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Abstract: Human Robot Interaction is becoming an important field in computer science as robots are now working closely with people in
industries, education, and healthcare. A major difficulty in this collaboration is that humans often cannot clearly understand what a robot is
about to do or why it is acting in a certain way. This paper presents an Augmented Reality Driven Human Robot Interaction Framework
designed to make cooperation between humans and robots more natural, safe, and effective. The framework uses augmented reality to show
visual information such as robot motion paths, task areas, and safety zones directly from the user’s view. By linking real time sensing with
visual feedback, it helps people predict robot actions, avoid mistakes, and reduce the chance of accidents. The proposed system is implemented
using the Unity environment and the Robot Operating System for simulation. Results from experimental tests show that participants complete
shared tasks more quickly and with higher accuracy when supported by augmented reality visual guidance compared with ordinary screen-
based displays. The findings suggest that using augmented reality in human robot interaction improves understanding, increases safety, and
builds greater human trust in robotic systems. Future research will extend this framework to multiuser settings and include recognition of
human gestures and emotions to create smoother and more adaptive interactions.
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ILINTRODUCTION

Human-robot interaction with augmented reality (AR) is gaining attention in manufacturing because it helps people see
robot intentions, understand shared workspaces, and make safer decisions during tasks. Recent surveys show that AR in human—
robot collaboration (HRC) supports programming, supervision, intent communication, and safety by overlaying task and robot
state information in the operator’s view [1-3]. Head-mounted and handheld AR can reduce confusion about robot motion, help
with path previews, and provide step guidance, which improves trust and speeds up joint work [1,2]. Open-access toolkits now
demonstrate bi-directional AR interfaces where operators both receive robot feedback and send commands through natural
interactions, which lowers the entry barrier for non-experts on real shopfloors [4]. These trends motivate systematic study of when
AR helps most, what interface designs work reliably in factories, and what risks appear when AR is added to human-robot teams.
[1-4].

Beyond surveys, industrial case studies document measurable gains. A well-cited study in CIRP Annals deployed an AR
operator support system in collaborative assembly. It showed that live overlays for robot state and task steps can shorten execution
time and reduce errors when people and robots share a station [5]. Reviews in Computers & Industrial Engineering report that AR
interfaces in industrial HRI typically target four outcomes: clearer motion intent, faster programming by demonstration, on-the-
spot quality checks, and safer human—robot spacing through visual cues [6]. Elsevier case studies and replications stress that
benefits depend on fit to context: assembly sequences, kitting, and inspection tasks see the largest advantages because they rely on
spatial cueing and step-level guidance that AR can present without forcing operators to switch attention to distant screens [5-7].

However, AR is not a universal fix. Comparative evaluations in Robotics and Computer-Integrated Manufacturing show
that AR must be paired with robust task models and ergonomic design to avoid new failure modes like distraction, occlusion, and
mis-registration under glare or clutter [5,7]. Risk analysis work now treats AR itself as a socio-technical element that can introduce
cognitive load, attention capture, and interaction risks with moving robots unless visualizations follow safety standards and are
tested under realistic lighting, posture, and motion [11]. In short, the research question is no longer “CanAR help HRC?” but
“When, where, and how AR should be used so that it helps reliably under production constraints?”’ [5, 7, 11].

Design directions are clearer today. Bi-directional AR toolkits based on HoloLens-class devices demonstrate direct
command input, live telemetry, and intent previews at the cell, which improve shared situation awareness and task fluency for
non-expert operators [4]. Springer and MDPI studies on “operator-in-the-loop” interfaces show that AR works best when visual
elements follow simple, stable mappings to robot behaviors (for example, pre-move ghost trajectories, grasp affordances, and
safety zones) and when the interface aligns with station layout to minimize head movement [4,8,9]. Where tasks change often, AR
authoring tied to digital twins is promising MDPI Sensors presents a digital-human twin that predicts workload and helps schedule
tasks while the robot adapts to the operator’s posture and pace [10]. These ideas point to a practical scope for the present paper:
focus on production-grade design patterns that improve intent communication, programming by demonstration, and safety
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signaling, together with risk controls that keep AR helpful rather than distracting. [4, 8-10].

This paper adopts that scope. We will (i) synthesize evidence on AR benefits and failure modes in HRC from recent MDPI,
Elsevier, and Springer journals, (ii) compare interface patterns for intent visualization, instruction, and command input, and (iii)
outline evaluation methods that combine task time, error rates, mental workload, and safety margin under realistic noise and
lighting. The aim is a concise, practice-oriented view that complements broad surveys with design guidelines and risk checks that
can be applied in student labs and industrial cells. [1-3,5-11].

I.LLITERATURE REVIEW
This section reviews recent advances in augmented-reality—augmented human-robot interaction (AR-HRI), focusing on
(i) AR modalities and visualization techniques, (ii) bidirectional or interactive control, (iii) safety and cognitive aspects, and (iv)
applications in manufacturing and beyond. | draw from peer-reviewed journal articles published in the last decade.

2.1 AR Modalities and Visualization Techniques

Researchers have explored different AR modalities (HMDs, projection, handheld) and visualization methods (trajectory
previews, safety zones, and affordances) to support human understanding of robot behavior.

Hietanen et al. (2020) present an AR interface for human-robot collaborative manufacturing that uses depth sensing to
monitor workspace and overlay safe boundaries in real time [13]. This work shows how AR can dynamically reflect robot motion
constraints and warn human operators of impending collisions.

In “Exploring AR-enabled human-robot collaboration (HRC)” Loy et al. (2025) integrate AR visual feedback with robot
control to support spatial awareness and design tasks. They show that AR cues can assist in complex spatial planning and reduce
human—robot interference [14].

Maruyama et al. (2021) propose a digital-human twin architecture that aligns human motion and robot tasks. AR is used to
present predicted human/robot trajectories so that both adapt mutual motion plans [15]. This method blends visualization and
prediction to reduce conflicts.

Other works such as De Pace et al. (2020) systematically review AR interfaces in industrial HRI and classify visualization
methods: e.g. ghost trajectories, colored safety envelopes, and overlays of sensor data [16]. They argue that visualization should
be minimalistic to avoid overload.

These modalities and visual strategies serve as a foundation: they show that AR helps make hidden robot intent visible.
The key challenge remains how much visual information to show without distracting or confusing the human.

2.2 Bidirectional and Interactive AR Control

Beyond passive visualization, AR also enables bidirectional or interactive communication where humans and robots
exchange information in real time.

Qiu et al. (2020) develop a shared AR workspace in which both humans and robots operate over and alter virtual and
physical objects. The robot can “see” human gaze and adapt accordingly; this establishes a feedback loop beyond one-way visual
overlays [17].

A 2025 paper, “Improving Human—Robot Collaboration through AR and user gaze,” studies how AR combined with human
gaze tracking can broadcast human intent to the robot and vice versa. This enables smoother cooperation in joint tasks [18].

The ARROCH system implements multi-turn, bidirectional human—multi-robot communication. Humans see through obstacles to
track robot states, and give commands that adjust robot behavior accordingly. Experiments show improvement over non-AR
baselines in teamwork and user experience [19].

Some works use gesture control: Gregory et al. (2019) build AR + gesture systems where human input via gestures feeds
control to robots while AR visualizes robot feedback. Their pilot study shows this style enhances natural teaming [20].

Together, these works show a growing trend: AR is no longer a passive display, but an interface for interactive control and
adaptation between humans and robots.

2.3 Safety, Cognitive Load, and User Experience

AR introduces its own challenges: excessive visual elements, misalignment, occlusion, and increased mental load. Several
studies examine how to manage these issues in HRI settings.

Sheikh Bahaei & Gallina (2024) assess risk factors when combining AR interfaces and organizational changes in robotic
manufacturing. They propose measures to mitigate distraction, latency, and interface brittleness [21].

Chu & Liu (2023) investigate human factors in AR interfaces for robot collaboration. Their empirical study finds that
unstable overlays or frequent switching of AR views raise human error rates. They propose stable, context-aware overlays that
fade in/out smartly [22].

Makris et al. (2016) present a system in CIRP Annals where AR overlays are used in collaborative assembly. They note
that when the operator is moving fast or under stress, more aggressive overlays can harm performance, underscoring that AR must
adapt to operator states [23].

Also relevant is the analysis of AR as a socio-technical component: AR augmentation can change human perception of
safety, leading to overreliance or misjudgment. Designers must balance promoting trust with avoiding complacency [11].

In sum, safety and cognitive design are central to making AR beneficial rather than harmful in human-robot teams.

2.4 Application Domains in Manufacturing, Inspection, and Teleoperation
AR-HRI is now entering diverse real-world domains, especially manufacturing and remote interaction.
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In aircraft inspection, the Air-Cobot project combines cobots with human supervision. While not purely AR, related
extensions investigate overlaying inspection data and robot path plans into operator view to reduce human error [24].

In industrial assembly lines, AR support was tested by De Pace et al. (2020) and Makris et al. (2016). These systems help
operators understand robot motion paths, object positions, and step guidance more effectively than standard screens [16,23].

Remote HRI is also emerging: a survey of XR (which includes AR) in remote robotics discusses challenges of latency,
multi-robot coordination, and shared context. It shows that AR can help remote operators maintain spatial awareness and reduce
errors [25].

Another domain is construction or architecture fabrication. Loy et al. (2025) integrate AR with robotic fabrication tasks to
help designers and robots coordinate in 3D space [14]. This expands AR—HRI beyond traditional factories.

Finally, some recent friction plays in industrial HRI centers around industry 5.0 themes—human centric factories where
AR helps in human-robot collaboration to handle small batches and adaptability [11].

2.5 Synthesis and Gaps

From the surveyed works, several themes emerge:

o Visualization is foundational — ghost trajectories, safety zones, and predicted motion overlays are common and effective.
Interactivity is growing — systems increasingly allow human commands and robot adaptation via AR, gaze, or gesture.
Safety and cognitive management are critical — poor AR design can backfire, so human factors must guide overlay design.
Industrial realism is still limited — many studies are lab prototypes; more field deployment is needed.

Domain expansion is occurring — AR-HRI is now applied in inspection, remote teleoperation, architecture, and human-—
robot teaming.

However, gaps remain:
1. Longitudinal studies: few works examine AR—HRI over weeks or months under real workload.
2. Multi-user, multi-robot settings: scalable AR designs for many agents are rare.
3. Adaptive AR: overlays that respond to operator fatigue, distractions, or context changes are underexplored.
4. Standardized metrics and protocols: cross-study methods are lacking, making comparison difficult.
This paper’s goal is to build on these literatures by focusing on interface design techniques, risk checks, and scalable AR-
HRI patterns that can be tested in moderate lab settings and then extended to industrial settings.

IHI.MATERIAL AND METHODS
This study aims to design, implement, and evaluate an Augmented Reality—Driven Human—Robot Interaction (AR-HRI)
framework for intuitive and safe collaboration in shared workspaces. The overall methodology follows four stages as in figure 1:
system design, experimental setup, data collection, and evaluation. Each stage was executed using reproducible procedures,
standard software tools, and controlled human-robot interaction scenarios.

Human Perception Layer AR-HRI Framework Core Robot & Environment Layer

Robot sensors and motion data
Workspace mapping

Collision detection system
ROS-based control and actuation

Gesture and gaze tracking
Voice commands and task feedback

* Data fusion (RO5-Unity Bridge)
* Task planner and safety manager

AR headset visualization * Digital twin synchronization
-

Physical movement monitoring Real-time 3D visualization

Bidirectional human-robot feedback
loop

The framework integrates perception, visualization, and control to enable safe, transparent, and efficient collaboration between humans and robots
through real-time augmented feedback.
Figure 1 Proposed Augmented Reality—Driven Human—Robot Interaction Framework

3.1 System Design and Framework Architecture

The proposed AR-HRI framework integrates three principal layers: perception, visualization, and interaction. The
perception layer collects data from both human and robot through sensors and simulation interfaces. The visualization layer
processes this data and renders relevant visual information in an augmented environment. The interaction layer allows the human
operator to issue commands or respond to visual prompts, forming a closed communication loop.

For the robot side, the framework employs a Universal Robots UR5 collaborative arm simulated in the Robot Operating
System (ROS) environment. The robot model is equipped with a virtual 3D camera and joint sensors to capture its state, velocity,
and motion trajectory. These parameters are transmitted to Unity3D through the ROS-Unity bridge using the rosbridge suite and
websocket protocol. The AR scene is developed in Unity 2022 LTS with C# scripts, and the visualization components are
compatible with both ARCore (for Android devices) and Microsoft HoloLens 2 headsets.

The system architecture maintains modular separation so that any robot type supported by ROS can be integrated with
minimal modification. The visualization pipeline updates at 60 frames per second, ensuring real-time alignment between physical
robot motion and its digital overlay. The human operator perceives the robot’s intended path, work envelope, and safety boundaries
as semi-transparent overlays in the AR display. This makes the robot’s movement predictable and transparent.
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3.2 Human-Robot Task Scenario

The experimental scenario replicates a collaborative assembly and pick-and-place task, a common benchmark in industrial
HRI. The workspace consists of a robot arm, an assembly table, and a designated human operating zone marked within the AR
environment. The robot’s motion plan is generated in Movelt! (ROS package), and trajectory data are exported to Unity. During
each trial, the robot performs pick-and-place actions, while the human participant is required to assemble or position components
within the same area. Two experimental modes are defined. In the control mode, participants use a standard 2D monitor interface
showing the robot’s camera feed and status messages. In the AR mode, participants wear an AR headset or use a handheld AR
device that visualizes the robot’s predicted path, target object, and safety envelope directly in their field of view. Both modes use
identical robot trajectories and task parameters to ensure fair comparison.

3.3 Participants and Experimental Design

The study involves twenty voluntary participants (12 male, 8 female) aged between 22 and 35 years, primarily graduate
students in engineering disciplines. None had prior experience with the specific robot used in the experiment. Before testing, each
participant underwent a five-minute training session to become familiar with both interaction modes. Ethical approval was
obtained, and informed consent was collected. Each participant performed four task repetitions per mode. The sequence of modes
was counterbalanced using a Latin-square design to eliminate order effects. The experiment was conducted in a controlled
laboratory environment with consistent lighting and minimal background noise.

3.4 Data Collection and Metrics

Performance was recorded through both system logs and video observation. Quantitative measures included task
completion time (in seconds), number of assembly or positioning errors, number of robot stoppages triggered by safety breaches,
and collision proximity (minimum human—robot distance). These parameters were automatically logged in ROS during each trial.
Subjective evaluation was conducted using two standardized instruments: the NASA-Task Load Index (NASA-TLX) to measure
perceived workload and a trust questionnaire adapted from established HRI studies. After each mode, participants rated mental
demand, effort, and trust on a five-point Likert scale. Qualitative comments on usability and comfort were also collected through
short debriefing interviews.

3.5 Evaluation and Data Analysis

Quantitative data were analyzed using Python (NumPy, SciPy, and Matplotlib libraries). For each metric, mean and
standard deviation were computed per participant and mode. A paired t-test was applied to evaluate statistical differences between
AR and control conditions, with significance threshold p < 0.05. Qutliers exceeding +2 standard deviations were examined but
retained unless measurement error was evident. Subjective ratings were processed similarly. The NASA-TLX and trust scores
were normalized to a 0-100 scale for comparison. Correlation analysis was performed to explore relationships between objective
performance (task time, errors) and subjective experience (workload, trust). Results are presented in graphical form with
confidence intervals to visualize consistency across participants.

3.6 Implementation Environment

The full implementation ran on a workstation equipped with an Intel Core i9-13900K CPU, 64 GB RAM, and NVIDIA
RTX 4080 GPU, ensuring stable 3D rendering and simulation at over 100 fps. The software stack included Ubuntu 22.04 LTS,
ROS Noetic, Unity 2022 LTS, and Python 3.10 for post-processing. All source files and recorded datasets were version-controlled
using Git for reproducibility. Logging of runtime data was performed via ROS topics stored in .bag format, later converted to CSV
for statistical processing. To ensure accuracy of AR overlays, the spatial calibration between robot base frame and AR world
coordinate frame was carried out through marker-based registration using AprilTags. Calibration residual error averaged below 5
mm, sufficient for safe workspace visualization. Synchronization between ROS and Unity time frames was maintained using the
Network Time Protocol (NTP) to reduce temporal drift below 20 ms.

3.7 Validation Procedure

System validation followed two stages. First, a technical validation ensured correct data exchange, rendering, and real-time
synchronization. The robot’s physical motion and the AR visual overlay were compared using optical tracking with a Vicon motion
capture system. The trajectory deviation between predicted and actual robot path remained within 2 ¢cm across trials. Second,
functional validation assessed user performance. Each participant’s interaction logs were reviewed to verify that no missing frames
or latency spikes affected perception. Consistency checks across trials confirmed that the environment remained stable and that
learning effects were minor due to counterbalancing. The materials and methods adopted here combine established HRI testing
standards with AR visualization principles. By unifying simulation, perception, and human feedback within a controlled
experimental framework, the study provides a replicable basis for evaluating the real contribution of augmented reality to human-—
robot collaboration. The methodology emphasizes reproducibility, fairness between control and AR conditions, and quantifiable
measurement of both objective and subjective outcomes.

IV.RESULT
The proposed Augmented Reality-Driven Human-Robot Interaction (AR-HRI) framework was evaluated through
quantitative measurements and user feedback. The results are presented in terms of task performance, safety, workload, and trust.
All data were collected from twenty participants under two conditions: conventional interface (control) and AR interface.
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4.1 Task Performance

Table 1 summarizes the primary performance metrics. Participants using the AR interface completed tasks more quickly
and made fewer errors compared to the control condition. The average task completion time decreased from 86.4 + 9.2 s in the
control setup to 71.8 £ 8.5 s with AR support. The paired t-test confirmed that the improvement was statistically significant (p <
0.01).

The number of placement or assembly errors also dropped from a mean of 2.4 + 1.0 per task to 1.1 £+ 0.7 per task when
using AR visualization. The reduction reflects the benefit of visual path and target overlays, which allowed participants to
anticipate robot motion and position components more accurately.

Table 1. Quantitative performance results (N = 20).

Metric ControlMean+£SD | AR Mean +SD p- Interpretation

value
Task completion time (s) 86.4+9.2 71.8+8.5 <0.01 Faster completion with AR
Assembly errors (count) 24+1.0 1.1+£0.7 <0.01 Fewer errors
Safety violations (count) 0.9+0.6 0.3+0.4 <0.05 Fewer proximity alerts
Minimum human-robot distance 235%5.1 28.9+4.8 <0.05 Greater safety margin
(cm)

The results indicate that the AR interface not only improved accuracy and speed but also enhanced spatial safety.
Participants maintained a larger minimum distance from the robot arm when visual boundaries were visible in AR.

4.2 Safety and Proximity Analysis

The framework’s safety visualization projected translucent red boundaries around robot workspaces. Participants quickly
adapted to these cues, adjusting their body position before the robot entered its motion range. Logged proximity data show a
consistent 20-25 % increase in average safe distance compared to control trials.

Several participants commented during debriefing that the color-coded danger zones helped them remain aware of robot
reach, particularly during peripheral tasks. This qualitative feedback supports the quantitative evidence that AR improves
situational awareness and prevents near-collision incidents.

4.3 Cognitive Workload and Trust

Perceived mental workload measured by the NASA-TLX scale decreased from 63.2 £ 11.5 in the control condition to 48.7
+ 10.3 with AR visualization. The difference was statistically significant (p < 0.05). Participants reported that task instructions and
visual overlays reduced the need for constant mental calculation about robot position or next action.

Similarly, trust ratings improved from an average of 3.1 + 0.6 to 4.3 + 0.4 on a five-point scale. Participants described the
robot as “more predictable” and “easier to coordinate with” when AR cues were active. These findings align with prior studies
showing that transparent visualization of robot intent increases human confidence and reduces anxiety during collaboration (Costa
et al., 2022; Carriero et al., 2023).

A moderate negative correlation (r = -0.52) was observed between workload and trust, indicating that participants who felt
less mental demand also expressed greater trust in the robot.

4.4 Qualitative Observations

Video analysis revealed differences in human posture and gaze behavior between conditions. Without AR cues, participants
frequently paused to look at the monitor and hesitated before reaching into the shared workspace. With AR visualization, their
attention stayed within the immediate environment, reducing head and eye movements. This behavior suggests that AR helps
maintain a continuous perception—action loop by minimizing visual context switching.

Some participants reported slight visual fatigue after multiple AR trials, attributed to headset weight and prolonged focusing
on overlays. This observation highlights a practical trade-off between enhanced understanding and ergonomic comfort, echoing
findings by Chu and Liu (2023) and Makris et al. (2016).

4.5 Comparative Discussion

The results corroborate findings from earlier research but add new experimental confirmation using a real-time ROS-Unity
bridge and digital-twin-based visualization. Prior studies, such as De Pace et al. (2020) and Hietanen et al. (2020), reported
improved task comprehension with AR interfaces, yet most focused on static assembly guidance. The present framework expands
this by integrating continuous motion prediction and adaptive safety visualization.

Compared to Makris et al. (2016), who reported a 10 % reduction in assembly errors with AR, the current experiment
achieved a 54 % decrease, partly due to real-time path overlays and multimodal feedback. The larger performance gain also reflects
improvements in headset resolution and tracking accuracy available in modern AR systems.

In terms of cognitive workload, the decrease observed here (approximately 23 %) aligns with trends reported by Chu and
Liu (2023), who emphasized simplified visual encoding as the key factor. Together these outcomes confirm that the primary benefit
of AR in HRI lies in clearer intent visualization and reduced mental effort, while the main constraint remains ergonomic and
technical fatigue from hardware.
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4.6 Implications for Design and Practice

From a practical standpoint, these findings suggest several implications for AR interface design in collaborative robotics:

1. Predictive visualization of robot motion is more effective than static indicators. Real-time path cues allow humans to
anticipate robot actions naturally.

2. Minimalist overlays improve comprehension. Excessive labels or animations may overwhelm users; color-coded boundaries
and short trajectory previews provide sufficient information.

3. Adaptive safety visualization enhances compliance. Dynamic color changes near boundaries proved more effective than fixed
markers.

4. Hardware comfort must be addressed to sustain long tasks. Lightweight devices or handheld AR displays could reduce
fatigue.

Beyond the laboratory, such an AR-HRI framework can support industrial assembly, logistics, and maintenance, where
human workers and robots share space. Integrating AR into digital-twin systems could also allow real-time synchronization
between virtual models and physical robots for predictive supervision and operator training.

V.DISCUSSION

While results are statistically significant, several limitations must be acknowledged. The participant sample consisted
mainly of young adults familiar with technology; responses might differ for industrial workers. The robot used was simulated;
although calibrated carefully, real-world robot dynamics may introduce additional latency and perception noise. The experiment
duration was limited to short sessions; long-term fatigue or adaptation effects were not measured.

Future studies should test with diverse users, physical robots in dynamic environments, and multi-robot or multi-user scenarios.
Evaluating AR interfaces under varying lighting and noise conditions would also strengthen ecological validity.

Overall, the Augmented Reality—Driven HRI framework demonstrated significant quantitative and qualitative advantages
over conventional interfaces. AR improved task speed, accuracy, and safety while reducing workload and increasing trust. These
outcomes confirm the central hypothesis that visual transparency of robot intent through AR can substantially enhance
collaboration quality in shared workspaces.

The discussion also highlights that successful AR-HRI design depends on balancing visualization clarity with ergonomic
practicality. As AR hardware becomes lighter and more responsive, such frameworks can move from controlled labs to real
production settings, advancing the goal of truly human-centric Industry 5.0 environments.

VI.CONCLUSION

This study presented an Augmented Reality—Driven Human—Robot Interaction (AR-HRI) framework designed to improve
collaboration, safety, and understanding between humans and robots in shared workspaces. The framework integrated perception,
visualization, and interaction layers within a unified system developed through ROS and Unity3D. It enabled real-time
visualization of robot trajectories, task targets, and safety zones directly in the user’s field of view, making robot behavior more
predictable and communication more intuitive. The experimental evaluation with twenty participants demonstrated that AR
visualization led to significant improvements across several quantitative and qualitative indicators. Participants completed
collaborative assembly tasks more quickly and accurately, with fewer safety violations and lower mental workload compared to
traditional monitor-based interfaces. Trust levels in robot behavior increased, confirming that transparent visualization strengthens
confidence in autonomous systems. Statistical results showed clear advantages: a 17% reduction in task time, a 54% drop in
assembly errors, and a measurable increase in safety distance between human and robot. These outcomes establish that AR, when
carefully designed, can enhance both efficiency and safety in collaborative robotics.

The findings also underscore important design lessons. Predictive motion visualization, color-coded safety cues, and stable
overlays were most effective in reducing confusion and improving user comfort. However, hardware limitations such as headset
weight and prolonged eye focus introduced minor discomfort, showing that ergonomic factors remain critical for sustained
industrial use. The results align with existing literature, reinforcing that human-centered AR design—grounded in cognitive
ergonomics—is essential for real adoption in factories, healthcare, and educational robotics.

From a broader perspective, the research contributes to the emerging field of Industry 5.0, where collaboration between
humans and intelligent machines must be safe, explainable, and adaptive. The integration of AR bridges the perceptual gap between
humans and robots, creating shared situational awareness and reducing dependency on specialized training. The approach also
provides a foundation for extending digital twin concepts, where both human and robot models interact dynamically in virtual and
physical environments.
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