
Open Access Research Article

Investigating the ‘I’ in team: development and 
evaluation of an individual-level IMO model for 
augmented reality-mediated remote collaboration
Lisa Thomaschewski1,*, Benjamin Weyers2, Annette Kluge1

1Department of Work, Organizational, and Business Psychology, Ruhr University Bochum, 44780 Bochum, Germany.
2Department of Human-Computer Interaction, Trier University, 54296 Trier, Germany.

*Correspondence to: Lisa Thomaschewski, Department of Work, Organizational, and Business Psychology, Ruhr University Bochum, 44780 
Bochum, Germany. E-mail: Lisa.Thomaschewski@rub.de

Received: November 30, 2024  Accepted: March 29, 2025  Published: April 16, 2025

Cite this article: Thomaschewski L, Weyers B, Kluge A. Investigating the ‘I’ in team: development and evaluation of an individual-level IMO 
model for augmented reality-mediated remote collaboration. Empath Comput. 2025;1:202401. https://doi.org/10.70401/ec.2025.0007

Abstract
Aims: This study aims to enhance the design of augmented reality (AR) technologies for remote collaboration by examining the complex 
relationships among individual factors (user characteristics), psychological and physiological states during AR-mediated remote 
collaboration, and outcomes within an Input-Mediator-Output (IMO) model. The goal is to evaluate how individual characteristics influence 
psychological and physiological experiences, as well as task performance, in AR-mediated collaboration.
Methods: We hypothesize and evaluate an IMO model and use correlation analyses to examine the relationships among person-related 
input variables (e.g., predispositions, traits, attitudes, states, and contextual factors), psychological and physiological emergent states, and 
performance-related output variables.
Results: Our results demonstrate that individual characteristics significantly influence subjective experiences, physiological responses, and 
task performance, emphasizing the critical role of individual differences, alongside task- and technology-related factors, in shaping 
collaboration experiences and performance. These findings highlight the importance of considering individual characteristics in the design 
of AR tools to optimize user well-being and performance outcomes.
Conclusion: Our study provides a foundational framework for understanding the interplay between individuals, tasks, and technology, 
underscoring the need for AR tools that align with user characteristics. It also lays the groundwork for future IMO research in AR-mediated 
remote collaboration, contributing to the development of more effective and health-promoting AR technologies.
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1. Introduction
Augmented reality (AR) is gaining increasing interest as a tool for supporting remote collaboration in both academia[1,2] and industry, 
with companies like Airbus and Henkel using AR for expert guidance in product assembly and line management[3-5]. While prior 
studies have extensively examined how technological and task-related characteristics shape user experience and performance, the 
role of user-related factors remains underexplored. However, individual differences—such as prior experience[6], cognitive 
predispositions[7], and physiological responses[8]—can significantly influence users’ perceptions and performance. To develop AR 
solutions that are not only functional but also user-centric, it is crucial to systematically account for these factors.

This shift in focus is essential for advancing AR research beyond its current emphasis on technological feasibility and early-stage 
implementation. Marques et al.[2] position research on AR-mediated remote collaboration within the replication and empiricism 
phases of the BRETAM model[9], which describes the evolution of new information technologies through six phases: breakthrough, 
replication, empiricism, theory, automation, and maturity. This classification suggests that AR research has largely focused on 
demonstrating feasibility and refining implementation but has yet to transition toward theoretical development. Building on this 
perspective, we argue that expanding the research focus to incorporate individual differences as a core factor in AR effectiveness and 
user well-being represents a necessary step in this evolution.

Thus far, studies on perception and cognition in the field of AR-mediated remote collaboration have primarily considered 
person-related variables, such as mental load or presence, as outcome variables directly influenced by technological design features, 
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including display configuration, communication channels, and media richness[10]. Moreover, due to the developmental nascent stage 
of AR-mediated remote collaboration, most studies regard performance outcomes as a product of technology and task, often 
neglecting person-related variables that might influence performance independently of these elements[11].

We argue that, in addition to task- and technology-based factors, emergent states (e.g., mental load, presence) and performance are 
also shaped by individual baseline predispositions. For instance, a person’s susceptibility to mental load may vary based on age[12] and 
experience[6], just as individual differences are known to impact (job) performance[13]. By considering these person-related variables, 
AR systems can be designed not only to optimize task performance but also to support the well-being and engagement of all users, 
regardless of their individual characteristics.

Consequently, we propose that human-centered design should prioritize user requirements, by integrating person-related factors as 
independent variables that influence psychological well-being, physiological well-being, and performance in AR-mediated remote 
collaboration. While previous research has highlighted the role of individual characteristics in digital interactions[14-16], these studies 
have predominantly focused on conventional screen-based environments, overlooking the unique demands of AR-mediated 
collaboration. Addressing these factors is essential for developing AR solutions that promote user well-being, ensuring that user 
needs and predispositions serve as the foundation for design principles and development guidelines.

Moreover, implementing technology in organizations is challenging, as one-size-fits-all approaches often fail to align with individual 
needs, preferences, and demands[17]. Consequently, understanding the influence of individual characteristics that can be encouraged, 
promoted, or trained through human resource interventions or offerings is essential for enhancing psychological and physiological 
well-being, as well as technology-related performance. These person-related variables likely interact with both the task and 
technology. These linkages may manifest through interactions, such as mediation or moderation effects, leading to path analyses or 
structural equation models that elucidate Input-Mediator-Output (IMO) chains in AR-mediated remote collaboration.

This study contributes to understanding the complex interplay between person-related variables (as both inputs and mediators) and 
the outcomes of AR-mediated remote collaboration. To achieve this, we propose an IMO model grounded in current literature and 
test it using data from n = 220 participants in an exploratory manner. The data is derived from an empirical evaluation study of the 
Ambient Awareness Tool—an AR-based tool for supporting temporal coordination in remote collaboration teams[18].

Our objective is to illustrate the relationships between person-related variables and collaboration outcomes within the IMO 
framework. By examining these relationships, we offer valuable insights that can inform the design and implementation of AR 
technologies tailored to individual needs and preferences. Furthermore, our findings contribute to identifying strategies for 
implementing health-promoting AR systems for remote collaboration.

The following sections explore the key variables involved by describing their complex interplay and nuanced relationships shaping 
users’ interactions with AR technologies and outcomes in the context of an IMO model.

2. Placing the Human in the Center: An IMO Model for AR-Mediated Remote Collaboration
IMO-models are recognized theoretical frameworks that help map, explore, and explain team- and task-work related outcomes, such 
as team effectiveness[19] or team adaptation[20]. Thereby, inputs (e.g., individual- and team-related variables) are mediated by 
emergent states (e.g., cohesion) and processes (e.g., coordination), leading to outputs (e.g., performance)[21]. IMO-models were initially 
developed for studying face-to-face teams[22]. With the rise of spatially dispersed teams in the organizational contexts, IMO-models 
have been widely applied to investigate virtual teams[23-25]. However, to our knowledge, AR-mediated remote collaboration teams 
have not yet been considered in the context of IMO research.

To establish a foundation for future IMO research in AR-mediated remote collaboration, this paper focuses on defining relationships 
between inputs, mediators, and outputs at the individual level. We consider individual predispositions (e.g., age), traits and attitudes 
(e.g., retentivity), states (e.g., self-efficacy), and contextual factors (team partner familiarity) as inputs; task- and technology-mediated 
emergent states (e.g., spatial presence) as mediators; and performance outcomes as outputs. We assume that these emergent states 
can be differentiated into psychological and physiological states, with physiological states influenced by both individual-related 
inputs and psychological emergent states. Figure 1 shows the hypothesized IMO-model for AR-mediated remote collaboration.

Since teams are complex systems, fundamental research should begin with simplified models to discern basic relationships and 
establish a foundational understanding before addressing more intricate scenarios. This study adopts a simplified approach, 
concentrating solely on the direct effects between inputs, emergent states, and outputs, omitting considerations of mediations. By 
narrowing the scope, we aim to lay the groundwork for understanding the mechanisms underlying AR-mediated remote 
collaboration.

The inputs, emergent states and outcomes, and their hypothesized relationships in the IMO-model are explained below.
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Figure 1. Hypothesized Input-Mediator-Output model for AR-mediated remote collaboration. AR: augmented reality; VR: virtual reality.

2.1 Inputs
Inputs, defined as “antecedent factors”[19], are assumed to influence individual and team processes as well as emergent states. This 
paper focuses on the individual level, including individual predispositions, traits and attitudes, states, and contextual factors that are 
assumed to impact AR-mediated collaboration. Traits are stable individual characteristics[26] that are difficult to change, while states 
are “variable or fluctuating”[26] and more easily changed or influenced.

2.1.1 Predispositions
Age  is a key predisposition in technology-mediated collaboration as it can significantly impact the perception of 
technology-mediated emergent psychological states, e.g. mental load or perceived task complexity[12], as well as physiological states, 
such as simulator sickness[27,28]. Furthermore, factors such as digital nativity and technological literacy in younger cohorts may affect 
their propensity for technology adoption and adaptation to AR systems. Additionally, age-related sensory system degeneration and 
cognitive decline[12] can influence physiological and psychological emergent states. For instance, impaired vision might lead to a 
decrease in perceived spatial presence, while diminished cognitive abilities might lead to higher mental load and perceived task 
complexity.

Sex  can also significantly impact technology-mediated psychological and physiological emergent states. While research on 
AR-related sickness remains limited, findings from the field of virtual reality (VR) and motion sickness indicate, that women are more 
susceptible to VR- and motion-induced sickness[28,29], presumably due to physiological disparities. Sexual dimorphism, such as 
variations in pupillary distance, stature, and musculature can affect ergonomic dynamics and comfort levels associated with VR 
head-mounted displays[30]. Given the similarities in immersive technology experiences, these findings may offer insights into potential 
sex-related effects in AR use. Additionally, sex differences in cognitive abilities, like visuo-spatial abilities[31], may influence 
perceptions of AR tool supportiveness, thereby impacting psychological and physiological emergent states.

2.1.2 Traits and attitudes
General mental abilities  are crucial for task and overall performance, especially in the workplace[32-35]. Similarly, good retentivity 
enhances performance, particularly in complex tasks, by facilitating performance time, error rates, and thus overall performance 
output[36]. Research on how these factors influence task- and technology-mediated emergent states, such as spatial presence or 
mental load is limited. However, it is reasonable to assume that general mental abilities and retentivity affect mental load and 
perceived task complexity due to their link to cognitive resources. Moreover, spatial presence, being a subjective psychological 
phenomenon, is likely influenced by or dependent on individual characteristics[7], with research suggesting general mental abilities 
and retentivity play pivotal roles in this context[7].

Collective orientation  defined “as the propensity to work in a collective manner in team settings”[37], significantly influences team 
performance[38,39]. It is also linked to psychological emergent states like cohesion[40]. Collective orientation can be divided into two 
factors: dominance and affiliation[38]. Accordingly, collective orientation is strongly expressed when individuals exhibit a high need 
for belonging and a low tendency to dominate simultaneously[37].

2.1.3 States
Self-efficacy  reflects an individual’s confidence in achieving desired outcomes[41] and is closely tied to performance as well as 
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physiological and psychological emergent states[42-44]. Higher self-efficacy in mastering AR-mediated team task may mitigate 
physiological discomfort, such as simulator sickness[45].

Moreover, prior training, experience, and domain-specific interest influence psychological emergent states such as spatial 
presence[7,46] and mental load in AR use[6]. While empirical research on adaptation effects in AR is still developing, findings from VR 
studies suggest that repeated exposure over hours or days may reduce simulator sickness[47]. Given the potential parallels in user 
adaptation across immersive technologies, similar effects might also be relevant for AR environments. Thus, interest in AR and VR, as 
well as frequency of use, may positively influence physiological and psychological emergent states. These variables were included to 
capture individual differences in general immersive technology experience, which could provide important insights into how prior 
exposure to immersive environments influences emergent states in AR specifically.

2.1.4 Contextual factors
Team partner familiarity  is often considered in studies on AR-mediated remote collaboration[2], but it is typically used to describe 
the sample rather than to investigate its effects on psychological or physiological emergent states or performance. However, 
research in the field of virtual teams emphasizes that trust, facilitated by team partner familiarity, is one “key variable […] crucial for 
all aspects of collaboration”[48] and particularly linked to team performance[49]. Studies on video games also demonstrated that team 
partner familiarity affects factors like spatial presence[50], underscoring its importance as input in the proposed IMO-model for 
AR-mediated remote collaboration.

2.2 Task- and technology-mediated emergent states
Task- and technology-mediated emergent states encompass both psychological states (e.g., mental load) and physiological states (e.g., 
simulator sickness) that are influenced not only by the task and the technology but also by person-related inputs (e.g., gender or age). 
This study exclusively focuses on the influence of person-related variables on these states, while acknowledging the impact of task 
and technology design without examining it scientifically.

Psychological and physiological emergent states are experiences and perceptions whose relationship to other variables usually 
exhibit reciprocal causation, as they are both influenced by and influence other variables. For instance, job performance is 
significantly influenced by experience, and experience in turn is significantly affected by job performance[51].

2.2.1 Psychological emergent states
Mental load  refers to the cognitive resources engaged by the task- and teamwork, with higher mental load linked to increased error 
rates and decreased performance[52], and negative effects on physiological and psychological well-being[53].

Perceived task complexity , subjectively gauging task difficulty, influences task performance[54], experience and perception (e.g., 
stress response[55] or mental load[56]), as well as physiological well-being (e.g., as a consequence of task complexity-induced stress).

Presence describes the “sense of being there”, mirrored by interacting and responding accordingly in and with a virtual 
environment[57] or a simulation environment[58]. In simulation contexts, presence can be distinct in spatial presence and satisfaction. 
Spatial presence expresses how much the users feel as if being “there” within the simulated environment, whereas satisfaction 
indicates the degree of contentment working in a simulation. Results in relation to the effects of presence on performance are mixed 
and debated[59,60], yet several empirical studies showed a positive influence of perceived presence on performance[61]. Moreover, 
research indicates, that presence is related to physiological and psychological well-being[62,63].

Work group cohesion  refers to the individual’s belief “that the members of his or her work group are attracted to each other, willing 
to work together, and committed to the completion of the tasks and goals of the work group”[64]. It’s a key determinant of team 
effectiveness, as evidenced by the well-documented link between work group cohesiveness and various performance outcomes[65].

2.2.2 Physiological emergent states
A major challenge in Virtual and Augmented Reality applications is technology-induced sickness. Factors influencing simulator 
sickness in VR include technology-related issues (e.g., latency, tracking accuracy, flicker[66,67]), experience and perception-related 
factors (e.g., perception of presence[68]), and person-related factors (e.g., sex[69], age[70]).

While VR content is more likely to cause motion-related sickness than AR, there is limited and mixed research on AR-related 
sickness[71]. Some studies reported negligible symptoms[11,72], while others found significant AR-induced sickness[73,74].

Simulator research suggests a strong link between sickness and performance[8]. To explore this relationship in AR-mediated remote 
collaboration, we included simulator sickness and perceived physiological stability after AR use in our hypothesized IMO-model.

2.3 Outputs
Since most AR-based remote collaboration applications are aiming at enhancing spatially dispersed task- and teamwork, task 
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performance is one key performance indicator measured in the field of research[10]. Most studies focus on how technology-related 
design and implementation impact performance, including overall outcomes, accuracy, or task execution times[10]. Although many 
studies have considered the effects of psychological states such as mental load or presence on performance, there is still no 
comprehensive understanding of how physiological and psychological emergent states influence performance in AR-mediated 
remote collaboration.

To investigate potential relationships, we included performance output, performance time, and performance errors (as an indicator 
for performance accuracy) as output variables in our proposed IMO-model. The variables are detailed in Table S1.

3. Materials and Methods
3.1 Sample description
The data for this paper originate from an empirical study involving n = 264 participants, evaluating an AR-based interface for 
temporal coordination support in remote teams (Ambient Awareness Tool[18]). The study included n = 110 remote working dyadic 
teams and n = 22 side-by-side working dyadic teams (serving as a control group). Since this paper examines relationships between 
inputs, emergent states, and outputs relevant to AR-mediated remote collaboration, data from the side-by-side teams were excluded 
from the analyses. Consequently, the analyses presented below are based on a sample size of n = 220 participants. The study was 
conducted between October 2020 and January 2022 in the work unit’s lab facilities. Of the participants, 96.36% were students from a 
German university. 68.18% identified as female (2 participants identified as non-binary). The average age was 23.98 years (SD = 3.71, 
range: 19;44), and 29.09% knew their team partner beforehand. While 46.82% had used a VR HMD before, only 6.82% had prior AR HMD 
experience. The study was approved by the local ethics committee (no 440) and adhered to the ‘Deutsche Forschungsgemeinschaft’ 
guidelines[75]. All participants provided written informed consent and met prerequisites, including being of legal age, having normal 
or corrected-to-normal vision, and no prior experience with the experimental use case (see below). Participants were compensated 
with either €40 or course credit (“Versuchspersonen-Stunden”) for their participation.

3.2 Use case and study design
For this study, we employed WaTrSim (wastewater treatment plant simulation), a process control simulation of a wastewater 
treatment facility[76-80]. WaTrSim models a wastewater treatment plant that pursues the goal of treating wastewater produced in 
industrial cleaning processes. In the process, mixtures of approximately 60% water and 40% solvent are separated. To initiate this 
process, participants followed a Standard Operating Procedure (SOP) comprising 13 sequential steps in an act-wait-act format to 
optimize purified water output. These steps include adjusting valves, heater, and tank settings according to predefined process 
constraints and could be carried out digitally via tablet.

To examine remote collaboration, participants assigned to separate rooms, each equipped with two on-wall projected WaTrSim task 
displays: one for the individual task and one for the team task (Figure 2). As participants could only view one screen at a time, they 
had to physically turn and move their gaze to the opposite wall to check the status of the technical process. Consequently, 
participants could not directly perceive task state information from both screens at the same time, requiring ambient awareness of 
the screen that could not be monitored directly.

Figure 2. Experimental set-up.
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3.2.1 Task execution and monitoring
Participants in dyadic teams had to start-up WaTrSim on their own (individual task) and simultaneously in collaboration with their 
team partner (team task). While the individual task required the execution of all 13 steps of the SOP individually, in the team task, each 
member had to perform a predetermined subset of the 13 steps in alternating turns. Further, participants had to press a “monitoring” 
button, every 50 seconds (in both individual and team task) as a secondary task.

3.2.2 The ambient awareness tool
To support remote collaboration, we implemented an AR-based Ambient Awareness Tool for Microsoft HoloLens 1[81,82]. The tool 
displayed process state information from the unobserved task, allowing participants to anticipate upcoming SOP steps.

The interface presented three AR-based symbols, each representing the next required SOP step (Figure 3). The topmost symbol 
indicated the next immediate task and flashed when actionable. Once a team member completed a task, the other team member was 
notified via the flashing top symbol, signaling the transition of responsibility. The tool was positioned at the left periphery of the 
WaTrSim simulation surface to ensure minimal distraction while maintaining continuous access to critical process information.

Figure 3. Ambient Awareness Tool depicting the next three steps of the task the user is currently not working on. From top to button: valve, tank, heater.

The design of the Ambient Awareness Tool was iteratively refined and validated through a usability study[82] to ensure intuitive 
interpretation and effective remote collaboration support.

3.2.3 Experimental procedure
Each experimental session (including questionnaires, training, and main experiment, cf, Figure 4) lasted approximately four hours, 
with participants completing six operational trials in WaTrSim. Each trial had a maximum duration of 240 seconds. The first two trials 
served as training and were excluded from the analysis.

3.3 Measurement of inputs, psychological and physiological emergent states, and outputs
Table S1 describes the measurement of the variables based on their time of assessment (1 to 4, cf. Figure 2). Questionnaire data were 
collected online via Qualtrics. As the study was conducted at a German university, all questionnaires were administered in German. 
Example items have been translated into English.

Performance data were retrieved from log files produced by the WaTrSim application. These log files captured key user interactions, 
including timestamps of actions, task execution times, and errors, providing an objective measure of task performance, capturing 
adherence to the SOP and efficiency.
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Figure 4. Simplified flow-chart of the experiment. MTP: measurement time point.

Each team completed six trials, with the first two considered training trials and excluded from the analysis. In each trial, participants 
performed both an individual task (starting up the simulation independently) and a team task (starting up the simulation 
collaboratively), resulting in three log files per trial: one for each participant and one for the team. To analyze the data, a mean value 
was calculated for each participant’s individual task performance based on their performance across the four trials. A separate mean 
value for the team task was calculated, applicable to both team members. An overall mean value for each participant was then 
determined by averaging the individual task mean with the shared team task mean. This approach enabled the combination of both 
individual and collaborative performance in the analysis.

Performance output  (measured in liters of purified water) was derived from the log files, which recorded each user action along 
with the corresponding production output at that specific timepoint. For analysis, the final production output was extracted at the 
time of the last recorded action within the simulation. On average, participants produced M = 328.40 liters (SD = 100.87, range = 1.92; 
557.03), with higher values indicating better performance.

Performance time  was determined based on recorded simulation steps in the log files, with each simulation step corresponding to 
one second. The total number of simulation steps at the time of the last recorded action was used to calculate task completion time. 
On average, participants required M = 155.58 seconds to start up WaTrSim (SD = 24.79, range = 103.88; 229.25), with lower values 
indicating faster task execution.

Performance errors  were identified based on the actions recorded in the log files. Errors were defined as adjustment errors 
(incorrect value settings) or procedure errors (adjustments made to the wrong plant part). An Excel query was used to systematically 
detect deviations from the SOP in each log file. The total error count per participant was calculated without differentiating between 
error types. On average, participants made M = 0.5 errors (SD = 0.72, range = 0; 6), with higher values indicating lower performance 
accuracy.

Mental load  was assessed using a secondary task paradigm, where participants pressed a “monitoring” button every 50 seconds. 
According to the secondary task paradigm, the frequency of secondary task execution (button presses) is inversely related to mental 
load, with more frequent button presses suggesting lower mental load. Device communication was facilitated via an Apache web 
server, which tracked the timestamps of each participant’s button press. We used these timestamps to extract the number of 
secondary task executions throughout the experiment. On average, participants pressed the monitoring button M = 1.54 times 
(SD = 1.06, range = 0; 4).
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3.4 Data analysis
All analyses were conducted using R (version 4.1.2, Bird Hippie)[83] and Rstudio (version 2023.6.0.421)[84]. To investigate relationships 
between inputs, emergent states, and outputs, correlation analyses were performed and tested for significance. Different types of 
correlation were applied based on the scale level of the variables, as outlined in Table 1.

Table 1. Applied correlation types in relation to variable scale level.

Scale Level Variable 1 Scale Level Variable 2 Correlation Type

Metric Metric Spearman’s Rho

Metric Ordinal Spearman’s Rho

Metric Dichotomous Point-biserial correlation

Dichotomous Dichotomous Point-tetrachoric correlation

Dichotomous Ordinal Biserial rang correlation

The correlation analyses for metric-metric variable pairs were performed with Spearman’s Rho since, in each case, at least one of the variables was not normally distributed.

Outliers, whether formally, visually, or statistically identified, were retained in the sample, as they are considered inherent in the 
sample and essential for the generalizability of results to real-world practice. This decision aligns with the objective of maintaining 
ecological validity and acknowledges the potential variability inherent in real-world scenarios.

4. Results
The complete correlation matrix can be found in the supplementary material (Table S2), along with a table of corresponding 
correlation types for each analysis (Table S3). Figure 5 shows a model with all significant correlations between inputs, emergent 
states, and outputs. Figure 6 displays a model with significant direct correlations between inputs and outputs.

Figure 5. Significant correlations between inputs, emergent states, and outputs of the hypothesized IMO-model for AR-mediated remote collaboration, presented as ρ or r 

depending on the correlation analysis performed (Table 1). Secondary tasks were used to operationalize mental load (more secondary tasks = less mental load). The α -level 

was set at .05. p < .05*, p < .01**, p < .001***. Greyed-out input-variables were hypothesized to influence emergent states but yielded no statistically significant correlations 

in the analyses. CF: contextual factors. AR: augmented reality; VR: virtual reality.
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Figure 6. Significant correlations between inputs and outputs of the hypothesized IMO-model for AR-mediated remote collaboration, presented as ρ or r depending on the 

correlation analysis performed (Table 1). Secondary tasks were used to operationalize mental load (more secondary tasks = less mental load). The α-level was set at .05. 

p < .05*, p < .01**, p < .001***. Greyed-out input-variables showed no significant direct correlations with the output-variables. CF: contextual factors; AR: augmented reality; 

VR: virtual reality.

Numerous significant correlations were found among the input, emergent state, and output variables, in addition to relationships 
between those variables. As these relationships were not part of the hypothesized IMO model, and a detailed analysis would exceed 
this article’s scope, the results are provided in the supplementary material (Table S4, Table S5 and Table S6). The following sections 
report significant correlation analyses results between:

• 4.1) inputs and emergent states,

• 4.2) psychological and physiological emergent states,

• 4.3) emergent states and outputs,

• 4.4) inputs and outputs.

4.1 Correlations between inputs and emergent states
Table 2 presents the results of the correlation analyses between inputs and emergent states.

Table 2. Correlations between inputs and task- and technology-mediated emergent states.

Task and Technology Mediated Emergent States

Psychological Psychological

Secondary 

Tasks

PerceivedTask 

Complexity

Spatial 

Presence

Satisfaction Work Group 

Cohesion

Simulator 

Sickness

Physiological 

Stability

Age ρ = -.013 ρ = -.009 ρ = -.106 ρ = -.109, ρ = .070 ρ = -.035 r = .035Predis-

positions Sex r = .016 r = -.111 r = .028, r = .080 r = .067 r = -.185** r = .360***

General Mental 

Abilities

ρ = .294*** ρ = .121 ρ = .113 ρ = -.165* ρ = .101 ρ = .016 r = -.022

Retentivity ρ = .362*** ρ = .162* ρ = -.022 ρ = -.060 ρ = -.038 ρ = .020 r =-.004

Inputs

Traits & 

Attitudes
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Collective 

Orientation 

Affiliation

ρ = .047 ρ = -.070 ρ = .012 ρ = .120 ρ = .216** ρ = -.106 r = .080

Collective 

Orientation 

Dominance

ρ = .009 ρ = -.001 ρ = -.009 ρ = -.107 ρ = -.019 ρ = -.052 r = .042

Post-Training 

Self-Efficacy

ρ = .045 ρ = -.151* ρ = .203** ρ = 

.296***

ρ = -.074 ρ = -.072 r = -.081

Interest AR r = -.008 r = .023 r = .232** r = .325*** r = - .017 r = -.068 r = .220**

Interest VR r = -.033 r = .036 r = .224** r = .376*** r = -.055 r = -.075 r = .270***

Frequency AR 

Use

ρ = -.032 ρ = .083 ρ = -.035 ρ = .007 ρ = -.079 ρ = -.114 ρ = .089

States

Frequency VR 

Use

ρ = .012 ρ = -.006 ρ = -.006 ρ = .009 ρ = .001 ρ = -.084 ρ =.128

CF Team Partner 

Familiarity

r = -.028 r = .040 r = .046 r = .110 r = .104 r = .025 r = -.024

The α -level was set at .05; * p < .05, **p < .01, ***p < .001. Male sex was coded as 1, female sex was coded as 0, so positive correlations refer to relationships with males, 
and negative correlations to relationships with females. Secondary tasks were used to operationalize mental load (more secondary tasks = less mental load). Physiological 
stability was coded 1 = no change (stable) and 0 = change (unstable), so that positive correlations indicated an unchanged physiological state. AR: augmented reality; VR: 
virtual reality; CF: contextual factors.

4.1.1 Correlations between inputs and psychological emergent states

General mental abilities  showed a moderate positive correlation with secondary tasks (ρ = .294, p < .001) and a weak negative 
correlation with satisfaction (ρ = -.165, p = .014). Thus, participants with higher general mental abilities experienced lower mental 
load but were less satisfied with working in the simulation environment.

Retentivity  showed a moderate positive correlation with secondary tasks (ρ = .362, p < .001) and a weak positive correlation with 
task complexity (ρ = .162, p = .016), meaning that participants with higher retentivity perceived the task as more complex but also 
experienced less mental load.

Collective orientation affiliation  and work group cohesion  were weakly positively correlated (ρ = .216, p = .001), indicating that 
participants with higher collective orientation perceived greater work group cohesion.

Self-efficacy : Weak negative correlation with task complexity (ρ = -.151, p = .026), weak positive correlation with spatial presence 
(ρ = .203, p = .002), and moderately positively correlation with satisfaction (ρ = .296, p < .001). Thus, participants with higher 
self-efficacy expectations in relation to mastering the experimental task perceived higher satisfaction with working in the simulation 
environment, higher spatial presence, and less task complexity.

Interest in AR and VR  were weakly positively correlated with spatial presence (AR: r = .232, p = .001; VR: r = .224, p = .001) and 
moderately positively correlated with satisfaction (AR: r = .325, p < .001; VR: r = .376, p < .001). Thus, participants interested in the 
topics of AR and/or VR perceived higher satisfaction with working in the simulation environment and higher spatial presence 
throughout the experiment.

In summary, high general mental abilities correlated with low mental load and high satisfaction. Higher retentivity correlated with 
low mental load and higher task complexity. High affiliation (collective orientation) linked to high work group cohesion. High 
self-efficacy linked to low task complexity, high spatial presence, and high satisfaction. Interest in AR and/or VR linked to higher 
spatial presence and satisfaction.

4.1.2 Correlations between inputs and physiological emergent states
Sex  showed a weak negative correlation with simulator sickness (r = -.185, p = .006) and a moderate positive correlation with 
physiological stability (r = .360, p < .001). Thus, male participants reported less simulator sickness and fewer perception of 
physiological changes due to AR use.

Interest in AR and VR  were weakly positively correlated with physiological stability (AR: r = .220, p = .001; VR: r = .270, p < .001). Thus, 
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participants interested in AR/VR were less likely to report AR-induced physiological changes.

In summary, male participants and those interested in AR/VR reported less simulator sickness and fewer perceptions of AR-induced 
physiological changes.

4.2 Correlations between psychological and physiological emergent states
Table 3 presents the results of the correlation analyses between psychological and physiological emergent states.

Table 3. Correlations between psychological and physiological emergent states.

Psychological Emergent States

Secondary 

Tasks

Perceived Task 

Complexity

Spatial 

Presence

Satisfaction Work Group 

Cohesion

Simulator Sickness ρ = -.133* ρ = .205** ρ = -.133* ρ = -.201** ρ = -.036Physiological Emergent 

States Physiological 

Stability

r = .214** r = -.029 r = .057 r = .229** r = -.051

The α-level was set at .05; * p < .05, **p < .01, ***p < .001. Secondary tasks were used to operationalize mental load (more secondary tasks = less mental load). Physiological 
stability was coded 1 = no change (stable) and 0 = change (unstable), so that positive correlations indicated an unchanged physiological state.

Simulator sickness  showed weak negative correlations with secondary tasks (ρ = -.133, p = .049), spatial presence (ρ = -.133, p = .049), 
and satisfaction (ρ = -.201, p = .003), as well as a weak positive correlation with perceived task complexity (ρ = .205, p = .002). Thus, 
participants higher in simulator sickness perceived less spatial presence and less satisfaction, higher task complexity, and higher 
mental load (measured by secondary tasks).

Physiological stability  was weakly positively correlated with secondary tasks (r = .214, p = .001) and satisfaction (r = .229, p = .001). 
Thus, participants with an unchanged physiological constitution perceived less mental load and higher satisfaction.

In summary, participants experienced lower mental load and higher satisfaction when they perceived no physiological changes and 
low simulator sickness. Moreover, lower perceived task complexity and higher spatial presence were associated with lower simulator 
sickness.

4.3 Correlations between emergent states and outputs
Table 4 presents the results of the correlation analyses between psychological and physiological emergent states and outputs.

Table 4. Correlations between psychological and physiological emergent states and outputs.

Emergent States

Psychological Physiological

Secondary 

Tasks

Perceived Task 

Complexity

Spatial 

Presence

Satisfaction Work Group 

Cohesion

Simulator 

Sickness

Physiological 

Stability

Performance 

Output

ρ = .340*** ρ = .047 ρ = .057 ρ =.093 ρ = .045 ρ = -.145* r = .104

Performance 

Time

ρ = -.355*** ρ = -.047 ρ = -.105 ρ =-.082 ρ = -.068 ρ = .163* r = -.122

Outputs

Performance 

Errors

ρ = -.319*** ρ = -.085 ρ = -.063 ρ = -.060 ρ = -.040 ρ = .214** r = -.205**

The α-level was set at .05; * p < .05, **p < .01, ***p < .001. Secondary tasks were used to operationalize mental load (more secondary tasks = less mental load). Physiological 
stability was coded 1 = no change (stable) and 0 = change (unstable), so that positive correlations indicated an unchanged physiological state.

Secondary tasks  showed a moderate positive correlation with performance output (ρ = .340, p < .001) and moderate negative 
correlations with performance time and errors (time: ρ = -.355, p < .001; errors: ρ = -.319, p < .001). Thus, participants who perceived 
less mental load reached higher outputs, needed less performance time, and made fewer errors.

Simulator sickness  was weakly negatively correlated with performance output (ρ = -.145, p = .032), and weakly positively correlated 
with performance time (ρ = .163, p = .015) and performance errors (ρ = .214, p = .001). Thus, participants who reported greater 
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simulator sickness achieved less performance output, needed more performance time, and made more errors.

Physiological stability  showed a weak negative correlation with performance errors (r = -.205, p = .002), indicating that participants 
who perceived no physiological change made fewer errors.

In summary, participants higher in mental load and simulator sickness achieved less performance output, needed more performance 
time, and made more errors. Furthermore, participants who perceived no physiological change made fewer errors.

4.4 Direct links between inputs and outputs
Table 5 displays direct correlations between inputs and outputs.

Table 5. Correlations between inputs and outputs.

Outputs

Performance Output Performance Time Performance Errors

Age ρ = -.318*** ρ = .306*** ρ = .083Predis-positions

Sex r = .102 r = -.112 r = -.039

General Mental Abilities ρ = .296*** ρ = -.284*** ρ = -.144*

Retentivity ρ = .284*** ρ = -.284*** ρ = -.203**

Collective Orientation Affiliation ρ = -.025 ρ = -.034 ρ = .009

Traits & Attitudes

Collective Orientation Dominance ρ = -.061 ρ = .072 ρ = -.056

Post-Training Self-Efficacy ρ = .301*** ρ = -.289*** ρ = -.055

Interest AR r = .148* r = -.151* r = -.106

Interest VR r = .184** r = -.189** r = -.086

Frequency AR Use ρ = -.042 ρ = .037 ρ = -.025

States

Frequency VR Use ρ = .118 ρ = -.105 ρ = -.057

Inputs

CF Team Partner Familiarity r = .129 r = -.127 r = -.106

The α-level was set at .05; * p < .05, **p < .01, ***p < .001. Male sex was coded as 1, female sex was coded as 0, so positive correlations refer to relationships with males, and 
negative correlations to relationships with females. AR: augmented reality; VR: virtual reality; CF: contextual factors.

Performance output  showed a moderate negative correlation with age (ρ = -.318, p < .001), as well as weak to moderate positive 
correlations with general mental abilities (ρ = .296, p < .001), retentivity (ρ = .284, p < .001), self-efficacy (ρ = .301, p < .001), and interest 
in AR (r = .148, p = .029) and VR (r = .184, p = .006). Thus, higher performance output was associated with higher general mental 
abilities, higher retentivity, higher self-efficacy, as well as interest in AR and/or VR. Furthermore, older participants achieved less 
performance output.

Performance time  showed a moderate positive correlation with age (ρ = .306, p < .001), as well as weak to moderate negative 
correlations with general mental abilities (ρ = -.284, p < .001), retentivity (ρ = -.284, p < .001), self-efficacy (ρ = -.289, p < .001), and 
interest in AR (r = -.151, p = .026) and VR (r = -.189, p = .005). Thus, shorter performance time was associated with higher general 
mental abilities, higher retentivity, higher self-efficacy, interest in AR and/or VR, and younger age.

Performance errors  were weakly negatively correlated with general mental abilities (ρ = -.144, p = .033) and retentivity (ρ = -.203, 
p = .002). Thus, participants with higher general mental abilities and retentivity made fewer errors.

In summary, younger age, high general mental abilities, high retentivity, high self-efficacy, and interest in AR and/or VR were 
associated with higher performance outputs and lower task execution time. Moreover, higher general mental abilities and higher 
retentivity were linked to fewer errors.

4.5 Summary of the results
Our findings suggest that the hypothesized input-variables age, collective orientation dominance, frequency of AR and VR use, and 
team partner familiarity, had no significant effects on task- and technology-mediated psychological and physiological emergent 
states. General mental abilities, retentivity, self-efficacy, and interest in AR/VR were linked to psychological emergent states, while 
sex and interest in AR/VR were (additionally) associated with physiological emergent states.
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Except for work group cohesion, psychological and physiological emergent states were interconnected. Simulator sickness was 
linked with all psychological states (except for work group cohesion), while physiological stability was only associated with mental 
load and satisfaction.

Among psychological emergent states, only mental load was associated with output-variables (performance output, time, and errors). 
Simulator sickness showed links to all output-variables, while physiological stability was only associated with performance errors.

Additionally, there were direct correlations between inputs and outputs. Performance output and time were associated with age, 
general mental abilities, retentivity, self-efficacy, and interest in AR/VR. Performance errors were associated with general mental 
abilities and retentivity.

Figure 7 illustrates the hypothesized IMO-model for AR-mediated remote collaboration corresponding to the results.

Figure 7. Result-based Input-Mediator-Output model for AR-mediated remote collaboration. Greyed-out inputs yielded no statistically significant correlations with any task- 

and technology-mediated emergent state. Work group cohesion is depicted in brackets as it was influenced by inputs but had no effects on outputs. Dashed arrows illustrate 

direct influences. AR: augmented reality; VR: virtual reality.

5. Discussion
Our results confirm that person-related inputs significantly influence emergent states and performance outcomes in AR-mediated 
remote collaboration. Beyond task- and technology-related effects, individual differences play a crucial role in shaping collaboration 
experiences and performance. These findings underscore the importance of designing AR tools that align with user characteristics 
and lay the groundwork for future IMO research in this field.

Our results indicate that person-related inputs affect psychological emergent states, which in turn influence physiological emergent 
states, which finally influence performance-related outputs. Additionally, direct associations were found between person-related 
inputs and performance-related outputs. In this section, we discuss our results in relation to the proposed relationships within the 
IMO-model (I-M and M-O relationships) and the direct links between inputs and outputs (I-O relationships).

5.1 Relationships between person-related input variables and psychological and physiological emergent states
Our results suggest that higher retentivity and general mental abilities are linked to lower mental load, indicating a buffer-function 
for negative effects on psychological well-being, as high mental load is linked to adverse health-related outcomes[53]. These findings 
are noteworthy given the limited research on the influence of person-related variables on mental load[85]. Moreover, they highlight 
the importance of controlling task- and technology-induced mental load, as high levels along with lower general mental abilities and 
retentivity could lead to mental overload.

Furthermore, we found that participants with higher self-efficacy in mastering the experimental task exhibited higher satisfaction, 
greater spatial presence, and perceived lower task complexity in the simulation environment. These results underline the importance 
of adequate training, as self-efficacy is largely influenced by how well individuals feel prepared to master a (novel or upcoming) task 
or situation. Thus, enhancing self-efficacy leads to a more positive experience during AR-mediated remote collaboration, improving 
satisfaction, spatial presence, and task complexity, resulting in enhanced psychological well-being.

Moreover, being interested in AR/VR showed positive associations with spatial presence and satisfaction. These results align with 
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Wirth et al.’s[46] model of spatial presence, highlighting the advantages of intrinsic interest in AR/VR for enhancing experience quality 
during AR-mediated remote collaboration. Additionally, interest in AR/VR was linked to physiological stability throughout AR use. 
This might be explained by an ‘expectancy-experience’ match, where participants interested in AR/VR assumed, or had experienced, 
that they were not susceptible to AR-induced physiological changes, possibly as a positive self-fulfilling prophecy. Therefore, 
increasing interest in AR/VR among employees could be an easy, low-threshold strategy to enhance their experience during 
AR-mediated remote collaboration, improving both psychological and physiological well-being.

In line with VR-research, our results showed a link between being female and higher simulator sickness, as well as AR-induced 
physiological changes. It remains unclear whether men actually experience fewer symptoms or simply report discomfort less often, 
for example due to socialization or tolerance thresholds[86,87]. This would align with Galdas et al.[88], who found that men seek delayed 
help when they are sick due to ‘masculine beliefs’. The same may apply to reporting simulator sickness or physiological changes in 
the context of AR-mediated remote collaboration. This finding emphasizes the importance of considering target group-specific 
differences in AR-task and technology design, to avoid disadvantaging certain user groups, such as female participants.

In line with the findings reviewed by Kilcullen et al.[40], we found a positive relation between collective orientation affiliation and 
work group cohesion. Interestingly, work group cohesion did not show further effects on physiological emergent states or outputs, 
challenging the assumed role of work group cohesion in the context of performance outcomes.

Surprisingly, participants with higher in retentivity perceived the task as more complex, which seems counterintuitive since 
individuals with higher retentivity should theoretically retain information better, reducing perceived task complexity. However, it is 
possible that these individuals perceive tasks as more complex because they tend to recall a greater number of task-related details.

Participants with higher general mental abilities showed less satisfaction when working with the simulation, possibly due to their 
greater cognitive resources and attentional control, leading to a more critical or analytical evaluation, as their increased attention to 
detail might result in lower satisfaction. Additionally, these individuals may have different expectations or preferences regarding 
characteristics and complexity and unmet expectations could negatively impact satisfaction. These findings suggest that task and 
technology design should consider the levels of general mental abilities and retentivity in the target user group.

5.2 Relationships between psychological and physiological emergent states
Except for work group cohesion, all tested psychological emergent states showed relationships with simulator sickness. Higher 
simulator sickness was linked to reduced spatial presence and satisfaction, with the latter also associated with perceived 
physiological changes. This contradicts VR-related research suggesting a trade-off between presence and simulator sickness[89]. Our 
results indicate that AR tools should aim to maximize spatial presence and satisfaction to prevent simulator sickness.

Consistent with prior research, we found that complex AR scenarios can induce severe simulator sickness[74], as higher perceived task 
complexity and mental load were associated with higher simulator sickness. These findings highlight the need for task and 
technology designs that minimize complexity and mental load and underscore the importance of customizable technologies to 
accommodate individual differences. As demonstrated, besides the link to simulator sickness, perceived task complexity showed 
relations to self-efficacy and retentivity, and mental load to retentivity and general mental abilities. Given these individual 
differences, customizable technologies would be desirable to offer individually tailored support.

5.3 Relationships between emergent states and performance-related output variables
Our results highlight the benefits of low mental load and low simulator sickness on performance: participants with lower levels of 
either achieved higher performance output, completed tasks faster, and made fewer errors. Additionally, physiological stability was 
linked to fewer errors, indicating higher accuracy.

These findings emphasize the importance of careful technology and task design, as technology-related factors are known to 
potentially increase simulator sickness[67], while a suboptimal task design can increase the perception of task complexity[90]. Thus, 
poor design can increase simulator sickness and perceived task complexity, leading to serious consequences, especially when errors 
cause harm to people or the environment.

5.4 Relationships between person-related variables and performance-related output variables
Our results indicated several direct relationships between person-related inputs and performance-related outputs. Higher general 
mental abilities and retentivity were linked to higher performance output, shorter performance time, and fewer errors. These 
findings align with the work of Schmidt and Hunter[91] who identified general mental abilities as a strong predictor of job 
performance across domains, particularly in complex tasks that require rapid information processing, such as the AR-mediated 
interactions examined in this paper.

From a cognitive load perspective[92], individuals with higher retentivity are better equipped to manage intrinsic and extraneous 
cognitive load allowing them to allocate more cognitive resources to learning and performing tasks efficiently, leading to improved 
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automation and schema acquisition. This aligns with Wickens’ multiple resource theory[93], which suggests that efficient cognitive 
resource allocation enhances performance, particularly in multitasking environments, such as the AR-based remote task examined 
here.

Moreover, higher self-efficacy, younger age, and interest in AR/VR were linked to higher performance outputs and shorter 
performance time.

Self-efficacy and better performance: This finding aligns well with Bandura’s self-efficacy theory[94], which suggests that individuals 
who believe in their capabilities are more likely to exert effort and persist in challenging tasks. Thus, higher self-efficacy may not only 
foster confidence in immersive environments but also encourage proactive problem-solving, which are key drivers of enhanced 
performance[95]. Moreover, studies from the field of gaming suggest that higher self-efficacy is related to better in-game 
performance[96] and task completion[97]. These findings suggest that self-efficacy is not only a crucial predictor of success in digital 
environments but also a key factor in optimizing user engagement and performance in AR-mediated tasks.

Younger age and better performance: Our findings indicate a direct effect of age on performance output and time. Specifically 
younger participants achieved higher performance outputs and completed tasks more quickly. This aligns with previous findings that 
younger individuals generally exhibit better performance in technology-mediated tasks, potentially due to higher digital literacy and 
quicker adaptation[12,28]. The latter might be based on age-related declines in several cognitive skills, such as motor responses, spatial 
awareness, and overall cognitive processing speed, especially in time-critical tasks[98,99]. These findings highlight the importance of 
designing systems that account for age-related cognitive differences to ensure usability and accessibility across diverse age groups.

Interest in AR/VR and better performance: Participants with a pre-existing interest in AR/VR demonstrated higher performance 
outputs and shorter completion times. This finding might be explained by the intrinsic motivation theory[100], which posits that 
interest and enjoyment in a task enhance engagement and effort, leading to superior performance outcomes. This suggests that 
fostering user interest in AR/VR through engaging onboarding experiences or prior exposure could significantly enhance user 
performance and technology adoption in professional contexts. Organizations might consider early-stage training or gamification 
elements to increase intrinsic motivation and performance outcomes.

Taken together, the findings show important implications for designing efficient AR tools for remote collaboration and for 
organizational training and human resource development. AR tools, used to enhance productivity and effectiveness, should be 
individually tailored or adaptable to different target groups, as they need to accommodate varying levels of general mental abilities 
and retentivity. Moreover, we showed that younger participants performed better. This finding once more emphasizes the need for 
customizable interfaces that allow users to select, e.g., specific support levels. Inadequate user demand fulfillment can lead to over- 
or under-demanding, both of which can have far-reaching negative consequences. For human resource development, fostering 
interest in AR/VR and enhancing self-efficacy through targeted training can improve performance. This underscores the importance 
of self-efficacy-oriented training and creating opportunities to stimulate interest in AR/VR.

5.5 Additional findings
In addition to the significant results discussed, we found that age did not influence the emergent states. This result may be surprising 
given previous research suggesting age-related differences in cognitive and physiological responses to AR environments[12,27,28]. Since 
we observed a direct effect of age on performance, we assume that distinct cognitive mechanisms may underlie these effects, 
mechanisms that were not directly measured in our study. Future research should investigate potential mediating factors, such as 
cognitive flexibility or attentional control, to better understand how age influences performance in AR-mediated remote 
collaboration.

Moreover, we found that frequency of AR/VR usage did not significantly affect psychological or physiological emergent states or 
performance. This lack of effect could be attributed to the relatively low frequency of AR/VR usage among our participants, leading to 
insufficient variance to detect meaningful relationships. The low usage frequency may not provide enough exposure to induce 
significant adaptation effects, which are necessary for noticeable impacts on cognitive and physiological states during AR usage. 
Future studies should consider sampling participants with a higher frequency of AR/VR usage to explore potential effects more 
thoroughly.

Finally, team partner familiarity also showed no significant relationships with psychological or physiological emergent states or 
performance outcomes. This result contrasts with some previous findings suggesting that familiarity with team partners can enhance 
trust and coordination, thereby improving performance[48,49]. One possible explanation for this discrepancy is the controlled 
experimental setup, which may have minimized the influence of familiarity by providing clear task guidelines and structured 
procedures. In such environments, the advantages of familiarity may be less pronounced. Additionally, participants may have quickly 
adapted to working with unfamiliar partners, compensating for the lack of prior familiarity. Another potential reason for the 
non-significant effect is the spatial separation of team members in our study. Since participants could neither see nor directly 
communicate with their partners, typical benefits of familiarity, such as improved coordination and shared mental models, may have 
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been diminished. Future research should examine how communication modalities and task structure moderate the effects of team 
partner familiarity in remote AR collaboration settings.

6. Limitations
While our results offer valuable insights into the relationships among person-related input variables, psychological and physiological 
emergent states, and performance-related output variables in AR-mediated remote collaboration, several limitations should be noted.

Firstly, our participant age distribution skewed younger, which may limit the generalizability of our findings to older populations. 
Future research should include a more diverse age range to better understand age-related differences.

Secondly, most observed correlations were weak to moderate. While informative, these correlations may not fully capture the 
complexity of the relationships, suggesting other factors not examined may contribute to the observed outcomes. Future studies 
should explore additional variables or use more advanced statistical techniques to clarify underlying mechanisms driving the 
observed associations.

Thirdly, our focus on individual-level variables overlooked contextual factors like organizational culture, team characteristics and 
dynamics, task characteristics, and technological features. Future research should incorporate these factors for a more 
comprehensive understanding of AR-mediated remote collaboration dynamics.

Fourthly, one key limitation of this study is its focus on dyadic collaboration, whereas real-world collaborative work often involves 
larger teams. In larger team settings, additional dynamics such as coordination complexities may influence the relationships 
observed in this study. Future research should explore how person-related inputs and emergent states function in multi-member 
teams to enhance the generalizability of individual-level influence in AR-mediated remote collaboration, offering valuable insights for 
further research on more complex team structures.

Additionally, the correlational nature of our study design prevents causal inferences. While we identified significant associations 
among variables, we cannot ascertain the directionality or rule out unmeasured confounding variables. Experimental or longitudinal 
studies are needed to establish causal pathways and understand the temporal dynamics of the relationships studied.

Lastly, our study exclusively examined AR-mediated remote collaboration, limiting generalizability to other remote collaboration 
forms or technological platforms. Different technologies, such as VR or Mixed Reality, may elicit distinct relationship patterns. Future 
research should explore these relationships across diverse technological contexts to better understand human factors in remote 
collaboration.

7. Conclusion
This study provides evidence that individual differences significantly impact psychological and physiological emergent states in 
AR-mediated remote collaboration. Factors such as general mental abilities, self-efficacy, and interest in AR/VR influenced subjective 
experiences, perceptions, and physiological responses. Higher levels of these variables were generally associated with positive 
psychological outcomes, such as lower mental load and greater satisfaction.

We identified a clear I-M-O chain, where person-related variables exerted cascading effects on emergent states, which in turn 
influenced performance-related outcomes. This underscores the need for integrated approaches in designing AR tools for remote 
collaboration, taking individual characteristics into account to promote well-being.

Understanding these mutual influences is crucial for human-centered AR tool design, especially for organizational implementation to 
promote employee well-being. As AR tools for remote collaboration continue to develop, our findings can guide early-stage design 
processes and help organizations implement appropriate human resource measures to protect employees from AR-induced harm.

Our study also suggests future research directions. Replication studies are essential to validate our results and explore potential 
mediating or moderating roles of emergent states in the I-M-O chain. Integrating existing research on task- and 
technology-mediated effects will further elucidate their influence on emergent states and outputs.

This study presents a significant step in IMO research for AR-mediated remote collaboration by developing a comprehensive model 
that offers practical guidelines for creating health-promoting AR tools.

In conclusion, our study provides a foundational framework for understanding interactions among individuals, tasks, and technology 
in AR-mediated collaboration. Continued research and application of our model can lead to more effective and supportive AR tools, 
improving user experience and outcomes in various AR-mediated remote work environments.

Supplementary material
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