Insight report reveals that about 2=3 of AR
development companies are focused on industrial applications, while consumer prod-
ucts account for only about 1=3 [6]. This trend can be attributed to the unique ability of
XR technologies to virtualize environments and scenarios that are typically expensive
or hazardous.

The healthcare industry has embraced XR technologies as utilized in therapeutic
interventions for phobias and anxiety disorders, as well as in assisting individuals with
autism in developing social and communication skills. AR, in particular, holds
immense potential as a valuable visual aid for surgical procedures.

These ongoing and future trends in XR are propelled by advancements in hard-
ware. XR devices are continuously shrinking in size, becoming more portable, and
gaining enhanced processing power, thereby improving accessibility and ergonomics.
The shift toward self-contained and untethered devices, exemplified by products like
Meta Quest, contribute to an enhanced user experience [7]. Another significant
advancement is the widespread deployment of 5G mobile networks, offering the
potential for improved VR streaming and seamless collaborations within virtual envi-
ronment (VE) by delivering higher bandwidth and lower latency.

In summary, the application of VR and XR has resulted in a transformative shift.
Industrial applications currently dominate XR experiences, with healthcare serving as
a prominent example of XR technology adoption. Ongoing advancements in hard-
ware, including smaller, more powerful, and self-contained devices like the Apple
Vision Pro, and the promise of mobile broadband connectivity, contribute to the
continuous growth and development of XR applications.
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1.3 Importance of haptic feedback in immersive environments

Significant advancements have occurred in haptics for VR since the release of the
first Oculus Rift development kit a decade ago. One notable improvement is the
transition from localized, three degrees-of-freedom models to room-scale, six
degrees-of-freedom tracking. This advancement allows complete tracking of user
movement, including wireless tracking of hand-held controllers. Modern controllers
now include capacitive touch sensors that detect finger movements, enhancing user
interaction with virtual environments. The tactile representation of buttons on con-
trollers reinforces immersion by providing coherent sensory experience. However, in
terms of haptic feedback from virtual objects, progress has been limited, as most
controllers still rely on vibration feedback. Although solutions such as gloves and full-
body suits provide more realistic haptic feedback, they are not widely accessible due
to their cost and specialized markets [8, 9].

Sense of presence, the subjective perception of truly being in a virtual environ-
ment, is a crucial aspect of immersive VR experiences [10, 11]. While realistic visual
environments can can foster suspension of disbelief, lack of coherent haptic feedback
when interacting with the VE disrupts the illusion. Passive haptics, which involve
using physical props placed in the real space, can partially address this issue. For
example, placing a box in the real space allows a user to lean on it in the game, creating
the haptic illusion of taking cover. However, this approach is impractical as it requires
adapting the real space to match the virtual environment (VE). Another solution,
known as active haptics, utilizes robotics to dynamically position props based on user
actions. Although this approach overcomes the flexibility issue, it may introduce
latency, which can be problematic in fast-paced gaming scenarios [12, 13].

Despite the challenges, several studies have shown that haptic feedback improves
interaction, spatial guidance, learning, and sense of presence in VR environments
[9, 14, 15]. However, current systems still struggle to provide high-quality force or
tactile feedback [16]. Achieving relevant and believable combination of small-scale
haptic feedback, such as texture simulation, and medium-scale force-feedback, poses
challenges in terms of form-factor, ease of deployment, and precision [17]. These
challenges are particularly evident in wearable solutions that aim to immerse users in a
virtual environment through VR. In conclusion, haptic feedback, along with the
stimulation of other senses beyond visual and auditory, significantly impacts quality
of immersion in VR. The greater the variety of sensory feedback, the deeper the
immersion [18, 19].

1.4 Recent haptic feedback solutions for immersive experiences

Despite challenges in implementing haptic feedback devices, researchers are
actively working on solutions to overcome these obstacles and drive advancements in
this field. This section provides a brief description of various devices that have
recently addressed some of the aforementioned issues.

1.4.1 Cross-field haptics: push-pull haptics combined with magnetic and electrostatic
fields (2015)

The concept of cross-field haptics involves the use of multifield physical quantities
to replicate various textures. One approach is to utilize magnetorheological fluid
(MRF) positioned between an array of electromagnets and conductive electrodes.
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The behavior of MRF is influenced by the magnetic field generated by these layers.
When no magnetic field effects are present, MRF behaves as a Newtonian fluid, but its
viscosity changes in response to variations in a field, transforming it into a non-
Newtonian fluid. In simpler terms, the viscosity of the MRF can be adjusted based on
the strength of a magnetic field produced by coils, allowing for simulation of various
textures [20].

1.4.2 Magic table: deformable props using Visuo haptic redirection (2017)

The Magic Table employs haptic retargeting using a single physical object to
represent multiple objects in a VE [21]. Specifically, it utilizes body warping and the
technique of redirected walking. Body warping refers to perceived change in the shape
of objects, and redirected walking introduces additional translations and rotations to a
head-mounted display (HMD), causing users to physically traverse paths that differ
from their virtual perception.

1.4.3 HaptoBend: utilizing shape-change to enhance virtual reality (2017)

HaptoBend is a passive haptic feedback device that enables users to experience the
transformation of a flat 2D object into a multi-sided 3D object through bending [22]. It
uses four ridged sections with hinged connections, allowing users to deform it into
preferred physical handform shapes and interact with virtual objects in Unity for use
in VR.

1.4.4 AirPiano: enhancing music playing experience in virtual reality with mid-air haptic
feedback (2017)

AirPiano is a unique haptic feedback device that replicates the experience of
playing a piano by creating touchable keys in free space using ultrasonic vibrations
[23]. While this specific simulation is not generalizable, it demonstrates the potential
of using ultrasonic acoustic waves for haptic feedback in specialized applications.

1.4.5 CLAW: a multifunctional handheld VR haptic controller (2018)

CLAW is a virtual reality controller that enhances traditional controller capabilities
by providing force-feedback and actuated movement specifically to the index finger
[24]. It aims to provide feedback for three different types of interactions: touching,
grasping, and triggering. Vibrations are used to simulate textures when touching, and
a servomotor is employed for the grasping and triggering actions.

1.4.6 Haptic revolver: touch, shear, texture, and shape rendering on a VR controller (2018)

The Haptic Revolver shares similarities to the CLAW in terms of features but
employs a different approach to achieve the same functionality. It utilizes an actuated
wheel that moves up and down beneath the user’s finger to create contact with a
virtual surface [25]. As a user’s finger glides along a surface, the wheel spins to
generate shear forces and motion feedback. Unlike the CLAW, the Haptic Revolver
offers the advantage of user-interchangeable wheels, which can provide various tex-
tures, shapes, edges, and active elements to enhance haptic experience.
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1.4.7 Wearable fingertip haptic device for remote palpation: Characterization and interface
with a virtual environment (2018)

The wearable fingertip haptic device consists of two primary subsystems that
enable simulation of palpation (feeling a shape) of virtual object presence and surface
stiffness [26]. The first subsystem includes an inertial measurement unit, which tracks
one’s finger’s motion and adjusts the linear displacement of a pad toward the fingertip.
The second subsystem controls the pressure in a variable compliance platform using a
motorized syringe, allowing for simulation of surface stiffness when touched.

1.4.8 Interactive sculpting using augmented-reality, mesh morphing, and force-feedback:
Force-feedback capabilities in an augmented reality environment (2018)

This interactive sculpting prototype integrates force-feedback capabilities with AR
to facilitate realtime morphing of geometric surfaces. Its purpose is to provide
designers with a direct way to modify component shapes through interaction with
virtual representations [27]. The system utilizes a radial basis function (RBF) morpher
for realtime computations. It incorporates a camera as an input device and an HMD
with OLED screens as an output, effectively creating an AR helmet. The Geomagic
Touch X device functions as a haptic interface, enabling users to manipulate virtual
objects and experience force-feedback along three spatial directions using its motors.

1.4.9 Muscleblazer: force-feedback suit for immersive experience (2019)

The Muscleblazer suit is a lightweight exo-suit designed for force-feedback in VR
[28]. It utilizes solenoid valves and micro-controller boards to activate Pneumatic Gel
Muscles (PGMs) and generate flexible and lightweight forces. In conjunction with a
VR game, users can engage in shooting enemies using an HTC VIVE controller, the
PGMs providing haptic display upon being shot. The suit is adaptable to both VR and
AR environments, enabling wireless communication for the generation of force-
feedback effects.

1.4.10 Wireality: enabling complex tangible geometries in virtual reality with worn
multi-string haptics (2020)

Wireality aims to overcome various challenges in haptic feedback technology. It is
a self-contained wearable system that enables precise positioning of individual hand
joints in three-dimensional space, using retractable wires that can be programmati-
cally locked [29]. This allows for realistic interactions with intricate geometries, such
as wrapping fingers around objects such as railings. The device is lightweight, com-
fortable, and durable, while also being affordable with production cost less than $50
USD.

1.4.11 Wrist-worn prototypes for XR input and haptics by meta (2021)

Facebook is actively exploring haptic technology through wrist-worn input
devices. These devices are still in the early prototype stage, but Facebook envisions
using electromyography (EMG) sensors to track button presses and enable keyboard-
less typing by sensing electrical signals in a user’s arm. Previous prototypes from
Facebook have included wristbands with inflatable bladders to apply pressure on one’s
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wrist and vibrating actuators for vibro-tactile feedback. Facebook’s heavyweight
involvement in haptics suggests significant advancements in the field may be on the
horizon [30].

1.4.12 QuadStretch: a forearm-wearable multi-dimensional skin stretch display for
immersive VR haptic feedback (2022)

QuadStretch is a newly developed forearm-worn device designed for VR interac-
tion. It features a compact and lightweight design and utilizes counter-stretching to
stretch a user’s skin [31]. This is achieved by moving in opposite direction a pair of
tactors, secured to one’s skin surface with an elastic band. QuadStretch offers various
VR interaction scenarios that showcase its unique characteristics, including intensity-
based activities such as boxing and pistol shooting, passive tension and spatial multi-
dimensionality in activities like archery and slingshot, and continuity in complex
movements like flying and climbing.

1.4.13 Free-range haptic immersive XR (2022)

While most solutions in this section do not provide unrestricted mobility and
positional displacement for haptic interfaces with force-feedback in virtual environ-
ments, our own project addresses this limitation. We have developed hardware by
modifying the 3D Systems Touch haptic device, integrated with software using the
Unity game engine and low-level device drivers [32]. This combination enables
medium-scale force display in mobile XR applications, allowing enhanced interaction
and mobility within virtual environments.

2. Materials and methods

2.1 Problem description

In Ref. [16], a paradigm shift in human-computer interaction was described,
highlighting emergence of devices like the force-feedback haptic stylus. The 3D Sys-
tems Touch haptic devices are particularly relevant, offering precise tracking and
possible support among major 3D design tools such as Blender, Maya, and 3DS Max.
These stylus devices, designed for desktop use, are ideal for immersive CAD experi-
ences due to their accurate force-feedback and high precision.

While there are other wearable force-feedback solutions available, such as the
TactGlove [33], SenseGlove Nova [34], and Power Glove [35], stylus-based
interfaces have the advantage of being grounded and providing force-feedback in
space. However, they impose constraints on the user’s arm movement as the stylus
interacts with virtual surfaces. This limitation does not apply to other devices that
offer the ability to sense size, shape, stiffness, and motion of virtual objects, but lack
positional translation.

Wireality (§1.4.10), a device comparable in functionality to the Touch stylus, was
released in 2020. While Wireality effectively addresses many challenges outlined
regarding the importance of haptic feedback, its precision may not meet the require-
ments of 3D modeling and sculpting, and it does not support texture simulation or
vibrotactile feedback.
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2.2 Prototype design overview

Hence, we took on a mission of transforming a stylus device designed for desktop
use into a wearable haptic interface capable of delivering untethered six degrees-of-
freedom in a VR setting. This endeavor spawned various challenges, including
addressing the ergonomics of a wearable harness, managing weight and power con-
siderations, and overcoming limitations inherent to the haptic device itself [32, 36].

2.2.1 Hardware

Harness—Upon careful consideration and subsequent dismissal of over-the-shoul-
der arrangements, the decision was made to develop an adjustable platform where the
stylus base could be mounted in front of the user. The key component is a user-worn
vest, which must possess sufficient strength to bear the weight of all the hardware
without compromising comfort or impeding natural movement. A tactical vest ini-
tially designed for survival games emerged as a versatile choice. To accommodate the
necessary modifications, mounting clips for two sheets of 3-mm-thick aluminum were
added to both the front and back sections of the vest, as shown in Figure 1.

Front and rear plating—Various alternatives for the plating material, such as
acrylic or thinner steel, were considered. However, these materials presented draw-
backs: Acrylic and similar options were found to be lightweight and flexible, while
thicker steel plates were heavy and rigid. Neither of these extremes were suitable for
the intended use case. In contrast, aluminum has properties that strike a balance
between the two, so was deemed to be the appropriate choice.

The aluminum plate on the back serves the purpose of mounting a full-size 15:600

laptop, which powers the Meta Quest 2 HMD in “Quest Link” mode. This configura-
tion ensures optimal performance, as the Quest 2 is based on the Android mobile OS
platform with hardware that imposes performance limitations. Since Open Haptics,

Figure 1.
Tactical vest customized for supporting force-feedback device platform: Strap positions, front (A) and back (B).
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the software development kit (SDK) for 3D Systems devices, is not compatible with
Android, it is necessary to drive the haptic device separately.

3D Systems Touch platform—A perpendicular attachment is made on the front
aluminum plate, utilizing another 3-mm-thick plate as the base for the stylus assem-
bly, which acts as a cantilever for the wearable device. In the middle of this front
aluminum plate, a channel is cut along its length, allowing the stylus to be adjusted
closer to or further away from the user’s torso. This ergonomic feature accommodates
users of varying height and arm length, ensuring a comfortable fit. To ensure electrical
insulation between the aluminum and electronic components of the assembly, the
stylus device itself is mounted on a sheet of laser-cut 3 mm-thick acrylic.

Stylus assembly modifications—Modifications were also necessary for the stylus
assembly specifically tailored to this application. Originally, the base of the Touch

Figure 2.
Force-feedback device modifications: (A) device platform; (B) acrylic sheet under the base; (C) control board—
bottom view; and (D) inside the modified device.
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stylus contained weights to prevent it from tipping during desktop use. These weights
were removed, as the cantilever provides secure enough mounting for the user to
perceive no vertical flexing of the shelf and almost no horizontal flex. Further adjust-
ment included moving the Touch main board from the bottom of the stylus’s base
assembly to the bottom of the shelf while preserving the adjustment feature. These
(warranty-voiding) modifications and platform structure are shown in Figure 2.

Power delivery—The wearable assembly comprises three primary devices, neces-
sitating the development of suitable power delivery systems. The power supplies for
the HMD and laptop were utilized in original arrangement, as they come equipped
with their own internal batteries. However, power for the stylus servomotor is sup-
plied by an external power bank securely attached to the user’s waist. Figure 3 shows
an abstract representation of the entire system, while Figure 4 shows actual use.

2.2.2 Software

The implemented software is divided into two main subsystems, as shown in
Figure 5.

Virtual reality—The immersive environment is streamed from the laptop,
mounted on the rear of the vest, to the HMD. As mentioned earlier, the Meta Quest 2
is a standalone device based on the Android platform. However, due to incompatibil-
ity with the Open Haptics SDK, the Quest must be operated in Link mode, which
transforms it into a tethered HMD. Unlike some other HMDs, the Quest 2 utilizes
inside-out tracking, eliminating need for stationary “lighthouse” sensors in the user’s
space, as required by older devices such as the HTC Vive or Oculus Rift.

The VR environment is created in the Unity game engine, leveraging the Oculus
XR plugin and the Mixed Reality Toolkit (MRTK). The Oculus XR plugin handles

Figure 3.
Hardware assembly as worn—Side view (profile).
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lower-level functionality such as stereoscopic rendering for the HMD, the Quest Link
feature (which essentially turns the Quest into a thin client of the PC), and input
subsystems that provide controller support and HMD tracking [37]. The MRTK

Figure 4.
Hardware assembly as worn—Photo.

Figure 5.
Wireline software architecture.
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encapsulates these low-level features and extends them with hand-tracking capabili-
ties and other features such as gesture-specified teleportation, ray-cast reticle
operation, and physics-enabled hand models [38].

Haptic force-feedback—Software control of the 3D Systems stylus is facilitated
through the Open Haptics for Unity plugin, which allows for integration of various 3D
haptic interactions in the Unity environment. The plugin comprises several
components, including the Quick Haptics micro API, Haptic Device API (HDAPI),
Haptic Library API (HLAPI), Geomagic Touch Device Drivers (GTDD), and
additional utilities [39, 40].

The structure of the Open Haptics plugin for Unity differs from the native version.
Instead of using Quick Haptics for haptics and graphics, this package employs the
OHToUnityBridge DLL to establish communication between the Unity controller, the
HapticPlugin script written in C#, and the HD/HL APIs written in the C programming
language. Analysis of the dependencies of OHToUnityBridge.dll revealed that this
library directly invokes the HD, HL, and OpenGL libraries, without relying upon
Quick Haptics [39, 40].

2.2.3 Environment description

The rest of this section outlines the four primary components of the engineered
prototype [32, 36].

1.Scene loader—The Unity scene labeled as the “scene loader” is not directly
accessible for selection by the user. Instead, it functions as a container,
encompassing not only objects from the sub-scenes but also serving as a wrapper
for the application’s scene management system.

2.Scene selector—As illustrated in Figure 6, upon launching the demo application,
the initial “splash” scene known as the “Scene Selector” is loaded additively into
the Scene Loader. This scene includes various selectors that gather information
regarding intended use of the main sub-experiences. The user is presented with
pillars topped with buttons, a lever, and a canvas containing touchable User
Interface (UI) buttons.

The lever serves the purpose of indicating the user’s chirality, determining the
dominant hand to be used with the haptic stylus. On the canvas, there are
interactible entries representing previously saved states of sculpting and carving
sessions. When a session concludes, its state is saved and can later be reloaded,
allowing the user to resume exploration.

The left button, labeled “Haptic Sandbox,” is used to load one of the sub-
experiences, while the button labeled “Sculpting & Carving” is used to load the
other sub-experience, which purpose is further explained below. In this scene,
the user relies on hand tracking, gestures, and physics to interact with the virtual
environment. Additionally, a palm-up “put-myself-there” gesture teleports the
user within the designated play area.

3.Haptics sandbox—As shown in Figure 7, the “haptics sandbox” offers the user a
range of haptic simulations comprising five distinct stages, showcasing different
capabilities of the haptic mechanism.
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The first stage presents a block shape-sorting experience. Users can teleport to an
area in front of a table with various shapes to be inserted into corresponding cutouts in
a pre-cut recepticle. Each block has a unique shape and a unique correct cutout,
resembling a children’s toy. Positioned comfortably in front of the desk, users can
grasp the physical haptic stylus, mirrored by a congruent shape in the virtual space.
Real physical movements are then projected into the virtual environment. When users
palpate a “touchable” object in the virtual space, the haptic device responds by
mechanically locking or constraining movement and rotation, simulating contact with
a physical object. Additionally, blocks can be picked up by pressing a button on the

Figure 7.
Haptics sandbox scene.

Figure 6.
Scene selector (splash scene).
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stylus, virtually grabbing them, and lifting them. Simulation of weight and mass of
virtual objects is achieved by the haptic plugin’s ability to translate Unity material
physical properties into attributes and parameters processed by the haptics engine,
which controls the servomotors in the assembly.

Another stage features two balloon-like sculptures. One sculpture consists of outer
and inner spheres. The outer layer represents a relatively weak material that can be
punctured with a certain amount of force, akin to popping a balloon with a pin. Once
the outer layer is pierced, the stylus encounters a solid, impenetrable inner sphere,
allowing users to feel its shape across the surface. When users want to pull back out of
the outer layer, they must exert the same amount of force as when popping in. The
other sculpture, instead of resisting touch, attracts the stylus to its surface and
restricts stylus movement to match its shape. This sensation is akin to dragging a
magnetic stick over a metallic surface. Sliding the stylus tip across the surface is
effortless, but to detach it, a certain amount of force must be applied to overcome the
“stickiness.” If the force exceeds the virtual-magnetic attraction, the stylus breaks
away from the spherical shape.

At the next stage table, users are presented with two angled boards, representing
virtual materials simulating glass and wood. This experience highlights the haptic’s
ability to simulate textures and smoothness. By teleporting to the desk area, users can
use the stylus to touch these two boards, comparing the tactile sensations.

Lastly, a table featuring five differently colored capsules is presented to the
user. Each capsule represents a distinct tactile effect, allowing users to
experience elastic springiness, viscosity, vibration, constant force, and friction
effects. As a bonus feature, users also have the opportunity to palpate the Stanford
bunny, a commonly used model for benchmarking 3D software due to its
representative nature.

4.Sculpting and carving—The second available space for the user to enter is
the “Sculpting and Carving” scene. Users have two options: They can either
select a previously saved instance of the scene on the canvas and load it by
pressing the physics-reactive button, or if no saved instance is selected and
the button is pressed, the simulation starts from a fresh state with no
preloaded model. Upon loading, users are initially presented with a floating
panel, an empty plane, and a button pillar that allows them to return to the scene
selection.

The floating panel consists of four buttons, each corresponding to one of four
basic shapes: cube, cylinder, sphere, or plane. These shapes can be manipulated in
terms of scale and orientation using bimanual manipulation techniques
interpreted by the MRTK, described earlier in §2.2.2. These manipulations are
performed through ray-casting, whereby users align a reticle over an object and
then interact by grabbing a corner for scale manipulation or the center of an edge
for horizontal or vertical axis rotation. If an object is positioned too far beyond
the near field to be directly grabbed by hand, users can resort to ray-casting-
based interactions by pinching their fingers when a reticle beamed from one's
hand collides with the object. These interaction methods are illustrated in
Figure 8. Additionally, every object is touchable, and the haptic stylus can trace
the shape of each object. However, for positional translation over long distances,
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users must be proximate to the object, as the stylus’s mechanical limitations
restrict its arm from achieving large positional movements.
In addition to the objects, a plane located in front of the button pillar can be
shaped using the haptic stylus. When users teleport close to the plane, they can
place the stylus on top of it, press the primary selection button, and directly
manipulate its surface, as shown in Figure 9.

3. Experimental validation

3.1 Pilot experiment

In this section, we outline two conditions under which participants in a subjective
experiment experienced haptic feedback. The purpose of these tests was to identify
shortcomings in the current implementation and to assess whether the ambulatory
design enhances perceived immersion.

Figure 8.
Immersive haptic modeling: (A) object instantiation; (B) ray-casting-based interaction; (C) object scaling; and
(D) collision-based interaction.
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3.1.1 Conditions: Seated (with desktop PC monitor) and mobile VR (with HMD)

The baseline condition involved connecting the haptic device to a standard desktop
computer with a monitor. In this seated experience, participants played a game of
Jenga where they could pick up and remove small blocks. These blocks were affected
by physics, including simulated gravity, so pushing the virtual tower with the stylus
would cause it to react accordingly, such as shifting or toppling.

In contrast, the room-scale (ambulatory) condition involved each participant don-
ning our harness (with guidance) for the immersive experience and its various seg-
ments, as described in §2.2.3.

3.1.2 Procedure and controls

In the baseline condition, participants were initially introduced to the haptic
device, including its controls and expected behavior. They were then shown a dem-
onstration of a game of Jenga. This task had no time limit or specific quantitative
objective; it aimed to familiarize each participant with the concept of using haptic
feedback devices in a desktop setting.

In the room-scale condition, testers were first introduced to the combined VR
headset and force-feedback stylus used in the previous segment. They were then
guided through the haptic sandbox, briefly introducing each segment. Similarly, when
transitioning to the sculpting and carving scene, subjects received instructions on
controls and capabilities, and were given opportunity to explore its features. There
were no time limits, quantitative objectives, or specific goals for these tasks.

Throughout the experiment, each participant experienced the same desktop
scene on the same computer, with the same monitor, and in the same seating
position. Additionally, every ambulatory tester wore the same harness, laptop, and VR

Figure 9.
Virtual sculpting.
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headset. They had an opportunity to explore the same sections of the haptic sandbox
as in the room-scale condition.

3.1.3 Participants

A total of 8 individuals took part in the pilot experiment, with ages ranging from 19
to 35. Participants comprised six males and two females. Their levels of experience
with VR varied, ranging from no experience at all to owning an HMD and occasionally
using it. This diversity allowed us to observe how intuitive the experience was and to
determine if inexperienced users required more guidance than experienced users.
Regarding haptic devices, participants had varying levels of experience, but the
majority had no experience or had only tried them a few times. Regardless of prior
experience, the need for guidance was similar due to the novelty of the featured
system. This suggests that participants required more instruction regarding operating
the haptic stylus compared to that using the headset alone. However, once basic
interactions were explained, no further guidance was needed.

3.1.4 Data acquisition and composition

Following the experience with both setups, participants were given a questionnaire
to complete. The questionnaire consisted of assertions related to their impressions,
and participants were asked to indicate their level of agreement on a quantified Likert
scale. Furthermore, participants were asked a few additional questions regarding prior
experience with haptic devices, virtual reality, and CAD software.

3.1.5 Results

Participants’ quantified impressions of the immersiveness of the desktop experi-
ence varied, but we were able to conclude that users generally had neutral or slightly
positive feelings of immersion while playing the simulated Jenga game. Some concerns
were raised about the weight of the setup, and several participants indicated a com-
fortable wearability time of a quarter to half an hour. Female participants specifically
noted that the front of the harness should be softer by adding more padding between
the vest and the aluminum plating. Overall, the response was more neutral than
negative. It was encouraging to confirm that the simulation of tactile feeling was
considered close to a realistic sensation. Most users agreed that the simulation pro-
vided an experience comparable to natural touch sensations. However, some users
expressed disappointment with the device intensity, reporting that certain effects
were not strong enough to be on par with real-life sensations.

When participants were asked about immersiveness of the VR mode, the feedback
was overwhelmingly positive. Despite the weight and occasional discomfort of the
harness, the sensation of immersion was not diminished. Comparing feedback on the
form-factor immersiveness between the immersive and the desktop modes clearly
showed that the combination of VR and haptic force-feedback contributed to overall
immersion. Most users found the combination of inputs usable but somewhat tricky.
A rotational reset function had been provided to help users realign the virtual stylus
with its real-world affordance after teleportation. However, many participants noted
that the congruence between the virtual stylus and its real-world counterpart some-
times drifted, and the rotational reset function could not be fully relied upon.
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Hardware limitations of the stylus and perceived inadequate intensity of haptic effects
resulted in no participant choosing “Natural” as their impression.

Overall, hand-tracking was regarded as quite accurate, but the transition between
using the haptic stylus and returning to using one’s dominant hand for gestures
required users to hide their hand and then look at it again to resume the hand-tracking
mode. Although participants considered this awkwardness as something they would
“get used to,” it will be addressed in future versions. All participants agreed that this
type of device arrangement could be used for CAD applications. When asked to rate
overall experience on a scale from 1 to 10, participants provided quite positive feed-
back. The quality of our proof-of-concept received an average score of 8.5 out of 10.
Any score below 5 would be considered unsuccessful, so achieving “success” with our
prototype was gratifying. However, there is still ample room for improvement. The
feedback we received in the form of complaints, compliments, and suggestions for
future refinement and expansion was invaluable [32, 36].

3.2 Performance experiment

In a subsequent experiment conducted several months after the previous one, our
focus shifted from characterizing absolute performance to confirming that the ambu-
latory performance was at least on par with the performance measured under the
fixed condition. The hardware used in the improvement experiment remained the
same, and no subjects participated in both experiments.

3.2.1 Conditions: Seated (with desktop PC monitor) and mobile VR (with HMD)

The baseline condition closely resembles that discussed in §3.1.1, with the inclusion
of the block-sorting game as outlined in §2.2.3. However, the Unity application was
re-engineered to ensure precise correspondence with the room-scale condition. The
composition of this scene is shown in Figure 10.

Figure 10.
Performance experiment scene: both desktop and immersive conditions.
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As mentioned in §3.1.1, the room-scale setup involved equipping each participant
with our harness. However, instead of allowing them to independently explore the
features, they were instructed to complete a set of predetermined tasks, as described
following.

3.2.2 Procedure and controls

For the Jenga game, participants were instructed to remove as many blocks as
possible from the tower within a 4-minute time limit without causing it to topple. If
the tower toppled, they had the option to reset and start over. The highest number of
removed blocks achieved from any number of attempts was recorded, along with the
number of resets.

Similarly, in the shape-sorting game, testers were allotted a 4-minute time interval
to sort the complete set of shapes. The score was incremented only if all shapes were
successfully sorted, preventing players from selectively sorting only easier shapes.

Participants were divided into two groups: One group experienced only the ambu-
latory segment, while the other group exclusively engaged in the desktop experience.
This partition was implemented to avoid learning effects and biased results favoring
either of the two conditions based on a tester’s increased experience through the
experiment.

The measured segment lasted approximately 10 minutes, excluding introduction
of the experiment to each participant, warm-up session, and questionnaire comple-
tion. The warm-up session took about 2 minutes for each segment (4 minutes in
total), and answering the questionnaire required up to 10 minutes. Overall experi-
ment experience duration ranged from 20 to 30 minutes per participant.

In the desktop segment, each participant used the same computer, monitor, and
maintained the same seating position (with only seat height adjusted to align the
monitor with each tester’s eye level).

During the warm-up period of the ambulatory segment, our focus was primarily
on adjusting the harness to ensure participant comfort and prevent any discomfort
that could potentially affect results. Additionally, it provided an opportunity for the
subject to become familiar with the new interface.

3.2.3 Participants

A total of eight adult participants volunteered for the ambulatory experiment.
Among them, 3 (37.5%) were aged between 18 and 25, while the remaining 5 (62.5%)
were aged between 26 and 35. In terms of gender distribution, 6 (75%) were males and
2 (25%) were females.

Similarly, eight adults took part in the desktop version of the experiment. Among
them, 7 (87.5%) were aged between 18 and 25, and 1 (12.5%) was aged between 26 and
35. In this group, 5 (62.5%) were males and 3 (37.5%) were females.

All participants received compensation for their participation, receiving ¥1000
(approximately $8) for a half-hour session. All participants were right-handed and
had a background in Computer Science or Software Engineering, making them well-
versed in standard human-computer interaction practices. However, some partici-
pants had no previous experience with VR. They were introduced to the basic con-
cepts and usage of VR by allowing them to walk in Meta Home, and they were shown
how to enable the pass-through “Chaperone” functionality of the Quest 2 HMD (a.k.a
“Guardian” for Oculus systems), which provides an optical representation of one’s
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physical environment using camera capture and video see-through, reassuring them
about the minimal risk of accidental collision with real objects.

3.2.4 Data acquisition and composition

Data was collected by the experimental supervisor through direct observation
using a stopwatch and Google Forms to record scores. In addition to the recorded
data, each subject was asked to complete a User Experience Questionnaire (UEQ)
after each measured segment. The UEQ consisted of 26 pairs of bipolar dichotomies,
such as “complicated–easy” and “inventive–conventional.” Participants indicated
their evaluation of the User Experience (UE) on a quantized Likert scale ranging from
1 to 7 [41, 42].

Furthermore, subjects were also asked to respond to 36 questions selected from the
multidimensional scale Intrinsic Motivation Inventory (IMI). The IMI statements,
such as “I was pretty skilled at this activity” and “This activity was fun to do,” were
contradicted or confirmed by indicating level of agreement on a 7-step scale ranging
from “not true at all” to “very true” [43].

The combination of observed data, scores, UEQ responses, and IMI assessments
provided comprehensive overview of the participants’ experiences and subjective
evaluations.

3.2.5 Results

Results of the UEQ were analyzed and categorized into six dimensions: Attractive-
ness, Dependability, Efficiency, Novelty, Perspicuity, and Stimulation. Scores were
derived from a zero-centered seven-point scale (�3 to +3). Statistical analysis using
the ANOVA method with the ‘ez’ library in R revealed no significant differences
between the desktop and ambulatory versions of our application. However, when
benchmarked against data from 21,175 individuals in 468 studies on various products,
the desktop segment scored slightly lower than the ambulatory segment. Detailed
results can be found in Table 1A and Figure 11.

The IMI was used to assess intrinsic motivation across six subscales: Effort and
Importance, Interest and Enjoyment, Perceived Choice, Perceived Competence, Pres-
sure and Tension, and Value and Usefulness. ANOVA analysis of the experimental
results indicated no significant differences between the desktop and ambulatory con-
ditions. Results are presented in Table 1B and Figure 12.

(A) UEQ Results (p < 0.05) (B) IMI Results (p < 0.05)

Dimension Statistics Dimension Statistics

Attractiveness F(1, 14) = 0.3378; p = 0.5703 Effort and Importance F(1, 14) = 0.0029; p = 0.9574

Dependability F(1, 14) = 0.0068; p = 0.9356 Interest and Enjoyment F(1, 14) = 0.0204; p = 0.8886

Efficiency F(1, 14) = 0.0333; p = 0.8578 Perceived Choice F(1, 14) = 0.1639; p = 0.6917

Novelty F(1, 14) = 0.0000; p = 1.0000 Perceived Competence F(1, 14) = 1.4299; p = 0.2516

Perspicuity F(1, 14) = 0.7221; p = 0.4098 Pressure and Tension F(1, 14) = 1.4246; p = 0.2525

Stimulation F(1, 14) = 0.2355; p = 0.6350 Value and Usefulness F(1, 14) = 0.2056; p = 0.6572
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Performance measurements were analyzed using the ANOVA function in R and
the Type II Wald χ2 test for logistic regression analysis. Three performance metrics
were considered: the maximum number of removed and stacked Jenga blocks, the

(C) Performance results (Pr < 0.05)

Independent variable Statistics

Max. number of removed and stacked Jenga blocks χ2 ¼ 0:1763; Pr > χ2ð Þ ¼ 0:6746

Number of Jenga trials (resets +1) χ2 ¼ 0:0044; Pr > χ2ð Þ ¼ 0:9471

Number of filled shape sorter boards χ2 ¼ 1:9884; Pr > χ2ð Þ ¼ 0:1585

Table 1.
Experiment results: (A) user experience questionnaire; (B) intrinsic motivation inventory; and (C) performance.

Figure 11.
Performance experiment (desktop and ambulatory conditions)—Compiled UEQ results of zero-centered seven-point
scale with ordinate axis truncated to positive interval [0,3]. Error bars correspond to confidence interval of 95%.

Figure 12.
Performance experiment (desktop and ambulatory conditions)—IMI results; error bars correspond to confidence
interval of 95%. A single irrelevant question and an irrelevant scale from IMI were excluded from the analysis.
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number of Jenga trials (including resets), and the number of filled shape sorter
boards. Analysis confirmed that the performance measurements, shown in
Table 1C, did not exhibit any significant differences between the two conditions, as
indicated by Pr(>0.1763) = 0.6746, Pr(>0.0044) = 0.9471, and Pr(>1.9884) = 0.1585,
respectively. Since each Pr value is greater than the rejection threshold of 0.05, we can
conclude that there were no significant differences in performance between the two
conditions [32, 36].

3.3 Implemented enhancements and extensions

Based on the experiments summarized in §3.1.5 and §3.2.5, several limitations were
identified that negatively impact user experience with the prototype. These observa-
tions provide valuable insights into areas that require improvement. Despite the
haptic feedback enhancing immersiveness in this specific use case, it did not improve
performance. This indicates that enhancing performance and user experience could
potentially further enhance the sense of immersion and depth of presence. Addressing
these concerns would involve improving comfort, enhancing realism of touch sensa-
tions, refining input usability, ensuring alignment accuracy, and facilitating smoother
transitions between different interaction modes within the system experience.

3.3.1 Reducing weight

Improvement efforts focused on enhancing comfort aspects of the prototype and
addressing software-related issues mentioned earlier. Weight reduction was a key
objective during this phase. The main goal was to minimize the number of compo-
nents attached to the harness. We reduced the weight significantly by relocating the
laptop computer and the rear support plate, which were originally positioned at the
back of the user. Our specific use case required maintaining untethered six degrees-of-
freedommovement within the virtual space. Therefore, we needed to shift from wired
to wireless connectivity between the Quest 2 HMD and 3D Systems Touch haptic
interface.

3.3.2 Establishing wireless connectivity

The transition from Quest Link to Air Link, where an HMD acts as a thin client for
PC, was a relatively straightforward process. However, it required upgrading our
development environment, Unity editor, and its Oculus XR libraries to newer versions
to ensure smooth and reliable functionality with Air Link. Unthetering the haptic
device from wired to wireless architecture presented significant challenges. Initially,
we explored the option of converting the connection from USB to Bluetooth at the
hardware level, but ultimately decided to use USB over a wireless network. To achieve
this, we utilized a VirtualHere server running on a Raspberry Pi 3, equipped with a
Wi-Fi adapter capable of 5 GHz connection. VirtualHere allows the network to serve
as a conduit for transmitting USB signals, effectively allowing USB over IP. This USB
server solution is best for distributed deployment of USB devices over a local area
network (LAN), without the need for wireline physical connection to a client
machine. The USB device behaves as if it were directly connected to, in this case, a
laptop computer, even though it is physically plugged into a remote server (Raspberry
Pi 3). Consequently, existing drivers and software function seamlessly without
requiring special modifications.
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However, there is a slight latency that slightly impacts our implementation under
certain conditions. As explained in §2.2.2, Unity utilizes the OHToUnityBridge.dll
library, while vanilla applications from 3D Systems directly interface with the device
through HD/HL framework. When the stylus is driven directly using HD/HL libraries,
the latency and reliability of haptic feedback are indistinguishable from when the
device is physically connected to the target machine. However, when using an appli-
cation built in Unity, the additional runtime overhead of the translation layer, which
involves converting native API calls through middleware to express physical proper-
ties of virtual objects using the stylus, introduces occasional noticeable delays in force-
feedback response and subtle stylus jitter. Occurrence of these issues depends upon
various factors, such as the environment and Wi-Fi signal quality, which may be
beyond our control. Furthermore, even without perceptible issues, a slight degrada-
tion in the servoloop frequency, which facilitates bidirectional communication
between the application and the device, can be observed when comparing wired
and wireless communication. We plan to address these concerns and enhance the
interface in future updates by exploring ways to minimize middleware overhead
experience.

3.3.3 Power delivery

Deployment and management of wireless communication between the host laptop,
client HMD, and stylus device allows for reduction in power delivery requirements for
all devices involved. Previously, we were limited by the built-in battery of our host
machine, which had a capacity of 90 Wh. Through various power-saving strategies,
such as CPU undervolting and throttling clock speeds of the CPU and GPU, we could
achieve a screen-on time of approximately 60 to 90 minutes. However, by eliminating
the need for the user to carry a laptop computer, we can disable all power-saving
measures, improve rendering performance, and achieve higher texture quality and
visuals within the limitations of the Air Link function of Meta Quest 2.

The power delivery for the stylus device as described in §2.2.1 remains unchanged,
utilizing an external power bank. However, the power bank now needs to supply
power to the Raspberry Pi 3 as well, which reduces the stylus device’s power-on time.
Previously estimated at approximately 12 hours, system-on time can now be estimated
to be a maximum of about 10 hours. Since a 10-hour run-time of this system exceeds
presumed continuous session duration for a single user, we decided to utilize the same
external power source to extend the battery life of the HMD as well. Considering the
average power consumption of the Quest 2 (4.7–7 W, Raspberry Pi 3 (1.3–3.7 W), and
the 3D Systems Touch (18–31.5 W), the entire system can be expected to run on a
single charge of a 20 Ah battery for approximately 4.5 to 8 hours, effectively quadru-
pling minimum system up-time. The improved usability time resulting from the
weight reduction and ergonomic enhancements described in §3.3.1 only extends to
2 hours. Therefore, power requirements do not present a significant limitation for this
system. All the hardware changes mentioned above and the overall hardware assem-
bly are illustrated in Figure 13.

3.3.4 Enhancing haptic feedback intensity

As previously mentioned, there were concerns regarding perceived intensity of
certain haptic effects. To address this issue, specific adjustments were implemented to
improve simulation of physical properties for virtual objects. The simulation process is
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handled by Unity’s physics engine, which compiles and renders simulated
properties into forces exerted by the stylus. To create more realistic experience when
interacting with virtual objects using the stylus, various properties were reviewed and
modified.

These properties encompass elements such as the perceived weight of objects, their
drag, bounciness, friction coefficients of different materials, smoothness, stiffness,
and intensity of damping when the stylus comes into contact with an object. By fine-
tuning these properties, our aim has been to enhance the immersive nature of the
tactile experience, making it closely resemble real-life interaction. These adjustments
enable users to perceive and interact with virtual objects in a manner that aligns with
expectations, ultimately providing a more satisfying and engaging haptic and overall
experience.

3.3.5 Alignment and reset function for stylus to avatar

Previously, there were challenges in maintaining consistent alignment and syn-
chronization between the user’s virtual avatar and the stylus device. When utilizing
locomotion features, such as hand-gesture-initiated teleportation, slight drift or rota-
tional misalignment could occur between the virtual representation of the stylus and
its physical counterpart. In the implementation described in §2.2.2, the MRTK was
utilized to enable hand-tracking and gesture-operated teleportation. However, tele-
portation caused the avatar to independently rotate around its gravitation vertical axis

Figure 13.
Wireless system assembly diagram—“elevation” (profile).
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(yaw), separate from the orientation of the stylus attached to the avatar. To address
this discrepancy, a reset function was introduced, allowing users to realign the stylus
and avatar (by simultaneously pressing two buttons on the stylus).

To accommodate the switch to the latest version of the Oculus XR Plugin, depar-
ture from the outdated MRTK was necessary. This switch involved reintegration of
features previously provided by MRTK into the application. The newer XR Interaction
Toolkit was employed for this purpose, aiding in the implementation of the updated
locomotion system. From the user’s perspective, the locomotion function operates in a
seamless manner, while resolving the issue of independent rotation between the
avatar and stylus after each teleportation. The updated system ensures that the user
and their stylus face the same direction as prior to initiating each teleportation event.

3.3.6 Transition between stylus use and hand-tracking

The integration of the XR Interaction Toolkit in Unity applications improved
hand-tracking and controller tracking, addressing the problem of inconsistent transi-
tions between stylus and hand-tracking for the user’s dominant hand. These adjust-
ments resulted in smoother tracking accuracy and more natural hand gestures. All the
aforementioned software changes and the overall software architecture are illustrated
in Figure 14.

3.3.7 Mixed reality pass-through

The Meta Quest 2’s Mixed Reality (MR) pass-through feature offers an
advanced capability that enables users to integrate their real physical
environment into a virtual reality experience. Utilizing built-in cameras of the

Figure 14.
Wireless software architecture.
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headset, this feature captures live stereoscopic video of the real world and composites
it around the virtual environment. This integration allows users to perceive and
interact with ambient surroundings while wearing the VR headset. As a result, virtual
objects can occupy the user’s physical environment, providing a blended virtual and
real experience.

The MR pass-through feature not only allows users to see their real surroundings
but also enables them to navigate their physical space, avoid obstacles, and interact
with real objects while immersed in the virtual world. It enhances situational aware-
ness, enhancing user safety and reducing collisions with physical objects. Further-
more, it enables users to incorporate real-world elements into virtual experiences for
augmented reality effects.

When combined with haptic force-feedback devices like our prototype or similar
devices mentioned in §1.4, the MR pass-through feature of the Meta Quest 2 goes
beyond traditional VR experiences, offering a multimodal encounter that merges
virtual and physical realms. This combination provides users with heightened sensory
stimulation, allowing them to enjoy the realism and interactivity of a virtual environ-
ment while remaining fully aware of and engaged with physical surroundings. The
result is a captivating and immersive experience that extends the boundaries of what
is possible in the realm of purely virtual reality.

Figure 15 shows a monocular view of the MR pass-through from within the XR
environment.

4. Future work

Currently, the haptic stylus’s base is not explicitly tracked; instead, it is positioned
based on the user’s height and arm’s length. The distance from the user’s torso (X-axis)

Figure 15.
The MR scene (monocular left half of binocular view) showcases virtual shape sorter and Jenga desks overlaid upon
photographic pass-through imagery rendered as a skybox.
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and chin (Y-axis) parameterizes the Unity scene, and the virtual representation of the
stylus is offset from the anchor point of the headset. As a result, the position of the
stylus’s base is referenced by the HMD’s position within the scene and is confined to
the play-space limited by the Quest 2’s Guardian mechanism. However, this setup
poses a limitation. When a user leans sideways without moving their hips, the virtual
stylus moves alongside this movement, while the real stylus remains in the same place,
creating a tracking disconnect. To address this limitation in the future, an additional
pair of cameras for image or object recognition could be utilized. By incorporating
technologies such as OpenCV or other image processing frameworks, we could ana-
lyze the real space surrounding the user and estimate the true position of the haptic
interface. This improvement would enhance overall tracking accuracy and provide
more realistic experience for users. Furthermore, the current system only allows
tactile perception with virtual elements that are pre-made and part of the scene.
Future improvements involving depth cameras or other environment-scanning
technologies could enable realtime rendering of “aftermarket” real-world objects
into simplified virtual representations. This extension would create elements within
the realm of augmented virtuality, blending real and virtual objects. This concept
has been partially tested by scanning a laboratory environment using an iPad Pro
and its LiDAR sensor, followed by post-processing in Blender and import into a
Unity scene. The potential outcome of such developments is the ability to immerse
the user in a “portable room” regardless of actual physical location. This would
open up exciting possibilities for various applications, such as remote collaboration,
training simulations, and interactive experiences that combine the virtual and
physical worlds.

5. Conclusions

In addressing the challenges outlined in §2.1, we developed a free-range haptic
interface that enables untethered six degrees-of-freedom in virtual reality, providing
small- and medium-scale force-feedback. Through the transformation of a 3D Systems
Touch haptic device into an ambulatory version and development of supporting
software, we achieved literally tangible results in haptic technology. This innovation
allows for immersive experiences in fields such as CAD, gaming, and virtual simula-
tions, presenting previously intangible phenomena in a palpable manner. Integration
of spatially flexible force-feedback displays offers new possibilities, such as ambula-
tory interaction with extended springs or realistically simulating organ transplants by
providing haptic force-feedback in space.

To evaluate effectiveness of our solution, we conducted two experiments. The first
assessed the precision, ergonomics, stability, and usability of our hardware and soft-
ware, revealing certain deficiencies. However, despite these limitations, the overall
results indicated the potential of combining haptic force-feedback and ambulatory VR
to enhance immersion in free-range virtual environments. The second experiment
focused on user experience and performance evaluation, comparing the ambulatory
setup to the traditional stationary version. No significant differences were found
across measured dimensions. Considering the limitations and the identified challenges
from the first experiment, the absence of significant differences should not be
regarded as a negative outcome. Instead, it highlights the potential of the ambulatory
setup to surpass the traditional desktop version in terms of user experience and
performance as hardware and software issues are addressed.
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Moreover, we made substantial improvements in the wearable force-feedback
mechanism and incorporated an MR pass-through feature. These enhancements
encompassed weight reduction, wireless connectivity, power delivery, haptic feed-
back intensity, stylus alignment, and smooth transitions between stylus use and hand-
tracking. Introduction of MR pass-through has been particularly impactful, as it
allows users to merge real-world environments with augmented virtual elements. This
integration softens boundaries between virtual and physical realms, creating coherent
multimodal experience. The prototype, refined with these advancements, holds
encouraging potential for further exploration in MR applications, presenting new
opportunities for interactive immersive experiences.
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API application programming interface
AR augmented reality
CAD computer-aided design
DLL dynamic-link library
EMG electromyography
HCI human-computer interaction
HDAPI Haptic Device API
HLAPI Haptic Library API
HMD head-mounted display
IMI Intrinsic Motivation Inventory
LAN local area network
MR mixed reality
MRF magnetorheological fluid
MRTK Mixed Reality Toolkit
PGM pneumatic gel muscle
RBF radial basis function
SDK software development kit
TUI tangible user interface
UE user experience
UEQ User Experience Questionnaire
UI user interface
USB Universal Serial Bus
VE virtual environment
VR virtual reality
XR extended reality
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Chapter 3

Projected Augmented Reality 
to Display Medical Information 
Directly on a Patient’s Skin
Pierre Boulanger

Abstract

A patient’s internal anatomy can be difficult to visualize when viewed on a  monitor, 
head-mounted display, or even when looking at an actual patient. Combining medical 
images (CT, MRI, US, PET) with a physical model helps recover missing anatomical 
context and improves situational awareness. This chapter describes an augmented reality 
system capable of projecting medical image information directly onto curved targets 
such as the human body or a mannequin. The motion of the targets and the projector 
are tracked using a motion capture system so that the images are adjusted in real time to 
match the anatomy changes in position and orientation. The augmented information can 
be displayed using volume rendering for realistic visualization of the internal anatomy 
and 3D models from segmented images. Calibration is performed on the projector and 
the tracking system to obtain an accurate, common coordinate system and correct visual 
distortions created by the fact that the projected screen (human body) is no longer a 
plane. The system is easily extendable to other display technology and has many potential 
applications, including medical education, surgical planning, and laparoscopic surgery.

Keywords: projected augmented reality, 3D tracking, medical display, image-guided 
surgery, multimodal image registration

1. Introduction

It is difficult to visualize and find the structures inside the human body. Generally, 
imaging modalities such as CT and MR are visualized as 2D slices or 3D volumes with 
depth and transparency using volume rendering techniques. Unfortunately, viewing 
these images on a remote 2D screen in the OR without the patient as a reference leads 
to a loss of context, particularly during surgical procedures such as Minimally Invasive 
Surgery (MIS) procedures. MIS are performed through one or more small incisions, 
using small tubes, tiny cameras (laparoscope), and surgical instruments. Another MIS 
approach uses robots like the Da Vinci system [1]. The laparoscopic camera (mono 
or stereo) provides magnified 3D views of the surgical site and helps the surgeon 
operate with dexterity using laparoscopic instruments. Typically, the video from the 
laparoscope video is displayed on a TV screen close to the surgeon (Figure 1a). The 
problem with this approach is that the surgeon’s tool motion viewed in the laparoscope 
video is decoupled with the natural viewing direction resulting in reduced hand-eye 
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coordination that the surgeon must compensate for with training [2]. The second way 
to display a laparoscopic video is to use a head-mounted display (HMD) aligned in the 
same direction as the laparoscope cameras (see Figure 1b). This approach improves 
hand-eye coordination as viewing direction is now realigned with the gaze directions. 
A review of HMDs in surgical procedures can be found in Refs. [3, 4]. Another possi-
bility to bring laparoscopic video into the surgeon’s field of view is to project the video 
directly on the patient’s skin using a projector. In this approach, the video projector is 
positioned in the OR over the patient to display the laparoscopic video on the patient 
skin. The result is attractive and intuitive due to a direct vision of the inner cavity 
resembling X-ray vision (Figure 1c).

This chapter describes ProjectDR, a projection-based AR system that directly 
displays medical information and real-time sensing on a patient’s skin. In Section 1, 
we will review the current state of the art of Medical Augmented Reality discussing 
the pros and cons of very display technologies. Section 2 describes ProjectDR system 
configurations. Section 3 illustrates the use of ProjectDR where pre-operative models 
are displayed on a mannequin. We then conclude in Section 4 the pros and cons of the 
current system and future work.

2. Augmented reality in medicine

In the previous section, we briefly discussed three ways to display real-time 
 laparoscopic video to improve surgeon capabilities to perform MIS procedures. In 
addition to real-time live data, adding pre-operative information to guide the surgeon 
to follow patient-specific surgical planning is possible. The combination of video and 
virtual augmentation is defined as Medical Augmented Reality (MAR).

Since the early experiments of Gupta et al. [5] in the 1990s, interest in MAR has 
increased substantially. In the medical context, MAR can help surgeons view patient-
specific 3D models created by merging different medical imaging modalities with the 
patient anatomy or video with the natural gaze direction. Recent advances in graph-
ics processors, optics, and photonics have led to the development of new low-cost 
commercial AR head-mounted display (HMD) systems. These devices can augment 
registered pre-operative and intraoperative medical imaging data to real-world 
images from a self-centered perspective. Pratt et al. [6] used Microsoft HoloLens 
to support reconstructive surgeries of vascular flaps. Diaz et al. [7] used Google 
Glass to perform intraoperative neuro-navigation and tumor resection. However, 
recent work by Cutolo [8] has shown that most consumer devices have technological 
and human limitations that make their use in healthcare difficult. These limita-
tions differ depending on whether the AR technology is video-transparent (VST) 

Figure 1. 
Various ways to display laparoscopic video to guide MIS procedures: (a) normal screen from a video acquisition, 
(b) see-through display, and (c) projection display.
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or optical-transparent (OST). VST HMDs digitize the real world using one or two 
cameras mounted on the HMD and then present those images to the user with the 
registered virtual augmentations.

On the other hand, OST devices are based on optical see-through optical devices 
such as waveguides or semi-reflective mirrors that preserve the direct view of the 
world and simultaneously add computer-generated images into the user’s eyes. VST 
systems are simpler and easier to use than OST as it is much simpler to align virtual 
augmentation to the video stream. In OST HMD, the registration can easily be com-
promised as the relationship between the eye and the lens can change. In recent OST 
devices, eye-tracking sensing has been used to solve the problem. Because most gen-
eral-purpose HMD device focal plane is usually between 2 meters to infinity, dealing 
with manual tasks produces perceptual difficulties such as vergence-accommodation 
conflict and focus rivalry [9, 10] resulting in visual fatigue and poor hand-eye coordi-
nation. Recent work by Gabbard et al. [11] shows that these human-factor limitations 
reduce users’ performance in tasks requiring a simultaneous focus on real and virtual 
content. To date, OST HMDs are the preferred display devices in medical AR research 
as they preserve a direct view of the world. However, perceptual limitations still 
hinder their use for high-precision talks, as described in Ref. [12]. Ferrari et al. [13] 
argued that commercial HMDs are not recommended for surgical procedures when 
high precision is required. In a review study on AR in Oral and craniomaxillofacial 
surgeries, the authors claimed that a 1–2 mm accuracy is an acceptable range [14]. In 
their work, Carbone et al. [15] suggest developing an AR HMD specifically designed 
for surgical guidance to meet these requirements by considering the surgical working 
distance of around a few tens of centimeters and correctly focusing both real and 
augmented information.

One solution to this problem is to develop an AR system to project virtual 
information directly onto the region of interest. This approach could overcome the 
perceptual limitations mentioned previously. Mewes et al. [16] use an ultra-long-
throw projector to guide the radiologist during interventional magnetic resonance 
imaging procedures. In other work, a small LED projector in combination with 
a laparoscopic ultrasound has been proposed to improve efficacy and safety in 
laparoscopic partial nephrectomy [17]. Projected AR relies on a different paradigm 
than egocentric AR based on HMDs and has the potential to overcome HMD 
limitations [18]. However, projected AR also has some limitations. For example, 
parallax errors cause the location of a projected internal structure to be perceptu-
ally consistent with a single viewpoint [19]. If the surgeon’s head is not tracked, as 
in most cases, the viewpoint coincides with the projector not the surgeon’s gaze. 
Observing the projected AR structure from other views will produce an error in 
its perceived 3D position. Using the body as a projection screen bridges the gap 
between seeing and feeling so the user can touch the objects they see under the 
surface. The internal anatomy captured by the medical images can be seen in its 
location. With this approach, no hardware is in the way, leaving the hands free for 
normal interaction with tools.

3. System configuration

The required computer hardware used for this project includes a tracking system, 
a projector to display the images, and a computer to run the software. The tracking 
used was the OptiTrack motion capture system from NaturalPoint (https://www.
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naturalpoint.com/). This system tracks reflective markers attached to the targets 
using multiple infrared cameras. The reflective markers for a target are organized into 
rigid bodies, where the positions of the markers are fixed relative to each other and 
must be visible by at least two cameras. More cameras and good positioning will result 
in better tracking accuracy and reduce occlusion problems. Surrounding the working 
area with cameras allows a full range of motion and orientation to be tracked. The 
required computer hardware used for this system includes a 3D tracking system for 
global positioning, a range sensor to digitize the skin’s curved surface, a projector to 
display the images, and a computer to track, process, and render images. One can see 
in Figure 2 ProjectDR hardware configuration.

3.1 Projector

The projector should be positioned to shine onto the desired working area. The 
projector can be stationary, but it is also possible to track its position with markers or to 
fix cameras mounted on the projector [19], allowing it to move during use. A custom 
mount was built so the projector could be moved by hand over a table. An Epson 
PowerLite 1771w projector was used to generate the image. This projector is lens-based 
and suffers from defocusing on very curved surfaces. This is normal, as lens-based 
projectors are designed to project images on planar surfaces. One can improve the 
defocusing effect by ensuring the projector is located directly over the region of interest 
by mounting it onto a gig where angles can be adjusted before the procedure. Another 
way to solve the problem is to use laser scanning projectors with combined RGB laser 
beams scanned on the skin surface using a MEMS mirror device. Because a scanning 
laser beam forms the image, no defocusing is present. The Nebra AnyBeam (https://
www.nebra.com/) was used with success in one of our prototypes. The image quality 
was excellent, and no apparent defocusing was observed, even on very curved surfaces. 
The only issue was that many of these pico projectors suffered from a low brightness 
level of 150 lumens, which may not always be compatible with OR conditions.

Figure 2. 
ProjectDR hardware configuration.
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3.2 Global tracking

Global patient tracking is performed by an OptiTrack motion capture system 
from NaturalPoint with a precision of 0.2 mm. Our system uses six infrared cameras 
to track reflective markers attached to the patient’s skin. The reflective markers are 
organized into rigid bodies, where the positions of the markers are fixed relative to 
each other and must be visible by at least two cameras. Surrounding the working area 
with cameras allows a full range of motion and orientation to be tracked and eventu-
ally to tack surgical tools and hand motions.

3.3 Local range sensing

Besides the global patient tracking system, a Kinect range sensor captures the 
shape of the skin region where the information is projected. The Kinect v2 range sen-
sor has a field of view (FOV) of 70° × 60° and an operating range from 0.5 to 4.5 m. 
The ground sample distance (GSD) for the Kinect is 1.4 mm in the 0.5 m range and 
12 mm at 4.5 m, which is sufficient for our application.

3.4 Registering the virtual model to patient’s markers

The augmentation model must first be registered to the patient’s markers. To do so, 
retroreflective markers are installed on the patient and measured using the Optitrack 
system. Corresponding markers must also be placed on the virtual model. Using an 
Iterative Closest Point algorithm [20], scaling and the rigid transformation matrix are 
computed to transform the virtual model in the same scale and coordinate system as 
the patient.

3.5 Augmented image generation

Virtual augmentations are generated by performing a real-time ray-traced of the 
pre-operative model. This is achieved using an NVIDIA GeForce RTX™ 30 Series 
GPU capable of real-time ray-traced rendering. The graphic card is powered by 
Ampere—NVIDIA’s 2nd gen RTX architecture with dedicated 2nd gen RT Cores. 
The GPU is used to ray-trace the pre-operative model from the surgeon’s viewpoint 
captured by a 3D tracker mounter on his head. A real-time geometric image correc-
tion is applied to the rendering to compensate for the non-planarity of the patient’s 
skin. A geometric warp function is applied to the rendered image so that the projected 
image appears geometrically correct for a given viewpoint on the patient’s skin. The 
algorithm is based on the one described in Ref. [21]. The algorithm used the point 
cloud measured by the Kinect and the projector’s intrinsic and extrinsic calibration 
parameters to generate this geometric warping function.

3.6 Software

The purpose of the ProjectDR software is to render different perspectives of the 
scene and provide control over it. ProjectDR is written in C++ with an interface in Qt 
and QML. The positions of the markers on the targets are streamed to ProjectDR using 
the NaturalPoint Motive software and NatNet SDK. The movement of the markers 
corresponds to the movement of any associated models in the scene and is displayed 
by the projector. In addition, image distortion correction is applied to the image using 
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the information provided by the Kinect range sensor. OpenSceneGraph was used to 
load and render models, supporting many common model types while allowing direct 
control. For volume rendering, custom openGL code was written to work with OSG. 
This will enable ProjectDR to display volumes and polygonal models simultaneously. 
The software provides three main views. The “scene view” provides a zoomed-out view 
of all 3D models in the scene and the projector. The “model view” is for viewing and 
editing the position and orientation of individual models. Additional controls exist 
for creating a transfer function and viewing individual slices for volume rendering. 
The “projector view” shows what is projected onto the patient based on what a virtual 
camera sees in the scene from the same position and orientation as the projector. The 
motion tracking and projector require individual calibration, but all components must 
use the same coordinate system so that the virtual objects mesh with real-world targets 
accurately. The OptiTrack has a coordinate system that corresponds closely to the real 
world, can be calibrated very accurately, and is used to calibrate the other systems.

3.7 Calibration

The motion tracking and projector require individual calibration. Still, all 
 components must use the same coordinate so that the coordinates of the virtual 
objects with real-world targets are accurately registered.

3.7.1 Calibrating the motion capture system

The OptiTrack system has a coordinate system, which corresponds closely to the 
real world and can be calibrated very accurately, so it will be used to calibrate all the 
other systems. The OptiTrack uses a fixed-size calibration wand that is moved around 
the area viewed by its six cameras to calibrate the six cameras positions, orientations, 
focal lengths, and lens distorsions. A right triangle with reflective markers is used to 
set as a reference ground plane and to set each axis’s origin and direction. The objects 
in ProjectDR will use the same coordinates as the OptiTrack, so the origin and offsets 
of the models are the same as in the OptiTrack. For example, a reflective marker 
placed 10 cm away from the origin will appear as a dot 10 cm away from the origin in 
the same direction in the virtual scene.

3.7.2 Calibrating the projector

A projector has extrinsic and intrinsic parameters to calibrate as well. The  extrinsic 
parameters describe the position and orientation of the projector relative to the origin. 
This must be calculated accurately since any error will result in the models not cor-
responding to their physical targets. Intrinsic parameters are a mapping between the 
pixels of the images and what is displayed by the projector. These are the smaller distor-
tions caused by the projector and will vary between projectors. Both sets of parameters 
are calculated using the OptiTrack system. A small dot displayed by the projector is 
effectively a vector originating at the lens and extending through the area we want to 
use. By projecting a series of dots on a grid and placing one of the optitrack markers in 
its path, we can record a series of positions in 3D space for use in a standard projector 
calibration algorithm (cite) to calculate the extrinsic and intrinsic parameters.

To verify the accuracy of the calibration, a virtual model of a one-by-one meter 
grid with 10 cm squares can be projected onto the ground plane. It was measured with 
a ruler and should appear on the ground with the same measurements and no visible 
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distortions if well-calibrated. The accuracy was estimated to be 0.2 mm The projec-
tor’s location and orientation will now appear in the scene at the same location as in 
the real world.

3.7.3 Model registration

When a pre-operative 3D model is loaded into ProjectDR, it will be placed at 
the scene’s origin point. Since that is the same location as the origin for the motion 
tracker, its physical target can be placed at the origin and then attached to a model 
through ProjectDR. The target’s reflective markers are visible in the software, so the 
model can be moved to match the markers exactly using the model view. A model 
captured directly from a patient should be a close match, but scaling the models can 
generalize the data to work for other targets.

4. Experimental results

We used medical images from the OsiriX DICOM Image Library and a set of 3D 
models created from a segmented CT scan to demonstrate the system functionality. 
The system comprises a single computer with an Intel I7-4770 and an NVIDIA GeForce 
RTX™ 30 running the tracking and projection. The global motion tracking uses 12 
Flex 6 cameras running at 120hz in a wide ring around the targets. An Epson PowerLite 
1771w projector was chosen for its large depth-of-field and high illumination (3000 
lumens). The first test was to display the vertebrae in the back (see Figure 3a) on a 
mannequin with three targets. This system can teach clinicians the anatomy of the 

Figure 3. 
Project CT data rendering on a moving test mannequin: (a) back view and (b) front view.
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spine and the anatomy surrounding it. A clinician intending to palpate the spine relies 
upon their touch and knowledge of physical landmarks to locate a vertebra obscured 
by the skin. With ProjectDR, the CT image of the patient’s spine can be displayed on 
the front (Figure 3b). A CT image of the thorax spine was used with a hand-crafted 
transfer function to show bones and some internal organs. Another application is for 
surgical planning. Knowing a patient’s specific anatomy is essential while planning a 
surgical procedure. Presenting pre-operative images of the patient gives the surgeons 
a greater context of the task at hand. Another application is for surgical planning. 
It is imperative to know a patient’s specific anatomy while planning an operation. 
Presenting pre-operative images of the patient gives the surgeons greater context. Many 
3D models were used simultaneously for this example. The pre-operative models were 
segmented so it is possible to display each piece of the anatomy together or individually 
and move or hide them. Figure 4a shows a tumor near the heart and other important 
organs. Using ProjectDR, it is possible to suppress the rib cage and part of the lung, 
obscuring the tumor while still having a clear view of the nearby bronchus and veins 
(see Figure 4b).

5. Conclusions

This chapter describes an early prototype of the ProjectDR system that can project 
medical images onto a subject in real time and adapt them dynamically to changes in 
the patient’s position and orientation. This technology has many potential applica-
tions for surgical planning, image-guided surgeries, and medical education. One of 

Figure 4. 
Projection of 3D models of the rib cage, sections of the lungs, bronchus, and a tumor (a) Rib cage is obscuring the 
tumor (b) Rib cage is hidden to show location of tumor, marked in red.
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the limitations of projection-based systems is that the perspective of the images is 
only correct when viewed from the point of view of the projector. For example, if 
a heart is projected directly onto the chest, someone looking from the side would 
not see the heart in the correct location as one would from the front. This could be 
corrected by tracking the head of the user and projecting based on their perspective. 
Occlusion is when an object that is not being tracked moves between the projector and 
the targets resulting in a shadow cast across the target or projection onto the wrong 
object. Occlusion is a problem for all AR systems, and research has been done with 
HMD that could also be applied to projection systems [22]. The color and surface tex-
ture of the targets is limiting since they will blend with the projected images. Adding 
a color camera to the system can correct distortions by detecting differences between 
the desired appearance of the images and what is visible [23]. Additionally, small 
projectors might not be luminous enough to project onto targets in brighter lighting 
conditions, but advancing projector technology could improve this [24].

Future work includes improving the system by addressing its limitations and 
developing new applications for the technology. The depth sensors could be used to 
automatically detect the initial pose and correct any errors between the models and 
the targets to create a more automated system. A major application would be to make 
models of surgical tools and track them during laparoscopic Surgery. This would 
show the positions of the tools inside the patient relative to anatomical structures. 
Collaborative environments featuring users in different locations would also be pos-
sible since virtual objects and targets could be shared between systems.
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Abstract

The concept of Augmented Reality (AR) has existed in the field of aerospace 
for several decades in the form of Head-Up Display (HUD) or Head-Worn Display 
(HWD). These displays enhance Human-Machine Interfaces and Interactions (HMI2) 
and allow pilots to visualize the minimum required flight information while seeing 
the physical environment through a semi-transparent visor. Numerous research 
studies are still being conducted to improve pilot safety during challenging situ-
ations, especially during low visibility conditions and landing scenarios. Besides 
flight navigation, aerospace engineers are exploring many modern cloud-based 
AR systems to be used as remote and/or AI-powered assist tools for field operators, 
such as maintenance technicians, manufacturing operators, and Air Traffic Control 
Officers (ATCO). Thanks to the rapid advancement in computer vision and deep 
neural network architectures, modern AR technologies can also scan or reconstruct 
the 3D environment with high precision in real time. This feature typically utilizes 
the depth cameras onboard or independent from the AR devices, helping engineers 
rapidly identify problems during an inspection and implement the appropriate 
solutions. Some studies also suggest 3D printing of reconstructed models for additive 
manufacturing. This chapter covers several aspects and potentials of AR technology 
in the aerospace sector, including those already adopted by the companies and those 
currently under research.

Keywords: augmented reality (AR), modern technology, aerospace engineering, 
human-machine Interface (HMI), flight navigation

1. Introduction

Augmented Reality (AR) technology has had one of the most significant impacts 
in the aerospace sector. Caudell and Mizell [1] first coined the term “Augmented 
Reality” to explain an optical see-through head-mounted display that superimposed 
and anchored computer-generated graphics in an aircraft manufacturing plant. The 
technology would track the user’s head pose and place a Computer Aided Design 
(CAD) or other relevant information in a simplified format augmented over the 
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user’s visual field of the real world, hence naming it “Augmented Reality.” While the 
name only existed three decades ago, the concept of AR existed long before then. 
Both aircraft Head-Up Display (HUD) and Head-Worn Display (HWD) existed long 
before that. In this chapter, we attempt to discuss the evolution of these technolo-
gies slightly differently than several existing literatures [2, 3] but also provide 
information on how it is evolving particularly in the navigation, engineering, and 
design sectors.

2. Flight navigation

Today, flying an aircraft depends on three factors: the machine, the controls, 
and instruments, and the human operator [4, 5]. The machine is what flies, and 
the human operator (i.e., pilot) is the one that flies the machine. But, without 
the proper controls and instrumentation, pilots would have no clue how or which 
direction to fly the aircraft in. Of course, the first powered aircraft by the Wright 
Brothers, the 1903 Wright Flyer that flew in Kitty Hawk, North Carolina, did not 
have any instruments to guide the pilots of such information [6]. Instead, the person 
on the ground would use a stopwatch, an anemometer, and an engine revolutions 
counter to calculate distance flown, speed, and horsepower of the propeller engine. 
Following the Wright Brother’s invention, many would continue to fly the aircraft. 
However, without proper instrumentation, many pilots would lose their lives 
because of structural failure or stalling, leading to the implementation of the first 
visual indicators in 1907. Pilots would be trained to fly the Wright aircraft using an 
incidence indicator consisting of two limiting red marks on the scale to identify the 
relative pitch of the aircraft [5]. Mechanical displays would continue to evolve for 
the next 5–6 decades followed by the electromechanical displays between 1930s and 
1970s, and then by the first and second generations of Electronic Flight Instrument 
System (EFIS) [7]. Mechanical displays were pressure-based instruments and 
would often result in slower than required indication of various flight parameters. 
Unlike them, the electromechanical instruments would be electrically powered 
while the indications would still be driven pneumatically [8]. After decades of 
research within civil and military aviation, a standard arrangement of various 
instruments was developed which is still used in old aircraft today. While such 
displays provided more stable and accurate data for pilots during flight, the need to 
have more information for better situational awareness would lead to the need to 
requiring more eyes on the flight deck, resulting in the development and evolution 
of the EFIS. EFIS is a purely digital display system that receives its data through 
the onboard flight computer which receives its data from the onboard sensors. 
The newer generation of EFIS, referred to as the glass cockpit, uses a standard set 
of display units including a Primary Flight Display (PFD), a Navigational Display 
(ND), an Engine Indicating and Crew Alerting System (EICAS), or an Electronic 
Centralized Aircraft Monitor (ECAM), a Multifunctional Display (MFD), and a 
Flight Management Computer (FMC) [9, 10].

Much like the evolution of HDDs, the first recorded usage of a HUD dates to the 
1920s, used as a reflector gunsight in a fighter aircraft by Sir Howard Grubb. His 
design was important because the gunsight would project a distant virtual image of a 
back illuminated aiming graticule such that the graticule could be superimposed over 
the distant target. For a typical gunsight back then, the gunman would have to align 
the target with a backsight and a foresight. That said, it was not until the 1940s that a 
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dynamic visual component would be added to a reflector gunsight. Maurice Hancock 
designed this gyroscopic gunsight and used it on the RAF Spitfire and Hurricanes. 
For his invention, he used two independent sights: one was a version of Grubb’s 
sight, and the second was an aiming symbol that shifted across the line of sight by an 
angle that changed based on aircraft speed, altitude, attitude, and turn rate [9, 11]. 
Following this important feat, military aircraft in the 1950s and 1960s would begin 
displaying other flight-related details such as flight path vector into the displays. 
In 1962, a British strike aircraft named the Blackburn Buccaneer would be the first 
aircraft to have a fully operational HUD [2, 12]. By the 1970s, HUDs would start being 
used in commercial aircraft, starting with Sextant Avionique in the Dassault Mercure 
aircraft in 1975, shortly followed by Sundstrand and Douglas in their MD80 series 
aircraft. Once the technology hit the commercial market, HUDs were prioritized for 
safe landing and low visibility operations. By the early 2000s, HUD-equipped com-
mercial aircraft had logged over 6 million flight hours with 30 thousand low visibility 
operations [13]. In 2009, the Flight Safety Foundation (FSF) released a report stating 
that the Head-Up Guidance System Technology (HGST) prevented about 38 percent 
overall potential accidents and 69 percent overall accidents caused during take-off or 
landing [13, 14]. Today, almost all the airlines and business jet aircraft are equipped 
with an HUD system. The evolution of HUD and VR would later inspire the invention 
of the Sword of Damocles by Ivan Edward Sutherland in 1968 [15], and the develop-
ment of the Visually Coupled Airborne Systems Simulator (VCASS) [16] and the 
Super Cockpit Program [17, 18], both led by Thomas A. Furness III between 1960s 
and 1980s. Their work would inspire the military to consider the usage of Helmet 
Mounted Displays (HMDs) to be able to always visualize minimum flight and combat 
information during the flight.

2.1 Head-up display (HUD)

A HUD is comprised of two components: a Pilot Display Unit (PDU), and a 
HUD computer [13]. The PDU is simply a semi-transparent visor that is situated 
in the glareshield or above the pilot’s head. The HUD computer generates an image 
based on the flight information which is then reflected onto the PDU through a 
projector connected to the computer. To ensure visibility throughout the various 
stages of flight, the displayed contents are usually either monochrome green or a 
combination of monochrome green and magenta. The combiner glass on the PDU 
is specially coated so that only the color of light projected from the image source is 
visible to the pilot.

The main purpose of a HUD is to superimpose imagery over the pilot’s forward 
Field of View (FOV) outside the window [19]. In doing so, it reduces the amount of 
time pilots would have to focus on the HDD, especially during landing or low visibil-
ity conditions. HUD contents are being collimated on the visor which means the light 
rays are traveling parallel with the eye resulting in an infinite visual. Hence, the focus 
of the eyes would not need to be readjusted when transitioning between the display 
and the OTW. Lastly, the HUD’s graphical contents are generated digitally. Hence, 
some modified components of the imagery can be conformed with what the visuals 
are trying to represent. For instance, in a taxiway, HUD can be adjusted to overlay 
conformed representation of the horizon line as seen on the OTW from the pilot’s 
point of view as seen in Figure 1. Or it could be used to display advanced symbologies 
such as the Tunnel-in-the-Sky (TS) visual as later shown for a conceptual Urban Air 
Mobility (UAM) simulation in Figure 2.
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Figure 1. 
C-130 j HUD [20].

Figure 2. 
The next generation of UAM AR-based cockpit (a) HUD view for UAM pilot’s point of view on a transparent 
AR screen (b) HUD view for using Microsoft HoloLens 2 to proof the concept of the UAM flight corridors [21].
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2.2 Helmet mounted Display (HMD)

When using the HUD, it is assumed that the pilot only needs to focus on his/
her forward FOV. As shown in Figure 3, HUD’s total FOV is much smaller than 
that of the HMD’s. This is mainly because the HUD’s total FOV is often the same 
as its instantaneous FOV as the pilot is assumed to be focusing only on the HUD. 
On the contrary, HMDs are equipped with the head tracking feature allowing the 
pilots to move around. Hence, their total FOV is much larger than their instanta-
neous FOV [22].

Although HMDs tend to provide better SA around the aircraft during flights, they 
are often prone to pilot discomforts. Imagine a pilot flying an aircraft with a HUD 
while only looking in one direction. Now, imagine the same pilot flying the same air-
craft with an HMD while trying to look in the same direction. Since the HMD is locked 
to the pilot’s head directly, his/her head also needs to be rigid, which is a difficult task 
for any living being. As a result, HMDs (similar to the Thales TopOwl HMD shown in 
Figure 4) are equipped only in military aircraft and not on any commercial aircraft.

That said, many aerospace officials have begun to rely on modern AR Head-Worn 
Displays (HWDs) for research and training purposes. The new generation of AR and 
XR headsets such as Varjo XR-3, Microsoft HoloLens, Magic Leap 2, etc. is not only 
capable of generating extremely high-resolution visuals but also capable of generat-
ing spatially anchored data in the close-proximity environment (Figure 5). While 
these devices are not certified for in-field navigation purposes, these have proven 
to be a great tool for pilot training [25], simulation [26], and HMI testing purposes 
(Figure 6) [4].

Figure 3. 
HUD versus HMD: FOV [22].
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2.3 Degraded visual environment (DVE)

In aviation, one of the most dominant factors of aircraft accident is the 
Degraded Visual Environment (DVE), similar to the one shown in Figure 7 [28]. A 
degraded visual condition is referred to as a state in which pilots experience partial 
or complete loss of visual cues, often due to fog, time of day, brownouts, whiteouts, 
or simply due to bad weather [29]. Flights during such situations often result in 
reduced Situational Awareness (SA). As will be discussed in the next couple of sub-
sections, pilots heavily rely on visual cues to taxi, take-off, and land an aircraft or a 
rotorcraft. However, if they cannot see these cues, they need to rely on the instru-
ments. These rules are categorized as Visual Flight Rules (VFR) and Instrument 
Flight Rules (IFR). One of the key problems with IFR during DVE conditions is 
that pilots can experience spatial disorientation between the Out-The-Window 
(OTW) visuals and what they see on the Head-Down Displays (HDD). Even for 
experienced pilots operating an aircraft or a rotorcraft via IFR can be challenging. 
More often than not, a small fault in the instrument can also lead to a disaster as 
described in [30]. One way to mitigate this problem is to utilize the AR technology 
to overlay the runway or taxiway information along with relevant terrain data to 
increase the pilot’s awareness. Moreover, a combination of these symbologies along 
with a properly crafted SVS can help pilots operate in VFR conditions even in a 
DVE state [31, 32].

Figure 4. 
Thales TopOwl HMD [23, 24].

Figure 5. 
Magic leap 2 AR headset being used for a potential application of airport surface navigation.
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2.4 Vision systems

As mentioned in the previous section, in a DVE condition, while protocol dictates 
pilots to follow IFR when operating an aerial vehicle in relation to the ground, pilots 
can occasionally experience spatial disorientation resulting in potential accidents. 
To prevent this, HUDs and HWDs are often equipped with various vision system 
technologies. In aviation, the three most common systems include: Enhanced Vision, 
Synthetic Vision, and Combined Vision [13].

2.4.1 Enhanced vision system (EVS)

EVS, or Enhanced Flight Vision System (EFVS), uses onboard sensors and light 
emitters to improve the visibility of the OTW environment. These sensors or emitters 
could include a Forward-Looking Infrared (FLIR) sensor, a millimeter wave radar 

Figure 6. 
Flight display testing using Microsoft HoloLens 1 [4].

Figure 7. 
DVE caused during helicopter landing on desert [27].
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scanner, a millimeter wave radiometer camera, or a set of Ultraviolet (UV) sensors. 
Besides the typical flight information, EFVS data are presented in the HUD or HMD 
via an analog or a digital video format as recorded from front of the aircraft with the 
visibility enhancements. Since EFVS is basically using standard physical equipment to 
improve the visibility, it is not supported for all environmental conditions and poses a 
limit to how helpful it could be when used with a HUD or an HWD [11, 12].

2.4.2 Synthetic vision system (SVS)

Unlike EFVS, SVS uses a 3D rendering tool to generate surrounding terrain models 
using databases based on the Global Navigation Satellite System (GNSS) data for 
position, heading, and elevation data. Since the data is generated separately, similar 
to developing scenes on 3D development platforms, any geolocated features such as 
airport markers, obstacles, or runway features can be conformed onto the virtual 
terrain architecture. Moreover, since the terrain model is generated based on available 
data, it can be used in all weather conditions [13, 33, 34].

2.4.3 Combined vision system (CVS)

As the name suggests, CVS combines the details captured from the real-world 
view in the EFVS and superimposes them onto the models generated for the SVS. It 
allows for a selective blending between the two technologies while providing real-
time synthetic data, resulting in potentially better situational awareness than either of 
the previous systems [22, 35].

2.5 Surface navigation

One of the most challenging aspects of aircraft navigation is taxiing it along the 
airport taxiway [36]. Especially for large aircraft, pilots must be able to ride the aircraft 
while following the taxiway centerlines precisely. Traditionally, pilots rely on verbal 
communication with the Air Traffic Control Officers (ATCOs) and taxi charts. Airport 
taxiways and runways are often equipped with a collection of pavement markings 
and designation signs. Both ATCOs and taxi charts make references to these markings 
and signs allowing pilots to follow the taxiway and runway prior to take-off or after 
landing. Besides these two, most aircraft are also equipped with Electronic Moving 
Maps (EMM) or Onboard Aircraft Navigation System (OANS) to assist pilots taxi 
more efficiently [37]. Despite some infrastructure built to enhance their capability to 
taxi the aircraft, a single miscommunication between the pilots and ATCOs, or their 
(pilots’) misinterpretation of the taxi charts or maps can cause mild to fatal damage to 
the aircraft, its crew, and passengers, as reported in [38]. One way to minimize such 
incidents or accidents on the airport taxiways and runways is to use AR technology.

In 1996, David C. Foyle, et al. [39] introduced a HUD symbology configuration 
consisting of scene-linked 3D symbologies for taxiway centerlines and traffic edge 
cones and 2D symbologies for additional textual information such as Ground Speed 
(GS). These symbologies were designed to provide additional support to the pilots 
while minimizing their need to divert their attention to other visual contexts for the 
task and improve overall Situational Awareness (SA). Between 1996 and 2010, Foyle, 
Andre, and Hooey would lead multiple improvements on the design, focused on dif-
ferent aspects of the design such as importance of different types of information, or 
automated versus manual display of HUD components during a simulated flight.
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One of the biggest challenges with surface flight operations using a HUD is that 
implementing head tracking is extremely complex as the scene-linked visual markers 
need to be relatively conformal to what they are representing. The simplest solution 
to this problem is to use a Head-Worn Display (HWD). Arthur et al. [40–42] led this 
area of research and implementation following the T-NASA study. Their concept for 
Beyond-RVR would allow them to view the scene-linked symbologies within a certain 
distance while still providing other flight information even if the pilots were to move 
their head around. An example of a similar concept is provided in Figure 8.

2.6 Air traffic control (ATC)

Potential avenues to enhance airport operations through the use of mixed 
 reality have been proposed for decades, with a particular focus on air traffic control 
(ATC). This section will serve to highlight some of the noteworthy progress made 
in establishing a framework for mixed reality integration into ATC operations. In 
2006, Reisman and Brown published a paper detailing the design of a prototype for 
augmented reality tools to be used in ATC towers. The Augmented Reality Tower 
Tool (ARTT) consisted of two phases; a prototype development and evaluation phase 
followed by an engineering prototype that resulted in the creation of a head-mounted 
display that superimposed simulated 3D images of runways, significant landmarks, 
and ATC data for the user to view and utilize to make decisions [43]. The system 
received mostly positive feedback from the ATC operators regarding its usefulness 
in a variety of tasks, including instances where coordination with aircraft under 
multiple low visibility scenarios was required. Another paper to note is Masotti’s work 
on designing and developing a framework to prototype AR tools specifically for ATC 
tower operations [44]. Using augmented reality, Masotti proposed several benefits 
that included a reduction in the amount of visual scanning required and an increase 
in situation awareness due to the relevant information being superimposed on the 
real-world view for the ATC operators in an organized manner. AR tools implemented 

Figure 8. 
T-NASA display on a HUD [36].
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in low visibility conditions aided in increasing situation awareness for operators and 
allowed for less time to be spent analyzing head-down operations.

Safi and Chung [3] provide a detailed exploration of AR applications and their 
uses in aerospace and aviation. Their chapter discusses the benefits and drawbacks 
of integrating AR into ATC operations. They also highlight the contrast between 
head-up and head-mounted displays (HUD and HMD respectively). While HUDs 
provide a larger field of view (FOV) and reduce computer processing lag through 
their direct connection to the terminals in the ATC tower, the lack of motion track-
ing capability and information only being accessible on these see-through displays 
limits the freedom of the ATC operator to move around and reduces their immersion. 
By contrast, HMDs solve these drawbacks but suffer with their limited FOV and 
discomfort during extended periods of wearing the HMD due to its weight. Moruzzi 
et al. have proposed the design and implementation of eye tracking application on 
a see-through display [45], with the goal being to achieve the concept of a Remote 
and Virtual Control Tower (RVT). Depending on the movement of each eye, digital 
content would then be overlaid onto the display where it would be the most appropri-
ate and convenient for the user to view. Using a Microsoft Kinect device, the location 
of the eye on a human face was able to be distinguished and an algorithm tracked the 
motion of each user’s eye to then determine the placement of digital information to be 
superimposed on the screen.

2.7 Urban air mobility (UAM)

Recent developments, particularly regarding electric propulsion and battery 
 storage, have led to flying vehicle concepts for personal usage [46–48]. Urban Air 
Mobility (UAM) is the new air transport system that uses low-mid level urban 
airspace below ~2000 ft. UAM is a subset of the Advanced Air Mobility (AAM) under 
development by NASA, FAA, and industry [16, 17]. UAM focuses on the urban and 
suburban environments [49].

Currently, the main challenges UAM is facing are community acceptance, safety 
concerns, airspace management, and required advances in ATC and autonomy. And 
many companies such as Airbus/Boeing/Honeywell even organizations like NASA, 
EASA, and ICAO are involved to speed up the development and acceptance of UAM 
in modern countries. Considering the growing interest in AR technology, rapid 
growth of UAM industry requires the incorporation of AR. Accordingly, instead 
of dealing with the physical controls, everything will be digital and imaginary, 
and flight mechanics and dynamics of the aircraft will be shown on the AR screen 
using the concepts of Human-Machine Interfaces and Interactions (HMI2) through 
symbology design while projecting the orientation and position of the UAM aircraft. 
Furthermore, using this new technology, the required time to train UAM pilots will 
significantly drop compared to the existing technologies, as the integrated AR system 
could be used from start to finish to train the pilots.

UAM needs to be easily, safely, and semi-automatically operated to be accepted by 
the public. Accordingly, three major areas could be targeted including flight monitor-
ing, operation, and training. Among these, particularly monitoring and operation of 
UAM aircraft could be enhanced by AR which will be discussed in the following.

The monitoring is mostly about the next generation of control tower concepts that 
would benefit from AR [45, 50, 51]. For the purpose, traffic visualization, predict-
able corridors, and automated mission management are the key aspects of semi-
autonomous operation of UAM aircraft. All information related to the flight, aircraft 
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specifications, weather data, and safety of the airspace and each air vehicle should be 
shown in real time on the AR windows and presented to the tower operator [52–54]. 
This will also be part of the tasks that are defined for the Providers of Services for 
UAM (PSU) that are responsible for the operations planning, flight intent sharing, 
airspace management functions, off-nominal operations, operations optimization, 
and airspace reservations [55, 56]. Figure 9 presents the new AR-based ATC system 
using a transparent AR screen for UAM flight monitor in an urban environment [57].

Advances in Airspace Management and Automation for UAM operation are must 
due to safety concerns. The operation of UAM aircraft can also benefit from AR-based 
cockpits to modernize flight corridors according to the safety concerns and risk evalu-
ation methods, augment the flight by auto-generation of new routes, and approve 
the new route before execution, use optimized flight path where autonomously 
adapt flight considering weather conditions and other aircraft, train, and obstacles 
(Figure 2) [21].

3. Engineering operations

AR-based instructions are a series of visual information to guide users through an 
assembly process for complex engineering products [58, 59]. Due to the technologi-
cal enhancements and the highly competitive engineering environment, innovative 
products are required to be taken into the market in a short period of time. This also 
demands a collaborative manufacturing environment to exchange real-time informa-
tion [60]. Nowadays, thanks to the efforts of Airbus, Boeing, Bombardier, Safran, and 
Siemens, the new technology has been successfully applied in design, manufacturing, 
assembly, Maintenance, Repair, and Overhaul (MRO), and education. In this section, 
AR usage for design and assembly, collaborative interface, Artificial Intelligence (AI) 
and Machine Learning (ML) implementations, haptic integration, and computer 
vision implementations are discussed (Figure 10).

3.1 Design and assembly

Descriptive assembly instructions for complex procedures are a key factor to 
ensure a smooth assembly [62]. AR presents information in the cyber-physical space 

Figure 9. 
View from the next generation of UAM control tower concepts that will be using AR windows [57].
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in the form of virtual models [63] and interacts with the actual assembly parts [64]. 
The application of assembly instructions has changed from just providing assembly 
procedures to actively providing heuristic visual guidance to meet operators’ cogni-
tive requirements [65].

AR assembly has several benefits in enhancing the efficiency of manual assembly 
process. It mixes digital instructions and physical tasks. First, AR-based instructions 
extend the user’s visual understanding from the actual world to the information space 
[66]. Engineers can communicate with actual objects in cyber-physical space using 
interactive tools [67]. This communication constantly improves the user’s under-
standing of the actual model and deepens the usability and reliability of assembly 
procedures [68]. Secondly, compared to conventional assembly instructions, AR 
assembly instruction embeds interactive virtual instructions into the actual environ-
ment, enriching engineer’s experience of the actual world [69]. Moreover, AR assem-
bly instruction is economically efficient and straightforward to construct procedures. 
Data calculation is accomplished by the digital system and is only responsible for the 
construction and representation of the instruction materials [70]. Thirdly, the rule 
of engineer cognition exists which enhances the communication efficiency between 
engineer and system [71, 72]. Earlier assembly instruction materials include paper-
based manuals and drawings, recorded videos, simulation animations, etc. Figure 11 
shows a graphical representation of the traditional assembly procedures in aerospace 
industries using physical manuals. Engineers usually experience a very time-consum-
ing procedure, and the cognitive productivity is so low.

Nevertheless, the AR assembly instruction can enhance the interpretation of the 
engineer’s operations perspective. Finally, compared to traditional manuals, AR-based 
assembly instructions have more natural, intuitive interactivity, and user perfor-
mance [73]. Engineers can precisely collaborate with AR-based assembly instructions 
using bare-hand feedback [74]. These instructions are presented in a 2D graphics 
language, which combines two illustrations. The first depicts the real model which 
includes the part or assembly illustrated by its orthographic projection. The second 
illustration overlays instructions on the first using a standard-based language that 
defines dimensions, tolerances, and assembly details [75].

In 2003, to meet the requirements of 3D assembly instructions as a manufacturing 
source, the ASME Y14.41 standard was issued [76]. Hence, 2D engineering drawings 
are now permitted for engineering operations. Thanks to the development of digital 
assembly and design technology, information can be directly inserted into the CAD 
model to create a model-based definition (MBD) database [77], which includes 3D 
geometry and product dimensional tolerance, to achieve complete product illustration 
[78]. In 2001, for the first time, Boeing implemented enhanced digital manufacturing 

Figure 10. 
Airbus uses immersive collaboration concept for cabin definition [61].
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technology for the assembly process of aircraft cables [79]. Afterward, it applied 
digital commands to help the entire aircraft assembly line [80].

However, 3D AR assembly instructions still face some drawbacks. First, the 
spatial information reflected by 3D instructions could be confusing as the display 
of the blueprint is typically presented on a 2D display [81]. The engineer is required 
to continuously switch attention between the display and the actual task, which 
can distract the engineer and result in the failure of the task. Additionally, in the 
assembly process, the actual environment and the instructions in digital environment 
are totally separated [82]. Also, there are some challenges with the Host Controller 
Interface (HCI) mode of 3D assembly instructions. For instance, engineers regularly 
do not use their hands to directly manipulate the tasks but instead use 2D interfaces 
such as displays, mouse, and keyboard [83].

Figure 12 shows a graphical representation of the current assembly procedures 
in aerospace industries where tablet-based manuals are used along with cloud-based 
updates from manufacturers. Cloud-based assembly platform provides flexible, 
high-performance, and universal capabilities. It works with big data to support com-
munication, share data, and answer engineer questions through information provided 
by the manufacturer and reliable sources [84, 85].

3.2 AI and ML implementation

Boeing 777 was the first aircraft that was designed entirely from simulation 
without a physical mock-up. Likewise, ML and AI algorithms are playing a great 
role in the future of Aerospace design and assembly [86–90]. According to the study 

Figure 11. 
Graphical representation of traditional assembly procedure in aerospace industries.
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accomplished by Zhiwu AIoT Industry Research Institute, the Industrial Metaverse is 
a new ecosystem in which new information and communication technologies repre-
sented by the Internet of Things (IOT), AI, and digital twins are deeply integrated 
with the real economy [91].

ML is a growing set of optimization algorithms and regression methods to create 
models from data [86–92]. AI relies on the ability of computing to repeat human 
learning. It starts with mimicry by feeding large quantities of data to a network 
of neurons. It continues developing the network up until it can regenerate human 
abilities for reflection. In the next step, AI identifies responses in model data, images, 
synthesize information, predict trends, and present precise findings [93].

Each phase of advanced aerospace manufacturing is data-intensive, including 
design and assembly, testing, and service. A Boeing 787 contains millions of parts 
and subparts that are manufactured from around the world and assembled in an 
enormously complex manufacturing procedure. This results in massive multimodal 
information from supply chain logs, videos, inspection data, engineering drawings, 
and notes. After design and assembly, a single flight test will collect information 
from hundreds of thousands of multimodal sensors. In service as well, the aircraft 
creates numerous real-time data, which is collected, transferred, and processed with 
kilometers of wire and millions of code lines. Hence, big data is a reality in aerospace 
engineering and advanced data analytics with AI and ML is a must [87].

3.3 Embedded AR-assisted training

Haptic feedback would allow the engineer to directly perceive the data about the 
environment using the sense of touch [94, 95]. The term “Haptics” was proposed by 
Resvez in 1950 after observing a blind performance. The term refers to an uncon-
ventional sensory experience, deviating from traditional methods of touch and 
kinesthetics [96]. Haptic feedback is an alternative visual representation triggering 
condition. Haptic AR potentially overcomes the existing visual issues of AR allowing 
the user to focus on the task and avoid over-reliance on the technology [97].

Figure 12. 
Graphical representation of current assembly procedure in aerospace industries.
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Figure 13 graphically represents the concept of Haptic AI-assisted AR-based engi-
neering operations in aerospace industries. The expected core technology instruction 
is as follows [98]:

1. Virtual-real interactive environment: The concept is supported by a semi-
immersive virtual-real interactive space, which stimulates engineers’ learning 
capacities. This allows aerospace engineers to feel all work types in the physi-
cal space and virtual world simultaneously, to allow full use of the surround-
ing real objects as communication/interaction elements to accomplish manual 
tasks.

2. Spatial relation rendering: To make AI-assisted AR-based engineering operations 
more realistic, the consistency between virtual objects and actual space should 
be clarified. This is about the consistency of the actual environment in geometric 
aspects such as position, perspective, and occlusion.

3. Physical cue rendering: Lighting consistency is a crucial element in ideal combi-
nation of AR-based environment and physical scenes. Based on the light distri-
bution in the actual scene, shadow processing is completed on AR commands to 
compensate the floating sense of command material in vision. In a sense, human 
eyes have strong feedback clues. If the light does not match the actual scene, the 
engineer instantly feels that.

Figure 13. 
Graphical representation of next generation of AR-based engineering operations in aerospace industries.
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4. Cognitive cue rendering: To effectively accomplish the manual tasks, the instruc-
tion reflected in AR must be related to the engineer’s cognition. The engineer 
must understand the intent of a physical process using the information provided 
in the AR-based instructions. In this process, assembly instructions are passed 
between the designer (or AI) and the engineer until an agreement is reached. 
Therefore, intention consistency is the most core feature of AI-assisted AR-based 
engineering operations.

3.4 Computer vision implementations

Computer vision is a field of artificial intelligence (AI) that trains a computer to 
extract information from images or video data. It involves the development of algo-
rithms, techniques, and methodologies that enable computers to analyze, interpret, 
and understand visual data [99]. Computer vision algorithms support several use 
cases in aerospace engineering applications. For example, it can be used in quality 
control to inspect components, identify defects, and ensure adherence to quality 
specifications. Or, combined with AR technologies, can be used to develop training 
tools to provide real-time overlays of information, instructions, or virtual representa-
tions to guide the user through an assembly process.

One of the most common use cases of computer vision is in aircraft MRO for visual 
inspection. Using deep learning algorithms, technicians can scan the surface of an 
aircraft to identify potential maintenance issues. The convolutional neural network 
(CNN) provides the means to accomplish this. A CNN is a supervised deep learning 
model that is used for image classification. Supervised learning is a training strategy 
where a model is taught how to make predictions based on labeled examples. In this 
method, the model is provided with a set of input data, along with the correct answer 
or outcomes associated with that data. For image classification, the model extracts 
relevant features or patterns from images, which can include edges, textures, shapes, 
colors, and other visual characteristics. These are used to make predictions on new 
examples. There are various types of CNN architectures that exist, and it is the most 
common computer vision solution used in aerospace for a variety of applications [99].

A CNN is a supervised deep learning model that is used for image classification. 
Supervised learning is a training strategy where a model is taught how to make 
predictions based on labeled examples. In this method, the model is provided with a 
set of input data, along with the correct answer or outcomes associated with that data. 
For image classification, the model extracts relevant features or patterns from images, 
which can include edges, textures, shapes, colors, and other visual characteristics. 
These are used to make predictions on new examples. There are various types of CNN 
architectures that exist, and it is the most common computer vision solution used in 
aerospace for a variety of applications.

Identification of fuselage defects and visual checks are commonly addressed topics 
in the aircraft inspection literature. Autonomous visual inspection of an aircraft 
exterior is possible using drones and a high-resolution camera [100]. In 2021 German 
aerospace company, Lufthansa Technik trained a deep neural network to identify 
fuselage defects (i.e., dents, scratches) at the Lufthansa Technik summit. This was 
accomplished by capturing high-resolution photos of the aircraft exterior using a 
drone along path outlined in Figure 14. The snake-like pattern pans both sides and the 
nose of the plane, while the roof of the aircraft is captured using a downward-facing 
camera [102]. The captured images are sent to a computer for data processing and 
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identification of damages and irregularities [100]. Generating sufficient examples to 
adequately train a neural network was the biggest hurdle identified by Lufthansa, as 
there are no public datasets available for damage samples. Moreover, it is expensive 
and laborious to create their own training material. So, the neural network was trained 
on a synthetic dataset. The aircraft was simulated virtually where the hangar lighting, 
time of day, and placement of defects on the simulated aircraft are adjusted to generate 
a sufficient training dataset [102]. The resulting model yielded a detection accuracy 
above 95%, in the simulated environment with a dataset size of 4000 images.

A robust computer vision application depends largely on the quality and quantity 
of training data. Boeing used a computer vision approach to develop an AR applica-
tion for aircraft inspection. The application would overlay markers atop the aircraft 
identifying points of existing damage marked by other mechanics. To accomplish 
this, the application needed to anchor a 3D virtual model on top of the aircraft as seen 
by the mechanic through the AR device. Boeing used a machine learning approach to 
solve this problem, generating their own dataset consisting of thousands of images of 
aircraft from different perspectives. Using a pose estimation algorithm, and a series of 
markers placed around the aircraft, the aircraft’s position was calculated in relation to 
the camera. The machine learning model was fed this data to calculate the position of 
the aircraft based on the images coming from the camera without markers. Due to the 
small dataset size, the model performed poorly. And, like Lufthansa Technik, Boeing 
showed that using field data to train their machine learning model was ineffective due 
to the laborious nature of acquiring data [103].

Another example of innovative computer vision implementations in aerospace 
is the Airbus Wayfinder Project. The project was initiated by Airbus in June 2018 in 
collaboration with Project Wayfinder with the ambition to revolutionize autonomous 
flight [104]. The objective of this project was to achieve autonomous taxiing, take-off, 
and landing (ATTOL) of a commercial aircraft through a computer vision-based 
system. Although commercial aircraft can already fly an approach, land, and rollout 
to taxi without pilot input, this is only possible on runways equipped with a CAT III 
ILS. The installation and maintenance of this system is costly, and only a few airports 
can justify its cost. So, a deep learning model was used to teach an aircraft to fly an 
approach and landing sequence without any pilot input. The algorithm implements an 
object detection model to identify the runway, and a regression model to estimate the 
distance, localizer, and glide slope values of the aircraft [105]. A modified Single Shot 

Figure 14. 
Simulated drone path [101].
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Detection network (SSD) was used to accomplish this. The beginning layers of the SSD 
are used to extract features about the runway environment, while the ending layers are 
responsible for boxing the region containing the runway, distance to the runway, local-
izer deviation, and glideslope deviation. Like others, Airbus relied on synthetic data 
and developed a model that can reliably detect the runway from several miles away.

4. 3D reconstruction and visualization

3D reconstruction is the process of capturing the shape and appearance of real 
objects. 3D reconstruction can be accomplished by numerous methods. Single cam-
eras are computationally efficient but require other sensors to determine depth scale. 
Stereo cameras utilize images captured from two cameras set a defined distance. An 
algorithm is used to evaluate the depth using the two images. Lastly, RGBD cameras, 
such as LiDAR, can perform range detection using structured light sensors to directly 
capture depth information [106].

In recent years, LiDAR technology has shown more applications with its capabili-
ties for remote sensing and data acquisition. LiDAR technology provides a unique 
advantage over traditional remote sensing methods through high-resolution data 
acquisition with spatial and real-time capabilities. LiDAR sensors can construct 
detailed point clouds representing the shape, structure, and surface characteristics of 
objects and landscapes.

LiDAR technology has shown promising results for the inspection of airframes and 
aerodynamic surfaces [107]. The ability to capture highly detailed 3D representations 
of aircraft components and structures facilitates advanced inspection techniques. The 
traditional method of visual inspection, although common, has limitations in detecting 
these defects due to the lack of contrast and reflectance on most surfaces. Moreover, 
the reliance on human inspections and specialized equipment increases inspection 
time and cost significantly. By obtaining a 3D point cloud of the aircraft’s parts and 
comparing it with a reference CAD model, surface deformations can be detected. This 
comparison generates a disparity map that highlights the differences between the refer-
ence CAD model and the inspection point cloud. With current LiDAR technologies, 
reconstruction accuracies can be obtained with errors less than 1 millimeter.

3D reconstruction of the environment is another important use case in aerospace, 
primarily for analyzing terrain. With the advance of drone technology, practical 
applications of 3D reconstruction include the inspection and mapping of areas that 
are difficult to access by humans. For instance, the mapping of an accident site can 
be accomplished using a high-resolution camera and 3D reconstruction tools [108]. 
Using LiDAR technology, this is achieved by relating the RGB frame with its depth 
frame. The simultaneous localization and mapping algorithm, also known as SLAM, 
is one such method that builds a map of the environment while localizing the camera 
in the map at the same time [109]. SLAM allows aircraft to map out unknown envi-
ronments, which is extremely useful to carry out tasks such as path planning and 
obstacle avoidance.

5. Conclusion

In conclusion, this chapter presented the current applications of AR in the field of 
aerospace, particularly in navigation and engineering. AR has been used in aerospace 
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navigation for several decades in the form of HUD or HWD. These displays enhance 
HMI2 and allow pilots to navigate the aircraft flight. Besides navigation, aerospace 
engineers are exploring AR systems to be used as remote and/or AI-powered assist 
tools for field operators, such as MRO, design, and assembly and ATCO. AR technolo-
gies can also scan or reconstruct the 3D environment with high resolution in real time 
using computer vision and deep neural network architectures to allow engineers to 
rapidly identify problems during an inspection.
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Appendices and nomenclature

AAM advanced air mobility
AI artificial intelligence
AR augmented reality
ARTT augmented reality tower tool
ATC air traffic control
ATCO air traffic control officer
ATTOL autonomous taxiing, take-off, and landing
CAD computer aided design
CNN convolutional neural network
CVS combined vision system
DVE degraded visual environment
EASA european union aviation safety agency
ECAM electronic centralized aircraft monitor
EFIS electronic flight instrument system
EFVS enhanced flight vision system
EICAS engine indicating and crew alerting system
EMM electronic moving map
EVS enhanced vision system
FAA federal aviation administration
FMC flight management computer
FOV field of view
FSF flight safety foundation
GS ground speed
HDD head-down display
HGST head-up guidance system technology
HMD helmet-mounted display
HMI human-machine interface
HMI2 human-machine interface and interaction
HUD head-up display
HWD head-worn display
ICAO international civil aviation organization
IFR instrument flight rules
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IoT internet of things
LiDAR light detection and ranging
MFD multifunctional display
ML machine learning
MRO maintenance, repair, and overhaul
NASA national aeronautics and space administration
OTW out-the-window
PDU pilot display unit
PFD primary flight display
PSU provider of services for UAM
RGBD red green blue - depth
RVT remote and virtual tower
SA situational awareness
SLAM simultaneous localization and mapping
SSD single shot detection
SVS synthetic vision system
T-NASA taxiway navigation and situational awareness
TS tunnel-in-the-sky
UAM urban air mobility
VCASS visually couple airborne systems simulator
VFR visual flight rules
VR virtual reality
XR extended reality
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Augmented Reality Application 
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Engineering, and Construction 
Industry
Sara Rankohi, Mahsa Rezvani, Lloyd Waugh and Zhen Lei

Abstract

Augmented reality (AR) is among the technologies that have the potential to advance 
the Architecture, Engineering, and Construction (AEC) industry. Yet, studies show 
that there remain challenges in applying AR in AEC. According to the literature, the 
use of AR is focused on the construction phase to address performance, supervisory, 
and safety-related concerns. However, other phases of AEC projects could also benefit 
from this technology. Accordingly, this chapter provides an application-centric study to 
assess the state-of-the-art applications areas of AR in the AEC industry. Various applica-
tions have been identified as visualization and simulation; in-situ experience; real-time 
information retrieval; maintenance, inspection, and repair; project documentation; 
heavy equipment operation; educational training; health and safety; site navigation; and 
automated measurements. To further explore these application areas, a case study was 
conducted using the AR solution of Trimble XR10 with HoloLens 2 in a precast construc-
tion context. The results show that existing AR technologies and systems for simulation/
visualization and construction quality control are still immature. The study highlighted 
the current use cases, the potential for technology improvements, and the obstacles that 
hinder the widespread AR implementation in the AEC industry. Considering these fac-
tors, further directions and future research paths for innovators are proposed.

Keywords: augmented reality, AEC, construction, state-of-the-art, construction 
management

1. Introduction

The concept of augmented reality (AR) can be traced back to the 1960s when 
researchers began exploring ways to create immersive experiences through computer-
generated environments [1]. In 1968, Ivan Sutherland, the developer of the first head-
mounted display (HMD), proposed the concept of “the Ultimate Display,” which 
included the idea of overlaying computer-generated graphics onto the real world. 
This can be considered an early precursor to augmented reality. The term “augmented 
reality” itself was coined in the early 1990s by Tom Caudell, a researcher at Boeing, 
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to describe a digital display system he was working on to assist in aircraft assembly. 
While AR has its roots in the 1960s, it wasn’t until the 2000s that AR started to gain 
more attention and practical application, with advances in computer vision, wearable 
technology, and mobile devices [2–4].

Augmented reality (AR) is an emerging and interactive technology that can add 
contextual content to real life, compare the digital world with the real world, and fill 
the gaps between them. AR systems are generally composed of three elements, which 
are computing, data, and presentation [5]. By using this technology, the user can see 
the real world with superimposed digital and virtual data through the application of 
software such as SICURA and SMART, and hardware such as Microsoft HoloLens [6]. 
Through integrating cameras, HMDs, GPS sensors, and Internet access of smart-
phones and tablets, in mobile AR applications real-world environments are overlaid 
with context-based, dynamic, and interactive digital content [7]. This emerging 
technology is currently used in applications such as education, gaming and entertain-
ment, manufacturing, medical fields, cultural heritage, scientific visualization, and 
military applications [2, 3]. Due to high interest in AR, currently, researchers and 
developers from various domains are working collaboratively to expand knowledge 
and develop new augmented reality applications that can provide significant benefits 
of AR technologies to various fields of research and development [6].

In this Chapter, first, the AR research context (the industry, audience, and com-
plementary technologies) is described in Section 2. Next, the prototype applications 
and application opportunities are identified in Section 3. In Section 4, the authors 
candidly identify the current challenges facing AEC industry applications. Then, the 
drivers and opportunities that will enable AR applications in the AEC industry are 
optimistically described in Section 5. Following that, a case study that demonstrates 
opportunities and challenges is provided in Section 6.

2. The AEC industry

The AEC industry is a significant sector that plays a vital role in economic 
 development of countries [7]. This industry is a groundbreaking domain incor-
porating big data, artificial intelligence, and a wide range of knowledge fields and 
businesses, involved in the design, site preparation, construction of supply lines, 
construction of infrastructure, off-site construction, construction installation and 
on-site assemblies, maintenance, and repairs [1, 6]. The AEC industry is experiencing 
a radical change as project participants are compelling project visibility to increase 
construction efficiency and reduce project risks. This has enhanced the use of new 
technologies throughout projects’ lifecycle [8]. As technology becomes more mature 
and applicable, AR in turn will become an inestimable tool that can change the future 
of the AEC industry [7–9]. This is in accordance with the scholars which shows AR is 
recently gaining a momentum in the AEC industry due to the need for innovation in 
conducting construction-related activities.

This Chapter about AR is significant to AEC professionals, scholars, researchers, 
practitioners, the government, and other public agencies to expand their knowledge 
of how augmented reality technologies can be applied and adopted in the AEC indus-
try. First, an application-centric literature review on the state-of-the-art AR technolo-
gies, application areas, barriers, and drivers in the AEC industry is described. Next, 
the results of a very recent case study are provided, which assess the state-of-the-art 
regarding the application of AR in AEC projects.
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2.1 Industry sector and target audience

Various project types can gain advantage from AR technologies including:

• Infrastructure/public/municipal, e.g., evaluating dynamic city models and 
developing an model for transportation emission [10],

• Residential, e.g., virtual and augmented reality for designing and customizing 
mass housing [5],

• Building/commercial, e.g., visualizing high-rise building construction strategies 
[11], maintenance of exterior closures and interior finishes of walls and in build-
ings construction [12],

• Heavy/highway, e.g., developing virtual reality systems for optimized simulation 
of road design data [5], segmentation and recognition of highway assets using 
image-based 3D point clouds and semantic Texton forests [13], and

• Industrial, e.g., application areas for augmented reality in industrial construc-
tion [14].

Various target audiences can benefit from AR technologies, due to the complexity 
of AEC projects and the collaborative nature of this industry:

• Building systems engineers, e.g., electrical, mechanical, and structural engi-
neers [5],

• Workers, e.g., machine operators, site supervisors, and technicians [1],

• Project end users, e.g., building occupants, residents, and office employees [2],

• Design teams, e.g., architects, engineers, and interior and exterior designers [3],

• Inspectors, e.g., project safety officers [12],

• Schedule and budget professionals, referred to as project managers [11],

• Engineering students [5],

• Other stakeholders, e.g., clients and building owners [5].

2.2 Integration with other information and communication tools and technologies

Overlaying computer graphics demonstrating object-related information to 
the user’s field of view requires data related to spatial coordinates and practical 
constraints in that application field [6]. This indicates that AR cannot work indepen-
dently unless all information is provided [6]. Studies show that to adopt AR effec-
tively in AEC projects, it should be assisted by technologies like Building Information 
Modeling (BIM), Computer-Aided Design (CAD), Geographic Information System 
(GIS), and Global Positioning Systems (GPS) [1].
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BIM: Mutual application of AR and BIM can significantly impact and benefit build-
ing projects from preconstruction to post-construction stages using other technological 
advancements including big data and wireless sensor technologies, gathering and apply-
ing information throughout the project lifecycle [6]. Yet, the AEC industry needs adapta-
tion to gain full advantages of combining AR and BIM tools and technologies [6, 11–14].

CAD: Using CAD models, AR provides 3D images that augment the real world. 
Displaying images are projected directly through display devices, which requires a data-
base that involves previously developed plans to support the AR application [6, 15, 16].

GIS: This can be used as a supporting tool to collect real-time data from the 
surrounding environment to be applied along with AR tools. Field-based GIS 
gives geo-referenced, topographic, and cartographic information, which is vital in 
employing virtual images in the real-world environment. A geo-referenced database 
is critical as it keeps the available data for analysis related to every real object of the 
physical space [6–8].

GPS: This can be used to acquire a user’s location whenever they change their 
positions in an outdoor environment. With technological advancements, smaller, 
light-weighted, and stronger devices equipped with GPS for self-localization, digital 
camera lenses, and measures to transmit information at ample bandwidths are avail-
able, which can display real-world environments augmented with GPS/GIS data and 
3D CAD models [6]. These tools together with AR are essential for achieving practical 
functions in enhancing performance [17].

3. Application areas

The application of AR in the AEC industry can impact project performance in 
 different fields such as providing collaborative opportunities; enhancing visualiza-
tions and simulations; monitoring progress and comparing as-built with as-planned 
status of projects; enhancing virtual construction site visits; pre-empting work 
schedule disputes; planning construction activities; and developing 3D building 
models and training site workers for similar projects [6]. Further explanations about 
these areas are provided below.

3.1 Visualization and simulation

AR enhances users’ visualization ability via adopting context-related objects, 
such as gazing through wall panels to see columns, or virtually walking under the 
ground to inspect the installation of subsurface utilities [6, 18]. AR can be also 
adopted to visualize the design and assist the design team during the design process 
[19]. In terms of simulation, AR provides authentic virtual models that can be used 
to simulate real-world environments. For instance, extracting site measures from 3D 
augmented models for evaluation of site progress, plan discrepancies, misplacements, 
and earthquake-induced building damage [5–7].

3.2 In-situ experience

Augmented reality (AR) can provide users with in-situ experiences such as 
 providing virtual access, verifying the models, and giving warnings. In-situ experi-
ence can be developed by walking around a particular landscape. In developing such 
a virtual environment there is the possibility of adding abstract information (i.e., 



97

Augmented Reality Application Areas for the Architecture, Engineering, and Construction Industry
DOI: http://dx.doi.org/10.5772/intechopen.1002723

environmental noise contours around the building) into the augmented view [20]. 
The user can virtually examine the constructed structures to see whether they suit-
ably fit in with the environment. This application can enhance the use of collaborative 
project delivery methods, such as integrated project delivery (IPD), in which early 
involvement of project participants is required [17]. Stakeholders’ early engagement 
in the construction process can reduce costs due to changes [6, 20]. For instance, in-
situ inspections of the site to verify the as-planned status of the project is alignment 
with the as-is situation [6, 21], and in-situ real-time live warnings given to workers to 
avoid unseen dangers in the area [6, 22].

3.3 Real-time information retrieval

Augmented reality (AR) can provide project participants with real-time access to 
project information at various stages of the project. For instance, site inspectors can use 
AR technologies on-site to conduct inspection activities. Mobile AR technologies can 
provide professionals with adequate information on projects needed for task manage-
ment activities including visualizing task locations in a virtual environment [23–25]. A 
mobile BIM AR system with cloud storage capabilities can improve task efficiencies by 
enhancing the information retrieval process [14–16]. In the transportation domain, AR 
users can access live information such as car maintenance data, traffic incidents, and 
route changes, as well as visual/auditory information about the adopted route [6, 20].

3.4 Maintenance, site inspection, and repairs

Augmented reality (AR) can help site maintenance workers to avoid obscured 
objects such as buried electrical wiring and structural elements that affect the outdoor 
environments [6]. This accelerates maintenance and renovation operations and mini-
mizes the amount of accidental damage that mostly happens during maintenance [21, 
22]. The mounting technical complexity and a high degree of diversity of components 
installed turn out to be great hindrances for service technicians maintaining industrial 
facilities [26]. Utility inspection and maintenance activities can be assisted if AR can 
be used to visualize underground utilities. AR enables users to gaze under the ground 
and inspect the subsurface utilities. In an AR-assisted inspection method, user’s normal 
experience is augmented with context-related or geo-referenced virtual objects [27].

3.5 Project documentation

Augmented reality (AR) can be used significantly to document the project’s 
progress. With recent developments in the field of AR, users can directly augment 2D 
project drawings with generated 3D models. AR combined with BIM and 3D modeling 
software, can provide elaborated, interactive models of buildings to be shared with 
project stakeholders at early stages of the project [6]. Clients are permitted to visual-
ize the realistic outcomes of the project and necessary changes can be made before the 
construction starts. All these models and other project documents can be stored in 
augmented reality database, which can later be accessed by all project parties [28].

3.6 Heavy equipment operation

Augmented reality (AR) provides the possibility to give training to service 
 technicians and heavy equipment operators in the construction process [29]. 
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Using this training platform, the experienced workers can execute complex opera-
tions better and avoid project time delays [30–32]. Real-time tracking capability 
of AR tools can enhance workers’ awareness in hazardous situations at the job sites 
[6, 17, 18, 33]. Applying augmented models of heavy equipment, such as cranes 
and boom lifts, allows workers to use their headsets to rehearse operating heavy 
machinery in a safe virtual environment, and enhance their learning experience 
and development [6, 20].

3.7 Educational training

Augmented reality (AR) provides new opportunities to effectively train and 
educate students or novices with a higher level of cognition and fewer hazards 
[13]. Safety training in the construction industry is challenging and safety-related 
programs cost a lot of money and time [25]. Training scenarios can be provided to 
students with the aid of an AR tools and technologies. The virtual intuitive site-safety 
learning enhances students’ awareness of safety while lowering downtime and train-
ing costs [6]. Students can easily see AR images on their mobile devices due to the 
rapid development of AR applications [34].

3.8 Health and safety

The AEC industry is associated with highly hazardous situations that can cause 
danger to site workers. Thus, safety and health are one of the highest priorities for 
laborers. AR emerging technologies can enhance workers’ health and safety when 
applied correctly [35]. Vehicles equipped with AR devices can give road guidance 
and real-time data about dangerous site conditions to operators. Workers can use 
AR devices and cameras connected to their safety helmets, to see and hear through 
fire, smoke, heavy rain, flood, bad weather, and other dangerous conditions on-site 
[30–32, 34]. ICT tools integrated with AR can provide site workers with well-inter-
preted information to monitor the difference between standard safety requirements 
and unsafe site conditions [36].

3.9 Site navigation

Augmented reality (AR) coupled with GIS data with augmented visual landmarks 
in the real-world environment can lead users to a particular location or direction [6]. 
In the realm of construction site navigation activities, the data integrated into AR 
applications serves three primary purposes: (1) revealing obscured elements (such 
as obstructed objects or buried components), (2) visualizing forthcoming construc-
tions (anticipating the future), and (3) perceiving imperceptible aspects (including 
site boundaries, organizational details, alignment information, or infrequent envi-
ronmental incidents like rare floods) [6]. AR can assist site workers in navigating 
throughout the construction site or within a particular facility [20–24].

3.10 Automated measurements

AR can be used to extract measurements of the physical objects (width, height, 
and depth) on-site. This data can be integrated into 3D models to generate more accu-
rate structural visualization of the project based on the project’s ultimate geometry 
[6]. AR can enable field workers to conduct automated measurements on-site during 
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the design phase. AR allows users to capture building structures accurately, which 
can be adopted for real-time building simulations [3–7]. When an AR device is worn, 
workers can tap and automatically make measurements of the built elements and 
compare them to the planned measurements. This allows workers to find discrepan-
cies between as-planned and as-built models and swiftly adjust them to avoid higher 
costs and delays in the process [37]. Another use of AR is the ability to walk through 
real civil infrastructure while simultaneously viewing a virtual 3D model of the same 
infrastructure as recorded several years prior. This is particularly valuable as a means 
of detecting trends in the deterioration of concrete infrastructure [38].

4. Current challenges

Augmented reality (AR) has great potential to revolutionize the AEC industry 
by enhancing visualization, improving communication, and streamlining project 
management. However, there are several challenges that need to be addressed for 
successful implementation of AR. Here are some of the key challenges:

4.1 High initial cost and low return on investment

Augmented reality (AR) implementation in construction requires substantial 
investment in hardware, software, training, and maintenance. Construction compa-
nies need to carefully evaluate the cost–benefit ratio and calculate the potential return 
on investment. Demonstrating the tangible benefits and long-term cost savings of AR 
technology can be challenging but is essential for wider adoption. Since AEC projects 
are typically large and complex, a prevailing notion indicates that applying AR tools 
and technologies would require a significant number of expensive devices, such 
as HMDs and other related equipment [8, 16–18, 33]. Subsequently, a major initial 
investment would be necessary to integrate AR into construction and infrastructure 
projects, which can expand the overall project cost [8]. Thus, it is essential to conduct 
research and development activities toward developing low-cost AR tools and tech-
nologies suitable for the AEC industries [8].

4.2 Nascent technologies

Augmented reality (AR) technologies are in nascency in the AEC industry. It 
requires powerful hardware and infrastructure to deliver real-time, high-quality AR 
experiences. Construction sites are often remote and lack stable internet connectivity, 
making it challenging to provide the necessary infrastructure for AR implementation. 
Additionally, AEC projects demand a higher degree of precision, consistency, and 
efficacy. However, current AR devices struggle to control the extremely sophisticated 
3D information models regularly used in AEC projects [8]. Originally, AR devices 
were designed for the entertainment industry, thus, they might lack the on-site 
capabilities necessary for the AEC industry [8]. In addition, due to the complexity 
of this technology and a lack of technical skills and awareness, AR adoption in the 
AEC industry is slow [8]. Regarding the accuracy and precision, AEC projects require 
precise measurements and alignments. More development in AR systems is needed 
to accurately overlay virtual elements onto the physical environment. Achieving high 
accuracy and precision in AR tracking and alignment remains a challenge, especially 
in dynamic construction environments [20–25].
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4.3 Insufficient adoption demand

Studies show that the demand for AR in the AEC industry is currently low. 
Nonetheless, with the ongoing evolution of technology and the formulation of 
customized answers to address the distinct requirements of the AEC sector, there’s 
an anticipation of heightened acceptance [8]. To foster its adoption, initiatives aimed 
at raising awareness should be launched, highlighting the benefits of AR technology 
within AEC. These advantages encompass enhancing project comprehension, opti-
mizing cost-effectiveness, and enabling efficient training [8]. Furthermore, educa-
tional establishments can contribute significantly by enticing fresh expertise in the 
field through the introduction of programs that offer specialized training in AR [33].

4.4 Lack of experts and insufficient training

Introducing AR technology requires training and upskilling the construction work-
force. There may be resistance to adopting new technologies due to a lack of awareness 
or skepticism. Overcoming the learning curve and effectively training workers to use 
AR tools can be a challenge. A limited number of individuals are pursuing careers in 
AR due to its immature stage of development, complexities in adoption, and absence of 
standardized implementations. This lack of established norms complicates the evalu-
ation of the knowledge and skills possessed by those working with AR technologies. 
Moreover, the scarcity of experts in this field poses difficulties in gauging their grasp of 
the technology and effectively involving them in financially significant AEC projects. 
To tackle this challenge, universities should introduce advanced education programs 
centered on AR, thereby bolstering research and development endeavors, and enhanc-
ing the technology itself. Concurrently, AR companies could support research and 
development initiatives within universities, thereby facilitating this progress [39].

4.5 Poor user experiences

Extended utilization of AR devices like HMDs can result in motion sickness, 
queasiness, perspiration, headaches, and even vomiting among users [8]. This poses 
a significant impediment to the widespread adoption of AR technology. Given the 
intricate and time-intensive nature of AEC projects, prolonged engagement with 
these devices can prove distressing for most users [8]. To address these concerns, 
endeavors should be directed toward enhancing the design and development of AR 
devices, aiming to minimize discomfort and alleviate the adverse effects experienced 
by users [8]. Additionally, incorporating frequent intervals during extended usage 
and restricting the duration spent in the virtual environment can aid in diminishing 
the occurrence of motion sickness and other related discomforts [8].

In addition, construction sites are complex and constantly changing environments. 
AR systems need to adapt to changing conditions and safety regulations. Ensuring that 
AR technology does not compromise safety and can handle various environmental 
factors like dust, vibrations, and lighting conditions is a significant challenge [2–4].

4.6 Integration, adaptability, and data security

Integrating AR seamlessly into existing construction workflows is crucial for adoption. 
AR systems need to interface with existing project management software, BIM data, and 
other AEC tools. Ensuring compatibility and smooth integration can be a technical and 
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logistical challenge. The AEC industry involves multiple stakeholders, each using different 
software and systems. Achieving standardization and interoperability among various AR 
platforms, software, and hardware devices is essential to enable seamless collaboration 
and data exchange. AR systems in construction involve capturing, processing, and shar-
ing sensitive project data. Ensuring data security, protecting intellectual property, and 
addressing privacy concerns are crucial. AEC companies must have robust data security 
measures in place to protect against unauthorized access or data breaches [22–25].

Addressing the challenges in this section requires a collaborative effort between 
AEC companies, technology providers, regulators, and industry associations. As AR 
technology continues to evolve, these challenges are likely to be mitigated over time, 
leading to more widespread adoption and integration of AR in the AEC industry.

5. Drivers and opportunities

While various barriers impede the adoption of AR technologies in the AEC 
industry, several drivers can impact users’ motivations to apply these technologies in 
practice. These drivers are discussed below.

5.1 Enhancing comprehension of projects

The integration of AR technologies into the AEC sector is predominantly 
 motivated by the advantages it brings in augmenting project comprehension [8, 10]. 
Through the application of AR, AEC endeavors can be virtually simulated, or tangible 
surroundings can be enriched with digital data, leading to a more profound grasp and 
visualization of the project [6–8]. This establishes a risk-free domain for the project, 
enabling the identification and resolution of any associated issues within a virtual 
realm [6]. Consequently, the utilization of AR enables the observation of diverse 
project stages, ultimately culminating in an enhanced holistic comprehension and 
reduction of project-related risks [8–12].

5.2 Reducing project overall costs

Augmented reality (AR) technologies have the potential to reproduce AEC  projects’ 
overall costs using the recently introduced digital methods and approaches, such as 
digital twin proposed by Oke et al. [6]. By identifying and rectifying problems in the 
virtual environment at early stages of the project, and optimizing project designs, it 
becomes possible to economize expenses and diminish the likelihood of human errors 
[8]. The amalgamation of the physical setting and the digital realm simplifies the 
supervision of project tasks, enabling virtual enhancements to be incorporated and 
real-time observations to take place. This, in turn, enhances the project’s efficiency, 
resulting in superior outcomes achieved at a reduced expense [1, 6, 8].

5.3 Effective training scenarios

Leveraging AR technologies for employee training involves simulating real-life 
situations, affording employees the opportunity to hone their skills within a secure 
and regulated digital environment [8]. This methodology has the potential to con-
siderably elevate training excellence through the provision of practical encounters 
within authentic contexts, ultimately fostering a more efficacious professional 



Applications of Augmented Reality – Current State of the Art

102

atmosphere [5–8]. Furthermore, this expedited acquisition of new proficiencies 
results in noteworthy reductions in training duration, consequently curtailing 
expenses while concurrently elevating the caliber of training [8, 9, 39].

5.4 Reducing damage and maintenance costs

Establishing a virtual environment through AR enables the efficient monitoring 
and juxtaposition of project advancement [7, 8]. This strategy mitigates the prospect 
of harm and subsequent repairs, given the prior digital simulation of the project. 
Additionally, the application of AR can unearth the most effective method for 
executing the project, culminating in diminished developmental expenditures [8, 15]. 
Consequently, the incorporation of AR within the AEC sector holds the potential to 
curtail project risks and trim development costs [40].

5.5 Improving user experiences

Studies show that AR technologies offer a unique and immersive experience to 
users [8–14]. The capabilities of these technologies offer a substantial prospect for 
reshaping interactions within our surroundings. AR bestows upon users a world of 
fresh opportunities, enabling them to engage with inanimate entities, foster deeper 
connections with individuals and surroundings, and envision their desires with preci-
sion. Within the AEC sector, these technologies hold remarkable potential [8–10]. 
For example, the immersive experience, offered by AR, allows workers to simulate 
thoughtless or mistaken actions alongside their ensuing outcomes, thus improving 
their training and safety protocols [8, 41].

6. Case studies

As discussed in previous sections, AR has various potential applications in AEC 
projects. However, its usage in AEC projects has not been widely implemented yet. 
Our investigation of AR applications identified major drivers of and barriers to the 
adoption of AR technologies in the AEC industry, which need further investigation. 
This section provides case study results on the implementation of AR technologies 
to conduct quality control (QC) inspection tasks in a precast manufacturing plant in 
Canada and identifies major challenges and recommendations to address those chal-
lenges [42]. Similar to other AEC industry environments, this case study environment 
is particularly challenging due to the component size, precision requirements, work-
site congestion, and inherent safety hazards. For the detailed information regarding 
this case study, you can refer to the Master thesis by ref. [42].

6.1 The application of AR in the Strescon plant

The case study is conducted in a precast concrete manufacturer, Strescon Limited, 
located in Saint John, New Brunswick, Canada. The plant produces a variety of 
products including structural and architectural panels, concrete pipes, catch basins, 
and bridge girders. A group of 11 quality control inspectors at Strescon were selected 
as the focus group in the case study. Each participant was trained to work with the AR 
systems and the researcher observed their performance to ensure that they can work 
with the features without assistance.
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The Augmented Reality solution of Trimble XR10 with HoloLens 2 [43] (in short 
XR10) was leveraged in this case study. The Trimble AR solution was first released 
in 2019 including the Microsoft HoloLens 2 head-mounted display and a hardhat 
approved by the Canadian Standard Association (CSA). Trimble Connect for HoloLens 
2 (TCH) is the software component developed for XR10 to provide an AR experience, 
particularly for AEC practitioners. The AR solution of XR10 incorporates features such 
as TCH Measure, TCH Explore, TCH To-Dos, and TCH Navigate. TCH Measure allows 
users to measure any two points in a model or any two points with one in the model 
and one in the real world. Figure 1(a) shows an example where the user is measuring 
the overall dimensions of a precast concrete panel in the virtual model. TCH Explore 
consists of Explore Visibility and Explore Info. The Visibility feature allows a user to 
turn the visibility of model components on and off and view only the desired compo-
nents. The Info feature provides a list of properties for each individual component in 
the cast unit model. These properties were already incorporated in the building infor-
mation model of each cast unit. Figure 1(b) shows a user looking at the properties of 
a lifter hook in a precast concrete panel using TCH Explore Info. The To-Do feature in 
the Tools menu allows a user to view work orders or manage Requests for Information 
(RFIs). Figure 1(c) presents a snapshot of TCH To-Do where a user is creating a To-Do 
to send to office users. Users can navigate through the model, create section boxes, 
rotate, and manipulate the model using the TCH Navigate feature. Figure 1(d) shows 
a snapshot of TCH Navigate where a user is using the section-box tool and navigating 
the virtual model to gain a better look at the components of the cast unit model.

6.2 The implementation of XR10 at Strescon

The study involved volunteer QC inspectors and focused on the manufactur-
ing process of a large architectural wall panel. The first step is to align the building 

Figure 1. 
Features of Trimble Connect for HoloLens 2 in an AR test on a precast concrete slab and its virtual model.
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information model of the element with the cast unit. Trimble XR10 uses a marker-
based spatial registration method to align models with their real-world counterparts. 
The proposed step-by-step instructions for model alignment is shown in Figure 2.

After aligning the virtual model with the real casting bed, the researcher observed 
three significant challenges in using XR10 for QC inspection and recommended solu-
tions to facilitate the use of XR10 for QC inspection scenarios. These challenges and 
recommendations are summarized in sections below.

6.3 Challenges and recommendations

6.3.1 Transferring BIM models to Trimble cloud platform

Two distinct methods were identified for transferring the building information 
model from Tekla Structures to the Trimble Connect cloud platform: (1) one approach 
is to export the model of the building, in which the architectural wall panel (i.e., the 
test subject) is modeled, and (2) the second approach is to select the cast unit model 
of the architectural wall panel in the building model and export it individually and as 
a .ifc file.

The benefits and drawbacks that were observed in each approach are described 
below:

Approach 1: Exporting the entire building model as an .ifc file:

• Benefits: This approach eliminates the time to export each assembly unit of 
the building individually. Consequently, less workload is imposed on the BIM 
modeler when preparing .ifc files for use on the shop floor.

• Drawbacks: When a QC inspector attempts to inspect a cast unit assembly in the 
shop with XR10, they need to find the cast unit model that is to be inspected, 

Figure 2. 
The workflow of setting up the AR system in the Strescon shop floor.
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from a long list of cast unit models that are modeled in a building. All other parts 
of the building model should be turned off for visibility, and the target cast unit 
model should remain on for visibility. This procedure imposes extra waiting time 
for a QC inspector, at the working table in the shop floor.

Approach 2: Exporting each cast unit model as a separate .ifc file:

• Benefits: The QC inspector is not required to find the desired cast unit from a list 
of all cast units in the model while wearing the XR10 in the dynamic environ-
ment of the shop floor. Therefore, the inspectors would start their inspection 
process by launching the .ifc file of each cast unit that is scheduled for inspec-
tion. Another benefit of this approach is that while some cast unit models such 
as wall panels are oriented vertically in the building model, the physical casting 
unit of that wall unit needs to be oriented horizontally on working tables in the 
shop floor. Therefore, the model needs to be repositioned in the Trimble Connect 
3D viewer to match the orientation of the cast unit in the manufacturing line. 
However, if the model is not exported as a separate .ifc file and is exported along 
with other cast units in the building, repositioning the cast unit model imposes 
complication on the workflow of QC inspectors. When repositioning the model 
of a wall (from vertical view to horizontal view), a precast slab will also get 
reoriented to vertical view rather than horizontal view. In this case, a vertical 
orientation of a slab in the building model would not match the orientation of its 
counterpart cast unit in the manufacturing shop.

• Drawbacks: For large numbers of cast units that are scheduled for daily produc-
tion, the BIM modeler needs to export each cast unit individually and send them 
out to the scheduling department for use by QC inspectors, which may impose 
extra time on the workflow of modeling and scheduling departments.

To avoid adding extra complication to the workflow of QC inspectors and mini-
mize human errors when preparing cast unit model files for QC inspection, the 
second approach is recommended. Figure 3 shows the repositioning of the architec-
tural wall panel on the Trimble Connect Web platform.

6.3.2 Creating virtual QR code markers

The QR code markers need a clean surface area around the formwork for accurate 
scanning. Cover sheets are suggested to prevent marker dirtiness or damage to the QR 
code markers, see the location of QR code markers in Figure 4. Repositioning the QR 
code markers in the Trimble Connect platform was challenging, as it lacked options 
for snapping to points surrounding the model. As shown in Figure 5, a user may need 
to reposition the QR code markers several times. However, when the QR code marker 
is placed a distance from the cast unit model, there is no option for the user to snap to 
a point on the QR code marker and to verify the exact position of the marker relative 
to the cast unit. It is recommended that users manipulate coordinates of the QR code 
marker with great care to avoid errors. For BIM modelers it is also recommended to 
model bounding boxes around the cast unit models. The modeling of a bounding box 
in the 3D space around the cast unit model, allows a user to snap the QR code marker 
to any point within the bounding box. This method may help modelers verify the 
position of the QR code markers in a reliable manner.
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Setting up the QR code markers on working tables posed another challenge. 
The use of formwork edges as reference points for marker placement could lead to 
misalignments between the 3D model and the as-built unit. To mitigate this issue, 
as shown in Figure 6, QC inspectors were advised to consider the discrepancies and 
consistently account for them during inspections.

6.3.3 Overall QC inspections

The use of the TCH Explore tool sometimes made it difficult to clearly see com-
ponents in the real world because they were occluded by the superimposed virtual 
model. Figure 7 shows the overall inspection of a cast unit where the user identified 
a misplaced component in the real precast unit based on the virtual model. Adjusting 
the opacity of the model is recommended to improve visibility during overall 
inspections. Snapping for measurements between the model and the formwork in 
the real cast unit was also challenging, with incorrect measurements resulting from 

Figure 3. 
Model repositioning on Trimble Connect for web.
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Figure 4. 
Areas around the panel formwork for attaching QR code markers.

Figure 5. 
Repositioning QR code markers on Trimble Connect for web.



Applications of Augmented Reality – Current State of the Art

108

inadvertently snapping to a rebar instead of the formwork. Figure 8 shows a real-to-
model measurement practice where the endpoint of the measurement is not correctly 
snapped and results in incorrect measurements. For tight tolerances of measure-
ments, performing a “model-to-model” measurement and then matching it with its 
real measurement on the cast unit is advised to reduce errors.

Lastly, performing measurements in the depth of the formwork required the QC 
inspector to adopt uncomfortable positions. To overcome this, inspectors are recom-
mended to relaunch the model from the TCH project browser, skip alignment with 
QR code markers, and view the model in 3D space for easier access. The TCH Navigate 

Figure 7. 
Inspecting misplaced components in architectural wall panel.

Figure 6. 
Unwanted misalignment of the 3D model and the cast unit.
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tool can be used to enlarge the model and to perform “model-to-model” measure-
ments conveniently.

6.4 Observations and findings from the implementation of XR10 at Strescon

In this section, researchers’ observations on user experience and attitudes toward 
the TCH applications are provided. After implementing several applications of AR at 
the plant, Strescon QC inspectors (subsequently referred to as Participants) who were 

Figure 8. 
Differences between the As-designed dimension (1′ 6″ 5/8) in the model and “real-to-model” measurement (1′ 5″ 
7/8) in TCH.
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involved with the applications were asked a set of open-ended questions. These questions 
were designed to understand the Participants’ experience with the Trimble AR solution 
and their perspective toward implementation of AR in precast concrete manufacturing. 
Participants’ responses were recorded and transcribed. A content analysis method was 
carried out on the responses to identify similar codes and expressions. The results of 
Participants’ experience with the TCH application and XR10 are summarized below:

Participants’ experience and attitudes toward TCH Measure: Participants 
found the TCH Measure tool relatively hard to use compared to other features. The 
main reasons mentioned were difficulties in measuring irregular shapes, challenges in 
selecting tiny virtual objects like mesh and rebar, and problems with the TCH hand-
gesture control.

Participants’ experience and attitudes toward TCH Explore: Participants found 
the TCH Explore (visibility) and TCH Explore (Info) features relatively easier to use. 
They highlighted the intuitive layout and easy navigation of the application, as well as 
the easy-to-learn nature of these features.

Participants’ experience and attitudes toward TCH interface: Participants had 
mixed opinions about the layout of information and features on the Trimble Connect 
application. While some found it intuitive and user-friendly, others mentioned chal-
lenging navigation. Overall, participants provided positive feedback about the layout.

Participants’ overall experience with TCH and XR10: Participants described 
their overall experience with the Trimble Connect application and XR10 as posi-
tive, using terms like “great,” “amazing,” and “fun.” However, they also mentioned 
usability issues and expressed mixed feelings such as frustration, annoyance, and 
confusion. Some participants emphasized the importance of training to fully utilize 
the technology’s potential.

Participants’ suggestions for improvements in the TCH and XR10: Participants 
suggested various improvements for the technology. They desired a more comfort-
able and lighter helmet, intuitive hand-pointer controls, automated identification of 
discrepancies, a bigger field of view, better organization of measurements, and more 
precise measurement tools.

In the research study, participants were asked a series of questions regarding their 
perspective on the adoption of AR technology in precast concrete manufacturing.

Participants’ perception toward the most useful applications of TCH Measure 
in QC inspection: Participants mentioned the TCH Measure feature can provide 
comfort to the inspector, knowing that they have physically measured with a tape 
measure and verified the accuracy of the measurements. A few participants also 
mentioned that this tool could be useful for formwork inspection, and initial inspec-
tion. Other participants also found that the AR technology with TCH and XR10 can 
be useful for checking the overall dimensions or the location of hardware components 
in a cast unit. Several participants also concluded that the TCH Measure tool would 
not be useful at all.

Participants’ perception toward the most useful applications of TCH Explore 
in QC inspection: Some participants mentioned that verifying the type and size of 
the components (e.g., rebar, welded plates, inserts, mesh, etc.), as well as finding 
out the location of components in the cast unit, are the most useful cases of using 
the TCH Explore tool. They also mentioned the “initial inspections” and the “final 
inspections” could also be the most useful cases of using TCH Explore but did not 
elaborate more on those. Another participant also mentioned the TCH Explore tool 
could be the most useful as a complementary tool to the conventional method of QC 
inspection to double-check and verify the inspections.
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Participants’ perception toward the most valuable features in the TCH appli-
cation for QC inspection: Regarding the valuable features of the Trimble Connect 
application, participants mentioned tools like TCH Explore (Visibility), TCH Explore 
(Info), and TCH Measure. The TCH Explore (Visibility) tool was particularly 
appreciated by participants as it allowed them to isolate specific model components, 
enabling a focused inspection. The TCH Explore (Info) tool was mentioned by four 
participants, who found it helpful in quickly accessing information about model 
properties, saving time compared to conventional methods. Some participants also 
highlighted the usefulness of the TCH Measure tool, which eliminated the need for 
manual measurements with a tape measure. Additionally, participants found the 
overall 3D view of the model valuable, providing an immediate assessment of compo-
nent placement and identification of any discrepancies.

Participants’ perception toward the hindrances in implementing the AR 
application in precast concrete: When discussing hindrances or difficulties in using 
the Trimble Connect application with HoloLens in the production line, participants 
identified several concerns. The most common hindrance mentioned was the 
potential distraction caused by the busy and noisy shop environment, which could 
affect the QC inspector’s focus. Safety was another frequently mentioned concern, 
as wearing the XR10 device might lead to reduced awareness of surroundings, 
especially in areas with equipment and debris. Participants also expressed the need 
for continuous learning and familiarity with the device, considering the learning 
curve as a hindrance. Other hindrances included durability in a dynamic construction 
environment, battery life, limited mobility, and the need for frequent adjustments to 
formwork setups.

Participants’ perception toward the future of AR technology in precast 
concrete industry: Participants shared their expectations for the future of AR 
technology in precast concrete production, highlighting their overall perspective, 
required improvements in AR technology and Precast Concrete Manufacturing 
(PCM) processes, and potential benefits of implementing AR technology. While 
participants expressed optimism about the future adoption of AR technology in PCM, 
they also anticipated further development and refinement before full implementa-
tion. Improvements in AR technology mentioned by participants included enhanced 
accuracy in placing models on casting beds without recalibration, refined displays, 
improved precision, and preset options for model alignment. In terms of PCM pro-
cesses, participants suggested simplifying QC tasks, expanding the level of detail in 
BIM software, and establishing efficient model alignment requirements. Anticipated 
benefits of AR technology implementation included facilitating preproduction meet-
ings, improving efficiency and simplification of the QC process, and reducing errors.

Participants’ perception toward the current use cases of AR technology in pre-
cast concrete industry: Participants identified specific areas within the QC inspection 
process where they believed AR technology could be effectively utilized. These areas 
included formwork inspections, initial and final inspections, supplementary inspection 
tools, and preproduction meetings. Participants were generally optimistic about using 
AR technology in initial and final inspections, considering it a supplementary method 
alongside 2D drawings. Additionally, they saw potential benefits in using AR technol-
ogy during preproduction meetings to visualize products and identify issues.

Participants’ suggestions for potential improvements in the AR technology 
for future of precast concrete: Regarding necessary improvements for using Trimble 
XR10 with HoloLens 2 in the QC inspection process, participants mentioned several 
areas that could be enhanced. These included user adoption, ambient light conditions 
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in the shop and yard, maneuverability in the manufacturing line, organization of 
working tables, active notification systems for drawing revisions, and better time 
management. Concerns were raised about the impact of bright environments on 
model visualization, the need for sufficient space to move around while wearing 
XR10, and the importance of maintaining a clean and organized environment for 
effective use of the technology. Participants also emphasized the need for active 
notifications to inform individuals involved in QC inspection of drawing revisions. 
Moreover, participants mentioned the importance of allocating dedicated time for QC 
inspection with AR technology due to the presence of various tasks.

The results of the research indicated that AR users in the construction industry 
have a good understanding of various features in the existing technologies and their 
applications. In the case study, various applications of the TCH and XR10 have been 
explored, and users’ experiences, attitudes, and perceptions toward the AR tech-
nology were discussed. Users found that existing AR technologies and systems in 
construction domain are still immature and provided suggestions for improving the 
current state of technologies in the industry. In summary, the study highlighted the 
current use cases, the potential for improvements of the AR technologies in construc-
tion, and the obstacles that hinder the widespread implementation of these technolo-
gies in the AEC industry.

7. Future outlook

In previous sections, numerous factors were identified that impede the wide 
applications of AR systems in the AEC projects. One aspect to consider involves the 
early stage of development for this technology and the gradual progress of augmented 
reality within the construction phase. Another factor to contend with is the limited 
effectiveness of human interactions with these emerging technologies, which poses 
an additional challenge when utilizing augmented reality. Considering these factors, 
it becomes important to focus future research and operational strategies related to 
the implementation of AR technologies in the construction phase are categorized into 
two categories, including technology-oriented and human-oriented topics. These two 
categories are further discussed in this section for future research directions.

7.1 Technology-oriented development

This group includes suggestions to improve the research conditions related to AR 
technologies in AEC projects and the development path of this technology, as follows:

• Improving the use of 4D/5D/6D AR tools to enhance project scheduling and 
costs, improving monitoring of project progress, and reinforcing decision-
making activities [44].

• Developing advanced AR tools to display the model with a higher level of 
 development (LOD) leads to the representation of model elements more accu-
rately [45].

• Focusing on the use of I4.0 technologies and cloud-based systems to achieve a 
real-time ability in transferring, processing, and applying changes between the 
BIM and AR 3D models [46].
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• Testing and developing AR-based digitally-twined systems with a multifunc-
tional capability to evaluate the effects of this technology in the construction 
phase of projects [47].

• Enhancing AR-based systems to adapt this technology to infrastructure projects 
such as bridges and tunnels, which have different construction and monitoring 
conditions.

7.2 User-oriented development

At the current stage of applying AR technologies in the AEC industry, several 
human-oriented concerns could be confronting to investigate and might require 
a more accurate evaluation. Accordingly, certain suggestions are put forward as 
follows:

• Providing sufficient training to AR users in the project, before applying the 
technology. This training is provided automatically by AR itself to minimize the 
needs, which requires further studies [46].

• Increasing the use of AR to educate students and professionals to increase inter-
actions and familiarity with this technology between the academic environment 
with the AEC industry [26].

• Involving and informing the industry professionals about the features and 
capabilities of AR to increase its acceptance rate. Improving public acceptance 
can lead to an increase in the use of AR in projects [43, 47].

• Developing project delivery methods (i.e., IPD) and business models (i.e., vertical 
integration) that facilitate the implementation of AR technologies and other emerg-
ing digital tools to improve construction project management practices [5, 42, 48].

In summary, the authors are optimistic about the adoption of AR in the AEC 
industry and revolutionization of the industry by these technologies in the future. 
Although current AR applications tend to be under the control of a single project 
participant and in tightly controlled environments, it is expected that the huge 
potential of AR will become more evident as multiple participants adopt integrated 
AR technologies across multiple project phases.

8. Conclusion

This chapter provides a review of the state-of-the-art AR technologies and their 
applications in AEC projects. In the presented work, the authors have attempted 
to provide a deeper understanding of the applications of AR for the AEC industry. 
Ten application areas for AR technologies in the AEC industry have been identified 
as visualization and simulation; in-situ experience; real-time information retrieval; 
maintenance, inspection, and repair; project documentation; heavy equipment opera-
tion; educational training; health and safety; site navigation; and automated measure-
ments. Following that, various challenges and drivers for application of AR in AEC 
projects were extracted and a case study about AR application in a manufacturing 
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plant in Canada was provided. Eventually, according to the literature review and case 
study results, implementing AR in AEC projects faces problems, which shows that this 
technology is still immature and needs further investigation and efforts. Accordingly, 
the authors of this chapter have suggested a series of technology-oriented and user-
oriented research and executive directions in the “future outlook” section.
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Chapter 6

Augmented Reality in AEC 
Industry
Matevž Dolenc

Abstract

One of a kind products, processes, and partner groups typically characterise the 
architecture, engineering, and construction (AEC) industry. This has led to a challenging 
industry environment with islands of automation, difficult communication between 
stakeholders, and increasing specialisation. Building information modelling (BIM) is a 
modern approach to building design, documentation, delivery, and lifecycle manage-
ment that addresses many AEC challenges. The outcome of this process is a compre-
hensive building information model that encompasses all relevant data and information 
related to the construction process as well as the built asset. This model is a primary 
resource for diverse end-user applications, including augmented reality, that could be 
essential in bridging the gap between the virtual and physical worlds and has become a 
component of modern digital workflows within the AEC industry. This chapter provides 
an overview of AEC specifics and how those reflect in implementing augmented reality 
in the context of BIM processes. It also delves into the challenges that must be addressed 
to facilitate the widespread adoption of augmented reality technology in the AEC sector.

Keywords: augmented reality, architecture, construction, engineering, AEC, 
computer-integrated engineering, building information modelling, BIM

1. Introduction

The architecture, engineering, and construction (AEC) industry is known for its 
complexity and multi-faceted nature, involving designing, constructing, and managing 
unique and intricate structures. However, this complexity also brings numerous chal-
lenges, including fragmented automation, communication barriers between stakehold-
ers, increased specialisation, and a lack of integration between the various phases of the 
construction process. To address these challenges and increase industry efficiency and 
productivity, building data modelling (BIM) [1] has become a transformative approach.

BIM involves creating and managing a digital representation of a building, called 
the building data model, which contains comprehensive data and information about the 
construction process (Figure 1) [2]. This digital model is a central repository (Common 
Data Environment – CDE [3]) of information that all stakeholders can access and use, 
enabling better collaboration, improved decision-making and streamlined project deliv-
ery. However, traditional methods of interacting with the building information model, 
such as 2D drawings or computer screens, limit the ability of stakeholders to fully grasp 
and understand the complex spatial relationships and intricacies of the design [4, 5].
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Augmented reality technology (AR) has garnered significant attention and dem-
onstrated transformative potential across various industries, including the AEC sector 
[6, 7]. AR involves superimposing virtual information onto the natural environment, 
enriching the user’s perception of the physical world by seamlessly integrating digital 
elements in real-time. In the AEC industry, AR empowers stakeholders to intuitively 
and immersively visualise and interact with building data models, effectively bridging 
the divide between the digital and real worlds (Figure 2).

Figure 2. 
Bridging the gap between virtual reality (BIM model) and the natural environment.

Figure 1. 
BIM enables communication, collaboration, and visualisation throughout the building life cycle.
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The integration of augmented reality into the AEC sector presents a multitude of 
advantages and opportunities [8]. The theoretical explanation of augmented reality’s 
role can be illustrated through the concept of the meaning triangle (Figure 3) [9]. 
The concept refers to an abstract notion or idea within the mind, which correlates to 
a tangible object or referent in the real world. Conversely, the symbol functions as a 
visual or auditory representation that signifies or stands for the concept associated 
with the referent. The example provided demonstrates the establishment of a direct 
relationship between the referent-reference and referent-symbol (Figure 3). The first 
relationship is referred to as referencing, while the second is modelling. The relation-
ship between the symbol and the object is complex as both exist external to the human 
mind. However, it can be asserted that constructing a building involves translating 
symbolic design representations (SYMBOL) into physical structures (OBJECT). 
Human interpretation of the symbols remains crucial until this translation can be 
carried out entirely by robots. Augmented reality facilitates this interpretation by 
overlaying the symbols onto real-world imagery. This technology surpasses traditional 
2D plans, projections, and virtual reality by eliminating the separation between the 
symbolic and the real, with the human mind acting as the interface between the two.

It allows stakeholders to visualise and explore proposed designs in their intended 
physical context, enabling better spatial understanding and design validation. AR can 
help identify potential conflicts during the design phase, enabling early identification 
and resolution of issues. In addition, augmented reality can improve on-site construc-
tion activities by providing real-time guidance and visual aids, increasing accuracy 
and efficiency. It also has the potential to revolutionise building management and 
maintenance by overlaying information about physical components, enabling better 
asset management and maintenance planning. The prospect of augmented real-
ity in the AEC industry is promising, but several challenges must be overcome for 
widespread adoption. Technical limitations such as accurate tracking and registration 
of virtual objects in the real world, interoperability and standardisation of data, 
cost-effectiveness, and user acceptance are significant hurdles. In addition, privacy 
and security concerns and a robust infrastructure to support the AR ecosystem are 
critical.

Figure 3. 
The meaning triangle.
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The chapter explores various user scenarios and applications of augmented reality 
in building data modelling and highlights the benefits, challenges, and potential solu-
tions for successful implementation. By understanding the opportunities and limita-
tions of augmented reality in the AEC industry, stakeholders can make informed 
decisions about its adoption, ultimately leading to improved collaboration, increased 
productivity, and the creation of sustainable and efficient building environments.

2. AEC specifics

The architecture, engineering, and construction industry differs in its products, 
processes, and teams. Unlike the manufacturing industry, which produces stan-
dardised goods, the AEC industry primarily involves constructing unique structures, 
such as buildings, bridges, and infrastructure projects. These products require 
customised design and construction approaches to meet specific customer require-
ments, local codes, and site conditions. Consequently, the AEC industry faces inher-
ent challenges in complexity, coordination, and collaboration:

1. Unique project: Each project has unique requirements, site characteristics, and 
constraints, resulting in diverse architectural styles, building systems, and 
materials. This variety poses challenges for materials procurement, construction 
techniques, and project management, as the industry lacks economies of scale in 
mass production.

2. Unique processes: The AEC industry encompasses complex processes, from 
project development to construction and handover. Each construction project 
follows a unique workflow based on its specific characteristics and requirements. 
It involves multiple stakeholders, such as architects, engineers, contractors, 
suppliers, and regulatory agencies, which contribute their expertise throughout 
the project life cycle. Effective communication, collaboration, and coordination 
among multidisciplinary teams are essential for successful project delivery.

3. Unique teams: The AEC industry comprises diverse groups of professionals with 
diverse expertise and responsibilities. Architects prioritise aesthetics, function-
ality, and space planning, while engineers specialise in structural engineering 
and technical aspects. Contractors and subcontractors manage the construction 
process and ensure compliance with regulations. These multidisciplinary teams 
collaborate to achieve a cohesive project outcome. However, integrating different 
perspectives, resolving conflicts, and maintaining effective communication can 
be challenging due to the diverse nature of the groups involved.

The uniqueness of AEC projects, processes, and teams creates a challenging envi-
ronment with islands of automation, fragmented information, and limited interoper-
ability between stakeholders. Traditional paper-based documentation and manual 
coordination methods have proven insufficient to manage the complexity of the 
industry effectively. As a result, the AEC industry has recognised the need for innova-
tive technologies and approaches to address these challenges and improve productiv-
ity, efficiency, and collaboration. BIM has emerged as a powerful tool to manage the 
complexity of unique AEC projects. It enables the creation of a digital representation 
of the building or infrastructure project, integrating various data and information 
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into a central model. This approach facilitates collaboration, reduces errors, improves 
coordination, and allows stakeholders to visualise and analyse the project compre-
hensively and interactively. BIM promotes more efficient information sharing and 
supports seamless communication and integration between multidisciplinary teams.

The characteristics of the AEC industry, including the production of unique 
products, the implementation of customised processes, and the involvement of 
diverse teams, create inherent challenges. The industry has recognised these chal-
lenges and embraced innovative technologies, such as BIM, to manage complexity, 
improve coordination and increase project outcomes. Using advanced tools and 
methodologies, the AEC industry strives to streamline its processes, foster collabora-
tion, and deliver high-quality, customised projects that meet the ever-evolving needs 
of clients and society.

3. AR implementation

Implementing AR systems in the AEC sector can be facilitated by adopting an 
OpenBIM approach. OpenBIM is a collaborative framework for creating and manag-
ing BIM data models across software platforms [10]. Integrating AR technology 
with OpenBIM improves collaboration, data interoperability, and project efficiency. 
OpenBIM emphasises open standards for data exchange, enabling seamless interoper-
ability between software applications [11]. By adhering to OpenBIM principles, AR 
platforms can access and use BIM data from multiple sources without compatibility 
issues. This enhances visualisation and collaboration during design reviews, con-
struction coordination, and facilities management. AR systems based on OpenBIM 
can be seamlessly integrated into existing BIM workflows. Stakeholders can link AR 
experiences to specific elements within the BIM model, providing context-specific 
information.

For example, on-site workers can view instructions or safety guidelines overlaid on 
physical elements in real-time, increasing productivity and reducing errors. OpenBIM 
encourages collaboration between disciplines and stakeholders throughout the project 
lifecycle. Integrating AR into an OpenBIM environment enables shared, immersive 
experiences. Users can visualise, annotate, and interact with the BIM model in 
real-time, regardless of location, leading to better coordination and decision-making. 
OpenBIM and AR systems provide scalability and flexibility. They support integrat-
ing multiple software applications and adapting to various hardware platforms and 
user preferences. This ensures adaptability to evolving technologies and project 
requirements. Combining AR with OpenBIM allows the capture and documentation 
of augmented experiences within the BIM model. Users can record AR annotations, 
instructions, or visualisations linked to specific elements. This facilitates information 
sharing, handover, and future maintenance and facility management activities.

OpenBIM, based on the Industry Foundation Classes (IFC) standard, can present 
challenges due to the need for consistent implementation across various BIM software 
providers. IFC, developed by buildingSMART, is an open file format that facilitates 
information exchange throughout the building life cycle. It enables seamless com-
munication and data exchange between different software applications, regardless of 
the platform used. However, IFC has its limitations, including the complexity and size 
of IFC files, which can impact performance for large-scale projects. Inconsistencies 
and ambiguities in the standard can also lead to data inconsistencies and inaccuracies 
when exchanging information between software applications.
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Many different AR systems follow the above approach: from independent open 
research systems AR [12] to AR systems that are part of complex shared data environ-
ments. Of course, there are clear advantages to using these integrated solutions, but 
one must also be aware of potential shortcomings, such as locking down data and users 
(Figure 4). The common data environment Dalux [13] was used for this research and 
testing, as this platform was chosen for the construction project. As with the AR system, 
there are many options for selecting devices for this purpose. The choice of a device can 
be based on many additional requirements or factors, such as whether the device is to be 
used on a construction site, whether it is to be used indoors or outdoors, whether it is a 
handheld device or a portable device, and whether it is price limited. This research used 
a handheld device (Samsung Galaxy Table S7 with 5G connectivity). The choice was not 
optimal, as seen from the description in the next section, but was justified because smart 
devices (phones, tablets) are accessible, always available, and offer good value for money.

4. Use-case scenarios

As identified by different authors [14, 15], there are three main use-case scenarios 
for the use of AR within the BIM workflows, including: (1) design – enabling the 
review of proposed solutions (Figure 5), (2) construction – enabling efficient and 
effective construction progress monitoring [16], and (3) operation – assisting in 
building maintenance tasks (Figure 6) [17]. However, it should be noted that other 
use-case scenarios warrant consideration [18], for example, optimising layouts, 
 conducting excavations, establishing precise positioning, performing inspec-
tions, coordinating tasks, supervising activities, and providing comments. For this 
research, the focus has been directed towards the construction phase, specifically 
monitoring construction progress. This use-case investigation aims to explore the 
potential implementation of AR technology within a selected mobile application for 
infrastructure projects characterised by extensive distances.

One of the most significant Slovenian infrastructure projects was used for this 
research. The complete project (managed by 2TDK d.o.o [19], Kolektor Koling d.o.o. 
[20] as one of the construction companies involved) includes the construction of 

Figure 4. 
OpenBIM AR system architecture – (left) using general purpose AR viewers, (right) integrated solution, CDE 
with AR capabilities.
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more than 27 km of a railway line with eight tunnels (over 20 km in length), two 
viaducts (424 m and 630 m in length). The same project and construction site were 
also used by De Hugo Silva et al. [15] to assess the potential of the AR system in the 
design phase (Figure 7).

Figure 5. 
Design phase – (left) visualising a future railway track and (right) a tunnel portal.

Figure 6. 
Operation phase – (left) building maintenance accessing CDE and (right) AR visualisation using a smart device.

Figure 7. 
One of the largest construction sites of the project.
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One of the critical steps in setting up AR visualisation on-site includes position-
ing and scaling the model according to the natural environment (Figure 8). Specific 
requirements must be met to determine the exact geo-position regarding the BIM 
model [21]. Unfortunately, this requirement is not always met, representing a signifi-
cant problem on long construction sites (roads, railways, tunnels).

In order to evaluate the use case, a tablet computer with Dalux mobile applica-
tion was used at two separate locations, which were a few kilometres apart. The two 

Figure 9. 
Construction phase – (left) construction site view of retaining wall and railway line, (right) AR view of the 
planned construction.

Figure 8. 
The critical step in setting up AR visualisation – positioning and scaling the BIM model.
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locations were georeferenced in the tablet’s 2D model, and the relevant information 
from the 3D model was successfully connected, enabling the visualisation of interac-
tive BIM models directly at the location (Figure 9) [22, 23] through the implementa-
tion of AR technology. The accompanying images showcase the capability to assess 
railway installations and track the progress of retaining wall construction according 
to the planned schedule. Furthermore, AR visualisation proved valuable in compre-
hending the construction site’s overall scale and intricate nature.

Key insights from the analysis include: (1) accurate georeferencing of all BIM 
models is crucial for their effective utilisation within AR systems, (2) bright environ-
ments present challenges when using tablets/phones for AR applications, (3) field 
orientation and precise positioning and scaling of BIM models can be challenging, (4) 
AR can provide a valuable tool for gaining an insight of the construction site, and (5) 
integrated Dalux solution enables the use of AR in practice.

5. Conclusions

The primary focus of this chapter centres on use-case scenarios highlighted by 
researchers and practitioners in the AEC industry. With the widespread adoption of 
BIM methodology as the standard [24] for managing construction projects, coupled 
with the general digitisation of processes and workflows in the AEC industry, there is 
an opportunity to leverage advanced information and communication technologies, 
including augmented reality, to enhance AEC workflows characterised by unique 
products, processes, and teams. It is important to note that the intention is not to 
assert the superiority or exclusivity of AR over other technologies but rather to high-
light its complementary role in managing the lifecycle of a building. An area where 
AR demonstrates significant potential is in education, as it can generate interest in 
engineering studies among younger generations. AR facilitates effective communica-
tion and decision-making among project stakeholders by enabling instant visualisa-
tion. As noted by Wang et al. [25], AR technology inherently facilitates the interaction 
between real-world and virtual information sources. Within BIM technology, AR 
allows designers to situate virtual blueprints in a natural environment, provides own-
ers with immersive and interactive experiences, and enables vendors to communicate 
with different stakeholders effectively.

Table 1 presents the SWOT analysis for integrating augmented reality into BIM 
workflows, taking into account the AEC specifics discussed earlier, as well as the use 
cases and key insights from the practical implementation of the technology across 
various construction sites.

Based on the SWOT analysis, it can be inferred that augmented reality in the 
AEC sector offers notable strengths in enhanced visualisation, improved collabora-
tion, and on-site support. However, several challenges, such as technical limitations, 
data interoperability, cost implications, and user acceptance, must be addressed 
effectively. By leveraging the opportunities presented by augmented reality, such as 
improved design validation, enhanced client engagement, and streamlined mainte-
nance processes, successful integration within the AEC sector can lead to increased 
productivity, better project outcomes, and improved operational efficiency.

The AEC industry is currently grappling with a significant scarcity of quali-
fied engineers, which poses obstacles to project delivery and industry growth. 
The demand for engineering expertise often surpasses the available pool of skilled 
professionals, resulting in increased workloads, extended project timelines, and 
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compromised quality. Augmented reality technology has the potential to alleviate this 
challenge by enhancing the capabilities of existing engineers and empowering less 
experienced individuals to acquire new skills and knowledge.

Future research endeavours should primarily focus on three key areas. Firstly, 
there is a need for a better understanding of information transfer processes to deter-
mine which tasks could derive the most benefit from AR technology. Additionally, 
improvements in software solutions are essential to facilitate seamless integration and 
maximise the potential of augmented reality in the AEC industry. Lastly, there is a 
requirement to gain a deeper understanding of the information requirements in BIM 
models. Exploring alternative information flows would be an intriguing avenue for 
further investigation.
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Strengths Weaknesses

• Enhanced visualisation

• Gain a comprehensive visual 
representation

• Adjust the object’s scale within the 
application

• On-site support and guidance

• Improved collaboration and 
communication

• Challenges in accurately placing objects within the 
natural environment

• Limitations of mobile devices impacting the quality 
of results

• Issues related to transferring large amounts of data

• Lack of integration with BIM modellers

Opportunities Threats

• Facilitated knowledge acquisition and 
transfer

• Enhanced validation of designs

• Advancements in BIM modelling

• Different specialised applications

• Real-time remote interaction

• Utilisation in maintenance and facility 
management

• Considerations regarding cost and accessibility

• Unavailability of a 3D BIM model

• Absence of necessary information

• Presence of incorrect information

• Factors influencing user acceptance and adoption

• Concerns related to privacy and security

Table 1. 
SWOT analysis of augmented reality in BIM.
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Chapter 7

Urban Augmented Reality for 3D 
Geosimulation and Prospective 
Analysis
Igor Agbossou

Abstract

The advent of augmented reality (AR) has introduced a new era of real-time 
geosimulation and analysis, particularly in urban planning, spatial design, and 
architecture. In this chapter, we propose a framework for using urban augmented 
reality model (UARM) to implement 3D geosimulation and prospective analysis of 
urban built environments. Our framework leverages advanced technologies, such 
as computer vision, 3D modeling, and machine learning, to provide a realistic and 
interactive representation of urban built environments. Using UARM, stakeholders 
can visualize and analyze the impact of proposed changes to the built environment in 
real-time. This paper presents the technical specifications and implementation details 
of our proposed framework and provides case studies demonstrating its effectiveness 
in urban planning and design. This paper will serve as a guideline for future research 
in implementation tools for virtual geographic environments (VGE).

Keywords: urban augmented reality, 3D geosimulation, prospective analysis, planning, 
spatial design

1. Introduction

The field of urban planning, spatial design, and architecture has long relied on 
various methods and tools to assess the impact of proposed changes in the built envi-
ronment [1, 2]. However, these traditional approaches often lack interactivity [3, 4] 
and fail to provide stakeholders with an immersive and realistic understanding of 
the potential future developments [5, 6]. With the advent of augmented reality (AR) 
technology, there is a significant opportunity to revolutionize the way we perceive 
and analyze urban environments [6, 7]. Augmented reality enhances our perception 
of the physical world by overlaying digital information onto it, thereby providing a 
seamless integration of virtual and real-world elements. This technology has already 
made remarkable strides in entertainment and gaming [8–11], but its potential for 
practical applications in urban planning and land use is yet to be fully explored [6, 7, 
9, 11]. In this paper, we propose a framework that leverages urban augmented reality 
models (UARM) [12] to implement 3D geosimulation and prospective analysis in the 
context of urban built environments.
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The main objective of this framework is to enable stakeholders, including 
researcher, planners, designers, and decision-makers, to visualize and analyze 
proposed changes to the built environment in real-time. By combining advanced 
technologies such as computer vision [13], 3D modeling [9], and machine learning 
[14, 15], the UARM framework provides a realistic and interactive representation of 
urban spaces. This allows stakeholders to gain a comprehensive understanding of the 
potential impacts of their decisions and interventions. One of the key components of 
the framework is computer vision, which enables the accurate detection and track-
ing of physical elements in the urban environment. By analyzing live video feeds or 
stereoscopic images, computer vision algorithms align virtual objects with the real-
world context. This ensures a seamless integration of digital information within the 
physical space, creating an immersive experience for stakeholders. Another important 
aspect of the UARM framework is the use of high-fidelity 3D models of urban envi-
ronments. These models capture both the geometric and semantic information of 
the built environment, providing a realistic representation of buildings, roads, and 
other urban elements. Techniques such as laser scanning, photogrammetry, and CAD 
modeling are employed to generate these 3D models using universal scene description 
(USD) schema and specifications […].

The main objective of the project was to develop a VGE [16] framework using the 
augmented reality application development kit (ARKit) [17, 18] for 3D geosimulation 
and prospective analysis. The research aimed to answer the following questions: 1) 
How does augmented reality enhance the accuracy and realism of 3D geosimulation 
in urban areas? 2) What are the effective methods to integrate real-time data into 
augmented reality for prospective analysis in urban planning and design? 3) How 
can augmented reality facilitate stakeholder engagement and participatory design in 
urban planning and design processes? 4)What are the challenges and opportunities of 
integrating augmented reality with simulation models in the urban environment?

Addressing these questions will contribute to the advancement of augmented real-
ity in 3D geosimulation and prospective analysis of urban areas, leading to improved 
decision-making, increased stakeholder engagement, and sustainable practices in 
urban planning and design. After exploring the foundations of augmented reality for 
urban simulation, including key concepts, enabling technologies, and the limitations 
of traditional approaches in Section 2, we will clarify and discuss the settings of the 
experimental application of UARM, focusing on the urban built environment geo-
simulation area and the use of sensors for data acquisition in Section 3. We present in 
Section 4, scenario-based prospective analysis results, highlighting the advancements 
in urban planning through green spaces and urban ecology, as well as urban sustain-
ability through energy-efficient interventions. Section 6 concludes this chapter and 
future work.

2. Foundations of augmented reality for urban simulation

In recent years, geosimulation based on VGE framework has emerged as a  valuable 
approach in urban planning and design, enabling the simulation and analysis of 
complex urban systems [19–21]. Geosimulation combines geospatial data, computer 
modeling, and simulation techniques to replicate and study the dynamics of urban 
environments. It provides a powerful tool for understanding the complex interactions 
between various elements of the urban environment, including buildings, transporta-
tion systems, and human activities. One of the key applications of geosimulation 



135

Urban Augmented Reality for 3D Geosimulation and Prospective Analysis
DOI: http://dx.doi.org/10.5772/intechopen.1002352

in urban planning is scenario modeling. By simulating different scenarios, planners 
and designers can explore the potential impacts of various interventions and policies 
on the urban landscape. It allows stakeholders to assess factors such as population 
dynamics, land use changes, transportation patterns, and environmental impacts, 
providing valuable insights for decision-making. With the advancement of remote 
sensing technologies and data collection techniques, geospatial data has become 
more accessible and comprehensive. This wealth of data allows for the creation of 
realistic 3D models, which serve as the basis for UARM in urban augmented reality 
applications. The integration of geosimulation and augmented reality offers a unique 
opportunity to bridge the gap between virtual simulations and the physical world. 
By overlaying digital information onto the real-world context, augmented reality 
enhances the understanding and perception of urban simulations. Indeed, AR has 
emerged as a powerful technology that enhances our perception and interaction with 
the physical world by overlaying digital information onto real-world environments. In 
the context of urban simulation, AR offers unique opportunities to visualize, analyze, 
and interact with urban environments in real-time.

2.1 Definition and key concepts

AR refers to a technology that overlays digital information, such as images, videos, 
or 3D models, onto the real-world environment, enhancing the user’s perception and 
interaction with their surroundings. Unlike virtual reality, which immerses users 
in a completely virtual environment, augmented reality supplements the physical 
world with digital content, creating a blended experience. AR applications typically 
rely on devices such as smartphones, tablets, smart glasses, or headsets to deliver 
the augmented experience to users. These devices incorporate cameras, sensors, 
and displays to capture and augment the real-world environment in real-time. Two 
fundamental concepts in augmented reality are registration and tracking. Registration 
involves aligning virtual objects with the real-world context, ensuring they appear in 
the correct position and orientation. Tracking involves continuously monitoring the 
user’s viewpoint and the physical environment to maintain the spatial consistency of 
the augmented content.

2.2 Technologies enabling urban augmented reality

Several technologies contribute to the development and implementation of aug-
mented reality systems. Understanding these technologies is crucial for designing 
effective urban augmented reality solutions. Computer vision […] plays a vital role 
in AR by enabling the recognition and understanding of the physical environment. 
It involves the analysis of visual data [6, 13, 22], such as images or video streams, to 
detect and track objects, estimate their pose, and extract relevant features [22–24]. 
Computer vision algorithms facilitate the registration of virtual objects in the real 
world, allowing for seamless integration and interaction. Accurate and detailed 3D 
models of the urban environment are essential for realistic and contextually relevant 
augmentations. Techniques such as laser scanning [12], photogrammetry [12], and 
CAD modeling enable the creation of high-fidelity 3D models [1, 25]. These models 
capture the geometric and semantic information of buildings, streets, and other urban 
elements, forming the foundation for precise and visually consistent augmentations 
[18, 22, 26]. Machine learning techniques [14, 15, 22, 24] play a crucial role in augment-
ing reality. They enable object recognition [12, 24], semantic understanding, and 
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real-time tracking. Machine learning algorithms can be trained to recognize and clas-
sify urban objects, allowing for intelligent augmentations and predictive analysis [27]. 
Furthermore, AI-based algorithms can adapt and improve over time, enhancing the 
accuracy and effectiveness of augmented reality systems. The integration of augmented 
reality with urban and spatial computing offers new possibilities for analyzing and 
simulating the built environment. Urban and spatial computing focuses on the interac-
tions between humans, their physical environment, and digital information systems. 
By combining augmented reality with urban and spatial computing, stakeholders in 
urban planning and design can visualize and analyze proposed changes to the built 
environment in real-time. The foundations of augmented reality and its integration 
with urban and spatial computing offer immense potential for enhancing the field 
of urban planning, spatial design, and architecture. Figure 1 illustrates the different 
components of the process underlying the UARM for prospective analysis.

Figure 1. 
Urban augmented reality modeling process components.
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2.3 Urban prospective analysis and traditional approaches limitations

Urban prospective analysis plays a crucial role in understanding the potential 
impacts of urban planning and design interventions on the future development of 
cities. By assessing different scenarios and evaluating their implications, decision-
makers can make informed choices to shape sustainable and resilient urban environ-
ments. However, traditionalpproaches to prospective analysis in urban planning and 
design have several limitations that can be overcome by leveraging augmented reality 
and 3D geosimulation. In Table 1, we expose the limitations of traditional approaches 
and discuss how augmented reality can address these challenges.

3. Experimental application of UARM for prospective analysis

Simulating large-scale urban built environment processes using physically-based 
rendering in 3D poses significant challenges for modern computing techniques in urban 
studies and regional planning [28–31]. Urban systems inherently exhibit complexity 
[3, 19–21, 32], and simulation serves as a tool to comprehend the causes and impacts of 
events within these systems. Additionally, simulation enables the prediction of future 
states resulting from specific actions. The level of detail [29, 31, 33, 34] achieved in 
simulating real system behavior depends on the chosen model. More detailed models 
with extensive data can provide a more accurate reflection of reality, but their complex-
ity directly affects computational time required for model changes.

3.1 Urban built environment geosimulation area

In this experimental study, our URAM framework was applied to a section of a 
newly constructed housing estate in Belfort, France (Figure 2). The development 
project comprises 25 plots ranging from 600 to 900 m2 for individual houses. It’s 
called “Jardins du MONT,” and depicts a contemporary with high-quality architec-
tural design, conveniently located within a 10-minute travel distance from the city 
center of Belfort via car, bus, or bike. It is also situated within a short walking distance 
from the bustling “Techn’Hom” business park, which houses major companies such 
as GE and Alstom. The area offers a serene and green urban environment, providing 
exceptional views of Belfort and its fortifications.

The research work undertaken in this study focuses on 3D spatial analysis, the 
temporal evolution of new housing estates, and the implementation of smart city 
concepts using scientific tools in artificial intelligence. Considering the ongoing 
development of this specific urban area, it was deemed appropriate to apply the 
URAM to conduct a prospective analysis of the urban built environment.

3.2 Sensor for data acquisition

In the context of data acquisition for urban augmented reality modeling, the 
choice of sensor plays a crucial role in capturing accurate and high-quality data. 
With the advancement of technology, a wide range of sensors are available for col-
lecting geospatial data in urban environments. These sensors enable researchers to 
capture various types of data, including spatial coordinates, 3D point clouds, images, 
and depth information. One of the widely used sensors for data acquisition is the 
Light Detection and Ranging (LiDAR) scanner. LiDAR scanners emit laser pulses 
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Traditional approaches limitations Role of AR in addressing limitations

Lack of Visual 
Realism

Traditional prospective 
analysis methods 
often rely on 2D maps, 
diagrams, or static 
renderings to visualize 
future scenarios. 
This limited visual 
representation can 
make it challenging 
for stakeholders to 
fully comprehend and 
evaluate the proposed 
interventions. It may lead 
to misunderstandings 
or overlooking critical 
aspects of the design, 
hindering effective 
decision-making.

Enhanced Visual 
Realism

AR can overcome the lack of 
visual realism in traditional 
prospective analysis methods. 
By overlaying virtual 
content onto the physical 
environment, augmented 
reality provides a more 
immersive and realistic 
representation of future 
scenarios. Stakeholders 
can visualize proposed 
interventions as if they 
already exist in the real world, 
enabling them to better 
understand and evaluate the 
potential outcomes.

Difficulty in Spatial 
Contextualization

Traditional prospective 
analysis methods often 
struggle to provide a 
comprehensive spatial 
contextualization of 
proposed interventions. 
2D representations fail 
to capture the three-
dimensional nature of 
urban environments, 
making it challenging 
to assess the impact 
of interventions 
on the existing 
built environment, 
transportation networks, 
and open spaces. This 
limitation restricts the 
ability to evaluate design 
alternatives in their proper 
spatial context.

Spatial 
Contextualization

Coupled with 3D 
geosimulation, AR enables 
the integration of proposed 
interventions into the 
existing urban fabric. 
Stakeholders can experience 
the design in its proper spatial 
context, observing how it 
interacts with surrounding 
buildings, infrastructure, and 
natural elements. This spatial 
contextualization facilitates 
a more comprehensive 
understanding of the 
design’s impact on the urban 
environment.

Limited Stakeholder 
Engagement

Traditional approaches 
to prospective analysis 
often lack effective 
stakeholder engagement. 
Decision-makers and 
stakeholders are typically 
presented with finalized 
designs or scenarios, 
leaving little room for 
meaningful participation 
and input. This limited 
engagement can lead 
to a lack of ownership, 
decreased satisfaction, 
and potential conflicts 
among stakeholders.

Improved 
Stakeholder 
Engagement

AR facilitates enhanced 
stakeholder engagement 
in prospective analysis. By 
providing an interactive 
platform, augmented reality 
allows stakeholders to actively 
participate in the design 
process. They can explore and 
manipulate virtual objects, 
test different scenarios, 
and provide real-time 
feedback. This participatory 
approach fosters 
collaboration, empowers 
stakeholders, and promotes 
a sense of ownership in 
decision-making.
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and measure the time it takes for the laser to return after hitting objects in the envi-
ronment. This data is then used to generate precise 3D point clouds, which are essen-
tial for creating detailed urban models. Another commonly employed sensor is the 
Global Navigation Satellite System (GNSS) receiver, which uses satellite signals to 
determine accurate spatial coordinates. GNSS receivers provide location information 
with high precision and are often used in conjunction with other sensors to enhance 
data acquisition accuracy. Mobile sensors such as smartphones and tablets have also 
gained popularity in recent years [35, 36]. These devices are equipped with advanced 
cameras and sensors, including RGB cameras and depth sensors. The cameras cap-
ture high-resolution images, while the depth sensors provide distance measurements 
from the sensor to objects in the scene. The combination of these sensors enables 
researchers to capture both visual and depth data for urban modeling. Furthermore, 
aerial platforms such as drones and aircraft equipped with sensors are utilized for 

Traditional approaches limitations Role of AR in addressing limitations

Time-Intensive 
Iterative Process

Traditional prospective 
analysis methods tend 
to have a lengthy and 
resource-intensive 
iterative process. As 
stakeholders provide 
feedback and propose 
modifications, multiple 
iterations of analysis and 
redesign are required, 
leading to extended 
project timelines 
and increased costs. 
This inefficiency can 
impede the agility and 
responsiveness needed in 
dynamic urban planning 
processes.

Streamlined 
Iterative Process

AR can streamline the 
iterative process of 
prospective analysis. 
Stakeholders can make design 
modifications and instantly 
visualize their impact, 
reducing the time and 
effort required for multiple 
iterations. Augmented 
reality also supports rapid 
prototyping and scenario 
testing, enabling decision-
makers to evaluate design 
alternatives efficiently and 
make timely adjustments.

Table 1. 
Traditional approaches limitations and the role of AR in addressing them.

Figure 2. 
Experimental study area “Jardins du MONT”, Belfort (France).
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data acquisition in larger-scale urban areas. These platforms enable the collection of 
geospatial data from a bird’s-eye view, providing a broader perspective of the urban 
environment. Sensors such as LiDAR scanners and RGB cameras mounted on drones 
or aircraft allow for efficient data capture over large areas. The choice of sensor 
depends on various factors, including the specific data requirements, the scale of 
the study area, budget constraints, and logistical considerations. Researchers must 
carefully evaluate the capabilities and limitations of different sensors to ensure the 
acquisition of accurate and comprehensive data for urban augmented reality model-
ing. For our specific data acquisition needs, we selected the iPhone 13 Pro Max as our 
sensor of choice. This smartphone model offers a range of advanced features that 
contribute to the quality of the captured images. The sensors integrated into modern 
smartphones provide capabilities that meet the requirements for data acquisition in 
photogrammetry, making them suitable for capturing high-quality images for 3D 
modeling [37]. These features include wide color capture for photos and live photos, 
lens correction to ensure accurate representations, retina flash for enhanced light-
ing conditions, auto image stabilization for reducing blurriness, and burst mode for 
capturing multiple frames in quick succession. The combination of these features 
makes the iPhone 13 Pro Max well-suited for our research purposes. Figure 3 visu-
ally depicts the iPhone 13 Pro Max as the primary sensor utilized in our experimental 
study, highlighting its role in capturing the necessary data for our urban augmented 
reality modeling efforts.

3.3 Enhanced data collection for UARM approach

When capturing images for augmented reality, a specific region of the image 
sensor is utilized, specifically an area of 3840x2880 pixels on the iPhone 13 Pro. To 
optimize image processing and memory usage, a technique called binning is applied 
[38, 39]. Binning involves averaging the pixel values within a 2x2 pixel region and 
replacing them with a single pixel. This approach offers two significant benefits. 
Firstly, it reduces the image dimensions by a factor of two, resulting in downscaled 
images of 1920x1440 pixels. This reduction in size allows for efficient memory 
consumption and processing power, enabling the camera to operate at up to 60 frames 
per second while freeing up resources for rendering. Secondly, binning mitigates the 

Figure 3. 
iPhone 13 Pro Max used as sensor for data acquisition.
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impact of sensor noise, making it advantageous in low-light environments. To project 
the captured images from the 2D image plane into the 3D world, geometric distortion 
caused by lens imperfections must be corrected. Lens distortion is modeled using a 
one-dimensional lookup table, consisting of evenly distributed 32-bit float values 
along a radius from the distortion center to a corner. Each value represents a magnifi-
cation factor applied to the radius, assuming symmetrical lens distortion [40].

To generate detailed 3D models from real-world photographs using computer 
vision technology, photos of the urban built environment are taken from various 
angles using an iPhone. Multiple images are captured, ensuring sufficient overlap 
for accurate landmark matching and successful 3D reconstruction. Sequential 
images are positioned to have a 70% overlap or more (0.7 ≤ overlap ≤0.9) to ensure 
robust reconstruction [33, 41] as shown in Figure 4. Insufficient overlap can lead 
to reconstruction failures or low-quality augmented reality models. Maintaining a 
narrow aperture setting to achieve crisp focus is recommended [42, 43]. The spatial 
precision between image pairs and the density of chromatic textures significantly 
contribute to the quality of the collected images for 3D reconstruction of urban 
environments. Key factors that ensure high-quality input data [33, 41–44] are sum-
marized in Table 2.

For this experimental study, a photographic database consisting of 800 photos 
captured in compliance with the overlap constraints was created to feed the model. 
The database comprises 799 calibrated image pairs, which are sorted based on 
the constraints of stereovision image matching. Figure 5 illustrates a sample of the 
captured data, indicating the reading direction of the photos from start to end. The 
number of pictures required for an accurate 3D representation varies depending on 
the quality of the image pairs, the complexity and size of the built environment. It 
is crucial to adhere to the recommended overlap and aperture settings to ensure the 
generation of high-quality augmented reality models [33, 41–43]. All the urban built 

Figure 4. 
Ideal overlap to respect when capturing urban built environment.
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environment visual features were rendered using USD standard and specifications 
[6]. The steps and workflow needed to create USD files describing urban 3D visual 
features are summarized in Table 3.

4. Scenario based prospective analysis results

One of the core functionalities of the UARM is the ability to perform 3D geo-
simulation and prospective analysis. The framework incorporates computational 
models and simulation algorithms to simulate the behavior and dynamics of urban 
systems (Figure 6). These models can include factors such as population growth, 
transportation flows, land use patterns, and environmental factors. By running 
simulations based on different design scenarios, the UARM enables decision-makers 
to evaluate the potential impacts of proposed interventions and make informed 
decisions. Analytics capabilities are also integrated into the UARM, allowing for 
quantitative and qualitative analysis of the simulation results such as, transportation 
Infrastructure Expansion, high-density mixed-use development, green spaces and 
urban ecology, energy efficiency measures. In this chapter we focus on the augmented 
reality simulation results related to green spaces and urban ecology and energy 
efficiency.

4.1 Advancing urban planning through green spaces and urban ecology

In contemporary urban planning and design, the integration of green spaces and 
the promotion of urban ecology are paramount considerations […]. This prospec-
tive scenario explores the potential benefits and implications of incorporating green 
spaces within the urban environment, aiming to evaluate their impact on various 
aspects of urban ecology. To achieve this, we employ the UARM approach to create a 
virtual representation of the urban area of interest. By integrating accurate 3D models 
of existing structures with virtual green spaces, we can visualize and assess their 
potential contributions to urban ecology. The envisioned green spaces encompass a 
range of elements, including parks, community gardens, urban forests, green roofs, 
and vertical gardens. Through the visualization and assessment provided by UARM, 
we can analyze the impact of these green spaces on multiple dimensions of urban 
ecology. For instance, by considering vegetation types, tree canopies, and pollutant 
dispersion models, we can estimate the potential reduction in air pollution levels. 
This information facilitates an understanding of how green spaces can contribute 
to mitigating air pollution and creating healthier urban environments for residents. 
Furthermore, by incorporating virtual flora and fauna, stakeholders can observe 
the potential habitats created by the green spaces and evaluate their suitability for 

Factor Description Fuzzy threshold value

Range or depth Distance between camera and scene Low

Sensor quality The resolution of de sensor High

Overlap Superposition rate between two consecutive photographs 0.7 ≤ overlap ≤0.9

Image texture Texture and texture variance High

Table 2. 
Key factors affecting photogrammetric input images quality for URAM.
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supporting diverse species. This scenario provides insights into the potential increase 
in biodiversity and ecological connectivity within the urban context. Through simula-
tions that simulate the introduction of green roofs, vertical gardens, and shaded 

Figure 5. 
Dataset sample for URAM with the USD schema files.
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areas, stakeholders can observe the potential reduction in surface temperatures and 
intensity of the urban heat island effect. Such analyses aid in identifying strategies to 
mitigate heat-related issues and enhance the thermal comfort of urban residents.

The Green Spaces and Urban Ecology scenario, enabled by UARM, serves as a 
valuable tool for urban planners and designers. It allows them to visualize and assess 

Step and workflow Description

Photogrammetry 
Processing

To process the set of 800 overlapped photographs and generate a 3D point cloud or 
mesh representing the urban environment, we used Apple ARKit in conjunction with 
Reality composer Swift programming language.

Geometry 
Conversion

Convert the 3D point cloud and mesh into a suitable format compatible with USD, 
such as .usdz and .usda.

USD Scene Assembly Creation of new USD files (.usda) using a text Apple Reality converter and define the 
initial stage and layer structure of the scene and import the geometry as a reference or 
as a direct asset.

Visual Feature 
Modeling

Within the USD file, one defines the visual features of the urban environment using 
USD’s schema and attribute system. This includes specifying materials, textures, 
shading parameters, and any other visual properties.

Hierarchy and 
Organization

Arrange the visual features in a hierarchical structure that reflects the urban 
environment’s spatial relationships. This involve grouping buildings, roads, 
vegetation, and other elements into separate layers or sublayers.

Metadata Annotation Enhance the USD files with metadata annotations to capture additional information 
about the urban features. This includes attributes like building heights, material 
properties, semantic labels, or any other relevant data.

Table 3. 
Steps and workflow needed to create USD files describing urban 3D scene.

Figure 6. 
Scenario based prospective analysis components.



145

Urban Augmented Reality for 3D Geosimulation and Prospective Analysis
DOI: http://dx.doi.org/10.5772/intechopen.1002352

the potential benefits of incorporating green spaces within the urban environment, 
promoting evidence-based decision-making, and fostering stakeholder engage-
ment. By leveraging this approach, we can facilitate the creation of sustainable and 
livable cities, where the integration of green spaces enhances the overall quality of 
urban life.

4.2 Advancing urban sustainability through energy-efficient interventions

The implementation of energy-efficient measures within the urban environment 
has the potential to create a significant impact [1, 4, 9]. This scenario aims to assess 
the reduction in energy consumption, environmental impact, and economic viability 
associated with these interventions. By leveraging the capabilities UARM, we visual-
ize the virtual representation of the urban area and explore the potential changes 
resulting from energy efficiency measures.

Through virtual overlays, we illustrate retrofitted buildings, solar panels, wind 
turbines, and electric vehicle charging stations, among other elements. The aug-
mented reality environment allows stakeholders to interact with these virtual ele-
ments and evaluate their impact on energy usage, carbon emissions, and cost savings. 
By integrating real-time energy data and building energy models, we can observe the 
potential reduction in energy consumption resulting from different interventions. 
This analysis aids in identifying areas with high energy demand and evaluating the 
effectiveness of proposed energy-saving strategies.

Furthermore, by incorporating cost data, energy pricing models, and return on 
investment calculations, we assess the financial implications of implementing various 
interventions. This analysis enables the prioritization of energy-saving measures that 
provide the greatest economic benefits and cost-effectiveness for urban development 
projects. By visualizing energy-saving measures in the augmented reality environ-
ment, stakeholders gain a better understanding of the associated benefits and actively 
participate in the decision-making process.

The augmented experience offered by UARM facilitates meaningful discussions, 
raises awareness, and promotes the adoption of sustainable behaviors among resi-
dents, businesses, and communities. By visualizing the potential outcomes of energy-
efficient interventions, stakeholders are empowered to make informed choices and 
actively contribute to urban sustainability.

5. Conclusion and future directions

In this chapter, we have presented the application of Urban Augmented Reality 
Model (UARM) for 3D geosimulation and prospective analysis in urban planning and 
design. We have explored the foundations of augmented reality for urban simula-
tion, discussed the technologies enabling UARM, and highlighted the limitations of 
traditional approaches in urban prospective analysis. Furthermore, we have presented 
the experimental application of UARM, focusing on the urban built environment geo-
simulation area, sensor utilization for data acquisition, and enhanced data  collection 
for UARM approach.

The scenario-based prospective analysis results have demonstrated the effective-
ness of UARM in advancing urban planning through the integration of green spaces 
and urban ecology, as well as promoting urban sustainability through energy-efficient 
interventions. These findings provide valuable insights for decision-makers and urban 
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designers in understanding the potential impacts of proposed changes in the built 
environment and making informed choices for sustainable urban development.

There are several avenues for future research and development in the field of 
urban augmented reality and geosimulation. Firstly, further advancements in sensor 
technologies and data collection techniques can enhance the accuracy and realism 
of UARM models. This can include the integration of more comprehensive environ-
mental data, real-time monitoring systems, and advanced sensing technologies for 
capturing finer details of the urban environment. Additionally, the incorporated 
machine learning and artificial intelligence algorithms can enhance the predictive 
capabilities of UARM, allowing for more accurate and reliable analysis of prospective 
scenarios. This can enable stakeholders to anticipate the long-term impacts of urban 
interventions, optimize resource allocation, and facilitate data-driven decision-mak-
ing. Moreover, exploring the scalability of UARM to larger urban areas and complex 
urban systems is an important direction for future research. This includes addressing 
computational challenges, developing efficient algorithms for handling large-scale 
geospatial data, and exploring distributed computing approaches for real-time 
geosimulation and analysis.

Our future research and development efforts focus on further refining the UARM 
framework for addressing scalability challenges and enhance its capabilities in 
 supporting advanced urban visual analytics [45–47].

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Smart pumping systems of tomorrow will feature pumps and drives that respond to 
real-time changes downstream to keep operations at high efficiency and meet growing 
performance demand. A key component of a smart pumping system is its digital twin, 
an exact 3D digital copy of the facility. A digital twin enhanced with Augmented Reality 
(AR) encompasses as-built facility data captured with 3D scanning devices, as well as 
precise measurement data collected on the actual rigs with high precision instruments. 
An interactive model based on augmented reality allows the autonomous and efficient 
use of pumping systems. It provides clear instructions for the step-by-step management 
of the system. In addition, it shows relevant information with the exploded views of the 
components for a better understanding of the operation of the equipment. This research 
is about the interconnection of the digital twin of pumping systems with the real-world 
using automation and augmented reality systems. In this project, a local area network 
is configured to exert control and monitoring on an industrial PLC. This PLC controls 
a test bench with two centrifugal pumps by means of a web page. An augmented reality 
application is also developed in Unity 3D with the Vuphoria SDK integration.

Keywords: augmented reality, Unity, digital twin, pumping systems, automation, 
software development

1. Introduction

Augmented reality (AR) is a technology that has attracted the attention of both 
researchers and industry professionals. With its ability to combine virtual elements 
with the real world, AR has opened lots of possibilities across various sectors, trans-
forming the way we interact with information, objects, spaces, and people. Some of 
the applications of augmented reality in different fields are:

In the field of education, AR has brought new methods to conventional learning. 
Students now can visualize complex concepts, historical events, or scientific processes 
through virtual overlays. By augmenting their physical surroundings, AR creates an 
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immersive and engaging learning experience. Moreover, AR facilitates remote col-
laboration, allowing students and teachers to interact in real-time, regardless of their 
physical location [1].

From medical training to patient care and surgery, augmented reality has revo-
lutionized medical services in several aspects. Surgeons can now access vital patient 
information and visualize medical imaging data, which can be overlaid onto the 
patient’s body during surgical procedures [2]. This not only enhances precision 
but also reduces risks. Medical students also benefit from AR, as they can practice 
complex surgeries in a virtual environment, gaining invaluable practical experience 
before operating on real patients. AR-based applications have also found their way 
into rehabilitation, providing patients with interactive exercises and visual feedback 
to aid in their recovery.

In the commercial sector, AR has been used to enable the end user to visualize 
products before purchasing them. Virtual try-on applications, for example, allow 
shoppers to see how clothing, accessories, or even furniture would look on them or in 
their homes [3, 4].

Retailers and politicians have also begun to leverage AR for interactive marketing 
campaigns, engaging customers with immersive brand experiences [5].

Additionally, AR has found utility in navigation systems, providing indoor way-
finding assistance in malls, airports, and other large venues [6].

AR has also been used in the entertainment and video game industry by blending 
virtual elements with the real world, AR has created a new dimension for interactive 
experiences. Mobile AR games like Pokémon Go have captured the attention of mil-
lions, by interacting with virtual characters. Live events and performances have also 
embraced AR, offering audiences unique and captivating experiences that blur the 
boundaries between physical and virtual elements.

The manufacturing industry has not been left behind with advances in aug-
mented reality either. This has been achieved by optimizing production processes, 
training workers, and improving maintenance procedures; augmented reality has 
significantly increased efficiency and productivity. AR enables a work instruction 
guide, reducing errors and accelerating operations. Technicians, equipped with 
AR devices, can access real-time data and digital manuals overlaid onto machinery, 
facilitating repairs, and minimizing downtime. Digital twins, virtual replicas of 
physical assets, when combined with AR, enable operators to monitor and control 
equipment like in Figure 1, predict maintenance needs, and optimize overall per-
formance. In general, AR enables having a better understanding of the process or 
machine or how it is really working.

The connection between cyber-physical systems, digital twins, and augmented 
reality has unlocked great potential in many industries. By the integration of AR with 
the Internet of Things (IoT) devices and sensors, real-time data can be overlaid onto 
physical objects, improving process monitoring, control, and decision-making.

According to the National Science Foundation, NSF, cyber-physical systems are 
devices capable of integrating computational algorithms and physical components, 
which allow to be equipped with storage and communication in order to control and 
interact with each other, surpassing the current integrated systems in terms of capac-
ity, adaptability, scalability, resilience, security, and usability. This implies related 
technical challenges such as the development of control systems with self-learning 
capabilities and software development that serve as an interface between the physical 
and virtual system, also supported by the development of new technologies or new 
concepts such as the Internet of Things (IoT) [8].
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Cyber-physical systems and AR have the ability to relate to physical objects from a 
virtual environment in order to monitor and/or control. They use available informa-
tion in the collection of data for the virtual world, being able to integrate in some 
cases automatic learning techniques and decision making.

The design and implementation of cyber-physical systems occupy an important 
part in the transition toward the fourth industrial revolution (Industry 4.0), which 
includes the digitalization, networks, and intelligence of the manufacturing industry 
[9]. Figure 2 shows a general outline of the current framework of cyber-physical 
systems, focused on the integration, interconnection, and interaction of multiple lay-
ers or levels from a physical layer composed of all hardware elements such as sensors, 
machines, and robots to the most abstract layer to perform monitoring, control, and 

Figure 1. 
Digital overlay onto real machinery [7].

Figure 2. 
Framework of cyber-physical systems [10].
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self-reconfiguration functions, in order to cover the entire value chain in the industry 
of the future [10].

The advantages of cyber-physical systems and AR applications can be exploited in 
multiple applications such as manufacturing, energy, health, transport, smart cities, 
and so on. Below are examples of a new generation of development and solutions:

• Control of a machine tool or wind turbine to optimize its performance.

• Monitoring the status of the machine or system and optimizing its operation and 
maintenance strategy.

• Vehicles that communicate with others and with the road—infrastructure to 
determine the appropriate speed or routes while real time and augmented reality 
information is being displayed on the traffic windshield.

A digital twin is the digital replica or virtual representation of a machine in the 
physical world that simulates the behavior of its real counterpart. In this investiga-
tion, the virtual world representation of the real system seeks to control and monitor 
a centrifugal pump test bench through a web page.

Digital twins are a simulated process that uses real data from a physical model, 
such as sensors. In this way, they can reflect the life cycle of the process that cor-
responds to the physical equipment, thus analyzing various scenarios to improve the 
use of the machine or to be able to prevent failures.

An important requirement in the concept of digital twin is that it must be a 
dynamically and continuously updated representation of the actual product, device, 
or physical process. It should not be a static representation of real space. Real and 
virtual spaces are connected from manufacturing and operation to the disposal of 
the product, device, or process. Sensor information, user reports, and other informa-
tion collected through manufacturing and operating processes must be continuously 
transferred to the digital twin. Predictions, control parameters, and other variables, 
which can be used to design and operate the real device, must be continuously trans-
ferred from the virtual space to the real space.

These are some of the biggest importance of digital twins in industry and pump-
ing systems.

• Digital twins help test different approaches to reduce expenses without putting 
risk or cost at stake.

• They reduce engineering time, testing, commissioning, and upgrading costs of 
pumping stations to improve performance.

• The preliminary tests that can be carried out before the installation of the pump-
ing stations can reduce the cost of commissioning and accelerate it, thus increas-
ing reliability.

• Some of the problems such as leakage, water hammer, pump cavitation, or 
flow-induced vibration are problems that can be treated with a digital twin. At 
the right moment when the experimental data do not match the digital twin data, 
an alarm will be generated, alerting the operators that something may be wrong, 
thus preventing failures. This is how via constant monitoring the digital twin and 
the cyber-physical system can be linked together.
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• One of the pillars of digital twins is to be able to monitor the condition of 
the process, generating alerts that can trigger preventive maintenance before 
problems occur; this is of paramount importance since the lives of the staff 
are at stake and could generate negative impacts on the environment. This 
information can also be relevant to the scheduling of the maintenance of a 
piece of equipment, since in this way, maintenance can be avoided ahead of 
time or worse, after it is needed. A just-in-time methodology could be man-
aged, saving operating costs, spare parts, and staff time, increasing their 
productivity.

• During the manufacturing process of pumping systems, a digital twin provides 
relevant information about the performance of the equipment during the entire 
time of the process.

• In pumping systems, it is important to measure two types of pressure variables at 
the inlet and outlet of the turbomachine and the flow rate it delivers to the final 
discharge line. These are the instruments used for data collection and augmented 
reality visualization of the current value of sensors.

• Immersive applications can be created that represent scenarios that allow the 
worker to visualize a complete situation in the work environment, which teach 
about risk prevention and training to avoid making mistakes in practice.

• Through augmented reality, the real environment can be augmented with text, 
labels, documents, 3D models, and videos, which will lead to fewer errors and 
faster and higher quality of the service process.

A digital twin consists of 5 components:

1. The physical equipment.

2. The IoT that allows the communication of the information generated by the 
physical equipment.

3. Storage of information.

4. Analysis of such information. This stage is where the making of the best deci-
sions that the process needs is promoted.

5. Equipment actuators. They allow the information generated and analyzed to 
meet the initial objective; they will no longer be only calculations and analysis 
but also actions that directly influence the team, optimizing the process and 
reducing costs.

2. Literature review

Virtual reality (VR) and augmented reality (AR) have both been employed in a 
range of educational environments [11], inclusive of: mathematics [12] and geometry 
[13], chemistry [14], biology [15], and mechanical engineering [16].
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For instance, in [17], the authors consider experimental tests in order to validate 
augmented reality efficiency. They used a centrifugal pump as well. The authors 
paid attention to the fact that the oil companies in Russia suffered more than 4500 
cases of downtime each year due to equipment failure. Repair costs exceeded 2.5 
billion rubles. This also means that no raw material is extracted, which leads to a 
loss of 500,000 tons of oil, which is about 3.8 billion rubles. In Russia, the weather 
is something to consider; temperatures can reach as low as −50 degrees Celsius. 
They have to maximize automation and minimize workers. This can be solved with 
a digital twin that controls the operation on the cloud. The authors argue that VR 
simulators for training will enable specialists to have relevant equipment testing, 
perform manipulations without health risk, reduce training time by automating the 
process of tool operation, and apply various scenarios for the development of the 
trainee’s skills and thinking strategies in out of the ordinary situations. They tested 
the disassembly of different parts of the pump, such as the coupling guard, the two 
halves of the clutch, and the pin, and dismantling of the engine section. The idea 
was to analyze the times spent by different groups. Some groups had only physical 
instructions of the process; others had help from an expert; others used the recom-
mendations of the augmented reality system, and the last group used the software 
and the expert if it was necessary. The group that took the longest time to complete 
the tests was the group that conventionally worked in the industry, which is to use 
only the equipment documentation. Always scoring among the best were the teams 
that used the augmented reality technology when solving the tests. They proved 
the main hypothesis, which is that the AR system reduces the maintenance time of 
oil pumps.

In [18], this study proposes the creation of a virtual training system for the 
installation, calibration, and commissioning of HART transmitters in dynamic and 
potentially hazardous environments, such as oil and gas process plants. Virtual reality 
and augmented reality both are processes that optimize and reduce training time and 
costs. Through interactive AR simulations, trainees can familiarize themselves with 
the principles of fluid dynamics, pump operation, and pipeline management. By 
overlaying virtual components, such as pumps, valves, or pipelines, onto a physical 
training environment, trainees can gain practical experience in a controlled virtual 
setting. This immersive approach enhances learning outcomes and allows for hands-
on practice before engaging with real-world equipment.

The promise of virtual environments in training has been demonstrated because 
they allow focusing on contemporary training needs and integrating multiple 
requirements for using field equipment in a single program. The use of VR systems 
in training procedures has proven to be a significant and useful technology. First and 
foremost, these technologies, when implemented, help to achieve the goal of reducing 
economic losses, since incorrect calibrations and configurations in real life would 
be avoided to a large percentage, besides avoiding the risk that humans present in 
the process for the oil and gas industries. Employee knowledge and performance is 
greatly improved through this type of training—an effective and affordable substitute 
for handling, training, and learning about industrial equipment. All of this is pos-
sible in these virtual training facilities. The use of this technology will not only help 
prepare employees to operate any equipment, but it will also ensure the safety of the 
user as well as the simulated equipment and process. When some technologies are 
used improperly and the inherent risks of the technology are present, it can result in 
accidents that can have a negative impact on the environment, as well as economic 
and personal losses.
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In pipeline inspection and maintenance, by utilizing AR devices, field technicians 
can access real-time data overlaid onto the physical pipeline infrastructure. This 
enables them to swiftly identify potential issues, monitor pipeline conditions, and 
efficiently carry out maintenance tasks. With access to pertinent information such 
as pipeline parameters, maintenance history, and sensor data, technicians can make 
informed decisions, ensuring optimal performance and reducing downtime [19].

AR’s ability to provide insightful visualizations of fluid flow within pipelines or 
industrial systems is another remarkable application. By overlaying virtual represen-
tations of fluid movement onto the physical environment, engineers and operators 
gain a deeper understanding of fluid dynamics. This facilitates the identification of 
potential bottlenecks, optimization of system design and operation, and effective 
troubleshooting of anomalies in fluid flow [20].

AR’s remote assistance and collaboration capabilities have transformed the way 
field technicians and operators tackle complex tasks. Through AR devices, experts 
can provide real-time guidance and support from a remote location. By sharing 
their perspectives and overlaying annotations, instructions, or diagrams onto the 
technician’s field of view, experts can assist in troubleshooting, repairs, and intricate 
operations related to fluid systems. This seamless remote collaboration reduces travel 
costs, minimizes downtime, and facilitates efficient problem-solving. Vuforia Chalk, 
Figure 3, is one of the most famous software related to this topic.

Furthermore, AR has found a vital role in safety training and hazard recognition 
within fluid-related industries. By simulating hazardous scenarios, such as leaks, 
pressure hazards, or chemical exposures, trainees can visualize potential dangers 
overlaid onto their physical surroundings. This immersive experience enhances 
hazard recognition, risk assessment, and emergency preparedness. Ultimately, this 
application of AR contributes to improved safety protocols, reducing the occur-
rence of accidents and promoting a culture of safety within the industry. “Safety 

Figure 3. 
Vuforia chalk software [21].
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training and hazard identification: AR can enhance safety training programs by 
simulating hazardous scenarios and providing interactive training modules. It can 
also help identify potential hazards on-site by overlaying warning signs, safety 
guidelines, and visual cues onto the real environment, promoting a safer work 
environment” [22].

3. Materials and methods

The test bench of multiple centrifugal pumps in variable configuration of 
UNAB is composed of two Pedrollo brand centrifugal pumps, reference CP 620, 
pressure and flow sensors, a control panel where the data are acquired and the 
process variable is manipulated, a PLC S7–1200, a V20 frequency inverter, a CM 
1241 module, and an SM 1231 module. An interactive model is required that allows 
the autonomous and efficient use of the test bench of multiple centrifugal pumps 
in variable configuration, providing clear instructions and the step by step for 
the handling of this. This will be worked through a local area network where you 
can also configure a VPN (if you have the permissions to make configurations 
on the edge router) to have remote access and be able to acquire data, perform 
maintenance, or even solve breakdowns, saving costs and time for the company 
at an industrial level. With augmented reality, the project will have highly visual 
content with which important digital information will be presented in the context 
of a physical environment; this allows students to connect and improve academic 
results; applying it will achieve an optimal way to easily create and distribute work 
instructions by overlaying digital content in the real world. The following subsec-
tions will cover an outline of the interconnection of the cyber-physical system and 
augmented reality on the test bench of two centrifugal pumps in variable configu-
ration of UNAB.

The development of the digital twin for the pumping system under study was 
carried out according to the following methodology:

3.1 The 3D model

First, you must have or model the 3D model of the equipment in interest. In this 
project, the fluid test bench was modeled in the SolidWorks software. The 3D model 
was modeled at the scale of the real equipment, in such a way that the virtual and 
real model was approached on the largest possible scale to avoid having tracking and 
recognition problems when working with augmented reality (Vuforia Model Target) 
(Figure 4).

3.2 Augmented reality interface

The second step is to develop the augmented reality interface for the efficient and 
safe operation of the equipment. In this project, it was decided to work in unity with 
the Vuforia SDK where functionalities can be added such as monitoring the sensors, 
adding information about the pumping equipment, step-by-step instructions for the 
management of the system and the explosion of the components for an immersion in 
the operation of the machine (Figure 5).

Unity is a development engine or game engine. A game engine refers to software 
that has a series of programming routines that allow the design, creation, and 
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operation of an interactive environment, that is, from a video game. Currently, more 
than 60% of all content developed with virtual reality and augmented reality is cre-
ated with this multiplatform. The operation of Vuforia consists of sending captures 
of images from the camera to its servers and contrasting them with what exists in 
the database. At the moment when there is a match, it sends us an object with the 

Figure 4. 
The 3D model.

Figure 5. 
Vuforia SDK [23].
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metadata associated with the bookmark. If this procedure was done constantly, the 
resources that would be consumed would be enormous, so you have to say “When” 
you must scan to detect the marker.

These libraries were chosen mainly for their powerful algorithms that, being so 
developed, offer one of the best results today.

3.3 Target models

The most common tracking methods are images, areas, and targets tracking. 
The method used in this investigation was model tracking. It consists of recognizing 
objects by shape using pre-existing 3D models. Figure 6 shows the steps for creating 
target models.

The model must be created in the MTG (Model Target Generator) software pro-
vided by Vuforia. A target model requires the user to hold their device at a particular 
distance and angle so that tracking a target model can be initialized. To help with this 
process, the application will draw the vertices of the object (guide views) so that by 
overlapping with the object in the real environment, the augmented reality experi-
ence can be initialized (Figure 7).

Figure 6. 
Steps for target model creation.
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3.4 Automation and web development

Finally, the web application must be developed in which the functionalities of 
the control and monitoring of the fluid bank will be implemented. A local area 
network is also configured through which the current state of the sensors of the 
pumping equipment will be transmitted with the help of objects in unity such 
as “OnNewSearchResult”and “TargetSearchResult.” “OnNewSearchResult” is an 
event that is handled when the Vuforia server returns a positive detection. The 
object returns a “TargetSearchResult,” and the metadata variable has the metadata 
associated with the detected marker. After this, the monitoring of the object in 
the marker is enabled so that Vuforia’s artificial vision algorithm tracks the marker 
(Figure 8).

Figure 7. 
Guide views in the MTG [24].

Figure 8. 
Control and monitoring of the pumping system arquitecture.
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3.4.1 AWP commands

Automation Web Programming (AWP) commands is a special command syntax 
for exchanging data between the CPU and the user page (HTML file).

AWP commands are entered in the form of comments in HTML and give you the 
following options for your user pages:

Read variables PLC.  := < Varname>:
Write variables PLC.   <!-- AWP_In_Variable Name = ‘<Varname1 > ‘-->
Read special variables.  <!-- AWP_Out_Variable Name = ‘<Typ>: 

<Name>‘-->
Write special variables.  <!-- AWP_In_Variable Name = ‘<Typ>: <Name>‘-->
The storage an analysis of the information is crucial in order to accomplish predic-

tive maintenance or take the best possible choices for the process.

4. Results

Figure 9 shows the augmented reality interface with its buttons to enter each 
of the sections and monitor the process. In the pressure and flow section, you can 
access the instrument datasheet information along with related graphs. In the explo-
sion section, you can see an example animation of how the parts can be exploded in 
augmented reality to get a better insight of the equipment. This is of vital importance 
for educational environments as well as to fully understand the operation of a process. 
The assembly section shows animations going from exploded view to normal view. 
The menu button takes you back to the main menu where you have more options 
in the application.

Figure 10 shows the frontend application. The process control system allows to 
control the flow rate and the start or shutdown of the machine. It also has a monitor-
ing section, where the information from the four sensors is displayed in the form of a 
graph that allows an easy interpretation of what is happening with the test bench.

Figure 9. 
Augmented reality interface.
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5. Conclusions

In the field of centrifugal pumps, AR has emerged as a valuable tool for assembly, 
installation, and maintenance processes. Technicians equipped with AR headsets or 
mobile devices can leverage the technology to overlay step-by-step instructions and 
3D models of pump components onto the physical pump. This visual guidance aids in 
accurate assembly, mitigates errors, and simplifies maintenance procedures, enhanc-
ing overall operational efficiency.

The integration of augmented reality in fluid-related industries exemplifies the 
transformative potential of this technology. By providing real-time information, 
visualization capabilities, training simulations, and remote collaboration tools, 
AR optimizes fluid transport, pipeline management, and centrifugal pump opera-
tions. With its ability to enhance efficiency, improve safety, and facilitate informed 
decision-making, AR continues to reshape these industries, paving the way for a more 
efficient and sustainable future.

This development improves efficiency, reduces workers’ risk, and improves their 
productivity.

Augmented reality can enhance the capabilities of apprentices, offering additional 
information when doing their internships. In addition, they have a wow factor that 
captures the attention of employees much more effectively.

Figure 10. 
Web interface.
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It provides clear, step-by-step instructions for handling any pumping system 
or process; accelerates training; transfers expert knowledge to new generations of 
engineers; and accelerates the learning curve for newly hired engineers through 
interactive information in augmented reality.

In pumping system equipment, there is a vast amount of technical information, 
and being able to see it in augmented reality reduces the time required to interpret 
manuals. This complete information is easily accessible with a simple gesture, which is 
particularly valuable when dealing with extensive manuals that may not be available 
on site.

This technology has been shown to improve attention, promote lasting knowledge. 
and more effectively explain difficult topics.

The digital twin is viable as a design methodology because it can be based on the 
current product to be able to predict the operation of the device under different sce-
narios and configurations, optimize its conditions, and evaluate changes effectively 
without resorting to iterative prototyping investments.

Over time, the value of highly integrated, data-driven pumping solutions will 
become increasingly apparent and indispensable.

In conclusion, augmented reality is a transformative technology with 
boundless applications across various industries. Its ability to seamlessly blend 
virtual and real-world elements has revolutionized education, healthcare, 
 manufacturing, retail, entertainment, and more. As AR continues to advance, its 
integration with cyber-physical systems and digital twins holds immense potential for 
reshaping how we interact with and optimize our physical environment. The future of 
augmented reality is bright, and the possibilities are at the edge of our imagination.
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Current Status and Future 
Perspectives for Augmented Reality 
Navigation in Neurosurgery and 
Orthopedic Surgery
Quentin Neuville, Thierry Scheerlinck and Johnny Duerinck

Abstract

Augmented reality (AR) for surgical navigation is a relatively new but rapidly 
evolving and promising field. AR can add navigation to the surgical workflow in a 
more intuitive way, improving ergonomics and precision. Neurosurgery has a long 
tradition in computer-assisted surgical navigation and was the first discipline to use 
this technology to navigate interventions. Orthopedic surgery is following this path 
with a wide range of new use cases currently in development. In this chapter, we will 
describe the evolution of AR as a surgical navigation tool, focusing on application 
developed for neurosurgery and orthopedic surgery. Based on our own experience, 
we will also discuss future perspectives and the hurdles to be overcome before the 
widespread breakthrough of this technology.

Keywords: augmented reality, AR, neurosurgery, orthopedic surgery, navigation

1. Introduction

Due to limited imaging possibilities in the early days of surgery, large incisions 
were often made to expose as much normal anatomy as possible for orientation pur-
poses. This led to long and more extensive interventions with steep learning curves. 
It also resulted in more patient discomfort, a higher likelihood of complications and 
longer hospital stays. The advent of intra-operative imaging modalities such as fluo-
roscopy, CT and MRI, but also computer-assisted navigation (CAN) systems, have 
been milestones towards more accurate and minimally invasive surgery. CAN systems 
were originally developed for brain surgery, this is why they are often referred to as 
neuronavigation systems. Nowadays, CAN systems present a wide range of applica-
tions in different surgical disciplines, such as neurosurgery, orthopedic surgery, oral 
and maxillofacial surgery and otolaryngology. However, despite the widespread 
availability of CAN systems in North America and Europe, on average only 11% of 
surgeons use it routinely [1]. This is attributed to some fundamental shortcomings 
including, first of all, the bulkiness of the CAN devices. Current CAN devices take 
up a lot of space in the operating theater, as they require a computer system, external 
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tracking camera and one or more screens [2]. Secondly, the systems require a time-
consuming set up including a patient registration procedure [3]. A third drawback 
is that the surgeon is typically looking at the screen, which shifts his attention away 
from the patient and can present a potential hazard when instruments - such as the 
navigation pointer itself - are held in the operative field [4, 5]. Fourth, the outside-
in tracking by an external optical tracking camera (mostly infrared camera) often 
creates line of sight (LOS) interruption when people or objects in the operating room 
enter in the line of sight of the camera [6, 7]. The significant cost of these systems 
might also present a hurdle holding surgeons back from fully adopting computer-
assisted navigation for their surgical interventions [8, 9].

Augmented reality is a technology that superimposes computer-generated infor-
mation or images on a user’s view of the real world. Unlike virtual reality (VR), AR 
does not occlude the real environment, but rather overlays virtual information on 
it. Therefore, AR based navigation is a promising technique for open and minimally 
invasive surgical procedures, as it does not block the surgical field but can project 
additional data and/or hidden anatomy on top of it. In order to turn an augmented 
reality device into a navigation system, three additional steps are needed: calibration 
of the AR device, tracking and image-to-patient registration, which matches the AR 
models created from pre-operative segmentations of medical data to the intra-oper-
ative object [10, 11]. Calibration of the AR device is necessary to determine the AR 
display coordinate system in relation to the outside world. During tracking, we deter-
mine the real-time position and orientation of the patient and surgical instruments 
in relation to the AR device. It is necessary to maintain good alignment between the 
virtual and physical environment and allow accurate navigation. Augmented reality 
(AR)-based navigation has the potential to solve some of the shortcomings of con-
ventional CAN and thus to increase the use of navigation in routine interventions. In 
addition, AR-based navigation can be complementary to commercially available CAN 
systems in procedures where CAN is routinely used. The goal of this chapter is to 
discuss the Augmented Reality (AR) technologies that are developed for neurosurgery 
and orthopedic surgery, to understand the current evidence regarding their benefit, 
to consider challenges limiting implementation in clinical practice and to get an idea 
about the future perspectives of this novel technology.

2.  What types of AR-based navigation are currently being developed for 
neuro- and orthopedic surgery

There is significant variability in the way AR-based navigation is being deployed, 
although all attempt to merge imaging data to the surgical field. However, not all 
systems try to achieve this based on calibration, tracking and registration described 
previously.

2.1 Types of visualizations

There are 3 main techniques of displaying the AR models for surgical guidance: 
(i) on a head mounted display (HMD) [8, 12, 13] (ii) on a projector [14], and (iii) on 
an external display [15]. In our opinion, both techniques based on a projector and on 
external displays such as phone, tablet, screen are suboptimal. They maintain many 
of the drawbacks of commercially available navigation systems discussed earlier. 
Therefore, we prefer using an HMD, which is the only method capable of visualizing 
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the AR in 3D on top of the patient’s anatomy. As such, surgeons can view holograms 
and the surgical field simultaneously, without lag or attention shifts.

2.2 Types of registration

One of the key issues of AR-based surgical navigation is the image-to-patient 
registration accuracy. Although the requirements depend on the type of surgical 
intervention, it is essential to maintain an accurate image registration throughout 
the whole procedure. The most commonly used registration methods for AR in 
neurosurgery and orthopedics are manual registration, point-based registration and 
surface registration. During manual registration, the surgeon positions the virtual 
object visually on top of the physical object. This is the least accurate registration 
method and it is not suitable for surgeries requiring high accuracy or for minimally 
invasive procedures. In point-based registration, a specific algorithm looks for the 
best fit between a set of preoperatively defined points in the image dataset and cor-
responding anatomic intra-operative points [16]. Surface-based registration is a more 
sophisticated and accurate version of point-based registration and is performed in 
two steps [15]. First, a rough initial alignment is obtained using point-based registra-
tion methods. In a second step, a more dens point-cloud or surface mesh is obtained 
and matched to the geometric shapes of the preoperative model using a surface-based 
alignment process, such as an iterative closest point (ICP) algorithm. Most commer-
cially available navigation systems for neurosurgery and orthopedic surgery use this 
technique as it provides a practical and accurate alignment. In order to collect intra-
operative points, the surgeon needs a tracked pointer i.e., a stylus that can be tracked 
by the AR device and that allows to define 3D coordinates of points in the real world. 
In the future, automatic point-cloud or surface mesh collection could be combined 
with the extraction of anatomical landmarks based on deep learning methods. When 
performed in real time, this could replace manual point-based registration methods 
and accelerate the registration process without need for manual interaction [15]. 
Manual registration can reach accuracies of 4–6 mm while point-based registration 
and surface-based registration reach accuracies of 2–3 mm [16–21]. For point- and 
surface-based registration, the accuracy depends on the number of points collected 
and the distribution of the collected points relative to the target [22].

2.3 Types of tracking

After registration, the virtual objects and patient anatomy are aligned. However, 
to maintain the alignment, movements of the patient and/or the AR device must be 
calculated and compensated for in real-time. During AR-guided surgery, this can be 
based on the Simultaneous Localization and Mapping (SLAM) tracking system that is 
integrated in the AR-HMD or on images from other onboard and/or external cam-
eras. Most commercially available AR-HMD’s, including the HoloLens II (Microsoft, 
Redmond, USA) come with SLAM tracking. This is a self-localization technology, that 
captures changes in the surrounding with the integrated camera and displays virtual 
3D image in a fixed relation to the real world [15]. However, SLAM tracking can result 
in an important drift of the virtual objects and the tracking accuracy of is too low 
for surgical use. For example, when the observer moves, the HoloLens has a mean 
perceived drift between 4.39 and 6 mm [19, 23]. Therefore, several research groups 
refine SLAM tracking with information of internal or external cameras to track mark-
ers in the surgical field. In most cases, these markers are tracked with the RGB camera 
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(e.g., Vuforia). This results in a mean drift of 1.41 mm, which is a 68% improvement 
compared to SLAM tracking [19]. However, after experimenting with that method, 
we felt it was impractical and lacked accuracy for medical navigation applications. 
Tracking based on infrared cameras and retroreflective spheres - which is the method 
used by most commercially available CAN systems - is more accurate (mean shift 
0.809 mm to 2.3 mm and angular errors of 1.038°) [13, 24, 25]. Most research groups 
use an external IR camera that presents the same shortcomings as commercially 
available systems. This includes potential LOS interruptions, the need for large and 
expensive external devices and lack of usability outside the OR. In addition, when 
using an external camera, the AR device itself must be equipped with markers so that 
its position can be monitored.

2.4 How we do it

We developed an IR tracking method based on the built-in IR camera of the 
HoloLens II. This “inside-out” tracking method allows tracking of IR reflective 
markers, bypassing the need for an external camera (Figure 1). The tracking and 
registration accuracy of our setup was first evaluated using a phantom head. In 
total, 20 phantom registrations were performed in an operating room setting. Ten 
registrations were performed with the AR-HMD, while 10 were carried out using 
a conventional neuronavigation system (Brainlab Curve 2; Brainlab AG, Munich, 
Germany). Registration errors remained below 2.0 mm and 2.0° for both AR-HMD 
based navigation and the conventional neuronavigation, with no significant differ-
ence between both systems [18]. Tracking from inside the AR device resolves some 
important drawbacks of commercially available navigation systems. First, tracking 
from inside the AR device avoids the need for the AR device to be equipped with a 
marker frame. Second, this approach prevents external LOS interruption. Third, the 
AR solution provides a fully integrated, mobile and ergonomic navigation setup that 
can easily be used in- or outside the operating theater. As such, it has the potential to 

Figure 1. 
Tracking of IR reflective markers from the HoloLens II.
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increase the use of navigation and thus the accuracy of many routine procedures that 
are currently performed without navigation.

3. Applications in neurosurgery and orthopedic surgery

Most data regarding AR-based navigation are based on pre-clinical experiments 
on phantoms and cadavers or on small proof-of-concept trials. In the field of neuro-
surgery, experiments for AR-based navigation focused on identifying lesions, guiding 
tumor resection, guiding cranial biopsy, guiding external ventricular drain insertion 
and for preoperative planning of skin incisions and craniotomies [2, 15, 18, 26, 27]. 
In spine surgery, AR is mainly focusing on guiding pedicle screw placement and 
vertebroplasty [5, 28–32]. In orthopedics, AR has been described for trauma recon-
struction, osteotomy, intramedullary nailing, arthroscopic surgery, oncology, K-wire 
implantation and arthroplasty [12, 20, 24, 33–37].

High-quality clinical data on the use of AR-navigation during surgery is currently 
lacking. Only a few clinical trials have been conducted to examine the accuracy of 
these systems in clinical practice and/or compare the use of an AR-based navigation 
system with conventional commercially available navigation systems for neurosurgi-
cal or orthopedic procedures [5, 8, 20, 29, 38–42]. In our view, the main advantage 
of AR navigation is that it allows introducing navigation in procedures (or specific 
phases of an intervention) where navigation is currently not used or where it is 
performing sub-optimally, as for example, with external ventricular drain placement 
or craniotomy planning.

3.1 Benefits of AR-based navigation

3.1.1 Improved accuracy of the surgical intervention

The introduction of dedicated, ergonomic, easy to use and portable AR-based 
navigation solutions could promote its use in- or outside the operating theater. As 
such, it could increase the accuracy of a large number of routine procedures that 
we perform today without the help of navigation. Nevertheless, many research 
groups focus on the use of AR-based navigation for interventions that are currently 
performed with CAN systems. This allows comparing their respective accuracies. 
Our consortium compared an internally developed AR-HMD based system for 
intracranial tumor resection planning to the Brainlab Curve 2 system (Brainlab 
AG, Munich, Germany). Image-to-patient Registration errors remained below 
2.0 mm and 2.0° for both AR-HMD based navigation and the conventional neu-
ronavigation, with no significant difference between both systems. However, for 
 delineation of the tumor margins on the patients’ skin in order to plan the incision 
and  craniotomy, the AR-HMD based system was found to be superior in 65% of 
cases [18].

In a study evaluating AR for spinal pedicle screw placement, Molina et al. placed 
a total of 113 implants percutaneously (93 pedicle screws and 20 Jamshidi needles) in 
five cadavers using the XVision AR-HMD (Augmedics Ltd., Chicago, IL). The study 
reports an overall accuracy of 99.1% (Gertzbein-Robbins Grade A or B; <2 mm pedicle 
breach) with only one medial pedicle breach in a thoracic vertebra (Gertzbein-
Robbins grade C; >2 mm pedicle breach) [9]. They compared their results to the 
literature of manual and robotic CAN as well as freehanded techniques. Overall, AR 
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navigation was non-inferior to CAN and superior to free-hand procedures. In a proof-
of-concept trial, Molina et al. reported the first in-human use of the same system 
to insert six pedicle screws. A 78-year-old female underwent an L4-S1 posterior 
lumbar interbody fusion. Clinical accuracy was 100% with a mean linear deviation 
of 2.07 mm and an angular deviation of 2.41° [8]. In a retrospective study comparing 
AR-guided and freehanded pedicle screw placement, Elmi-Terander et al. found that 
the percentages of clinically accurate screws (Gertzbein-Robbins grade A and B) were 
significantly higher in the AR-guided group compared to the freehand group (accu-
racies 93.9% and 89.6% respectively (p < 0.05)) [39]. Other trials confirmed that 
AR-guided pedicle screw placement has a similar accuracy compared to CAN guided 
pedicle screw placements and an improved accuracy compared to the free-hand 
technique [5, 20, 29, 41].

Researchers focusing on orthopedic procedures report similar findings during 
total knee arthroplasty (TKA), total hip arthroplasty (THA) and periacetabular 
osteotomy. During TKA, Tsukada et al. compared the femoral cut accuracy in 31 
patients undergoing an AR-guided procedure, to a cohort of conventional TKA 
with an intramedullary guide. Using AR navigation, the coronal alignment was 
more accurate than the intramedullary guide [43]. Another prospective randomized 
controlled trial compared an AR-based portable hip navigation system to the portable 
HipAlign (OrthoAlign Inc., Aliso, USA) system to control cup version during THA. 
These authors report no differences between both systems in terms of cup inclination 
and only minor differences in cup anteversion [44]. Finally, Kiarostami et al. found 
that AR guided periacetabular osteotomies were more accurate compared to freehand 
procedures. The effect was more prominent for less-experienced surgeons [45].

In general, we conclude that, compared to freehanded procedures, AR based 
navigation systems are more accurate during both, neurosurgical and orthopedic pro-
cedures. However, compared to CAN systems, the accuracy is similar as demonstrated 
during pedicle screw placement as well as total hip and total knee arthroplasties.

3.1.2 Decrease of surgical time and radiation exposure

Augmented reality has the potential to shorten surgical time and reduce radiation 
exposure during procedures that are traditionally guided by fluoroscopy [32, 46, 47]. 
Trauma and minimally invasive surgery often require repeated fluoroscopic imaging 
to guide the intervention. Acquiring adequate and reproducible views comes at the 
cost of increased surgical time and radiation exposure. For this, Unberath et al. pro-
posed an AR-based solution for C-arm repositioning. In a phantom experiment, mim-
icking pelvic trauma surgery, repositioning of the C-arm based on AR-guidance led 
to a significant reduction in surgical time and radiation dose compared to a trial-and-
error approach [47]. In another setting, AR navigation of percutaneous vertebroplasty 
was compared to a fluoroscopy-guided procedure in nine patients. Here, both surgeon 
radiation exposure and surgical time were reduced, but accuracy also improved [48]. 
Similar results were found in phantom trials on AR-guided insertion of distal locking 
screws following intramedullary nailing and AR-guided K-wire insertion [34, 36].

3.1.3 Benefits for teaching

Several researchers also emphasized the importance of AR in teaching and 
reducing the learning curve for surgical skills acquisition [41, 49]. Our consortium 
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compared the effect of AR-guidance and standardized training on the quality of 
external ventricular drain placement on a phantom model, by medical students. Our 
results showed a significantly higher number of good EVD placements (modified 
Kakarla scale grade 1) resulting from AR guidance, but not from training, in direct 
comparison to the untrained freehand performance. Training improved the accuracy 
of EVD placement in the freehand group, but not in the AR-guided group. Another 
study found that based on AR, medical students were able to place acetabular cups 
without supervision as accurately as they did when receiving hands-on instruction 
from an expert [50]. In addition, the technology can be used to visualize the surgical 
anatomy in 3D and to practice the course of the procedure in advance.

3.2 Limitations

Several barriers have hindered the adoption of AR-HMD based navigation in 
daily surgical practice. First, because of a lack of high-quality clinical studies, there 
are concerns about the accuracy of AR-based navigation during a surgical proce-
dure Moreover, AR navigation validated in vitro, could be difficult to implement 
in clinical practice as strong scialytic light could interfere with AR tracking and 
visualization. Second, AR-based navigation is still a new technology in surgery and 
therefore it is currently not well integrated into the clinical workflow. To convince 
surgeons to use AR-HMDs in their daily practice, specific workflows must be 
developed integrating this technology within well-established clinical pathways. 
Third, for each surgical procedure, careful consideration must be given to which 
steps of the procedure the AR-HMD could be an added value. This will influence 
how and when it will be implemented, where and when the trackers will be placed, 
how the image-to-patient registration will be done and what should and should not 
be visualized. At some stages of the procedure, the surgeon may want to see both 3D 
segmentations of the patient anatomy and his pre-operative planning. While dur-
ing other stages, it may be useful to visualize only a planned trajectory or a target 
to avoid interference of auxiliary information. Therefore, the surgeon needs the 
possibility to switch between various visualizations. As sterility is an issue, simple 
voice commands or hand gestures seems most appropriate for this, but it needs 
specific programming and training. Fourth, concerns do exist about the clarity and 
contrast of AR images and whether they are disruptive in the surgical setting [51]. 
The brightness of the AR overlay should be adjustable depending on the ambient 
light to prevent unintentional blindness. Moreover, overlaid images could distract 
the surgeon from important surgical events such as bleeding or unexpected objects 
entering the surgical field. Another important limitation is the fact that most com-
mercially available HMDs – like the HoloLens – are designed to have focal lengths 
ranging from 2 meters to infinity, while surgeons typically work at a much closer 
distance. Therefore, the surgeon’s eyes have to accommodate constantly when trying 
to view the view the physical and virtual world simultaneously [52, 53]. This could 
be challenging for surgeons wearing glasses and could be overcome by developing 
dedicated surgical headsets. Currently, several medical companies are working on 
specific AR-HMDs designed to work at close distances, such as the Magic Leap from 
Brainlab or the CART 3D from AR Spectra. Finally, multiple studies highlighted the 
learning curve associated with the introduction of AR-based navigation [50, 54]. 
However, this should not prevent the surgeon from evaluating and adopting this 
technology.
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4. Workflow: how we do it

4.1 External ventricular drain placement

External ventricular drain (EVD) placement is a routine but life-saving procedure 
in neurosurgical practice. Placement is most often performed in the emergency 
department or the intensive care unit using a freehand technique. Despite it being 
a frequent procedure, the accuracy rate is only around 80%, with complications 
occurring in up to 40% of the cases [55]. Therefore, our consortium developed a 
HoloLens II application for AR-guided EVD placement, based on our internally 
developed inside-out IR tracking software [26]. Respecting the established workflow 
of EVD placement, we designed semi-automated image processing and image-
to-patient registration algorithms, so that the AR application provided a smooth, 
completely mobile and highly accurate navigation setup to assist in EVD placement. 
This setup was tested in a phantom experiment to examine the impact of AR guid-
ance on the accuracy and learning curve of EVD placement compared with the 
freehand technique (Figure 2). Sixteen medical students were randomly allocated 
to either the freehand technique group or the AR-guided group. Both groups were 
asked to place 4 EVD’s (left and right on 2 phantom heads). The freehand group had 
access to pre-operative imaging but afterwards had to place the drain freehanded 
without guidance. The AR-guided group used the application on the AR-HMD, which 
provided an overlay of the virtual anatomical model and surgical plan on top of the 
phantom head. Next, both groups received training on how to place EVD’s and were 
asked to repeat the same process. In total, 128 EVD’s were placed. Both AR-guidance 
and training significantly improved the accuracy of the drain placements compared 
to the untrained freehand placement (Figure 3). The quality of EVD placement 
as assessed by the modified Kakarla scale (mKS) was significantly impacted by 

Figure 2. 
Here you see the AR overlay provided for EVD placement. There is a Bullseye for the entry at Kocher’s point in red 
(target) and the tracked EVD within a 2-mm threshold in green. Figure adopted from Van Gestel et al. [26].
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AR-guidance (p = 0.005) but not by training (p = 0.07). Both AR-guided placements 
(before and after training) (59.4% mKS grade 1 for both) were significantly better 
than the untrained freehand performance (25.0% mKS grade 1). With AR-guidance, 
untrained students performed as well as trained students, which indicates that AR 
guidance not only improved performance but also positively impacted the learning 
curve [26].

4.2 Craniotomy planning

Careful planning of the skin incision, craniotomy and surgical approach are 
critical to successfully resect an intracranial lesion. Nowadays, CAN systems are 
indispensable for intracranial tumor resections. After image-to-patient registration, 
the surgeon uses a tracked pointer to indicate his entry point. Based on the tracked 
pointer, he then draws the tumor outline on the patient’s skin to serve as a guide for 
skin incision and craniotomy. However, especially for deep-seated tumors, interpreta-
tion errors can lead to important deviations. Our consortium developed a HoloLens 
II based application to help plan tumor resection. After image-to-patient registration 
based on a pointer tracked with the inside-out IR-tracking software, the AR-HMD 
allows displaying the tumor outlines as well as critical structures on top of the 
patient’s skin. We evaluated the accuracy and efficiency of this system in a prospec-
tive clinical trial. Surgeons and trainees with varying degrees of experience delineated 
the tumor outlines on the patient’s skin, consecutively using conventional neuronavi-
gation and the AR-HMD (Figure 4). In total 20 patients were included in the study. 
We found that AR-guided tumor delineation was deemed superior in 65% of cases, 
equally good in 30% of cases, and inferior in 5% of cases when compared to our 
conventional navigation system (Brainlab Curve 2; Brainlab AG, Munich, Germany). 

Figure 3. 
Here you see an example of EVD placement results in the phantom. To appreciate the results, the post-EVD 
placement CT scan of the phantom is fused with the original brain MRI on which the trajectories were planned. 
Figures A and B represent freehand performances of a student before and after receiving standardized training 
respectively. Figures C and D represent AR-guided EVD placements before and after the standardized training 
respectively. Figure adopted from Van Gestel et al. [26].
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Moreover, the image-to-patient registration and planning of the surgical approach 
based on the AR-HMD significantly reduced the required time by 39% [18].

4.3 Hip center of rotation

In total hip arthroplasty (THA), restoring hip biomechanics is key to warrant a 
good functional result. Restoring the original femoral and acetabular center of rota-
tion (COR) is a first important step to restore the original leg length, muscle tension 
and abductor level arm [56, 57]. Overall, there is agreement that following THA, 
the hip rotation center should be positioned within 5 mm of its anatomic location 
[58, 59]. Achieving that goal in a systematic way remains challenging [60, 61]. As 
mentioned earlier, the use of navigation has not yet found its way into daily practice 
of THA surgery, so in most cases, intra-operatively finding and restoring the origi-
nal hip rotation center relies on surgeon experience. Our consortium developed an 
application on the HoloLens II to determine and render in AR the functional center 
of rotation (FCOR) of a phantom hip joint consisting of 20 cadaveric femurs and 3D 
printed acetabular cup analogues (Figure 5). Both the femurs and acetabular cups 
were equipped with a tracker. This hip phantom was CT scanned and a segmentation 
was made in 3D slicer to obtain the ground truth centers of rotation of the femoral 
heads and the cups. Next, two observers rotated the 20 cadaver femurs twice in its 
matching 3D printed cup, producing 80 measurements. Based on the displacement 
of the femoral tracker to the acetabular tracker, the inside-out IR tracking algorithm 
collected a point cloud (Figure 6). Through a pivot-fitting algorithm, the FCOR 
was then determined based on this point cloud and visualized in AR on top of the 
hip phantom. In our phantom trial, determination of FCOR through the proposed 
AR method resulted in an absolute error of 2.9 ± 1.4 mm and 2.9 ± 1.2 mm for the 
acetabular cup and femoral head respectively. This FCOR visualized in AR could be 
used by the surgeon as a guide for femoral neck cut, broaching and prosthetic stem 
insertion. On the acetabular side, this AR visualization could help guide the reaming 
depth and cup insertion [62].

Figure 4. 
Overview of the proposed AR-based system. (A) Phantom model with a deep-seated lesion (green) with the 
outlines projected on the skin (green outline) nearest to the tip of the handheld stylus (red dot). The white line 
illustrates the trajectory between the stylus’ tip and the lesion. It is shown in this picture solely for illustrative 
purposes. (B) Is a view from the HoloLens II in a clinical case. The patients’ tumor is displayed in AR on the 
correct position inside his head, together with the outlines orthographically projected on his skin, allowing the 
surgeon to delineate the tumor margins and plan skin incision (black marker). Figure adopted from Van Gestel 
et al. [18].
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5. Future perspectives for AR in neurosurgery and orthopedic surgery

AR-based navigation is a hot topic in scientific literature with a rapidly growing 
number of new systems and use cases. However, the application of AR-based naviga-
tion in neurosurgery and orthopedic surgery is still in its infancy. As such, it will 
require further refinement and validation before it could be widely adopted during 
routine surgical procedures. For AR-based navigation to break through in clinical 
practice, some important issues should be addressed. First, user-friendliness plays an 
important role. The AR-based navigation must be efficiently embedded into the exist-
ing well-established surgical workflow of the procedure at hand. Secondly, specific 
attention must be paid to the desired image-to-patient registration and tracking tech-
nologies for each use case. Ideally, we will evolve from the periodic rigid registration 
techniques used today, to multisensory automatic markerless non-rigid registration 
techniques. In this way, the information from multiple sensors could be combined 
and deformation of the patient’s anatomy could be taken-into-account without dead 
angles, warranting that AR guidance remains accurate throughout the entire surgical 

Figure 5. 
Hip phantom consisting of dried human cadaveric femurs and 3D printed acetabular cup analogues. Both the 
femurs and acetabular cups are equipped with an IR reflective tracker/marker.

Figure 6. 
Point clouds generated by the IR tracking software based on the displacement of the femoral tracker relative to the 
acetabular tracker. Two observers rotated each femur twice in its matching cup, producing 4 measurements per 
hip joint.
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intervention. Thirdly, we should focus on the development of dedicated surgical 
headsets with short working distances and optimal visualizations without delays to 
reduce visual fatigue. In addition, dynamic user interfaces should be developed that 
enable users to activate suitable AR information on demand in different phases of a 
workflow and minimize the interference of AR information with the perception of 
real surgical situations [63].

In our opinion, the introduction of artificial intelligence and deep learning 
methods could facilitate the implementation of these suggestions and facilitate 
the evolution from conventional navigation systems towards AR navigation. The 
development of smart systems that select the most suitable data from a multi-sensor 
tracking stream and adjust the registration and navigation in real time would rep-
resent a groundbreaking improvement. In a second step, these smart systems could 
also follow the surgical procedures they are guiding and automatically display and 
adapt the desired navigation information. Finally, smart AR-based navigation could 
be combined with sensing technologies to provide direct and personalized feedback 
to surgical tools when, for example, the surgeon might commit a critical error. 
Overall, with further technological innovations and clinical validation of the systems, 
AR-based surgical navigation has the potential to become an indispensable, timesav-
ing, risk-reducing and accuracy-improving technology in surgery.

6. Conclusion

In this chapter, we highlighted different AR technologies currently in development 
for neurosurgery and orthopedic surgery. Further in vitro and in vivo studies followed 
by prospective randomized clinical trials are needed to refine and assess efficacy of 
these systems in daily practice. However, we believe that at the current rate of tech-
nological development, AR-based navigation can become an indispensable part of 
surgical navigation within a few years.
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Abstract

Information and communication technologies combined with extended reality 
improve diagnostics, medical treatment, and surgical operations courses. Thus, the 
new generation of devices, which enable displaying of holographic objects, allows 
visualizing a patient’s internal organs, both anatomical and pathological structures, 
as interactive 3D objects, based on retrospective 2D images, namely computer 
tomography (CT) or magnetic resonance imaging (MRI). Remote users can observe 
ongoing surgery with additional features like standing in front of the operation 
table, walking around in, and changing the user’s perspective without disrupting 
the operating doctors. Moreover, the operation can be recorded, then played with 
additional functionalities—remote pointing and painting, which is important in 
medical education. The operating surgeon may also ask remotely more experienced 
operators for consultation, and as a consequence, the number of complications and 
failed procedures can decrease. It can be also applied to robot surgeries as a first step 
to remote surgery.

Keywords: 3D operating room, extended reality, computer-integrated surgery, 
image-guided surgery, medical education

1. Introduction

Extended reality (XR) includes virtual reality (VR), augmented reality (AR), and 
mixed reality (MR) [1, 2]. It incorporates the spectrum of technologies, which allow 
you to combine and/or mirror the real world (i.e. the physical world) with the “digital 
twin world” providing the possibility of iterating among others. The computer-gen-
erated images and objects are presented in front of the user’s eyes with head-mounted 
displays (HMDs), which provide a hand-free view of virtual objects, like text and 
images [3]. Most of the commercially available HMDs used optical see-through (OST) 
to enable the users to perceive the world through the set of optical components. 
Usually displays contain optical components like half mirrors, birdbaths, free-form 
prism, and optical waveguides. Since XR technology enables the superimposition 
of two-dimensional (2D) and three-dimensional (3D) objects, it has recently been 
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applied in various fields of life, in particular in medicine, with special emphasis on 
all types of surgery, including image-guided surgery (IGS) and computer-integrated 
surgery (CIS), while it has the potential to improve the safety and efficiency of medi-
cal procedures [4, 5]. More efficiently planned surgical interventions may result in 
shorter recovery times and better treatment outcomes. Thus, the transmission to less 
invasive surgery requires the development of visualization techniques without limited 
perspective.

The XR-based solution can help surgeons integrate 2D images obtained from 
ultrasound, magnetic resonance imaging (MRI), or computed tomography (CT) in 
the DICOM format (digital imaging and communication data in medicine) with the 
3D operation view through overlay virtual objects over a surgical field. It enables the 
enrichment of the operating field with computer-generated digital images, especially 
in the visualization of tumors and anatomical structures [6]. And in this way, the 
application of the 3D anatomical information in preoperative planning, and creates 
the possibility of integrating the preoperative model with the intra-operative scenario 
and guides the surgeon in real time [7–9]. The advantage of systems based on XR 
technology in comparison to traditional auxiliary displays is the fact that the surgeons 
do not have to change their line of sight between the operating scene and the auxiliary 
display, which significantly reduces the operating time. Another XR application pos-
sibility in surgery is connected with the support or even replacement of the surgeon 
apprenticeship by high-fidelity surgical simulators [10]. However, implementation in 
the surgeon’s workflow is hampered by a lack of clinically useful application develop-
ment requirements.

Here, we proposed a 3D operating room with unlimited perspective change 
and remote support, which is based on Microsoft HDMs—HoloLens 2, and Intel 
RealSense cameras. The basic idea of the system is shown in Figure 1. The system 
allows the users (surgeons and/or medical students) to interact with the headset using 
a verbal command or a simple gesture such as hand movements or eye movements. 
The proposed approach is completely sterile and can be successfully implemented 
in clinical procedures. It also enables the operating surgeon to share his field of 
vision (headset vision) with other users (surgeons or medical students), which can 
be located in any place without disturbing the workflow. Moreover, it is possible to 
change the position, and angle of the medical procedure observation as well as sub-
sequent playback and analysis of the recorded procedure from different perspectives, 
which is of great importance in the training of future medical staff. We also overview 
available XR-based solutions in surgery, and we show the lines of XR technology 
development in the field of surgery.

Figure 1. 
The scheme of XR-based support system for surgeons.
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2. Extended reality-based technologies in surgery

In recent years, surgery has undergone significant technological advancement, 
especially in the field of the application of computer vision, like image-guided 
surgery and computer-integrated surgery) [11]. The development of extended reality 
allows surgeons to visualize medical data to assist in the execution of both complex 
and routine medical procedures. It enables the incorporation of the operation field 
and anatomical landmarks with navigation guidance [12]. Thus, the XR-based solu-
tion may contribute to the improvement of surgical procedures from the point of a 
surgeon’s view in comparison to the classical one. When it comes to XR, surgery can 
be divided into two application areas, namely, preoperative planning, and intraopera-
tive support [4]. However, it is required to be proven to be safe and reliable in order to 
be applied in the operating rooms.

2.1 Preoperative planning

The crucial part of all types of surgery is preoperative planning. The factors like 
medical history, surgical past, possible comorbidities, medications, and physical 
conditions must be taken into account [13]. Since extended reality, which has a wide 
spectrum, which is oscillating through virtual, augmented, and mixed realities 
enables 3D visualization, can be used for surgery preoperative planning to provide 
insight into the subject’s anatomy. Thus, the construction of the 3D preoperative 
model required the processing of the CT or/and MRI scan images. Next, these scan 
images are segmented, mostly manually, but also automatically, for example, using 
algorithms based on artificial intelligence (AI) [14, 15]. On their basis, a three-
dimensional image of the organ and its abnormalities, arteries, veins, and other 
anatomical structures is developed and then rendered. The final phase is exporting 
the 3D model to HDMs.

Initial results from the use of XR have been reported for virtually every branch 
of surgery, in particular, preoperative 3D visualization is profitable in plastic and 
craniomaxillofacial surgery, where the result very often determines the patient’s 
decision about surgery [16, 17]. VR-based [18, 19] solutions (PulmoVR) help to 
correct the lung-tumor placement in 52.00% of cases, and even in 10.00% of cases 
contributed to the patient’s preservation of the lung despite prior indications for lung 
removal. PulmoVR creates the lung digital twin based on CT-scan images in front of 
the surgeries eyes. The structures like airways, arteries, veins, and lungs segment are 
visualized. The system enables the visualization of those parts of the patient’s lungs 
that the doctor is interested in. Another XR-based solution, in opposition to HMDs, 
that uses 3D displays as 3D TVs is Echopixel, which allows visualization of arteries in 
patients with pulmonary atresia.

Other issues of the XR application in the medical sector are connected with the 
subjects-doctor communications. It is especially important in preoperative planning, 
while it enables better understanding by the patient of the future treatment (the 
essence of the operation and its course) and possible complications that may occur 
after the procedure, which affects the patient’s trust in the doctor. Many procedures 
do not end only with the resection of the diseased tissue, very often it also requires 
pathological and psychological rehabilitation. Raising awareness is also crucial for the 
future effectiveness of targeted therapy, and here XR-based technologies give a huge 
opportunity [20].
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2.2 Intraoperative support

Trauma surgeons are often faced with complex situations that keep track of 
X-ray procedures. Improved 3D imaging would provide both, an increase in the 
efficiency of the medical procedure, and reduce the time of exposure to X-rays of the 
medical team [12, 21]. Thus, the extended reality has a huge potential to become an 
intraoperative support for surgeons by visualization and superimposition of CT or 
MRI image scans collected before surgery on the patient, thus improving navigation 
during surgery [22]. The intraoperatively 3D model/objects of the desired anatomical 
structures can be displayed in HDMs [23]. To visualize the surgeon’s field of view, a 
camera is needed to accurately monitor the distance and angle of the object of inter-
est. Some proposed solutions also include accelerometers, optical sensors, GPS, and 
gyroscopes as well as navigation systems [24]. One can say that XR-based technologies 
are the interface between surgeons and computer-generated objects, which are based 
on the medical documentation of subjects.

Intraoperative navigation became an essential part of complex medical proce-
dures. This navigation can use 3D objects obtained from previous medical records 
on the part of the patient of interest during the medical procedure. For example, 
in ref. [25], the augmented reality-assisted navigation system (ARAN) was shown. 
It enables real object positioning according to the information contained in the CT 
image scans. It turned out that XR-based approaches enable obtaining better clinical 
output in knee arthroplasty. XR systems can also enable effective navigation during 
more demanding operations, including heart and brain surgeries while information 
concerning spatial comprehension and often the precise localization of structures 
(like deep-seated tumors) is required [26–28]. The AR-supported surgical navigation 
platform DEX-Ray was proposed in ref. [26]. It enables the visualization of the tumor 
and surrounding structures and the anatomy of the venous, including critical drain-
ing veins. The system also assisted in determining the optimal scalp flap and bone 
window for surgical access by selection transparency of the scalp and bones. It was 
tested during the resection of meningiomas in the falcine, convexity, and parasagit-
tal regions [29]. In ref. [30], the DEX-Ray system was combined with mixed reality 
deceive—Microsoft HoloLens.

Moreover, minimally invasive surgery (MIS) technology has been developed to 
limit access to wound injuries and reduce the incidence of postoperative complica-
tions [31]. An interesting proposition is also to combine the XR technologies with 
robotic-assisted surgery (RAS) [32, 33]. In this case, the XR is responsible for the user 
interfaces, which allow for the reduction of the phenomenon of looking away and 
increases the situational awareness of the user. Another example is application of the 
augmented reality to enhance endoscopic video during in-vivo robot-assisted radical 
prostatectomy (RARP) [34]. The solution enables putting a virtual 3D object of the 
patient’s prostate on top of its 2D counterpart in real-time.

2.3 Medical education

Extended reality is also increasingly used in the field of education, especially 
when it comes to medical education. For example, the Stanford Virtual Heart 
Project, in which doctors use VR for visualization and understanding of con-
genital heart defects [The Stanford Virtual Heart—Stanford Medicine Children’s 
Health (stanfordchildrens.org)]. It visualizes the normal and abnormal anatomy 
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of the heart. First, it was aimed at families of children with heart defects but 
later spread to students as well. It allows users to see the anatomy of the heart, 
and the blood flow inside it and observed how the defect interferes with the 
proper functioning of the organ. Virtual heart is also used to visualize the medi-
cal procedures conducted by pediatric heart surgeons to repair the not correctly 
functioning heart. Another solution is developed by Case Western Reserve 
University and Cleveland Clinic, a HoloAnatomy application tailored to run on 
Microsoft HoloLens devices to learn human anatomy (https://engineering.case.
edu/HoloAnatomy-honors). The effectiveness of HoloAnatomy was analyzed dur-
ing medical students’ courses [35, 36] [HoloAnatomy® and MR in the Jagiellonian 
University Medical College (JUMC) https://mrame.cm-uj.krakow.pl/], see 
Figure 2. HoloAnatomy® Suite takes advantage of these technical benefits and 
provides students with an opportunity to learn anatomy in a completely new way. 
The heart and soul of every HoloAnatomy® lesson is a holographic slideshow. 
It consists of accurate, three-dimensional models with a controlled number of 
anatomical structures. There is also a possibility to add other educational materi-
als to the slideshow. What is important is the teacher and students see the model 
in the same place. This enables the tutor to point or magnify any structure from 
the model he/she wants to show. All things considered, HoloAnatomy® not only 
allows students to better understand anatomy, especially topographical relations 
between anatomical structures but also maintains an ability to communicate 
with the tutor and interact with the model. This course aimed to prepare JUMC 
students to use the latest diagnostic technology, the so-called extended reality, 
thanks to which they will achieve unique competencies valued in the labor market. 
In addition, the aim was to improve competencies and professional qualifications 
through participation in specialized training and study visits tailored to the needs 
of students. Training and visits are addressed to JUMC students. During the 
semester program, students will gain new competencies thanks to the synergy of 
several activities:

1. Specialized training in medical data visualization methods using XR technology;

2. Access to audiovisual materials in the field of techniques and methods of using 
XR (e.g., in cardiology, neurology, etc.);

3. Participating in study visits to employers using pictorial tools for visualizing 
medical data, e.g., XR.

Students qualified for the program gained access to the latest technology (software 
and hardware). The training was conducted by highly qualified staff with experience 
in both medical diagnostics and augmented reality technology used in medicine. 
The JUMC didactic staff have developed syllabuses and training scenarios, as well 
as will evaluate the competencies of students qualified for the project. Thanks to the 
availability of audiovisual materials, students could additionally improve their skills. 
Study visits of students to employers (hospitals, diagnostic imaging laboratories, 
etc.) located in Cracow, Poland were an integral part of the program. Participation 
of students in the project will improve their competencies and professional qualifica-
tions (gaining new knowledge and skills and using it in practice), group work, and 
problem-solving skills (group cooperation, data analysis).
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The preoperative virtual exercises are important for the effective training of 
medical staff. They allow you to shorten the training time, increase the level of its 
results and reduce costs. XR not only allows you to visualize anatomical structures 
in a more realistic and accessible way but also engages the student more than books 
and autopsies [37]. Thanks to the XR application, the users can undergo training 

Figure 2. 
XR support in medical courses, (a) the view person without HDMs, (b) the view of the HDMs users, and 
(c) conducting study visits for students of Collegium Medicum of the Jagiellonian University. Students have 
the opportunity to familiarize themselves with the visualization of medical data using extended reality—
advanced imaging as a tool used to optimize pretreatment planning and intraprocedural monitoring in clinical 
environments.
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in a time frame adapted to their needs, without stress related to the possibility of 
making a mistake resulting in permanent damage to patients’ health or even their 
death. In addition, without restrictions related to the subjects’ time under anesthe-
sia, consumption of blood and plasma and other substances necessary during the 
operation, costs of the operating room, and participation of other staff. The main 
XR advantage is the ability to make mistakes and correct them with helpful hints. 
An interesting proposal is also the implementation of XR technology for medical 
exercises of deep space mission crews who have to deal with various health disor-
ders in space [38].

Long-term comparative observations were also carried out between medical 
students using XR technology for learning and students learning traditionally [39]. It 
turned out that the first group of students was characterized by greater determination 
in pursuing a career and better grades. In ref. [40], it was shown that XR-based tech-
nologies have a positive influence on medical students by the increase topic interest, 
focus, and motivation.

2.4 Relation with patients: mutual understanding and anxiety management

However, not only doctors, future doctors, and other medical staff can benefit 
from the implementation of XR technology in practice. Sometimes it is very difficult 
to find a common ground of communication between the patient and the doctor 
[41]. Attractive and, as far as possible, real visualization of a medical procedure can 
effectively move mutual communication to a higher level of understanding. Thus, 
XR can make it easier for the patient to assimilate and understand the information 
provided by the doctor regarding the disease itself and the process of its treatment. It 
contributes to anxiety reduction, which is connected with the medical procedure in 
all stages, namely, preoperative, intraoperative, and postoperative [42, 43]. XR has 
been shown to reduce stress in patients but does not affect objective measurements of 
patients’ physiological status [44].

3. Three-dimensional operation room

In this paper, the XR-based support sterile system for surgeons in the operat-
ing rooms was designed and implemented. The proposed solution is presented in 
Figures 1 and 3. The operating surgeon may share his field of headset vision with 
other users, which may be located. Users can change the position, and angle of 
the medical procedure observation as well as subsequent playback and analysis of 
the recorded procedure from different perspectives, without impact on the work 
of the operating surgeon presented in Figure 4. The Intel RealSense cameras were 
applied to provide XR streaming from 3D cameras to HoloLens 2 glasses.

The XR streaming, which is shown in Figures 3–5, is carried out as follows:
Step 1. The gathering of 3D data by Intel RealSense cameras. The cameras required 

PC connections to reduce the size of the system and mobility issues (fewer cables 
due to the requirement only of the source of power like a power bank), in our case, 
the cameras are connected to a Nvidia Jetson microcomputer. When cameras catch 
data for 3D processing, they will pass it to the Nvidia device, which collects data and 
performs basic transition and smoothing for future processing. Data are locally stored 
at the connected SSD drive. When recording and processing of data are finished, 
data is sent to local Network Area Storage (NAS). Note, that one camera cannot 
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cover the entire space/room. The application of the 2–3 pairs of cameras with Nvidia 
microcomputer is needed. Each of them will record data at the same time from a 
different position and place (different perspectives). As a result, few recordings will 
be achieved.

Figure 4. 
Three-dimensional visualization in surgery involves the use of advanced imaging techniques and intraoperative 
imaging, to create detailed 3D representations of the surgical field e.g., 3D ultrasound with real-time data transfer 
to XR. Surgeons can then view these images on specialized displays or through extended reality headsets, enhancing 
their depth perception and understanding of anatomical structures.

Figure 3. 
A set-up environment for The 3D operating room with unlimited perspective change and remote support. The 
operating room is captured by a 3D camera divided into infrared, depth, and color cameras. Three-dimensional-
captured images can be transferred to extended reality HDMs.
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Step 2. Automatic process of combining recordings registered by Intel RealSense camera 
into one large 3D recording. Recordings, which are registered in Step 1, will be com-
bined into one recording. For this purpose, the computationally powerful PC, and the 
load stored on NAS data (recordings) will be combined in one 3D large-size recording 
of the considered scene.

Step 3. Streaming in XR-based devices. A separate application is needed. It will load 
created earlier recordings and render from it 3D view according to data in it. This will 
be next streamed to XR-based HDMs, in our case HoloLens 2. While a large number 
of data and limited performance of HDMs entire process of 3D image rendering needs 
to be done on an external PC and streamed over WiFi to HoloLens 2 glasses. At the 
same time while streaming HoloLens 2 glasses will be sent to these PC, the actual 
position of HDMs in space and moves to allow the computer to render and stream the 
next view for the users.

Thus, remote support in surgery involves the use of telemedicine technologies to 
enable remote collaboration and consultation. Surgeons can connect with experts or 
specialists who are not physically present in the operating room, allowing for real-
time guidance, knowledge sharing, and collaboration, see Figures 6–8.

4. Extended reality-based application for surgeons

Designing the XR applications is fundamentally different from designing applica-
tions intended for flat screens of computers or tablets, while the user interaction 
is different. Extended reality has more control over processes and their design. 
The designed application must take into account the way the user communicates 
with HDMs. For example, HoloLens 2 glasses work with human senses, and human 
preferences vary from person to person. While HoloLens 2 enables gestures, eye 
movements, or voice commands control, this must be taken into account during the 

Figure 5. 
In a traditional operating room, surgeons typically rely on two-dimensional displays to visualize the surgical site. 
However, with the advent of advanced imaging technologies and XR, 3D operating rooms have emerged to enhance 
surgical precision and improve patient outcomes.
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design process. Visual control is still underestimated and the combination of voice, 
hand gestures, and gazes can create incredibly fluid experiences with contextual 
menus appearing and disappearing as the user looks at something significant. This 
will become even truer when eye tracking becomes the standard in this area. A big 
challenge in XR-based application design is the 3D user interfaces, while developing a 
3D graphical interface that engages the user visually and has emotional significance is 
an important part of the design process, especially in medical aspects. The designing 
and implementation of the XR-based application, which will be customized to the 
Microsoft HoloLens 2 glasses, to display the 3D large-size recording are as follows:

Figure 6. 
Adjustable perspective refers to the ability to change the viewing angle or vantage point within a surgical 
environment. This can be achieved through the use of original assisted surgery systems or advanced imaging 
technologies that allow surgeons to support the extended view of the surgical field.

Figure 7. 
Remote 3D medical consultation refers to the practice of utilizing advanced technologies to provide medical 
consultations and expertise remotely, with the added benefit of three-dimensional visualization.
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Step 1. Segmentation of Dicom data (Figure 9). Every CT or MRI image scans con-
tain a lot of unneeded data, which slows down device performance during the display 
of the model. Due to that segmentation process is required to leave only important 
parts of these data. This also allows the creation of separate models for bones, tissue, 
or even entire organs. It can be achieved by for example the open-source 3Dslicer 
application (https://www.slicer.org/).

Step 2. Validation and error removal (Figure 10). Segmented and saved models 
also require validation, which can be done using 3D graphic tools like the open-source 
Blender application (https://www.blender.org/). The main purpose is to eliminate 
duplicated layers on models or broken parts of the surface. Such errors can stop the 
model from being correct display in the application.

Figure 9. 
The segmentation process is done in 3Dslicer.

Figure 8. 
Healthcare professionals can use video conferencing tools to communicate with healthcare providers remotely. In 
this case extended reality overlays virtual elements onto the real-world environment, providing an enhanced view 
of the medical data. In the context of remote consultations, XR can be used to display three-dimensional medical 
images, such as CT image scans or MRI data, directly onto the patient’s body or relevant objects. This allows for 
a more accurate assessment of the medical condition and facilitates real-time discussions between healthcare 
professionals.
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Step 3. Application engine configuration (Figure 11). In the case of HDMs like Microsoft 
HoloLens 2, the simplest way to create an application is to use a 3D creation tool (engine) 
such as Unreal Engine (https://www.unrealengine.com/en-US) or Unity (https://unity.
com). Each of them requires a precise configuration allowing the application to get the 
best performance and quality. Several configuration settings can be set to improve the 
speed of the engine and the number of frames generated during the application run.

Step 4. Importing models, assigning capabilities, and manipulation (Figure 12). One 
of the last steps during the creation of a simple application is to import a segmented 
model and assign to it its capabilities. This means that displayed by the engine model 
will have actions and reactions. For example, to allow the model to be moved we need 
to activate a change of location on it. If the user wants to move and manipulate the 
position of the model it also requires to add to it reactions for hand gesture input. For 
example, if there will be a grab gesture, performed model should be moving with the 
user’s hand until such gesture is stopped.

Figure 10. 
Model validation using blender.

Figure 11. 
Project configuration in unreal engine for Microsoft HoloLens 2 device.
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Step 5. Packaging application for the device. The final part is to assign development 
certification, and application details and pack the application into a file that any 
Microsoft HoloLens 2 glasses will be able to simply and quickly use for installation. 
The process of packing application is very automated but includes the generation of 
all shadows and graphics of the model so it can take very long.

After performing the above steps finally, the installation file is ready and can be 
distributed and installed on any Microsoft HoloLens 2 device.

5. Case study description

The purpose of the presented case report is to establish a novel approach to preop-
erative patient experience and pre and intraoperative planning using extended reality 
3D visualization of MRI or/and CT DICOM file segmentations. For patient experience, 
radiology can be complicated for patients to understand and fully appreciate, so we 
propose that seeing their 3D hologram, including segmented structures and highlight-
ing the lesion would reduce stress levels, and increase relatability and personal engage-
ment with treatment. Concerning pre and intraoperative utility, these segmentations 
visualize and differentiate between portal, venous, and arterial vasculature in one 
model, highlighting structures and the lesion all to simplify planning. Because the XR 
model is projected using see-through Microsoft HoloLens 2 goggles, the surgical team 
can wear them while seeing both the sterile field and hologram. Additionally, they can 
interact with the hologram without exiting or compromising the sterile field.

This XR-based hologram was created using a preoperative MRI image scan in 3D 
Slicer, an open-source platform for the analysis and visualization of medical images. 
After the segmentation process presented in Figure 13, which was validated by a radi-
ologist on staff for accurately labeling the lesion and visible vessels, it was presented 
to the patient and surgical staff via the Microsoft HoloLens 2 the day before surgery. 
The objectives of this study were two-fold. First was proved that showing patients 

Figure 12. 
Importing model and configuring its data.
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a 3D visualization of radiological scans provides unique benefits that help calm, 
inform, and engage with their care. Second, was sought to explore both the utility of 
using this extended reality visualization for preoperative planning and the practical-
ity of being an intraoperative reference.

Medical staff reported that the proposed method of visualization reduced the 
mental effort required in of keeping track of structures and vasculature between 

Figure 13. 
The segmentation procedure (a) segmentation and volume rendering, including medical MRI image scan. The 
type of view was denoted by colors: Horizontal red bar, coronal green bar, and sagittal yellow bar, (b) magnified 
segmented object.
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slices, demonstrating utility in the preoperative planning stage. They also commented 
that because the Microsoft HoloLens 2 goggles do not obstruct the field of view like 
other XR devices, this technique aids intraoperatively by serving as a reference point 
that can be readily accessed at any time without exiting or compromising the sterile 
field. An example of such a medical procedure is shown in Figure 14. Thus, the main 
challenge is the time required to complete a segmentation for visualization. The 
algorithms applied using 3D Slicer have been fully validated and automate much of 
the procedure, however, manual edits are required to complete a segmentation. The 
algorithms function by tracking voxel intensity between slices and creating a continu-
ous extrapolation in 3D. However, there will be an associated mastery curve to reduce 
that time as the individual performing segmentations gain familiarity with 3D Slicer. 
On the other hand, the XR-based visualization of radiological scan segmentations 
using the Microsoft HoloLens 2 shows excellent promise in the field of surgery for 
both patient and operator experience. Patients can be more engaged with their care, 
have a greater understanding of their condition, and decreased preoperative anxiety. 
A surgeon can quickly and easily review a segmentation for surgical planning and 
later actively use it as a reference intraoperatively without leaving the sterile field.

6. Discussion and conclusion

The proposed XR-based solution enables the preview and registration of per-
formed medical procedures without restrictions resulting from the camera settings 
and the recorded perspective, i.e. unlimited perspective. It provides the support of 
surgeons, which are performing a complex medical procedure by other specialists in a 
given field located in a different location and have much more experience and knowl-
edge concerning the performed procedure. From the perspective of the surgeons’ 
improvement process, it is a huge advantage, because they gain a chance to gain more 
experience and skills in procedures that they do not perform usually. Moreover, they 
gain access to consultations and support from specialists to whom they do not have 
access before due to the distance and location of a given medical facility (e.g. smaller 
cities away from large specialist hospitals by up to hundreds of kilometers). Surgeons 
who are not proficient in more complex procedures can count on the support of more 
experienced specialists who can help with an unexpected course of the procedure, 
e.g., when the operated lesion covers a larger area than originally assessed and the 

Figure 14. 
System validation in the operating 3D room with the unobstructed field of view while wearing the Microsoft 
HoloLens 2 (a) view of the operator who is viewing the model (b) comparison of a real organ in the operating 
room and a digital organ displayed using XR-based device.
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question arises about the best form of cutting/removing the lesion in this case. Many 
areas of medicine, including diagnostics of neurological and psychiatric diseases, 
rehabilitation after strokes, and advanced research on the human brain, will undoubt-
edly benefit from the introduction of XR-based solutions. Also, the patients receive 
benefits in the form of opportunities to take new treatment options.

An important limitation of the XR-based system application is changes that occur 
in the human eye as a result of the aging process, including age-related presbyopia, 
inability to focus on close objects, resulting in blurred vision, and natural aging hin-
ders accommodation, while the majority of surgeons is middle age or older [45]. The 
last one, which is related to the eye lens adjusting to the distance, is especially impor-
tant in the application of HDMs being near-eye displays. Other limitations of the wide 
application of XR in medical practice are limitations of the HDMs themselves with 
their availability constraints limiting scalability and financial outlays related to their 
purchase [46]. Further sustainable development of XR technology is needed, balanc-
ing its technical parameters with costs, with a special emphasis on experimental 
validation [47].

Moreover, to provide a realistic user experience occlusion handling, especially in 
AR-based solutions, and proper rendering of objects are key issues [48]. A depth-
based approach could extend the perception by capturing table depth data in real-
time, for example, the presentation of the industrial scene in the form of a sparse point 
cloud, and conversion to the depth image [49]. Also, the development of 5G/6G edge 
computing and cloud servers contributes to the improvement of XR technologies [50].

An important research element is connected with human cognitions, namely 
explaining the relationship between user perception and the use of XR technology 
[51] by adjusting and analyzing users’ personal experiences that are achieved through 
an awareness of the presented context. The challenge is being able to control the user’s 
perception of XR relative to their perception of the real world [52].

7. Future plans

In the proposed solution, still, some technical issues connected with the quality 
of visualization, reduction of latencies, lighting defects, and orientation may be 
improved. In the future, we plan to evaluate the usefulness of the proposed system 
in surgical practice taking into account depth perception, quality of rendering, and 
visibility of anatomical landmarks, text, and objects, with the combination of the 
System Usability Scale (SUS) with the nontechnical skills (NOTECHS) rating scale for 
surgical teams [53, 54], and Mayo High-Performance Teamwork Scale (MHPTS) [55], 
which have been proposed for the evaluation of virtual surgical simulations in terms 
of an individual patient sample. The application of the Surg-TLX and others to the 
evaluation of human cognitions is also considered [56, 57].

Thus, the development of XR technology in medicine should be coordinated with 
the needs of healthcare in terms of security, precision, and reliability, taking into 
account the protection of personal data (sensitive information) as well as the devel-
opment of XR-based devices. Improved XR-based technologies are also needed to 
enhance 3D Visualization. Because the quality and resolution of 3D imaging technolo-
gies will likely improve, providing even more detailed and accurate representations 
of the surgical field. This could include advancements in imaging modalities, such as 
higher-resolution CT image scans or real-time 3D ultrasounds, enabling surgeons to 
visualize anatomical structures with exceptional clarity.
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Another important aspect is to improve connectivity and communication infra-
structure and telecommunication technologies, which contribute to seamless and 
real-time communication between surgeons, remote experts, and other healthcare 
professionals. High-speed connections and low-latency transmission are crucial for 
transmitting large amounts of data, including high-resolution 3D images and video 
feeds, enabling efficient remote support.

In the future is also be the development and implementation of XR-based tech-
nologies and artificial intelligence-based algorithms as a part of the integrated system. 
It can be added value as an aid in surgical planning, real-time image analysis, and 
decision support. AI-based tools could help surgeons navigate complex anatomical 
structures, identify anomalies or critical regions, and provide insights based on vast 
amounts of medical data. Integrating AI into the 3D operating room with remote 
support could enhance surgical precision and outcomes.
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Abstract

Augmented reality (AR) is a technology that combines the real world with virtual 
elements, providing users with an enhanced interactive experience. AR has been used 
in a variety of fields, including medicine and bioengineering. In terms of training 
medical bioengineers, augmented reality can play a significant role in improving the 
learning process and understanding of human anatomy, medical procedures, and 
medical devices. Using AR technology, medical bioengineers can benefit from the fol-
lowing advantages in their training: three-dimensional visualization and interaction, 
medical procedure simulation, real-time guidance, collaboration and communication, 
medical device innovation and development. Using these technologies in the train-
ing of medical bioengineers, they can practice and become familiar with performing 
these procedures in a safe and controlled virtual environment. This can help increase 
confidence and practical skills before working in real life.

Keywords: augmented reality, medical bioengineering education, clinical immersion, 
simulation, medical devices, inter-professional communication

1. Introduction

These technologies provide an immersive and interactive digital scene for 
 three-dimensional (3D) viewing medium, resulting in their widespread adoption in 
various fields that include commercial, educational, and biomedical sectors. Although 
the concept of virtual reality (VR) has existed since the nineteenth century, VR 
became popular during the 1990s. Technological advances in headsets and computer 
hardware, including computer graphics, led to many companies, especially in the 
entertainment sector, investing in this technology. VR headsets differ in platform, 
content, depth perception, tracking capabilities, viewing resolution, and audio tech-
nology. These devices significantly improve fields of view (FOV) and real-time frame 
rates that mitigate the effects of cybersickness to some extent [1].

Apart from VR devices, the augmented reality (XR) experience has also been on 
the rise in augmented reality (AR)/mixed reality (MR) devices. However, unlike VR 
devices, AR eyes are not widely commercialized due to their high cost. Despite the 
popularity of XR devices, a comprehensive analysis of the biomedical implications 
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of this XR in medicine, surgery, and medical education is warranted. This overview 
defines the concepts of VR, AR, and MR and the capabilities of these technologies. 
First, current biomedical trends including visualization, clinical care, and research 
are summarized in XR, then VR and AR are used in the classroom as interactive teach-
ing platforms. VR offers a fully virtual and immersive experience, while AR augments 
the real-world view with virtual information. MR performs real-time spatial mapping 
between real and virtual worlds. Interactions refer to the types of interactions that are 
enabled using technology.

VR allows interaction with virtual objects and AR allows interaction with physical 
objects. MR enables interaction between physical and virtual objects. Information 
refers to the types of data processed during display. In VR, the virtual objects dis-
played are registered in a 3D virtual space. AR provides real-time virtual annotation 
in the user’s environment. In MR, viewed virtual objects are registered in 3D space 
and time in relation to the user’s real environment [2]. All highly immersive XR expe-
riences are presumably based on the seamless interaction of the physical and digital 
worlds. Therefore, the user’s context, including what is in the user’s surroundings and 
physical world, is particularly important. The contextual foundation of current AR 
applications well reflects this importance. Two specific examples are location-based 
and marker-based triggers for AR experiences [3] (Figure 1).

This helps determine a reference coordinate system in which virtual objects are 
located and tracked. Markers in AR experience ads may be visually replaced by other 
content, requiring segmentation. Machine learning-based approaches and classical 

Figure 1. 
VR- and AR-based visualization of scientific experimental imaging data, tools for surgery and anatomy, and 
collaborative interfaces for education and telehealth.
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computer vision approaches are suitable for this. In many applications, markers are 
not replaced, but supplemented by additional information overlaid on the scene. For 
example, in training an auto mechanic, AR was used to label many of the components 
that the mechanic needed to identify within the complex engine assembly under the 
hood of a car [4].

2. Principles of augmented reality (AR)

The principles of augmented reality (AR) refer to the technological foundation 
and key concepts behind these innovative technologies. AR and VR enhance students’ 
learning experiences by teaching biology, history, and geography concepts in interactive 
and engaging ways. For the generation leading the digital lifestyle, the use of media 
technology has significantly reduced our attention span. VR/AR as an educational tool 
offers a viable digital solution to this problem as it greatly reduces distractions and 
allows students to focus on the virtual space. One approach to using VR in the classroom 
is to provide students with headsets that synchronize with a central device and experi-
ence the same content. It can also be decentralized, where the lecture takes place in a 
virtual classroom and the student puts on her VR headset and connects from distinct 
locations. In addition to universities and medical schools, several K-12 classrooms have 
already introduced learning with XR technology [5]. For example, in a biology class, 
students can use their 3D model in VR to learn about the anatomy of the human body 
and other living organisms. At Agawam Public Schools in Massachusetts, teachers are 
incorporating Google Expeditions VR software into their classrooms to explore atoms 
and the inside of the human body. The software only requires a compatible smartphone 
and a Google Cardboard device. Through the expedition, students learned about history 
by experiencing the past and visiting ancient sites while sitting at their desks [6].

VR was used to teach cell biology concepts, impacting student participation and 
conceptual understanding. Students participate in the VR experience “Journey Inside 
a Cell” on The Body VR using an HMD and are tested against footage in a timed chal-
lenge to match each part of the cell to the correct label. Participants were also asked 
to complete a questionnaire describing their VR experience and whether it affected 
their learning. Of the students who participated in the study, 93.55% reported that VR 
enhanced their learning experience of cell biology concepts [7].

This overview of design principles will focus on specific strategies that instruc-
tional designers can use to develop AR learning experiences. These principles are con-
textualized in specific games or AR experiences developed by the Radford Outdoor 
Augmented Reality (ROAR) project at Radford University.

These two forms of AR (i.e., location-based, and vision-based) use multiple 
smartphone capabilities to create “immersive” and context-sensitive learning experi-
ences in the physical environment, providing instructional designers with a new and 
potentially transformative tool for teaching and learning [8].

• Information overlay: One of the basic principles of AR is the overlay of virtual 
information over the real world. This principle involves the design and integra-
tion of computer-generated visual, audio, or haptic information over what the 
user sees or experiences in the real world through display devices, such as AR 
glasses. Graphics, images, or texts can be integrated and projected into the user’s 
field of vision. This allows the combination of virtual elements with the physical 
environment in which the user is located [9].
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The process of overlaying information in AR involves the following steps:

1. Capturing the real environment: To overlay information, AR needs a way to get 
information about the real environment the user is in. This is done using sen-
sors such as video cameras, depth sensors, or motion sensors, which capture data 
about the object, surfaces, physical environment.

2. Identification of reference points: After the data about the real environment has 
been captured, the RA must identify the reference points in this environment. 
These reference points can be objects, surfaces, or special markers that are recog-
nized and tracked by the system.

3. Calculation of the user’s position and orientation: Based on the captured data 
and the identified reference points, the RA calculates the user’s position and 
orientation in space. This information is essential to design and correctly place 
virtual elements in relation to the real environment based on tracking and geo-
metric calculation algorithms.

4. Virtual information overlay: Once the position and orientation of the users are 
calculated, RA overlays the virtual information against the real average problem.

5. Interaction with overlay information: After the virtual information is overlayed, 
the user can interact with it. The interaction can be achieved through gestures, 
movements, voices, or the form of interaction with the AR device.

• Real-time integration: AR provides the ability to integrate real-time virtual 
information into the physical environment. This means that virtual elements can 
synchronize with the real moving environment and respond to user actions in 
a timely manner. Therefore, users can interact with virtual objects and observe 
real-time changes and feedback [10].

• Position detection and tracking: To correctly overlay virtual information on the real 
environment, AR practices position detection and tracking. This involves the use 
of sensors such as video cameras, depth sensors, or motion sensors to determine 
the user’s position and orientation in space. This information is then used to 
correctly design and align the virtual elements [11].

• Natural interaction: Another important principle of AR is natural interaction 
with the virtual environment. Interaction technologies, such as voice recogni-
tion, gesture recognition, eye tracking or hand tracking, allow users to interact 
with virtual objects in an intuitive and natural way. This makes it easier to access 
and manipulate virtual information in an efficient and understandable way.

• Spatial context: AR places a strong emphasis on the user’s spatial context. This 
includes understanding and recognizing the physical environment the user is in, 
so that virtual information can be integrated in a developed way. For example, by 
using object or marker recognition technologies, AR can identify and interpret 
objects and surfaces in the physical environment to project and place correct 
information [12].
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3. Current biomedical trends in augmented reality (AR)

New widely used three-dimensional visualization technologies are virtual reality 
(VR), augmented reality (AR), and mixed reality (MR). These modern technolo-
gies also bring with them new challenges such as their excessive cost or the impact 
on human health, not yet sufficiently studied [13]. The usefulness of AR systems in 
medicine depends on the training of the technician, doctors, and teachers involved. 
To achieve maximum benefits, AR systems must be implemented with significant 
care and accuracy [14].

A new tool used in the visual assessment and manipulation of anatomical 
structures of real patients in 3D is represented by Applications of Virtual and 
Augmented Reality in Biomedical Imaging [15]. Following the studies, it was 
concluded that the use of AR in the visualization of radiological images offers doc-
tors the possibility of making correct interpretations and can be used including in 
surgical planning [16].

Assisted surgery is also a field that has adopted AR technologies. These systems 
are used in distinct types of surgery, where AR can be used as a display or model with 
a promising perspective. Surgeon training apps fall into three distinct categories: 
echocardiography training, laparoscopic surgery, and AR and VR training for neuro-
surgical procedures [17].

The use of AR technologies such as HMD-based AR systems, augmented optics, 
augmented windows, monitors and endoscopes and their specific applications in the 
medical field are currently being discussed. The sense of touch can be transmitted to 
the user with the help of haptic augmented reality environments that can improve the 
work process [18].

Rehabilitation medicine successfully uses AR systems by implementing hand 
and arm movement systems in a spatial AR environment. In this way, a total patient 
immersion is created by creating a virtual audio and visual experience. The system 
guides the patient’s rehabilitation tasks involving elbow, shoulder, and wrist move-
ments. The system has the advantage of photographing the movements in real time 
and recording the patient’s progress [19].

A new direction is the development of AR platforms that can be used for educa-
tion. Here, you can include systems used in surgical operations, in the training of 
medical bioengineers or in the optimization of the medical educational process.

AR applications in medical education include several types of platforms that train 
students in diverse ways. There are systems based on AR scenarios that can be used 
to learn key concepts in VR environments with Google Cardboard, such as viewing 
single-cell protein images using an HMD and surgical planning using AR and VR. The 
software and hardware challenges of AR in biomedicine will not allow their large-
scale development at this time [20].

The effectiveness of AR and VR systems in the fields of medical anatomy and 
health sciences is intensively studied by comparing the training outcomes of medical 
students who used VR and AR systems to those who used mobile applications, assess-
ing the level of effectiveness. The study divided the target group of 59 students into 
3 groups with different learning modes—VR, tablet-based applications, and AR who 
were taught a lesson on skull anatomy. Then their knowledge was assessed by repeat-
ing the experiments with different lessons. The results of the study showed that the 
AR and VR systems had benefits, because they promoted an increased involvement of 
students in the study process [21].
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4. Biomedical education tools for teaching

The trend in the matter of learning at the university level is represented by the 
desire of teaching staff to instill in their students the ability to interpret information 
and at the same time to learn with joy. This trend can be achieved today by including 
modern technologies in student training without the need to give up solid learning 
principles. The challenge of the society, we live in, is given by students with signifi-
cant differences in training and study motivation. This problem can be solved by inte-
grating modern technologies in the teaching process. Today’s students were born in 
the 2000s and expect modern universities to provide adequate digital infrastructure 
for teaching and learning. Medical education must adapt to many new and different 
healthcare contexts, including digitized health systems and students of the digital 
generation in a hyperconnected world. The instructional design must adapt to the 
target learners and the available resources. While the use of technology was already 
widespread in medical education, the COVID-19 pandemic has accelerated the need 
for more flexible, personalized, and collaborative learning.

Moral factors are paramount in the decision to pursue medical education. For this 
reason, critics argue that online medical education cannot compare to the instant 
feedback and sense of community offered by face-to-face courses. That is why the 
digitization process in medical education will pose important challenges in building 
empathy in medical practice.

The digitized curriculum in medical education can be developed following the 
principles of:

• Interactivity. Educational technology should promote interactivity in all learn-
ing environments, therefore, at this point, active learning requires a student-
centered approach.

• Bidirectionality. A peer-to-peer relationship allowing students to apply their 
knowledge to solving complex problems with continuous feedback.

• Mixture. Modern technologies should integrate with traditional methods. Online 
lectures, VP, and online games must integrate traditional lectures, bedside teach-
ing, and group simulations into a comprehensive curriculum.

• Transnationality. Medical study programs should be transnational based on web 
platforms that allow international cooperation. In this way, a homogeneity of 
training programs in European countries could be obtained.

• Actuality. The didactic materials should be revised and updated from year to 
year, even if the courses are available on platforms that the students can access 
from their private space. Materials must be carefully checked for timeliness and 
continuously refreshed [22].

We conducted a study in the specialized literature and identified the main types of 
tools used in biomedical engineering education:

1. Medical educators can adopt existing digital and multimedia teaching aids be-
cause they are based on a wide range of digital technologies. In the educational 
process, it could include technologies related to practice-based learning such as 



219

Perspective Chapter: Using Augmented Reality (AR) in the Education of Medical Bioengineers
DOI: http://dx.doi.org/10.5772/intechopen.1002931

video-based lectures [23]. In this way, active learning in the laboratory could be 
stimulated, the active participation of students in the classroom could be facili-
tated and group work encouraged [24].

2. A safe and effective learning environment that is rapidly developing in medical 
education is learning through simulation. Through this teaching method, basic 
knowledge of medical sciences such as anatomy, pharmacology, and physiology 
can be formed, rapid familiarization with medical procedures is produced, and 
solid clinical skills are created during simulated scenarios. Another benefit of 
simulation is that it can lead to the reduction of medical errors and the qualita-
tive increase of the medical act [25].

The first simulator in education was introduced in the late 1990s and consisted of 
a life-size pelvis-type manikin with which midwives could practice during child-
birth. Simulators have evolved, and today we have a high-fi “patient” simulator 
that talks, breathes, blinks, and moves like a real patient. Examples of simulation 
include: SimMan as a training and examination tool, ventriloscope to assess clinical 
examination skills among medical students (simulates auscultatory findings) [26].

A better approach to learning is to use a high-fidelity simulator that can be used 
in conjunction with medical devices for certain tasks. Also, simulation provides 
an ideal tool for assessing theoretical knowledge and evaluating practical skills 
of studies. Studies show that the use of simulators in medical education increases 
students’ interest in the study [27].

3. Applications for smartphones and mobile devices were included in the learning pro-
cess, which offer students the possibility to perform several tasks simultaneously. 
These applications actively contribute to the instant refresh of knowledge about 
diagnosis, medical management, patient health information, medical calcula-
tions, accessibility to contemporary clinical literature, continuation of medical 
treatment. These systems have an important impact on education and error pre-
vention. The main problems with these systems are the risks of malware, poten-
tial privacy violations, and erroneous information in searches [27].

4. Core disciplines in the pre-clinical years at medical universities can be taught us-
ing WSLA workstations (Workstation Learning Activities). These workstations are 
a flexible and scalable tool for moving toward integrated curricula. WSLA can 
be applied to large groups of students in a variety of contexts or environments. A 
wide range of clinical cases can also be used [28].

5. Virtual learning environments can be built with the help of virtual reality (VR) 
and applied in the educational process can lead to the improvement of the user 
experience by convincing the human brain that it is in a different environment 
[29]. Virtual environments can also be applied in special education and are use-
ful in distance education. Perfecting skills is the main advantage of using VR in 
the medical educational process. Thus, future professionals will know how to 
adapt to different patients in different environments. At this moment, virtual 
patients or training systems are used for various therapeutic procedures [30].

6. Virtual field trips (VFT) can be used as an activity by pre-selecting web pages 
based on pre-defined topics that can be transformed into a structured online 
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learning experience. These virtual trips increase students’ enthusiasm for learn-
ing and support the development of an active collaborative relationship with the 
teachers. The big disadvantage of these excursion environments is the contact 
with the real environment, the high cost, and the reduction of learning opportu-
nities. In many situations, human interaction is undermined, and the flexibility 
offered by classroom collaboration between teacher and student is missing [31].

7. Augmented reality (AR) offers a complex view because it superimposes a comput-
er-generated image on users’ view of the real world. In the educational process 
and progress, the application is useful, especially for dynamic anatomy in real 
time. It offers a total experience to the user and allows, for example, the visu-
alization of blood flow structures and even the performance of invasive proce-
dures. A special utility is the application of AR in anatomical radiology, where 
radiological images from CT or MRI can be superimposed on a body. This creates 
a direct view of the spatial anatomy for the learner. If AR is combined with 
haptic technologies, tactile feedback can help users appreciate the consistency of 
distinct types of anatomical tissues [32].

8. We must also recognize the limitations of AR application, especially in the educa-
tional process. In these situations, powerful microprocessors are needed to drive 
AR because the devices used must be a natural extension of the surgeon’s senses. 
The main characteristics that these devices should meet are low weight, high 
mobility, meet ethical, and deontological norms and be stable over time from the 
point of view of operation. A special and much-discussed problem is related to 
the confidentiality and management of patients’ medical data, being an unsafe 
environment even at this moment.

9. The Internet has changed the entire process of teaching and educating students. 
It reduces barriers to knowledge sharing and acquisition. Online teaching has 
the same purpose as traditional teaching, which is to make learning possible. It 
does not eliminate the lecturer but supports and enhances educational activities. 
Meanwhile, online learning can also encourage the student to become a more 
critical and creative thinker capable of solving problems more easily. Currently, 
educational technologies for the development of teaching and learning through 
the Internet are widespread and relatively easy to use. An example in the Bio-
medical field is the EVICAB European Virtual Campus for Biomedical Engineer-
ing Portal, which is easy to build and apply to any discipline [33].

10. The future of technology in education will surely be cloud technology, as this 
technology facilitates access to Internet applications and services that allow 
information of any nature to be stored, shared, and accessed on any Internet-
connected device. Cloud technology is already used in the educational process 
as a medium for storing and sharing digital textbooks, lesson plans, and assign-
ments. Through the cloud, the student can access the materials before the class 
and the class can only debate the proposed topic. This approach will save time for 
the professional and the student, and the situation in which the student does not 
do his homework will no longer occur. The active application of cloud-type tech-
nologies in the educational process is limited currently by the security of stored 
and transmitted data [34].



221

Perspective Chapter: Using Augmented Reality (AR) in the Education of Medical Bioengineers
DOI: http://dx.doi.org/10.5772/intechopen.1002931

11. In medical training, the concept of Gamification was also introduced through the 
development of medical training platforms using gamified elements and games. 
The advantage of gamification is the fact that it maintains the active involve-
ment of the student in class, increases their degree of involvement, and provides 
immediate feedback. The students also find it enjoyable. The big problem at 
this moment is the conceptualization of games and their adaptation to medical 
 education [35].

12. Artificial intelligence (AI) is a modern concept through which machine learning 
systems are created and can be applied at the educational level by automating 
grading and offering personalized learning opportunities for the type of student. 
AI has a dual benefit in education because it can help the teacher understand 
a student’s learning patterns. Because personal involvement and interaction 
between doctor and patient in medical education are significant, there is an acute 
reluctance to use AI in the medical educational process. Another major problem 
is represented by ethical issues that prevent the application of AI in medical 
education [36].

13. An important innovation in medical education is represented by Problem-Based 
Learning (PBL), as it is defined as a student-centered approach to educational 
learning. It gives students with the opportunity to carry out research, fostering a 
spirit of collaboration. The PBL technique involves brainstorming activities and 
thus integrates and retains theory and practice in the application of knowledge 
and skills. The main challenge when implementing PBL is the significant amount 
of time required from the teacher for this activity, which is approximately 
four times higher than for a regular activity. PBL led to the implementation of 
evidence-based medicine (EBM), considered a revolution compared to classical 
empirical medical practice [37].

5. Virtual training for bioengineers and medical devices

Virtual training for medical bioengineering and medical device use can be a highly 
effective and valuable approach to educating professionals in bioengineering and 
medical device development. This method uses virtual reality (VR) and augmented 
reality (AR) technologies to provide immersive, interactive, and immersive training 
experiences. Some benefits and applications of virtual training for bioengineering 
and medical devices are presented:

1. Hands-on experience: Virtual training allows bioengineers to gain hands-on 
experience with medical devices and equipment in a safe and controlled environ-
ment. They can practice using complex instruments, perform virtual surgeries, 
and interact with medical devices without the need for physical prototypes or 
risking patient safety.

2. Realistic simulations: VR and AR can create highly realistic simulations of medi-
cal procedures and scenarios. Bioengineers can learn how to handle medical 
devices in various situations, prepare for potential challenges, and improve their 
decision-making skills in a risk-free setting (Figure 2).
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3. Collaborative learning: Virtual training platforms can enable collaboration among 
bioengineers from distinct locations. They can work together on projects, discuss 
ideas, and learn from each other’s experiences, fostering a more dynamic and 
engaging learning environment [11, 12, 37].

4. Continuous skill improvement: Virtual training can offer personalized feedback 
and performance evaluations, allowing bioengineers to track their progress and 
identify areas for improvement. This iterative learning process promotes con-
tinuous skill development and competence.

5. Access to rare or expensive equipment: Virtual training can provide access to medi-
cal devices that might be rare or expensive to use in traditional training settings. 
This opens up opportunities for bioengineers to familiarize themselves with a 
wide range of devices and technologies (Figure 3).

6. Adaptability and flexibility: Virtual training can be tailored to suit the specific 
needs of bioengineers and medical device developers. Content can be updated 

Figure 3. 
AR in professional training of use CT equipment.

Figure 2. 
Realistic simulation of medical device (infusion pump) [38].
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and adapted easily to align with the latest advances and regulatory requirements 
in the field.

7. Remote training and telemedicine: Virtual training can be delivered remotely, 
making it accessible to bioengineers and medical professionals  worldwide.
It also plays a crucial role in telemedicine, where medical device specialists can 
remotely assist healthcare providers in using complex equipment.

8. Research and development: Virtual training can be used during the research and 
development phase of medical devices. Engineers can simulate the performance 
of prototypes, conduct virtual tests, and identify design improvements before 
creating physical prototypes.

9. Compliance and regulatory training: Bioengineers and medical device developers 
need to be well-versed in regulatory requirements and quality standards. Virtual 
training can provide interactive modules on compliance and regulatory process-
es, ensuring adherence to industry guidelines.

Overall, virtual training offers a cost-effective, safe, and efficient way to 
enhance the skills and knowledge of bioengineers and medical device profession-
als. As technology continues to advance, virtual training is likely to become even 
more  sophisticated and integral to the field of bioengineering and medical device 
 development [39–41].

Calibration and maintenance of medical devices are critical processes to 
ensure their accuracy, reliability, and safety in healthcare settings. Augmented 
reality (AR) can play a significant role in simplifying and enhancing these tasks. 
Augmented reality (AR) can be applied to calibration and maintenance of medical 
devices.

5.1 Guided procedures

AR can provide step-by-step visual instructions overlaid onto the medical device, 
guiding technicians through the calibration and maintenance processes. This real-
time guidance can help ensure that the procedures are performed correctly and 
consistently.

5.2 Interactive 3D models

AR can superimpose interactive 3D models of medical devices onto the physical 
devices. Technicians can manipulate the virtual components, disassemble the device 
virtually, and learn about its internal workings, helping in understanding the calibra-
tion and maintenance requirements.

5.3 Real-time data visualization

AR can display real-time data and diagnostics from the medical device directly 
in the technician’s field of view. This allows them to monitor various parameters and 
make adjustments during calibration, ensuring the device is operating within the 
desired specifications.
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5.4 Remote assistance

AR can facilitate remote assistance from experts during calibration and 
 maintenance procedures. Technicians can wear AR-enabled glasses and collaborate 
with specialists who can provide guidance, review data, and offer solutions in real 
time.

5.5 Error detection and troubleshooting

AR can highlight potential issues or errors during the calibration and maintenance 
process. Technicians can quickly identify problem areas and take corrective actions, 
reducing downtime and minimizing errors (Figure 4).

5.6 Digital documentation and record keeping

AR can assist in documenting the calibration and maintenance processes digitally. 
The AR system can record each step and generate digital reports, ensuring proper 
documentation and traceability for compliance purposes.

5.7 Training and onboarding

AR can be used for training new technicians on how to calibrate and maintain 
medical devices. Interactive AR simulations allow trainees to practice these tasks in a 
virtual environment before performing them on actual devices.

5.8 Predictive maintenance

AR can integrate with the Internet of Things (IoT) sensors embedded in medical 
devices. By analyzing real-time data, AR can predict potential maintenance needs, 
allowing proactive servicing and preventing device failures.

Figure 4. 
Error detection and troubleshooting simulated in AR [38].
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5.9 Compliance and audit support

AR can provide access to calibration and maintenance records during audits, 
simplifying the process and ensuring adherence to regulatory requirements [42].

By leveraging AR in the calibration and maintenance of medical devices, health-
care facilities can streamline their operations, reduce downtime, enhance accuracy, 
and improve overall patient safety. However, it is essential to ensure that the AR 
systems used comply with relevant regulatory standards and maintain data security 
and privacy. As AR technology continues to evolve, its applications in healthcare are 
expected to become even more advanced and transformative.

Statistical analysis of the use of augmented reality in the education of medical 
bioengineers could provide a clearer picture of the impact of this technology on 
their learning. To perform such an analysis, data on the use of augmented reality 
in medical bioengineering education programs should be collected and a series of 
statistical analyses should be performed. Being a complex field that involves medical 
and engineering aspects, the study of the specialized literature returned only a few 
relevant works for the analyzed subject.

Some aspects that can be identified include the fact that the percentage of higher 
education institutions using augmented reality in their medical bioengineering 
programs remains low, mainly because the percentage of courses integrating aug-
mented reality into the curriculum is limited. The assessment of initial and ongoing 
costs associated with the implementation of augmented reality in the education of 
medical bioengineers is quite high and would require a comparison of these costs 
with the benefits and improvements observed in the learning process. The long-term 
impact should be taken into account, including the monitoring of the careers of 
graduates who were trained with augmented reality during their studies and assess-
ing their success in their respective fields. These statistical analyses could provide a 
comprehensive picture of the efficacy and impact of augmented reality in the educa-
tion of medical bioengineers and could be used to make informed decisions regarding 
the further development and implementation of the technology in this field. It is 
important to note that the results of the analyses may vary depending on the specific 
implementation of augmented reality in a given program of study and the institu-
tional context.

6. Conclusions

The use of augmented reality (AR) in the educational and professional training 
of medical bioengineers offers numerous significant advantages and transformative 
opportunities. Augmented reality provides a highly engaging and immersive learning 
experience, fostering better retention and comprehension of complex medical con-
cepts and procedures. Bioengineers can interact with virtual models and simulations, 
enhancing their understanding and proficiency. AR enables medical bioengineers to 
practice in a safe and controlled environment, reducing the risk associated with real-
life procedures. This allows them to build their skills and confidence before engaging 
in actual clinical settings.

AR systems can offer real-time feedback and performance assessment, allowing 
bioengineers to receive immediate guidance and correction. This iterative process 
improves learning outcomes and minimizes errors. AR encourages collaboration 
between medical professionals, engineers, and researchers. This interdisciplinary 
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approach fosters innovation and leads to the development of more advanced and 
effective medical devices and solutions. The technology facilitates remote training 
and support, making it possible for bioengineers to access expertise and guidance 
from experts located elsewhere. This is particularly valuable in regions with limited 
access to specialized medical training.

AR enables continuous education and updates in the rapidly evolving medical 
field. Bioengineers can stay current with the latest medical advances and integrate 
them into their work. Implementing AR training solutions can be cost-effective in 
the long term. Once the initial investment is made, the technology can be reused for 
multiple training sessions, making it a valuable and accessible resource. The use of AR 
stimulates innovation and creativity among medical bioengineers. By exploring and 
experimenting with virtual models and scenarios, they can develop novel approaches 
and solutions to complex medical challenges.

Ultimately, the application of AR in the training of medical bioengineers translates 
to better patient care. Well-trained bioengineers can contribute to the development of 
safer, more efficient, and patient-friendly medical devices and technologies.

While AR offers substantial benefits, it is essential to recognize that its successful 
implementation requires careful planning, ongoing support, and proper integration 
into existing educational and professional training programs. As technology advances 
and becomes more accessible, the impact of augmented reality on the field of medical 
bioengineering is likely to continue growing, revolutionizing the way professionals 
are educated, and transforming healthcare for the better.
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