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Keywords: measured using wearable fitness trackers to monitor heart rate and activity levels.
Interaction fatigue, Additionally, subjective fatigue levels were recorded using the Borg Rating of
gesture-based Perceived Exertion (RPE) scale. Task performance data, including task
interfaces, physical completion times and error rates, were analyzed to assess the impact of fatigue on
strain, task efficiency. Results indicate a significant correlation between increased physical
performance,

strain and a decline in performance, particularly in tasks requiring complex
gestures. Time-series analysis revealed critical thresholds where fatigue begins to
impair performance, while correlation plots highlighted the relationship between
physical exertion and error rates. The findings provide insights into designing
more ergonomic and adaptive gesture-based systems that can mitigate fatigue and
improve long-term user experience, offering practical guidelines for enhancing
interface usability during extended interactions.

adaptive systems

1. Introduction

Gesture-based interfaces have become an integral part of human-computer interaction (HCI),
offering users an intuitive and immersive means of interacting with digital systems. These interfaces
are widely employed in applications such as virtual reality (VR), gaming, smart home devices, and
assistive technologies. By leveraging natural human movements, gesture-based systems enable
hands-free control and a more engaging user experience compared to traditional input devices such
as keyboards or touchscreens. However, while these systems offer clear advantages in usability, they
also present unique challenges, particularly when used over extended periods.
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One of the primary concerns associated with prolonged use of gesture-based interfaces is the onset of
interaction fatigue. Repetitive gestures and continuous physical exertion can lead to physical strain,
which may negatively impact task performance and user satisfaction. Fatigue manifests in various
forms, including increased task completion times, higher error rates, and a decline in overall user
efficiency. As users become physically tired, their ability to perform accurate gestures diminishes,
leading to frustration and disengagement. Therefore, understanding how fatigue develops during
extended interactions with gesture-based systems is critical for improving both user experience and
interface design. Previous studies in HCI have primarily focused on the usability and effectiveness of
gesture-based systems in short-term interactions. However, there is a lack of comprehensive research
investigating the long-term impact of interaction fatigue and its effects on user performance.
Moreover, while methods such as electromyography (EMG) and motion sensors have been used to
measure physical strain, these approaches often involve complex setups and can be invasive for
users, limiting their applicability in real-world scenarios. To address these gaps, this study
investigates the impact of interaction fatigue on task performance and physical strain during
extended use of gesture-based interfaces. In contrast to previous studies, we utilize wearable fitness
trackers to measure physical strain through non-invasive metrics such as heart rate and activity
levels, providing a practical and scalable method for data collection. Additionally, subjective fatigue
levels are captured using the Borg Rating of Perceived Exertion (RPE) scale, allowing for a
comprehensive assessment of both physiological and perceived strain. By analyzing task completion
times, error rates, and physical exertion data, we aim to identify critical thresholds where fatigue
begins to impair performance and provide actionable insights for designing adaptive and ergonomic
gesture-based systems. The findings from this study will contribute to the development of more
user-friendly gesture-based interfaces that can dynamically adjust to mitigate fatigue, thus improving
long-term user engagement and satisfaction. This research has implications for a wide range of
applications, including virtual and augmented reality systems, smart devices, and other
gesture-controlled environments where prolonged use is common.

2. Related Work

Gesture-based interfaces have been a focus of research in human-computer interaction (HCI) for
several years, with significant advancements in both the technology and understanding of user
experience. Early studies on gesture-based systems primarily explored the usability and intuitiveness
of these interfaces, particularly in domains like gaming, virtual reality (VR), and mobile
applications. These works established the benefits of gesture-based interaction, emphasizing how
natural movements can create a more immersive and engaging experience compared to traditional
input methods like keyboards or mice. However, as gesture-based interfaces became more prevalent,
researchers began to address the limitations associated with prolonged use. [1] One critical challenge
that has gained attention is interaction fatigue, which occurs when repetitive gestures cause
physical strain, leading to a decline in performance over time. Several studies have examined the
physiological impact of sustained gesture interactions, focusing on how repetitive motion contributes
to fatigue.[2] These works have employed a variety of measurement tools, including
electromyography (EMG) sensors, to track muscle activity and identify fatigue patterns. While these
approaches offer precise measurements of muscle strain, they often involve complex setups and
invasive procedures, which limit their applicability in real-world environments.[3]

In addition to physiological studies, there has been growing interest in the ergonomic design of
gesture-based systems to minimize fatigue. Researchers have explored how gesture complexity,
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repetition, and task duration impact user comfort and performance. These studies suggest that
reducing the physical effort required for gestures, such as minimizing hand or arm movement, can
alleviate fatigue and enhance user experience.[4] Furthermore, adaptive systems have been
proposed, which dynamically adjust interface settings based on user behavior to mitigate fatigue.
Although these approaches hold promise, there is still limited empirical data on how adaptive
interfaces can be optimized for long-term use in gesture-based environments.[5]

Another area of related research focuses on fatigue detection during human-computer interaction.
Several methods for fatigue detection have been explored, ranging from real-time monitoring of
muscle activity to behavioral cues like gesture accuracy and task completion times. Some works
have proposed using machine learning algorithms to predict fatigue based on user interaction data,
allowing systems to proactively adjust and prevent performance declines. These studies highlight the
potential of real-time adaptation in enhancing user experience, but more work is needed to develop
scalable solutions that can be implemented in everyday applications.[6-8]

Despite these advances, many existing studies rely on specialized equipment or laboratory settings
that may not reflect real-world usage. The challenge remains to develop practical, non-invasive
methods for assessing and mitigating interaction fatigue in gesture-based systems. Wearable
technology, such as fitness trackers and smartwatches, offers a promising avenue for addressing this
gap by providing continuous, real-time monitoring of physical strain through accessible devices.[9]
Integrating such technologies with subjective feedback on perceived exertion can provide a more
comprehensive understanding of fatigue and its effects on user performance.[10-12]

In this context, our study contributes to the ongoing research on interaction fatigue by leveraging
non-invasive wearable devices to monitor physical strain and combining this with task performance
data. By focusing on long-term interactions and practical applications, this work aims to advance the
understanding of how fatigue develops and impacts user efficiency in gesture-based interfaces, while
providing insights for the design of adaptive systems that can enhance long-term usability.[13-14]

3. Methodology

This study aims to investigate the effects of interaction fatigue on user performance and physical
strain during extended use of gesture-based interfaces. The methodology is designed to assess task
efficiency, error rates, and physical strain using a combination of wearable fitness trackers and
subjective feedback from participants. The study will involve controlled experiments where
participants perform gesture-based tasks over prolonged periods, allowing for the collection of both
objective and subjective data.

A. Participants

A total of 40 participants will be recruited for the study. Participants will be selected based on their
experience with gesture-based systems to include both novice and experienced users, ensuring a
representative sample for evaluating fatigue across different user groups. All participants will be
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between 18 and 45 years of age, with no known physical limitations that could affect their ability to
perform the tasks. Informed consent will be obtained from each participant prior to the study.

B. Experimental Setup

The experiment will take place in a controlled environment where participants will interact with a
gesture-based interface system. The system will consist of a Leap Motion Controller to track hand
movements and gestures in real-time, connected to a PC running a custom-built application designed
to present the tasks to participants. The application will display visual prompts, asking participants to
perform specific gestures of varying complexity, including swipe, tap, grab, and rotate gestures.

Participants will be equipped with a wearable fitness tracker (such as a Fitbit or Apple Watch) to
monitor physical strain. The fitness tracker will record heart rate and activity levels throughout the
session, providing continuous data on the participants' physical exertion. The tasks will be divided
into multiple sessions to simulate extended use, each lasting between 20 and 30 minutes, with breaks
in between sessions to avoid excessive strain.

C. Tasks

Participants will be asked to perform a series of gesture-based tasks that vary in both complexity and
duration. These tasks will include simple gestures (e.g., swiping left or right) as well as more
complex, multi-step gestures (e.g., rotating objects in 3D space). Each task will be repeated multiple
times to simulate the repetitive nature of gesture-based interactions in real-world applications, such
as virtual reality systems or smart home controls.

The tasks will be designed to induce varying levels of physical strain, with a focus on tasks that
require continuous arm and hand movements. Task completion times and error rates will be
automatically logged by the system to track user performance. Errors will be defined as failed
gesture recognitions or incorrect actions performed by the participant in response to the system’s
prompts.

D. Data Collection

Data collection will be both objective and subjective, allowing for a comprehensive analysis of
interaction fatigue:

1. Physical Strain Monitoring: SWearable fitness trackers will record participants' heart
rate and activity levels throughout the tasks. Heart rate will be used as a proxy for
physical exertion, with elevated rates indicating higher levels of strain. These
physiological metrics will be recorded continuously and analyzed over time to identify
fatigue-related patterns.

2. Performance Metrics: Task completion times and error rates will be automatically
recorded by the system. These performance metrics will be analyzed to determine how
fatigue affects task efficiency and accuracy over a time.ation framework that caters to
different levels of understanding.

46



N.Mahmoudi et.al International Journal of Advanced Human

3.

Computer Interaction

Subjective Fatigue Feedback: TAfter each task session, participants will complete the
Borg Rating of Perceived Exertion (RPE) scale to report their subjective fatigue levels.
This scale allows participants to rate their perceived exertion on a 0—10 scale, providing
insights into how they experience fatigue during the tasks.

E. Data Collection

The collected data will be analyzed using statistical methods to assess the impact of physical strain

and fatigue on user performance. The following analyses will be conducted:

1.

Time-Series Analysis: Time-series analysis will be used to evaluate changes in task
completion times, error rates, and heart rate over the course of the experiment. This
analysis will help identify when fatigue begins to impair performance and how it evolves
during extended interaction periods.

Correlation Analysis: Correlation analysis will be performed to explore the relationship
between physical strain (heart rate and activity levels) and task performance
(completion times and error rates). This will provide insights into how increased exertion
contributes to performance degradation.

Subjective vs. Objective Comparison: The subjective fatigue ratings collected through
the Borg RPE scale will be compared with the objective heart rate and performance data.
This comparison will reveal any discrepancies between perceived and actual fatigue,
providing further insights into how users experience fatigue in gesture-based systems.
Visualizations: Various visualizations will be generated to illustrate the findings,
including heat maps showing areas of high error frequency, time-series graphs depicting
performance degradation, and scatter plots correlating heart rate with error rates. These
visualizations will help demonstrate the relationship between fatigue and user
performance.

F. Ethical Considerations

This study will comply with all ethical guidelines for human subject research. Participants will be

fully informed about the purpose and procedures of the experiment and will be allowed to withdraw
at any time. The data collected will be anonymized to protect participants' privacy.

Results

This study focused on how prolonged use of gesture-based interfaces affects user performance,

physical strain, and task efficiency. Data was collected from participants over 30-minute sessions,

where heart rate, task completion time, and error rates were recorded during repetitive gesture-based
tasks. The results are presented in the following sections, supported by real-world observations and
visualizations.

A. Heart Rate Over Time
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Figure 1: Average Heart Rate Over Time
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As shown in Figure 1, the participants' heart rates increased steadily throughout the 30-minute
interaction period. The average heart rate started from approximately 70 bpm (resting heart rate) and
gradually rose to around 85 bpm by the end of the session. The increase is not linear, but rather
follows a logarithmic progression, reflecting a natural adaptation to physical strain over time,
followed by a plateau as fatigue sets in.

This pattern is typical of sustained physical exertion, where heart rate increases initially as
participants engage in repetitive tasks but levels off as the body becomes accustomed to the
workload. The plateau near the end of the session indicates that while the physical strain is still
present, the body's physiological response stabilizes.

Figure 2: Average Error Rate Over Time
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B. Error Rate Over Time

Figure 2 shows the average error rate over time, with a non-linear progression. Initially, the error
rate was low (around 5%), but as participants continued to perform repetitive gestures, errors
increased gradually, reaching approximately 15% by the 30-minute mark. The error rate began with
a slow rise but accelerated in the later stages of the session.
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Figure 3: Average Task Completion Time Over Time
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C. Task Completion Time Over Time

Figure 3 shows the average task completion time over the 30-minute period. Initially, participants
completed tasks in around 15 seconds, but as fatigue set in, task completion times increased,
surpassing 30 seconds by the end of the session. This steady rise in task duration highlights the
impact of fatigue on user efficiency.

The upward trend in completion times reflects the decline in user efficiency as fatigue impairs both
motor control and cognitive processing. This pattern highlights how physical and cognitive fatigue
affects the ability to perform even simple tasks, with longer delays occurring as the session
progresses.

Interpretation of Results:

The steady, non-linear rise in heart rate throughout the session suggests that participants experienced
increasing physical exertion. However, the plateau toward the end of the session indicates that the
body adapts somewhat to the strain, even as task difficulty increases due to fatigue. The non-linear
increases in error rates and task completion times clearly demonstrate that fatigue has a cumulative
effect on performance. Early in the session, participants were able to maintain both accuracy and
speed, but as fatigue set in, their performance rapidly declined, affecting both accuracy and
efficiency. The findings further suggest that critical fatigue thresholds occur after approximately 20
minutes of continuous interaction. At these thresholds, performance degradation becomes
significant, pointing to opportunities for designing adaptive systems that introduce rest periods or
simplify tasks to mitigate performance loss.

These results provide valuable insights into the impact of prolonged interaction on user performance
in gesture-based systems. The non-linear patterns observed in heart rate, error rates, and task
completion times closely align with real-world behavior, indicating that prolonged use of
gesture-based systems leads to predictable and measurable declines in performance due to fatigue.
This emphasizes the importance of developing more adaptive and ergonomic system designs to
accommodate and counteract the effects of user fatigue.
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5. CONCLUSION

This study investigated the impact of prolonged use of gesture-based interfaces on user performance,
physical strain, and task efficiency. Through a controlled experiment, we observed a clear, non-linear
degradation in performance as participants experienced increasing levels of fatigue. The data showed
a steady rise in heart rate, an increase in error rates, and longer task completion times over the
30-minute session, with significant declines in performance occurring after approximately 20
minutes of continuous interaction. These findings highlight critical fatigue thresholds that can inform
the design of adaptive systems aimed at mitigating the negative effects of fatigue during extended
use of gesture-based interfaces.

The results underscore the importance of incorporating ergonomic considerations into gesture-based
system designs to maintain user efficiency and accuracy. Adaptive interfaces that can adjust gesture
complexity or prompt rest periods based on real-time performance data have the potential to
significantly improve long-term usability and user satisfaction. Future work could explore more
detailed personalization of adaptive mechanisms to address individual user fatigue thresholds and
further enhance system responsiveness.

In conclusion, as gesture-based systems continue to play a crucial role in various domains such as
virtual reality, smart environments, and assistive technologies, understanding and mitigating
interaction fatigue will be key to improving their overall effectiveness. The insights gained from this
study provide a foundation for designing more resilient and user-friendly systems capable of
maintaining high levels of performance, even during extended interaction periods.

6. FUTURE WORK

While this study provides valuable insights into the effects of interaction fatigue in gesture-based
systems, several areas remain open for further exploration. One potential direction for future work is
the development of adaptive gesture-based systems that dynamically adjust based on real-time
fatigue detection. By integrating physiological monitoring such as heart rate and performance data
(e.g., error rates and task completion times), these systems could simplify tasks, reduce gesture
complexity, or prompt users to take breaks when fatigue thresholds are detected. This could enhance
the usability of gesture-based interfaces in prolonged interaction scenarios.

Another area for future research is the personalization of fatigue mitigation strategies. Different
users experience fatigue at different rates, depending on factors such as age, fitness level, and prior
experience with gesture-based systems. A promising avenue would be to develop personalized
models that adapt to individual user thresholds, offering more tailored fatigue management. This
would involve collecting a broader range of physiological and behavioral data to create predictive
models that accurately anticipate when a particular user is likely to experience performance
degradation.

Additionally, longitudinal studies could provide deeper insights into how repeated exposure to
gesture-based systems affects fatigue over extended time frames, such as weeks or months of regular
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use. Investigating the long-term effects of interaction fatigue could reveal whether users develop
resistance to fatigue with increased exposure or if their performance continues to degrade over time.

Finally, future work could expand on ergonomic design improvements for gesture-based systems,
exploring new gesture sets that require less physical exertion or alternate between high- and
low-intensity movements to reduce fatigue. Combining this with adaptive strategies could lead to
systems that are more resilient to fatigue, thereby improving user performance in extended-use
environments such as virtual reality, gaming, or industrial applications. These directions offer
significant potential for enhancing the usability and effectiveness of gesture-based interfaces in a
wide range of real-world scenarios.ve model supports broad educational goals and facilitates
effective student development.
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