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Abstract

Mixed reality (MR) technologies are increasingly used in the built environment to support visualization,
coordination, and task execution across project stages. However, there is limited systematic understanding of the
relationships among task demands, technology platforms, and implementation contexts throughout the project
lifecycle. This paper aims to present a systematic analytical review of 68 peer-reviewed studies using a task-
technology-context (TTC) framework. MR applications are classified by lifecycle stages, task attributes, technology
platforms, and evaluation environments. The findings reveal a strong focus on construction-phase operations and
well-defined associations between task types and technology selection. Most studies were conducted in controlled
environments, highlighting a gap between experimental validation and real-world implementation. The results show
that MR effectiveness depends not only on technological capability but also on its alignment with task requirements
and contextual factors. The TTC framework provides a structured approach for evaluating MR adoption and guiding

future lifecycle- and context-based research.
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1. Introduction

The Architecture, Engineering, and Construction (AEC) industry faces persistent challenges in productivity, safety, and
information management, with productivity growth lagging behind other large-scale industries[1]. Mixed reality (MR)
technologies are being actively considered to address these challenges through enhanced visualization, coordination, and task
execution. However, a critical gap remains: there is no systematic understanding of how task demands, technology platforms,
and implementation contexts interrelate across the project lifecycle. This lack of integrated understanding limits both research

design and practical adoption.

In this regard, immersive and visualization-based technologies have been gaining increasing attention due to their
potential to improve information integration and decision-making in construction projects. To clarify the terminology used
throughout this paper: virtual reality (VR) fully immerses users in a digital environment, replacing the physical world.

Augmented reality (AR) overlays digital information onto the physical world without direct interaction between virtual and
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physical elements. MR enables interactive digital-physical integration, where digital objects can interact with physical spaces
in real-time. extended reality (XR) serves as an umbrella term encompassing VR, AR, and MR. This paper adopts a pragmatic
functional focus, where studies are included when digital information is overlaid onto physical built-environment contexts,

regardless of whether they are labeled AR, MR, or XR in the original publication.

One of these technologies, MR, which is sometimes mentioned alongside AR and XR, has become a promising approach
for integrating digital information into physical workplaces. MR applications have been investigated for immersive design
review, on-site layout guidance, safety training, inspection, and remote collaboration by overlaying digital models, instructions,
or sensor data onto real-world contexts [2-4]. The hardware platforms, including head-mounted displays and mobile devices,
along with enhanced integration with building information modeling (BIM), have led to a growing amount of research in this
field [5-6].

In line with this increase, various researchers have sought to synthesize knowledge on MR and other technologies in the
AEC industry. Early review studies mainly focused on categorizing AR and VR applications and determined possible
applications in construction activities [7]. More recent work has concentrated on particular areas, including BIM-enabled MR
systems [8-9], construction safety applications [3,10], and task-oriented applications such as assembly and inspection [11].
Although these studies offer useful generalizations about technological capabilities and research trends, they remain largely

descriptive.

The major weakness of current studies is the limited critical analysis of how MR systems are tested and implemented
across various contexts. Specifically, less attention has been given to the difference between controlled experimental conditions
and real-life construction environments [2, 12]. The distinction is important because construction sites are dynamic and
complex environments, characterized by changing light conditions, physical limitations, connectivity issues, and high

cognitive load on workers, all of which may affect technology performance and adoption.

Another critical issue is the distribution of the MR applications throughout the project lifecycle. The reviewed studies
suggest that MR applications are more commonly reported during the design and construction phases [4, 9], whereas a relative
scarcity of studies is noted for operation and maintenance (O&M), even though O&M has been identified as important to long-
term asset performance and lifecycle value [13-14]. Such an imbalance underscores a deficiency in lifecycle-oriented studies
and raises the question of how much MR contributes to long-term innovation beyond project delivery. Fig. 1 provides a
conceptual overview of typical MR-enabled activities of design, construction, operation, and maintenance, illustrating the
scope of MR applications at the various lifecycle stages. Although the framework focuses on these stages, end-of-life phases,
such as deconstruction and circular asset management, are identified as future research opportunities in MR. The figure
illustrates the role of MR capabilities, including spatial visualization, real-time data overlay, and context-driven guidance, in

supporting task-level activities across different project stages.

Design ‘ Construction # Operation # Maintenance
3 Site layout Guidance
Q  Conceptual visualization O MR-based inspection O Facility monitoring O  Predictive maintenance
O Immersive design review (rebar/structural) O Digital twin interaction O MR-puided repair
Q BIM coordination O Progress monitoring O System diagnostics O Condition assessment
O  Clash detection O Execution assistance QO Energy management O Remote expert support
Q  Stakeholder communication O  Quality control O  Asset information retrieval O Maintenance training
O  Safety training

MR Functional Capabilities

(Spatial visnalization, real-time data overlay, interaction and simulation, remote collaboration, context-aware guidance)

Fig. 1 Conceptual overview of MR applications across the built environment lifecycle
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These constraints suggest the need for a more systematic analysis methodology that goes beyond listing applications and
examines patterns in MR implementation across tasks, technologies, and situations. The lack of consistent terminology in the
literature complicates this challenge, with MR, AR, VR, and XR used interchangeably, especially in real-world applications
involving digital overlays [3-4]. A pragmatic strategy is thus needed to aid in uniform classification and analytical comparison.

To this end, this paper employs a systematic analytical method to investigate the use of MR technologies in the built
environment. It concerns the identification of regularities in the interactions among task requirements, technological
capabilities, and contextual conditions through the prism of the TTC framework. The TTC framework is embraced as an
analytical construct in this study and is used to facilitate the organized interpretation of MR applications, rather than as a
predictive model.

Through this, the paper contributes to the body of literature on construction innovation by providing a critical synthesis
of current research on MR and by defining future research directions to ensure greater context and lifecycle sensitivity. The
results are intended to help researchers design studies that more closely reflect the conditions of practical deployment and to
help practitioners assess the role MR technologies may play in the complex construction environment. This research deals with
the following research questions:

RQ1: How are MR applications distributed across different phases of the built environment project lifecycle?
RQ2: How do task characteristics influence the selection of MR technology platforms in built environment applications?
RQ3: What contextual factors shape the evaluation and implementation settings of MR technologies in existing studies?

In contrast to previous reviews that mainly provide descriptive classifications, this research adopts a more analytical
perspective, examining the relationships among tasks, technologies, and contextual conditions. The study concentrates on a
representative sample, which allows a more robust understanding of the trends in MR application and their consequences in
real-life practice. The results can inform future studies on construction innovation by promoting more contextual studies and
helping practitioners in assessing MR technologies for application in the complex built environment. Although previous
reviews have mainly focused on listing MR applications or specific use cases, the present study contributes to the literature by
offering an integrated analytical explanation of the relationship among tasks, technology, and context. In contrast to descriptive
reviews, the proposed methodology identifies common trends in the selection, application, and assessment of MR technologies

across various contexts, providing a more explanatory view for MR adoption in the built environment.

2. Research Methodology

This study examined 68 peer-reviewed articles related to the use of MR technologies in the built environment. The
relationships between project lifecycle stages, task requirements, technology platforms, and implementation contexts were
investigated through the TTC framework. The selected studies were classified and compared based on task attributes,

evaluation environments, and types of MR technology to identify key trends, correlations, and existing research gaps.
2.1 Research Design and Scope

This study uses a systematic search and analytical review method to discuss the use of MR technologies in the built
environment. Rather than striving to offer a comprehensive, systematic synthesis, the paper focuses on a representative sample
of peer-reviewed journal articles to facilitate further analytical understanding of MR applications. Targeted searches were
conducted in popular academic databases, such as Web of Science and Scopus, covering literature published from 2015 to
2024. The search was limited to articles that discussed applications of MR, AR, or XR within the architecture, engineering,
and construction (AEC) field. A total of 68 studies were identified based on their relevance to task execution, technology
implementation, and deployment in context. These studies constitute the analytical dataset used to determine trends in each

phase of the project lifecycle, task characteristics, technology platforms, and assessment environments.
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Given the inconsistent use of terminology in the literature, a pragmatic interpretation of MR-related concepts was adopted.
Studies addressing MR, AR, or XR were included where the primary focus involved the overlay of digital information onto
physical built-environment contexts. This approach aligns with common practice in construction and engineering research,
where functional application is emphasised over strict technical distinctions [3-4]. The study aims to provide an analytical
interpretation of MR application patterns across lifecycle stages and implementation contexts based on a representative dataset

to facilitate further analytical interpretation.
2.2 Data ldentification and Selection Procedure

The process of literature selection involved an iterative screening process. Titles and abstracts were initially screened to
determine relevance to MR applications in the built environment. Studies were included if they provided sufficient information
on task execution, technology use, or implementation context. Full-text screening was then conducted to verify eligibility in
accordance with predetermined inclusion criteria. Only peer-reviewed journal articles published in English and directly
concerned with MR applications in AEC situations were used. Research papers lacking methodological or application-related
detail were filtered out. This sampling strategy ensured that the final dataset is a narrow, specific subset of the literature that
can be interpreted analytically. The 68 studies comprising the analytical dataset are listed in the references section. A footnote

at the beginning of the reference list indicates that all references constitute the analytical dataset for this review.

To ensure transparency and consistency, selection decisions were guided by predefined inclusion criteria requiring that
studies: (i) address construction or built-environment contexts, (ii) explicitly employ MR, AR, or XR technologies, and (iii)
discuss application, evaluation, or implementation aspects. The resulting publications constitute the analytical dataset used in
subsequent classification and analysis. Fig. 2 illustrates the overall process for identifying and screening the literature through

a structured multi-stage procedure.

Literature Identification
Web of Science, Scopus (2015-2024)
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Fig. 2 Methodological workflow of the structured analytical review adopted in this study

2.3 Data Extraction and Analytical Classification

In each chosen study, key analytical attributes were identified to aid systematic classification. These included project
lifecycle phases (design, construction, operation, and maintenance), task type, technology platform, and assessment
circumstances. The lifecycle classification helped to identify the distribution of MR applications in various phases of the built

environment lifecycle. For example, the distribution shown in Fig. 3 is derived from this classification and presents the
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proportion of studies in each lifecycle phase. Task categories have been created inductively based on recurring application
goals, such as visualization, guided execution, collaboration, inspection, and training. The technology platforms were classified
into head-mounted displays, handheld devices, and wearable systems to enable a uniform comparison. The classification

process was conducted iteratively, with categorized attributes cross-checked to ensure consistency.
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Fig. 3 Distribution of Mixed Reality applications across built environment project lifecycle phases (n = 68)

Fig. 3 shows the breakdown of Mixed Reality (MR) applications across the built-environment project lifecycle, based on
the analyzed dataset. The findings indicate a highly skewed distribution, with the construction phase accounting for 84.2% of
the reviewed literature. Conversely, 5.3% and 10.5% of the studies are linked to the design stage and to operations and
maintenance (O&M), respectively. The figure highlights a clear lifecycle imbalance in MR research, with a strong bias toward

construction-phase applications.
2.4 Analytical Framework: Task—Technology—Context

To enable structured interpretation of the classified data, this study employs a TTC analytical framework. The framework
decomposes MR applications into three interrelated dimensions: task characteristics, technology platforms, and
implementation context. By applying this framework, each study in the dataset is systematically examined to identify how MR

technologies are selected and deployed in relation to specific task demands and contextual conditions.

The TTC framework functions as an analytical tool rather than a validated theoretical model, supporting consistent
comparison and interpretation across studies. In contrast to previous literature that often examines task needs, technological
affordances, and contextual conditions separately, this framework enables a comprehensive analysis of recurring associations

among these dimensions. Fig. 2 presents the TTC analytical framework adopted in this study.
2.5 Analytical Strategy and Study Limitations

The coded dataset was analyzed using descriptive and comparative analytical techniques to identify distributions,
associations, and recurring patterns across the TTC dimensions. Analysis focused on examining how MR applications vary
across project lifecycle phases, how task characteristics influence technology selection, and how contextual conditions shape
evaluation practices. Findings are reported using aggregated classifications and illustrative summaries to support analytical

interpretation rather than statistical inference.

This study faces several limitations due to the use of structured analytical reviews. The analysis is based on a collection
of 68 peer-reviewed journal articles retrieved from major academic databases and limited to English-language publications.
Although the dataset is considered representative, it may not fully reflect all recent developments in MR research. Moreover,
the level of detail presented in individual studies can vary across sources, which may influence the granularity of classification
results. These restrictions are accepted to provide transparency and put the interpretation of the findings in perspective. All

classifications and figures were checked to ensure their consistency and accuracy in analysis.
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3. Results: Analytical Patterns of Mixed Reality Applications in the Built Environment

The findings are representative, not comprehensive, of all research on MR. The following section presents the analytical
results derived from the classified literature dataset using the TTC framework. It investigates the distribution of MR
applications across project lifecycle phases, the relationship between task characteristics and technology platform choice, and
the influence of implementation contexts on evaluation practices. The analysis is a mix of descriptive and analytical
interpretations, with emphasis on the observed patterns and associations rather than on statistical inference. The same methods
have been used in earlier MR research on trends in applications and contextual deployment features [2-3], and in reviews
investigating the task-oriented and technology-driven patterns in built environment research [4].

3.1 Distribution of MR Applications across Project Lifecycle Phases (RQ1)

Analysis of the dataset indicates that MR applications are unevenly distributed across the built-environment project
lifecycle. Most studies focus on early project delivery phases, while comparatively fewer studies address later-life asset
operations. During the design phase, MR applications are commonly observed in multiple studies used to support immersive
visualization, design review, and stakeholder communication, in which digital design intent is spatially contextualised to
enhance understanding and coordination [4, 15]. This concentration reflects broader digitalisation trends in architecture,
engineering, and construction that emphasise visualization and model-based coordination as key drivers of immersive

technology adoption [8-9].

In the construction phase, MR applications are widely reported for layout guidance, installation and assembly support,
inspection-related activities, and safety or skill development tasks [16-20]. Many construction-oriented implementations
employ overlay-based guidance and in-situ visualization to assist task execution, reduce rework, and improve access to design
information under field conditions [21-23]. Safety-focused applications are also prominent, reflecting continued interest in the

use of immersive technologies for construction risk communication and training [3, 23-25].

By contrast, applications associated with O&M activities appear less frequently in the dataset. Where present, O&M-
oriented MR studies typically focus on asset information retrieval, facility inspection, maintenance guidance, and procedure
training within existing facilities [14, 26-28]. This pattern aligns with observations in related built-environment research
suggesting that many digital construction innovations remain concentrated in capital delivery stages, despite their recognised
potential in facility management contexts [13-14]. An overview of MR application themes across different project lifecycle

phases is summarized in Table 1.

Table 1 Overview of MR application themes across built environment project phases

Phase Task Description
Design Enhanced visualisation & Contextualizing digital information in the physical world
spatial comprehension to improve understanding [4, 15, 29].
On-site layout, clash detection [14, 16, 22, 26-27, 30-40];
Layout, inspection, assembly, MEP-related improving accuracy with in-context visual instructions
Construction | activities; remote collaboration & decision [17-19, 28, 32, 41-49, 50]; remote communication and
support; knowledge transfer & training progress monitoring [5, 6, 23, 51-55, 58-60];
safety training [20, 24-25, 59].
A . Supporting operation and maintenance (O&M) phase
oO&M Asset visibility & maintenance support [14, 26-27, 30, 34, 39].

This distribution shows that most research focuses on construction-stage applications, where MR technologies have most
commonly been used for tasks such as layout guidance, assembly assistance, inspection, and safety training. The high
percentage may reflect the direct, practical advantages of MR for on-site task execution, visualization, and error minimization
in physical construction operations. On the other hand, the comparatively low prevalence of MR applications during the design

process suggests that, although MR has the potential to aid immersive design review and coordination, it is not as widely
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studied as construction-focused applications. This may be due to the earlier adoption of other digital tools. The average
presence of studies in the operation and maintenance stage (10.5%) indicates emerging interest in MR applications for asset
management, inspection, and maintenance support. Nonetheless, the relatively low percentage indicates that the integration of

MR under long-term operational conditions remains underexplored.

Overall, this pattern suggests that future research should place greater emphasis on expanding MR applications in design
and operational phases to support more comprehensive lifecycle integration. This imbalance also reflects a broader tendency
in built environment research to prioritize short-term, demonstrable applications over long-term, contextually complex

implementations.

The distribution corresponds approximately to 57 studies in construction, 4 in design, and 7 in operation and maintenance,
highlighting a strong concentration of MR research in construction-phase applications. This suggests that there are many
applications during the construction phase of MR research compared to other stages of the project lifecycle. The dominance
of construction-related studies indicates that MR technologies are primarily applied to site operations, visualization,
coordination, safety, and task execution. In contrast, the limited studies conducted during the design phase suggest that
incorporating MR technologies in the early design and conceptual stages remains under-researched. Likewise, operation and
maintenance applications receive comparatively little attention despite their potential to support facility management and long-
term asset monitoring. Overall, the results show that MR research is unevenly distributed across the project lifecycle, with a

distinct focus on construction activities.
3.2 Task-Oriented Application Patterns (RQ2)

Visualization-related tasks were identified in approximately 40 studies, while guided execution tasks were reported in
nearly 35, indicating their prominence in MR applications. The task-based analysis reveals several recurring categories within
the built environment, with visualization and spatial comprehension emerging as a dominant application area. In these cases,
MR is used to contextualize digital models and information within physical environments, supporting activities such as design
reviews and constructability assessments [29, 58], as well as layout and maintainability-related tasks that require accurate
spatial interpretation [4]. These visualization-oriented applications are frequently integrated with BIM-enabled workflows,
allowing users to access model-based information directly within the project environment during planning and execution stages
[8]. Such integration enhances situational awareness and supports more informed decision-making in complex construction

scenarios [9].

The second group involves guided execution and procedural support, including assembly and installation support,
inspection processes, and deviation identification. These applications generally implement overlay cues and step-by-step
instructions to support physically demanding construction activities and mitigate the risk of human error [17, 42]. They are
also used in structured inspection and verification procedures that require adherence to predetermined steps [18-19, 44].
Furthermore, guided execution has been observed in MEP activities, where spatial coordination and sequence compliance play

a significant role in proper installation and reducing rework [48].

The third category is connected to remote collaboration and decision support, in which MR-enabled platforms are used
to communicate between on-site staff and off-site specialists. These applications facilitate communication, problem-solving,
and coordination by sharing common visual contexts. Common applications include remote assistance and collaborative
progress monitoring [53-54], as well as overcoming design-field mismatches through synchronized visualization environments
[57, 58, 60]. These applications help solve long-standing coordination problems in construction projects and are frequently
positioned as a means of improving project responsiveness and reducing project delays [61]. They are also associated with

efficient decision-making, as they enable real-time expert input without requiring on-site presence [23].
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The fourth category is associated with training and knowledge transfer, especially safety training and skill development.
In these applications, MR is used to support simulated or controlled experiential learning, enabling users to learn hazard
recognition, operational procedures, and task sequences without real-world consequences [20, 59]. These are usually applied
in safety education settings and structured learning environments to enhance user competence and awareness [20, 59].
Applications in training are also used in O&M systems, where MR is used to provide procedural direction and knowledge
transfer towards continued asset management procedures [34, 39]. Although their use is not as widespread as that of

construction-stage applications, there is an opportunity to further develop lifecycle-oriented training applications.
3.3 Technology Platform Selection and Application Contexts (RQ2)

Multiple technology platforms are reported across the dataset for delivering MR functionality in built-environment
applications. Head-mounted displays (HMDs) are commonly linked to applications that emphasize hands-free interaction,
immersive visualization, and spatially persistent overlays. HMD-based implementations have been observed in multiple
studies, including laboratory-based evaluations and controlled demonstrations, particularly for complex assembly or precision-
oriented tasks [40, 62-63]. They are also employed in communication and collaboration scenarios involving immersive shared
views or annotation-based support [40, 53, 60]. The distribution of MR technology platforms and their associated application

contexts is summarized in Table 2.

Table 2 Technology categories and commonly associated MR use cases in the built environment

Primary research Commonly associated tasks
affordances & references

Complex assembly & precision

tasks [12, 16, 31, 36, 44, 49, 62,

Technology category Analysis of contextual fit

66];
High immersion, detailed inspection & Predominantly evaluated in
Head-mounted displays hands-free visualization controlled or simulated
(HMDs) interaction, [14-15, 17, 28-29, 40]; environments; limited evidence
spatial persistence. immersive design review & of sustained field deployment.

collaboration [35, 38, 40, 53, 60];
maintenance & procedure
guidance [6].

On-site visualization &
information retrieval [15, 22, 26,

33, 51, 64];
High accessibility, remote collaboration & decision Frequently reported in site-
Handheld devices portability, support [6, 54, 58]; oriented and facility-related
(smartphones/tablets) lower cost, ease of O&M, training & inspection tasks aoolications
deployment. [20, 27, 34, 39, 43, 45-46]; PP :
assembly and layout guidance
tasks
[19, 41, 47, 67].
Instruction delivery & remote
Wearable devices Balance of_ hands-free guidance Limited _number of stL_Jdies;
(smart glasses) operation and [21, 23, 30, 32, 49, 51, 53, 65]; applications remain
situational awareness. inspection & safety training exploratory.

[25, 65].

Head-mounted displays were used in about 30 studies, whereas handheld devices were used in over 40, because they are
more accessible and easier to implement. Smartphones and tablets are handheld platforms widely used across various
application settings, especially where portability, ease of use, and rapid deployment are paramount. Such implementations are
typically used on-site to view and access information [26, 51], to communicate progress updates, and to support operational
and maintenance-related tasks that require rapid access to asset or model data [22, 33, 54]. They are widely used in research
focused on practical feasibility and can be integrated into existing workflows due to their familiarity and relatively low barriers
to adoption [39, 54, 64].
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A smaller subset of studies investigates wearable or hybrid devices, such as smart glasses, positioned between handheld
platforms and fully immersive HMDs. These devices are typically described as emerging alternatives that balance hands-free

operation with situational awareness, used in instructional delivery, guidance, and safety-related applications [25, 65].
3.4 Evaluation Settings and Implementation Contexts (RQ3)

Analysis of reported evaluation settings shows that MR studies are predominantly conducted in controlled or simulated
environments, including laboratories, experimental testbeds, and mock-up facilities. These settings support feasibility testing,
usability evaluation, and controlled comparison by limiting contextual variability and enabling repeatable protocols [19, 63].
Controlled evaluations are particularly common in studies focusing on task performance, visualization accuracy, and training
outcomes [18, 25, 49].

Field-oriented studies conducted on active construction sites or operational facilities are less consistently reported. When
present, such studies often take the form of feasibility demonstrations, pilot deployments, or case-based implementations that
describe contextual challenges and constraints in real project environments [12, 54-55]. In facility-related contexts, MR
applications are reported for inspection, access to asset information, and maintenance support, though sustained or longitudinal
deployment remains limited [14, 26, 28]. Overall, these results indicate that although MR capabilities have been widely

explored, the depth of contextual embedding and implementation maturity vary substantially across studies [2].

Beyond descriptive classification, the results reveal clear patterns in the alignment between task requirements and
technology selection. For example, immersive head-mounted displays are predominantly used for precision-oriented tasks such
as assembly and inspection, while handheld devices are more frequently used for communication and information retrieval in
field environments. These recurring associations indicate that MR adoption is not arbitrary but follows identifiable task—

technology alignment patterns influenced by contextual constraints.

From a theoretical perspective, these patterns provide empirical support for the core premise of task-technology fit theory
within the built environment context. Specifically, when task demands (e.g., precision, spatial awareness) align with
technology affordances (e.g., immersion, hands-free operation), the adoption outcomes are more consistently positive in the
reported studies. This reinforces the analytical value of the TTC framework in explaining how MR technologies are selected

and applied across tasks and contexts.

4. Discussion

Existing MR research is predominantly conducted in controlled evaluation settings, resulting in a gap between
experimental validation and practical applicability. The following discussion interprets this gap alongside patterns observed in
task characteristics, technology platforms, and implementation contexts. Overall, the results suggest a tendency to prioritize

technologically demonstrable scenarios over contextually robust implementations.
4.1 Interpreting MR Application Patterns Using the Task—Technology—Context Framework

The analytical results indicate that task characteristics play a central role in shaping how MR technologies are applied
and evaluated in built environment contexts. Tasks requiring high levels of spatial understanding and visual alignment—such
as layout planning, assembly, and inspection—are consistently associated with immersive or semi-immersive MR solutions
[16-17, 19, 29]. These applications benefit from overlay-based guidance and spatial cues that improve precision and reduce

cognitive effort when translating between digital and physical representations [40, 62].

The selection of a technology platform further influences application design and performance. As identified in Section 3,
head-mounted displays are commonly used in studies emphasizing immersive interaction and hands-free operation, particularly

within controlled experimental settings [40, 62]. In contrast, handheld devices are more frequently associated with applications
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that prioritize accessibility, information retrieval, and communication in site- or facility-based environments [18, 25, 63].
These patterns indicate that MR technology selection is not only closely aligned with task requirements, but is also shaped by

practical constraints such as deployment complexity, environmental conditions, and experimental control [2, 12].

The practical implication is clear for industry practitioners: technology selection benefits from a systematic analysis of
task characteristics rather than a preference for more technologically advanced devices. For example, immersive head-mounted
displays are appropriate for precision-oriented assembly tasks but may impose an unnecessary cognitive burden for simple
information retrieval, where handheld devices are more effective. Mismatches between device affordances and task demands

emerge from the literature as a primary contributor to reported implementation difficulties.

Contextual factors—including physical, organizational, and environmental conditions—emerge as a critical yet often less
explicitly addressed dimension in MR research. Many studies rely on laboratory-based or simulated environments where
variables such as lighting, connectivity, and workflow interruptions can be controlled [19, 63]. However, field-oriented studies
highlight challenges related to environmental variability, user workload, and integration with existing practices on active
construction sites or operational facilities [12, 54, 56]. These factors significantly influence both task execution and technology

performance, affecting the transferability of results.

By integrating task requirements, technological capabilities, and contextual conditions, the TTC framework provides a
structured explanation for the observed gap between experimental performance and real-world implementation. Rather than
serving as a predictive model, the framework functions as an analytical construct that captures the interdependencies among
these dimensions. Fig. 4 illustrates how task requirements, technology characteristics, and contextual conditions interact to
influence MR application performance and adoption outcomes. The framework highlights that MR effectiveness emerges from

the alignment of these three dimensions rather than from technological capability alone.

Technology

0O HMD / handheld/wearable
0O Immersion level
0O Interaction capability

Task

O Spatial tasks

(inspection, layout, assembly)
O Cognitive demand
0O Worldlow type

TTC Interaction Context

O Controlled vs Field Environments
O Environmental constraints
O Organizational conditions

O Alignment
3 Constraints
O Trade-offs

A 4
MR Application

0 Efficiency
O Accuracy
0 Usability
O Deployment feasibility

Fig. 4 TTC framework illustrating the interaction between task, technology, and context in MR applications

4.2 Implications for Future Research

The results indicate several ways to further develop MR research in the built environment. Future studies should not be
limited to single-case studies but should employ comparative, context-sensitive experimental designs to test MR technologies
across a wider range of tasks and environments. In addition, longitudinal field research is required to evaluate the sustainability
of MR adoption in the working environment. To begin with, the prevalence of controlled evaluation contexts implies that more

focus should be placed on field-based validation. Although laboratory experiments are important in initial development,
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overreliance on controlled environments limits understanding of MR performance under real-world settings [2, 19]. Pilot
deployments and longitudinal studies should therefore be included in future research to ensure the environmental variability

and organizational dynamics are captured [12, 56].

Second, the disproportionate distribution across the lifecycle of MR applications implies little consideration of operation
and maintenance (O&M) requirements. Despite the investigation of MR in inspection, asset management, and training in the
operational setting, its use remains less common than in the design and construction stages [14, 26-28]. Further research in

O&M settings is needed to enable a more complete digital innovation lifecycle and long-term asset performance [13].

Third, the observed task-technology associations imply the need to assess the appropriateness of technology rather than
focusing on technological advancement. Most studies place a lot of emphasis on hardware capabilities without sufficiently
assessing alignment with task demands and contextual limitations [40, 62]. Cross-comparative analyses of various device
categories may provide a better understanding of trade-offs among usability, robustness, and workflow integration [39, 54].

Lastly, more studies should be conducted to investigate human-technology interaction in real-world work settings.
Although previous research has typically centered on task performance and usability, little attention has been given to factors
such as cognitive load, situational awareness, and long-term user adaptation [25, 63]. Incorporating both ergonomics and
human-computer interaction perspectives would provide a more comprehensive understanding of MR adoption in practice.

Finally, to translate the analytical insights of this review into actionable guidance, future research should extend the TTC
framework from a retrospective analytical tool to a prospective design instrument. Specifically, pilot field studies that apply
the TTC framework prospectively—using its three dimensions to guide MR deployment decisions before implementation—
could examine the framework’s applicability in realistic built environment scenarios. Such studies should prioritize the under-
researched operation and maintenance phases, as these represent the greatest opportunity for lifecycle-oriented MR innovation.
Compared with controlled laboratory experiments, these field deployments could generate richer empirical data on human-
technology interactions (e.g., cognitive load and situational awareness) and contextual influences (e.qg., lighting variability and
workflow integration).

4.3 Implications for Practice and Innovation

In practical terms, the TTC framework emphasizes the importance of considering MR technologies not merely in terms
of technical capability but also in relation to task demands and contextual conditions. Practitioners can utilize this framework
by evaluating MR adoption based on three major factors: (i) the type of task, (ii) the suitability of the technology platform, and
(iii) constraints within the implementation environment. Pilot implementations may help practitioners interested in adopting
MR explicitly evaluate the technology’s performance under site-specific conditions, such as environmental variability,

connectivity limitations, and workflow integration issues [12, 54].

The adoption of MR can be more productive if introduced gradually, rather than as a complete solution. Integrative
applications that support existing BIM workflows, mobile systems, or maintenance practices are more likely to be adopted
successfully than applications that require significant alterations to established processes [8-9]. Accordingly, MR should be
perceived as an enabling element of the larger digital transformation strategies rather than as a single technology. Overall, the
discussion offers a systematized approach for aligning MR innovation with practical conditions in the built environment,

therefore supporting research development and informed decision-making in practice.

5. Study Limitations

Several limitations in this study should be taken into account when interpreting the results. The discussion is informed by
a selected number of peer-reviewed articles, which, although representative, may not capture the full range of developing MR

applications. Moreover, the results are based on secondary data published in the literature and thus represent observed research
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trends rather than empirically determined performance results. The method of analysis is based on classification and pattern
recognition rather than quantitative comparison of effect sizes or relative efficacy of MR applications across studies. Similar
restrictions have also been observed in previous MR studies investigating application trends [2] and in reviews of technology-
task relationships in the built environment [4]. Accordingly, the findings ought to be viewed as reflecting current research

trends rather than as proof of effect.

Second, the dataset is limited to journal articles published in English and indexed in major academic databases. Relevant
insights reported in conference proceedings, industry reports, or practitioner-oriented publications were not included. Given
the applied and rapidly evolving nature of MR technologies in the built environment, some emerging practices and

implementation experiences may therefore not be fully represented in the analyzed dataset [12, 56].

Third, the classification of project lifecycle phases, task categories, technology platforms, and evaluation contexts relies
on information reported by the original authors. Variations in terminology, reporting depth, and methodological emphasis
across studies may introduce interpretive subjectivity, particularly when distinguishing between controlled, simulated, and
field-oriented evaluation settings [19, 63]. While consistent classification criteria were applied throughout the analysis, some

overlap between categories is unavoidable.

Fourth, the study adopts a pragmatic interpretation of MR-related terminology, including studies labelled as augmented
reality or extended reality when their functional characteristics align with the analytical objectives [3-4]. Although this
approach supports broader analytical coverage, it may obscure finer technical distinctions between MR, AR, and XR
implementations. Future research with a narrower technical focus may provide more granular insights into specific system

architectures or interaction paradigms.

Finally, the TTC framework employed in this study functions as an analytical interpretation tool rather than a validated
predictive model. While it supports structured examination of relationships among tasks, technologies, and contexts, it has not
been empirically tested through quantitative measurement. Further empirical studies are therefore required to assess the

explanatory and predictive value of the framework across diverse built-environment contexts and application scenarios [68].

6. Conclusion

The study investigated how MR technologies can be applied in the built environment through the lens of the TTC
framework. It identified key research patterns and limitations in current MR implementation by analyzing MR applications
across various stages of the project lifecycle, requirements across different tasks, technology platforms, and evaluation contexts.
The results offer an analytical understanding of the joint effect of task requirements, technological capabilities, and contextual

conditions on MR adoption and applicability in the built environment. The key findings are summarized as follows:

(1) The focus of MR research is largely on the design and construction phases of the project lifecycle, where immersive
visualization, layout guidance, and task-specific support are most frequently showcased [4, 8-9]. In contrast, applications
related to operation and maintenance are relatively limited despite their importance for long-term performance of asset
and facility management [13-14, 26-27].

(2) The selection of MR technology is highly dependent on task properties. Head-mounted displays are more commonly used
for immersive visualization and hands-free interaction tasks, while handheld and mobile devices are more common in
site-oriented applications for communication, accessibility, and information retrieval [19, 40, 62].

(3) Existing MR evaluations are still dominated by controlled and simulated environments, leaving a gap between
experimental validation and real-world implementation [2, 12]. There are still practical deployment issues and constraints

that are not fully addressed.
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The TTC framework emphasizes the need to assess MR technologies based on the interplay of task demands, capabilities
of the technology, and contextual conditions, instead of focusing solely on technical performance [2, 68].
Future work should prioritize context-aware evaluation, implementation, integration into the lifecycle, and long-term

deployment studies, to enable the practical use of MR in real construction environments [12, 25, 56, 63].
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