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Augmented Reality (AR) technologies hold tremendous potential across various domains, yet their inconsistent design and lack of standardized user experience (UX) pose significant challenges. This inconsistency hinders user acceptance and adoption and impacts application design efficiency. This study describes the development of a validated UX heuristic checklist for evaluating AR applications and devices. Building upon previous work, this research expands upon this checklist through expert feedback, validation with heuristic evaluations, and user tests with five diverse AR applications and devices. The checklist was refined to 12 heuristics and 109 items and integrated into a single auto-scored Excel spreadsheet toolkit. This validated toolkit, named the Derby Dozen, empowers practitioners to evaluate AR experiences, quantify results, and ultimately inform better design practices, promoting greater usability and user satisfaction.
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1 INTRODUCTION
The concepts of extended reality (XR), augmented reality (AR), and mixed reality (MR) are not novel, with definitions dating back to 1968 (Sutherland, 1968). However, the technology has advanced rapidly since. AR technologies of the early 1970s–2000s, differ significantly from contemporary iterations (Caudell and Mizell, 1992; Milgram and Kishino, 1994). Along with the technology, the terminology associated with XR has changed. Rauschnabel et al. (2022) describe an updated framework for XR, AR, and VR. They define XR as “xReality”, an umbrella term in which “x” is a placeholder for any form of reality, including AR and VR, which does not extend the physical world. AR integrates real and virtual content in real-time, where the real world is a visible and integral part of the user experience. VR, conversely, immerses the user entirely within a computer-generated world, excluding the real environment from the experience. Within the AR spectrum, a further distinction is made between Mixed Reality (MR) and assisted reality. On one end of the spectrum, MR represents an integration of real and virtual elements, while at the opposite end lies assisted reality, which is characterized by overlays and digital information superimposed onto the real world, creating a less immersive but informational experience. Reported use cases for AR solutions are wide-ranging, including navigation, remote assistance, situation awareness, simulation, virtual user interface, visualization, maintenance, guidance, collaboration, and inspection (Apple Inc, 2020). This paper focuses on the evaluation of AR applications (assisted reality to mixed reality) and devices, specifically.
1.1 Heuristic evaluation and AR
Despite the progress in technology and the proliferation of AR applications, a consensus on best practices for design remains to be established. While researchers have developed internal guidelines, a lack of validated usability heuristics applicable across diverse devices and applications persists. The method of heuristic evaluation offers an efficient complement to user testing, enabling professionals to evaluate applications or devices from a best-practice perspective, even in early prototyping stages. Heuristic evaluations provide designers and developers with a foundation for iterative design improvements, enhancing usability and user experience. The most common set of heuristics for product evaluation is Nielsen’s 10 Usability Heuristics (Nielsen, 1994). While useful, these heuristics provide a general level of evaluation and do not always allow the evaluator to examine more detailed interactions that may be specific to the technology. Therefore, the development of a comprehensive set of AR usability heuristics is crucial for evaluating this technology.
Recent literature that explores the development of AR heuristics reveals several attempts to establish a common set of heuristics for immersive environments based on Nielsen’s 10, the technology acceptance model, and human cognitive processing (Sumithra et al., 2024), for both AR and VR environments (Mohammad and Pedersen, 2022; Omar et al., 2024), but no validated heuristic checklists for a wide range of AR applications and devices specifically. Sumithra et al. (2024) integrated components from the Technology Acceptance Model, Nielsen’s heuristics, and the Software Usability Measurement Inventory to produce a checklist based on the theory of Norman’s cognitive processing model. Similarly, Omar et al. (2024) compiled 52 metaverse-specific heuristics by merging multiple existing checklists originally developed for mobile, AR, VR, and virtual worlds, including work by Sutcliffe and Gault (2004), Endsley et al. (2017), Rusu et al. (2011), and Mohammad and Pedersen (2022). Nishchyk et al. (2024) followed a similar pattern in their elderly-centered AR heuristics, using Derby and Chaparro (2022) and validation methods from Quiñones et al. (2018). Other heuristic checklists target specific AR use cases, such as wearable VR educational applications (Othman et al., 2025) or mobile AR design (Szentirmai and Murano, 2023), primarily derived from pre-existing heuristic principles rather than introducing an original set of items grounded in AR’s unique interactions. Lima and Hwang (2024) further reinforce this gap by showing how heuristic type and evaluator traits can significantly influence usability outcomes, emphasizing the importance of standardized, validated tools.
This widespread reliance on adapted checklists, while valuable, stresses the ongoing quest to establish a rigorously validated, standalone heuristic evaluation checklist designed specifically for AR applications and devices. The lack of a thoroughly validated heuristic evaluation checklist poses challenges for AR application developers, particularly those targeting multiple device types such as mobile devices and head-mounted displays (HMDs).
Work by Derby and Chaparro (2022) attempted to fill this gap by creating a heuristic checklist comprising 11 heuristics and 94 items. This checklist was developed using a comprehensive and rigorous eight-step methodology for heuristic checklist development and validation (Quiñones et al., 2018). This methodology includes an in-depth analysis of the current literature within the domain, mapping activities to connect UX and usability issues with existing heuristics to identify current gaps, formal definitions to new heuristics, validation of the newly defined heuristics (by expert reviewers, heuristic evaluations, and comparing results to findings from usability studies), and refinement based on the results from the validation. The 11 heuristic categories included: Unboxing & Set-up, Help & Documentation, Cognitive Overload, Integration of Physical & Virtual Worlds, Consistency & Standards, Collaboration, Comfort, Feedback, User Interaction, Recognition Rather than Recall, and Device Maintainability. Despite the thorough development process, a limitation of this work was that only two AR applications (a puzzle game and a human anatomy application) and 3 devices (2 AR headset types and a mobile device) were used in the validation. Given the breadth of use cases prevalent today, the authors suggested the need for further iteration and refinement to explore critical usability considerations across a broader range of applications and devices.
2 PURPOSE
The purpose of this study was to expand and revalidate the Derby and Chaparro AR/MR Heuristic Checklist (2022) for AR device and application evaluation to ensure that it is valid for a wider breadth of AR hardware and use cases.
3 METHOD
The authors followed the Quiñones et al.’s 8-step methodology to create and validate usability/UX heuristics (Quiñones et al., 2018). Step 1: Exploratory was a literature review, conducted to evaluate the current literature about the AR domain, features, UX attributes, and existing heuristics. Step 2: Experimental was an analysis of the previous usability evaluations discovered in the literature to identify critical elements of AR that have been shown to impact its usability. In Step 3: Descriptive, the researchers selected and prioritized the information found in the previous steps. In Step 4: Correlational, features found in the previous steps were mapped to existing UX attributes and heuristics. In Step 5: Selection, if step 4 resulted in mapped heuristics, they were kept or adapted. If features did not map to existing heuristics, heuristics were either added or discarded as a result. This mapping enabled formalized definitions of the experimental heuristic checklist in Step 6: Specification. This experimental heuristic checklist was then validated on its effectiveness and efficiency through: 1) expert judgements by experts in the AR domain, 2) heuristic evaluations conducted on specified applications, and 3) a comparison of the heuristic evaluation results with user testing results of the same applications. Finally, in Step 8: Refinement, the experimental heuristics were refined and improved based on the validation results in Step 7.
4 RESULTS
The authors completed all of the 8 steps in Quiñones et al.’s methodology (Quiñones et al., 2018). The results from these steps are described in four sections: exploring the literature, defining heuristics, heuristic validation, and heuristic refinement.
4.1 Steps 1–4: exploring the literature to establish possible heuristics
In steps 1-4, an exploration and analysis of the literature was completed to understand the current state of AR research. The researchers identified current design guidelines, definitions, and results from usability studies and experiments in the domain. The literature from Derby and Chaparro’s previous work (2022) and articles found from the following search terms were included: (1) Heuristics AND (AR OR MR), (2) Privacy AND (AR OR MR), (3) Privacy AND (AR OR MR) AND Multi-User, (4) Collaboration AND (AR OR MR) AND UX, (5) Cybersickness AND (AR OR MR), (6) Motion sickness AND (AR OR MR). The terms AR and MR were used due to evolving definitions, resulting in similar technologies being identified with both “AR” and “MR” signifiers. These technologies identified in this literature search were verified as “AR” according to the updated framework by Rauschnabel et al. (2022).
As a result of steps 1–4, 10 design guidelines, and 42 user studies, experiments, and review articles were identified in addition to the articles that were used in the previous iteration of the heuristic checklist (Derby and Chaparro, 2022). These newly discovered articles focused more deeply on UX principles related to user privacy, collaborative apps, physiological risks, and ethics than the previous iteration of the heuristic checklist defined. For example, many of these articles identified the importance of keeping private content when in collaborative spaces, privacy and transparency when collecting user data, and aspects that contribute to sickness (e.g., heat, eye strain, manipulation of 3D content, etc.). These principles were prioritized and correlated with existing heuristics (Derby and Chaparro, 2022). It was determined that the current heuristic lists did not sufficiently evaluate the AR domain, and it was necessary to continue with a new set of heuristics.
4.2 Steps 5–6: defining the set of heuristics
A set of experimental heuristics was created and defined with the goal of covering the gaps identified in the previous steps. A heuristic ID, priority value, name, definition, explanation, application feature, examples of violations and compliance with the heuristics, benefits gained when the heuristic is satisfied, anticipated problems of heuristic misunderstanding, the checklist items, and usability/UX attributes were mapped to each heuristic.
This current work expanded upon the existing heuristic checklist (Derby and Chaparro, 2022). The existing heuristic checklist was used as a base, and changes were made based on the findings from steps 1–4. A total of 49 changes were made (2 checklist items eliminated, 13 checklist items added, and 34 checklist items rephrased), yielding an experimental heuristic checklist with 11 heuristics and 105 checklist items.
4.3 Step 7: validation
To validate the experimental heuristics, a series of expert judgements, heuristic evaluations, and user tests were performed. All three of the validation procedures suggested by Quiñones et al. were conducted to provide a holistic evaluation of the experimental heuristics (2018). Expert judgements allowed the researchers to gather feedback about the utility, clarity, and ease of use of the heuristic checklist based on experts’ experience in the domain. Heuristic evaluations allowed the researchers to assess the effectiveness of the experimental heuristics. User tests allowed the researchers to assess how many similar usability issues were found between this method and the experimental heuristics.
4.3.1 Expert evaluations
First, expert judgements were conducted by five experts in the AR field, unfamiliar with the original Derby and Chaparro (2022). These experts were chosen because they were currently designing AR or MR applications within their companies. Their backgrounds represented a range of industries including defense, technology, and social media. These experts were provided a copy of the experimental heuristic checklist and were asked to evaluate one application with the device of their choosing, at their own pace. The applications that experts chose were later categorized into four application types: educational, games, entertainment, navigation, and training applications. Depending on the application that they chose, experts either used the Meta Quest Pro, HoloLens 2, T-45 MR simulator, or a mobile phone. Evaluators provided feedback on the checklist by leaving comments in the excel spreadsheet. These comments provided feedback on its utility, clarity, ease of use, necessity, importance, completeness, and intention to use it in the future. The researchers of this study used a thematic analysis technique to find patterns in the evaluator’s comments.
The expert evaluators scored the experimental heuristic checklist positively and found that the heuristics were easy to use, mostly complete, and useful. They stated that they would use it again in the future to evaluate AR apps. The most useful heuristics were reported to be Unboxing & Set-Up, Cognitive Overload, and User Interaction. Experts stated that the items in these categories required them to think critically about their applications in a way they had not considered initially. The heuristics of Help & Documentation, Cognitive Overload, Consistency & Standards, and Comfort were also reported to be critical to the overall usability of an AR application. The experts provided feedback that led to changes. For example, Expert 2 stated that an addition should be made to “Include an example about authentication and general usage in secure corporate environments (privacy) - e.g., ability to password protect, have different user accounts, work offline,” which resulted in the creation of the Privacy heuristic. A total of 19 changes were made to the experimental heuristics from this stage.
4.3.2 Heuristic evaluations
After these changes were made, heuristic evaluations were completed using the experimental heuristics and a competing set of control heuristics (de Paiva Guimarães and Martins, 2014) for comparison. Experienced researchers were randomly assigned one of the heuristic sets to conduct a heuristic evaluation for five distinct applications and devices (Figure 1). These included: 1) Local applications on the Epson Moverio BT-300, 2) Wayfair Spaces on the Magic Leap 1, 3) Fan Blade Replacement Training on the Magic Leap 2, 4) ShapesXR on the Meta Quest Pro, and 5) Google Maps Live View on a mobile phone. These were chosen due to their distinct differences in use case, representation in industry, physical form factor, application type (e.g., markerless, marker-based, or location-based), amount of movement involved by the user, input devices, and collaborative capabilities. Each of these devices also differed in their form factors, which contribute to user comfort levels. For example, the Meta Quest Pro was a head-mounted display that used video passthrough technology and required the use of controllers for its application, whereas the Epson Moverio BT-300 was a lightweight ocular see-through device designed similarly to eyeglasses, and the mobile phone did not require a head-mounted device. A description of these applications is described in Table 1. The researchers’ aim was to validate across a breadth of AR applications and devices to ensure that the new experimental heuristic checklist could account for a range of experiences.
[image:  A shows a woman in augmented reality goggles works on a large engine component. B shows another woman using AR goggles in an office. C features a virtual sign on a street with directions. D depicts a virtual meeting with colorful avatars around a table and a virtual user's avatar. E shows a woman holding an AR controller in an office wearing AR goggles.]FIGURE 1 | Applications and devices used in the validation study. Top left to bottom right: Wayfair Spaces (Magic Leap 1) (A), Local Applications (Epson Moverio) (B), Google Maps (mobile) (C), ShapesXR (Meta Quest Pro) (D), Fan Blade Replacement Training (Magic Leap 2) (E).TABLE 1 | Descriptions of applications used in the Heuristic Evaluation and User Testing validation stages.	Device	Application	Description
	Epson Moverio BT-300 (smart glasses)	Local applications (e.g., Internet browser, email, video player, camera)	Markerless applications that included word processing, internet exploration, and watching videos. Controlled through head tracking and controller input
	Magic Leap 1 (HMD)	Wayfair Spaces	A markerless app that enabled users to decorate their physical space by moving 3D virtual objects around the room. Controlled through controller input
	Magic Leap 2 (HMD)	Fan Blade Replacement Training	A custom marker-based app that taught users how to replace a fan blade on an aircraft engine by stepping them through the process and showing visual representations of procedural steps. Controlled through hand gestures and voice input
	Meta Quest Pro (HMD)	ShapesXR	A markerless app that enabled users to collaborate in a shared virtual space and work together to decorate a virtual room. Controlled through head, eye, facial tracking, controller, and voice input
	iPhone 13 Pro or Android Galaxy S8 (mobile phone)	Google Maps Live View	A location-based app that guided users to their destination approximately 0.3 miles away through 3D virtual arrows. Controlled through on-screen tap input


For each of the five applications, six human factors student researchers from Embry-Riddle Aeronautical University were chosen to conduct heuristic evaluations. These researchers were chosen based on their previous experience, as they were trained on the heuristic evaluation method. Each researcher was provided either the experimental or the control heuristics. Three evaluations were completed using the experimental heuristics, and three were completed using the control heuristics (de Paiva Guimarães and Martins, 2014). The results from these evaluations were compared to identify which heuristic checklist identified more usability/UX, domain-specific, and severe/critical issues across applications.
The experimental heuristics identified more usability/UX issues (M = 41, SD = 8.46), domain-specific issues (M = 17.2, SD = 4.97), and severe/critical issues M = 12.8, SD = 2.78) than the control checklist. Krippendorff’s Alpha analysis was completed to identify the inter-rater reliability of the heuristic evaluations for each of the five applications (Hayes and Krippendorff, 2007). Overall, the experimental heuristics were more reliable than the control heuristics across all five applications, Epson Moverio and variety of apps (α = 0.4457, α = 0.072), Magic Leap 1 and Wayfair Spaces (α = 0.4774, α = 0.1811), Magic Leap 2 and Fan Blade Replacement (α = 0.3975, α = 0.0999), Meta Quest Pro and ShapesXR (α = 0.1909, α = 0.1502), and Mobile Phone and Google Maps Live View (α = 0.2817, α = 0.1517), respectively. Evaluators who used the experimental heuristic checklist rated the applications more similarly to each other than those who used the control heuristic checklist. The alpha scores for both the experimental and control heuristic checklists, however, were low (<0.67). This is consistent with previous studies on heuristic evaluations, as different evaluators may find a wider breadth of usability issues (Smith, 2021; Leverenz, 2019; White et al., 2011), and when few evaluators provide feedback (e.g., 3 evaluators) (Moran and Gordon, 2023). Edits were made to the checklist based on the evaluator’s comments and suggestions, yielding 12 changes to the experimental checklist from this stage.
4.3.3 User testing
For the final validation test, the results from the heuristic evaluations were compared to user testing results with the same five applications and devices. This was done to compare the types of usability issues identified using both methods. A total of 41 participants were recruited from the local university and surrounding area for each of these user studies. They signed an informed consent form, completed a demographic questionnaire about their previous experience with XR products, and then were asked to complete tasks using their assigned application. Details on all of the tasks and accompanying measures can be found in Table 1 and Derby (2023).
Overall, both heuristic evaluations and user testing methods identified a variety of usability issues related to comfort, quality of the virtual objects, the user interface, consistency throughout the app, responsiveness, and feedback to users. If an application scored positively in the heuristic evaluations, it often also scored positively during the user tests. This similar pattern was also seen when applications scored poorly. However, some unique issues and recommendations were identified using each method. For example, during user testing, participants noted a “weird glitch” that occurred when picking up some objects, but not others. The heuristic evaluators identified this same issue as an inconsistency in how users could interact with 3D objects. Specifically, objects with holes, like virtual baskets, could only be picked up by grabbing the 3D frame, not through the small holes in the 3D object. In contrast, other objects allowed users to pick them up from any point, making this behavior feel inconsistent and unintuitive. A summary of all user testing and heuristic evaluation findings is shown in Figure 2.
[image: Venn diagram comparing User Testing and Heuristic Evaluations. User Testing highlights issues like user learning curves, emotional responses, desire for customization, and public safety features. Heuristic Evaluations address long-term maintenance, diverse avatar representation, data privacy concerns, error handling, and instructional content. The intersection notes meaningful AR/MR use, UI challenges, user discomfort, app responsiveness, AR/MR task difficulty, and unclear terminology.]FIGURE 2 | Comparison of findings from usability studies and heuristic evaluations. The middle area of the overlapping circles indicates findings in common from both methods.User tests identified usability issues that involved user emotions, adaptivity, previous experiences that impacted their expectations, and social awkwardness, the user reported using the application in a public situation. For example, when a user indicated that the application was “cool”, “fun”, or “tedious” and “confusing”, they noted it in their experience. How users controlled a 3D object impacted this greatly. For example, ShapesXR’s feature that allows a user to throw an object across the room to delete it was interpreted to be humorous and brought enjoyment to the action, whereas controlling 3D objects with the user’s head in Epson Moverio applications brought a more negative experience, causing dizziness, eye strain, and discomfort. When users had an enjoyable time and found the controls easy to use, they often stated they wanted more options available to them to allow for different ways to have a fun experience. However, if an input method was difficult, users wished they had alternatives available that were easier to use. When in collaborative spaces, users reported having a more positive time when they knew that others around them were also involved in the experience. For example, when collaborating with a remote user in ShapesXR or when thinking about working with other students during the Fan Blade Replacement Training, users were excited about the possibilities that AR enabled. However, when using the Google Maps Live View in public, around bystanders who may have no knowledge of the app. Users felt closed off and embarrassed by the technology. Users reported that it felt like they were invading others’ privacy, because holding up the phone to look at the 3D content looked as if they were recording bystanders around them without consent.
Heuristic evaluations identified usability issues that involved long-term use, such as maintenance, how to recover from and report system errors when users encounter them, and the ease of completing real-world tasks. Evaluators identified how easy it was to clean and order replacement parts, and how customizable the hardware was for personal protective equipment (PPE), when necessary. Other context-dependent information was identified. For example, when evaluating Google Maps Live View, heuristics evaluators described how arm fatigue may occur after lengthy use and how it may be difficult to complete other phone tasks, such as taking a call or texting, while using the AR application. Additionally, heuristic evaluations identified specific improvements for instructional content and the importance of user content privacy. Evaluations included recommendations for additional instructional content, and information directing the user where to get help. Finally, heuristic evaluations also identified if a diverse set of users was represented. When creating avatars in ShapesXR, evaluators noted how a variety of options were available, enhancing the inclusive feelings toward the application.
Overall, results that indicated the applications’ usability strengths and weaknesses were found in both user tests and heuristic evaluations. Different specifics and issues were identified, however, which is consistent with findings in previous studies on heuristic evaluation validation (Smith, 2021; Leverenz, 2019). Both user testing and heuristic evaluation are complementary methods that are necessary when evaluating the overall usability of AR applications.
4.4 Step 8: refinement
After incorporating the analysis from the expert review, heuristic evaluation, and user testing in validation step 7, a total of 38 changes were made to the experimental checklist since step 6, resulting in the Derby Dozen. Nineteen of these changes were a result of the expert evaluations and an additional 19 were from the heuristic evaluations and user testing. For example, in user testing, users identified that their feelings of privacy was a strong factor in their overall perceptions of the Google View application, so an additional heuristic was created to account for this. Compared to the original Derby and Chaparro heuristic checklist, 100 total changes were made (2022). These changes included 1 new heuristic, 19 new checklist items and 19 accompanying examples, 3 checklist items reworded, omission of 2 checklist items, 44 examples reworded, 12 other changes (checklist items moved to different heuristics, and toolkit quality-of-life changes such as auto-calculations and formatting changes). The Derby Dozen includes 12 heuristics (Figure 3) and 109 checklist items.
[image: The Derby Dozen checklist includes categories: Unboxing & Setting Up (5 items), Instructions (12 items), Organization & Simplification (8 items), Consistency & Flexibility (23 items), Integration of Physical & Virtual Worlds (8 items), User Interaction (9 items), Comfort (12 items), Feedback to the User (6 items), Intuitiveness of Virtual Elements (6 items), Collaboration (9 items), Privacy (6 items), and Device Maintainability (5 items). Each category is accompanied by an icon.]FIGURE 3 | The 12 heuristics in the derby dozen.4.5 Practitioner toolkit
To facilitate easy analysis, the validated AR heuristic checklist was incorporated into an Excel toolkit that practitioners can use when evaluating their AR solutions. This toolkit includes the final 12 heuristics and 109 checklist items that had been validated in step 7 and refined in step 8, instructional material about how to complete a heuristic evaluation using these heuristics, and an automated calculation summary of the toolkit user’s evaluation results. Each heuristic is organized into a separate Excel tab, which includes details about each checklist item and space for the evaluator to rate each item and provide comments. These details are compiled immediately into the results tab for quick analysis. This toolkit has been validated and refined by comments from the expert evaluators and heuristic evaluators as previously described in step 7. This toolkit is provided in the Supplementary Material of this paper for download.
5 DISCUSSION
The use of this toolkit has been reported in the literature to evaluate AR applications, including visual inspection in forestry (Fol et al., 2025), training for the military (Derby et al., 2024), reality-based learning for children (Baki et al., 2023), commercial product retail (Ford et al., 2022), and device comparison (Aros et al., 2025). As AR gains popularity within the training, educational, and consumer space, companies such as Apple and Meta have stated that this technology is the future of our work, communication, and entertainment (Apple Inc., 2020; Meta Reality Labs, 2020). There is much promise in how this emerging technology may impact our future lives. However, some examples of this technology have thrived while others have failed to gain traction. In order for it to succeed, researchers must consider the usability of this technology, as it plays a large role in its acceptance and users’ repeat use. Researchers can use methods such as heuristic evaluation to assess the usability of an application or device throughout the development process, well before it gets into potential users’ hands. This is a benefit, as it allows this method to seamlessly integrate within the iterative design process, so changes to enhance the usability can be discovered and fixed quickly and effectively.
5.1 Conclusion and future research
Through a rigorous development process described in this paper, the Derby Dozen AR heuristic toolkit demonstrated it can be used for successful assessment of usability issues in a variety of AR hardware types and use cases. This toolkit can be used to assess current hardware and software designs and make recommendations about how to improve the usability of the design in a way to make the experience more effective, efficient, and satisfying for users. Future research should continue to validate the toolkit under a variety of settings and applications and with the latest technology and devices (e.g., smart glasses), given the rapidly changing landscape of AR.
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