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Introduction
Virtual Reality (VR) is a powerful tool for creating engaging and dynamic exercise environments that have the potential to change individuals' perception of effort during exercise. Despite its implications, especially in the rehabilitation field, a consensus on the factors related to VR that are most effective has not yet been reached in the literature.
Methods
The present study investigates how immersion and interaction influence perceived effort and subjective experience during exercise. Thirty-five young adults (age = 25.86 ± 4.96 y) participated in a single 40-min cycling session across four conditions: no VR, VR on a TV, VR with a headset, and VR with a headset plus an interactive task, all simulating a ride in a park.
Methods
A comprehensive literature search was conducted across PubMed, Embase, Scopus, and the Cochrane Library, resulting in 46 eligible peer-reviewed studies published between 2014 and 2024. These studies included randomized controlled trials, quasi-experimental designs, and observational studies, with an average sample size of approximately 35 participants. The inclusion criteria focused on studies utilizing VR as a therapeutic modality for motor or executive function recovery in post-stroke populations.
Results
Despite a direct influence on the rate of perceived effort could not be observed, participants reported higher physical effort, represented by higher breathing rate, and higher attention, when immersion and interaction were combined. Despite slight side effects, people enjoyed and felt more present in most immersive VR conditions, making it their preferred way to exercise.
Discussion
Future works should continue in two directions: extending the protocol by including other target groups, e.g., patients, and exploring other VR features.
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1 INTRODUCTION
Physical activity is beneficial for physical and mental wellbeing of the whole population, regardless of age, gender, and health status (Bull et al., 2020). Moreover, for certain groups of individuals, such as people with chronic respiratory diseases or neurological disorders, regular exercise is pivotal in slowing disease progression and maintaining a high quality of life (Billinger et al., 2014; Xiang et al., 2022). Physical activity plays a fundamental role in rehabilitation programs across a wide range of medical conditions, contributing to improved functional capacity, quality of life, and overall health outcomes. Among various forms of exercise, cycling has gained particular relevance in rehabilitation settings, including respiratory diseases and neurorehabilitation.Its low-impact and rhythmic nature makes it well-tolerated by patients, while the symmetrical and repetitive movement pattern closely mimics aspects of gait, thereby supporting neuromotor recovery and facilitating the re-learning of walking. In respiratory rehabilitation, cycling also promotes cardiovascular fitness and enhances ventilatory efficiency, making it a valuable component of comprehensive therapeutic interventions (Barbosa et al., 2015; Laczko et al., 2016; Rodríguez and Rodríguez-Jaime, 2025). Despite this, the World Health Organization reports that over a quarter of the global adult population fails to engage in sufficient physical activity (Bull et al., 2020). Numerous factors, including low exercise tolerance, which is strictly related and ultimately limited by perception of effort, hinder many individuals from participating in physical activities (Marcora and Staiano, 2010). For instance, individuals with chronic respiratory diseases often experience breathlessness and fatigue even with minimal exercise intensity or during routine daily tasks (Spruit et al., 2013; Griffiths et al., 2000; Meyerbröker and Morina, 2021).
Virtual Reality (VR) is emerging as a powerful tool to offer engaging and motivating physical exercise scenarios that can modify one’s perception of effort. The immersive nature of VR environments, coupled with interactive elements, plays a pivotal role in shaping the user experience (Rose et al., 2018). Therefore, understanding the impact of immersion and interaction on different facets of exercise response and user experience is essential for harnessing the full potential of VR in promoting physical activity and improving overall wellbeing.
Immersion refers to the ability of VR to engage users in multisensory stimulation, effectively blocking out the physical reality, and is influenced by the extent to which the virtual environment fills the user’s field of view and the fidelity of the virtual representation (Slater and Wilbur, 1997). In experiential psychology, immersion is closely connected to the concept of flow, where participants enter into an extreme version of immersion, losing self-consciousness and experiencing a modified sense of time (Csikszentmihalyi and Csikzentmihaly, 1990). Immersion involves becoming deeply absorbed in an activity, while flow represents a peak state within immersion where individuals lose track of time and self-awareness (Jennett et al., 2008; Brown and Cairns, 2004). Unlike immersion, flow is consistently associated with positive emotions (Hudson et al., 2019). Interaction pertains to how users engage with the virtual content to navigate within the scenario and manipulate the virtual objects.
The literature presents diverse examples of studies investigating how VR can modify user experience during exercise and its consequences on perceived effort, performance and exercise tolerance. Focusing on cycling, the literature suggests that introducing a higher level of immersion through a virtual environment (VE) enhances enjoyment (Zeng et al., 2017; Plante et al., 2003; Mestre et al., 2011b), leading to a more satisfying and engaging workout experience. Few studies have also assessed the effects of cycling in VR and specific VR-related factors on perceived effort, exercise tolerance and performance. However, while the impact of immersion on enjoyment is apparent, its influence on perceived effort is less straightforward (Monedero et al., 2015). It has been suggested that VR promotes a shift in attentional focus, acting as a “distractor” from bodily sensations. Yet, further investigations are needed to fully grasp the relationship and causality chains between perceived exertion and enjoyment (Daniel et al., 2011). Concerning the performance, Yao and colleagues found that the same VE experienced in fully immersive VR induced participants to travel longer distances than when in non-immersive conditions (Yao and Kim, 2019). In addition, the characteristics of the virtual environment and the way of interaction can influence the individuals’ expectations of effort. If the visual stimuli represent a less strenuous effort induced by a discrepancy between the actual exercise workload and the visual representation of uphills that the user must overcome, higher exercise tolerance (Finnegan et al., 2023), lower perceived exertion and breathlessness may be achieved (Runswick et al., 2023). Finally, a study considered the type and number of virtual objects with which the user can interact, concluding that cycling in immersive VR while performing an interactive task, i.e., item detection task, induces participants to perform at a higher intensity despite feeling more significant pain. Conversely, participants who performed a more challenging item detection task did not change their exercise intensity. Still, they reported higher perceived quadriceps pain, likely due to the increased mental effort and energy requirement (Wender et al., 2022).
The existing studies offer indeed different perspectives with heterogeneous methodologies. Despite a consensus has not been reached yet, the potential effects of immersion and interaction on the user’s perception and experience during exercise emerge.
Within this scenario, our work primarily focuses on perceived effort, as a result of a clinical experience in which the potential of VR on perception during exercise has emerged. Our research group has developed a VR cycling system for endurance training for rehabilitation of individuals with chronic respiratory diseases that can be experienced in both semi and full-immersive modality (Colombo et al., 2024; Mondellini et al., 2023). In addition to high acceptability and satisfaction, patients reported through spontaneous comments that VR helped distract them from fatigue and breathlessness, with benefits, although only qualitative, on perceived effort. We developed an experimental protocol for quantitatively measuring such an effect. Our final goal is, therefore, to understand which key factors, specifically immersion and interaction, influence perceived effort the most. A preliminary study allowed the definition and validation of the protocol for quantitative measurements. It provided initial insights into the main research question, revealing no significant influence on perceived effort but suggesting an impact on the performance, represented by the cycling cadence, and the actual effort, expressed in terms of breathing rate, performed by the person (Colombo et al., 2022). The present work describes the results of a second study with a larger sample to enrich the objective evaluation with subjective assessments related to user experience, specifically enjoyment, spatial presence, and cybersickness. Including the evaluation of such subjective measures in the protocol is crucial especially before performing the study with patients. It allows understanding the potential effect on user experience including both positive (e.g., enjoyment, flow) and negative (i.e., cybersickness) potential effects.
2 MATERIALS AND METHODS
2.1 Study design
The study was designed as a within-subjects with four experimental conditions.
	• Cycle only condition (A), in which the participant is cycling in front of a black screen;
	• TV condition (B), during which a TV screen displays the VE;
	• HMD condition (C), during which the participant wears an Head Mounted Display (HMD) displaying the VE;
	• HMD + interaction condition (D), during which the participant wears an HMD displaying the VE and interacts with it to perform an additional task, i.e., a Go/No-Go task.

This experimental design was conceived to explore the impact of an increasingly engaging experience on physical exercise responses and subjective experience. Condition A provides a traditional activity without additional stimuli. Condition B involves a limited level of visual engagement, which is made more immersive in condition C. Finally, the interaction factor is added in condition D.
The experiment foresaw a single session, during which all participants performed the four conditions subsequently. The exposure to each condition was randomized. This randomization ensures that each participant was exposed to the experimental conditions in a different order, thus minimizing the risk of order effects such as learning, fatigue, or familiarity with the task. By randomizing the order, we aim to isolate the effects of each condition, while controlling for any confounding influence of exposure sequence. No formal rest periods were scheduled between conditions. While this means that residual effects, such as cybersickness or fatigue, cannot be fully excluded, the randomized order of conditions was intended to minimize systematic bias across participants.
2.2 Participants
Eligible participants were healthy young adults 18–40 years old, in good health condition, as they self-reported no known medical conditions at the time of the experiment and confirmed their ability to engage in mild/moderate physical activity for 30–60 min without any limitations or impairments. Participants were recruited between 1st September 2021 and 31st July 2022. Participants were excluded if they could not maintain the sitting position long, had severe visual impairment preventing a correct visualization of the virtual environment, or had a history of significant motion sickness or epilepsy. The study has been approved by the National Research Council institutional review board, i.e., the Research Ethics and Integrity Committee, with the Ethical Clearance protocol nr. 0,052,420/2021 [EC EVEREST] of 22nd July 2021. All participants signed a written informed consent before participating in the study and consented to data treatment in compliance with GDPR.
2.3 Procedure
The experimenter introduced the procedure and invited the participants to familiarize themselves with the setup. The height of the ergometer seat, the size of the HMD, and the chest strap were adjusted to fit with the individual anthropometric features. We then randomly generated the sequence of experimental conditions, gave the participants instructions on the experiment procedure, and introduced the questionnaires that would be administered at the end of each condition. The experiment consisted of five subsequent phases described in Figure 1.
[image: A person is cycling on a stationary bike in four different conditions: A = cycle only, B = TV, C=HMD, D = HMD + interaction. A virtual environment representing a park is shown in conditions B, C and D. Below, a timeline chart shows the experimental procedure with five-minute rest, ten-minute warm-up, four ten-minute exercises, five-minute cooldown, and three-minute rest.]FIGURE 1 | Experimental session procedure ((A), cycle only, (B), TV, (C), HMD, (D), HMD + interaction).The session started with 5 minutes of rest, during which the participant was asked to stay relaxed and quiet while sitting on the ergometer without cycling. Heart rate and breathing rate were measured to obtain baseline physiological values prior to the experimental conditions. After 5 minutes, the participant was asked to take two breaths with maximum inspiration/expiration by inhaling/exhaling the maximum amount of air possible. Such baseline assessment was followed by a warm-up phase to identify the exercise intensity. The exercise intensity, represented by the workload (WL) of the ergometer, is kept constant during the four exercise conditions. The exercise WL, expressed in Watt, is defined as the one eliciting a heart rate within 57% and 76% of the maximum value of the heart rate of the subject (HRmax). To ensure that the heart rate would not exceed the range for the subsequent 40 min of exercise, we considered a heart rate value equal to 65% to start the experiment. The value of HRmax is derived from the subject’s age according to Fox’s equation (Fox et al., 1971). The range of %HRmax corresponds to a light to moderate intensity, according to the definition provided by the American College of Sports Medicine (Garber et al., 2011). The participant was asked to maintain a cycling cadence of 60 RPM while the experimenter gradually increased the workload starting from 30 W until the HR reached the target value. In the following four phases, lasting 10 min each, the participant cycled in the four experimental conditions, trying to keep a cycling speed corresponding to 60 RPM. The session ended with a cool-down phase and a final 3 minutes of rest.
2.4 Equipment
The experimental setup represented in Figure 2 is based on the Virtual Park system used by patients in our clinical studies (Colombo et al., 2024; Mondellini et al., 2023). Considering that they are the final target users of our investigation, such a choice would facilitate transferring our results to rehabilitation settings.
[image: Diagram illustrating a virtual cycling setup. A cycle-ergometer is linked to a software made in Unity running on a computer. The software shows a virtual environment in conditions B, C, and D, through a wide screen or a HMD. In condition A no virtual environment is shown. A joystick controls collection of virtual objects; its position (left, right, center) is sent to the software. Heart rate (HR), breathing rate (BR), cycling cadence (CC) and workload (WL) are sent to the software for monitoring.]FIGURE 2 | Experimental setup diagram. (VE, virtual environment; HMD, head mounted display; (A) cycle only, (B) TV, (C) HMD, (D) HMD + interaction; HR, heart rate; BR, breathing rate; CC, cycling cadence; L, left; R, right, C, center).The equipment mainly included a stationary bike, a visualization device, a chest strap, and a VR application. The bike was the ergometer COSMED E100, a medical device that can be interfaced with third-party applications. The ergometer is connected via cable to a USB serial port for exchanging data with the VR application, namely, workload and cycling cadence. We used a Zephyr Bioharness 3.0 device that allows real-time recording of several physiological parameters, e.g., heart rate, respiratory rate, breathing waveform, core temperature, activity levels, and posture. The monitoring system comprises a Bluetooth module handling the data exchange and recording and an adjustable chest strap, available in three sizes and embedding different sensors. These include passive conductive ECG sensors, a pressure sensor pad for detecting breathing action, a thermistor, and a 3-axis accelerometer to estimate subject activity level and posture. The equipment also includes a joystick for the interaction with the VE (in condition D), which is connected through an Arduino DUE board programmed to send a signal indicating the position of the joystick among the three possible ones: neutral (joystick is in the center), left or right. As a visualization device, we used a 65″ Philips LCD TV monitor for TV condition and an HTC Vive first generation headset for HMD and HMD + interaction. Finally, we used a VR-ready laptop (Alienware 15 R4 with NVIDIA GeForce GTX 1080) to connect all the devices and display the VE. The VR application, developed in Unity, is organized into different modules, each implementing a specific functionality. The experimenter GUI module has two panels: one for creating the user profile and another for controlling the session. The first panel gathers user information, while the second manages device connections, experiment phases, and real-time physiological feedback. The virtual environment module consists of the virtual park and the UI panel shown to the participant. The 3D environment represents a park that can be explored by riding along a predefined circular path with a virtual bicycle, which is controlled by the user’s cycling movement. The path is flat with no hills and no abrupt changes of direction. For a more detailed description of the VE and its development, we refer the reader to our previous studies (Colombo et al., 2019; 2024). The UI panel is superimposed to the VE and shows textual information on the cycling cadence and the current phase of the experiment during rest, warm-up, and cool-down. The SteamVR plugin has also been imported to allow the application to be deployed for the HTC Vive. For condition D, we added an interactive task that can be performed using a joystick. The task is a simple Go/No-Go task, i.e., the user must act when the Go stimulus appears, while no action must be done when the No-Go stimulus is on. In our application, the stimuli are colored spheres appearing on both sides of the path at random intervals between 1 and 4 s. The participant has to “collect” the blue spheres while avoiding the red ones. To collect a sphere, they have to move the joystick to the right or left, depending on the sphere’s position relative to the path. The cycling module includes communication with the real ergometer and navigation within the VE through the movement of a virtual bicycle. The communication protocol allows retrieving the value of cycling cadence, which is used to control the movement in the VE, and changing the workload, during the first phase of the experiment in which the experimenter gradually increases the workload directly from the GUI of the Unity application. The navigation is controlled by the user him/herself: the cycle-ergometer cadence value expressed in revolutions per minute (RPM) is converted into the virtual speed value, corresponding to the visual representation’s flowing velocity. An empirical estimation has been made to identify the optimal conversion factor. As it happens in reality, if the rider stops pedaling, the VE continues to slide until the cycle-ergometer wheel stops rotating because of its inertia. The navigation occurs along a predefined circular route, which simulates a path in a park. The route has been created by placing subsequent nodes in predefined positions. Navigation occurs by interpolating these nodes in real-time through quaternion spherical interpolation (slerp). This module also communicates with the GUI module to visualize the updated parameters and control the workload during the warm-up phase. The physiological sensor module handles the communication with the Zephyr BioHarness chest strap, and the retrieval of the physiological data needed for controlling the experiment. To integrate the data in Unity at runtime, we developed two ad hoc libraries starting from the SDK provided by the producer. In such a way, the heart rate and breathing rate are integrated in the Unity application, can be visualized in the GUI, and are directly sent to the report module to save the session data. The report module generates the report file containing the data needed for the subsequent analysis. The file, in CSV format, is organized into four sections. The first includes the participant’s personal data (ID, age, weight, height) that the experimenter inserts in the GUI fields. The second part comprises raw data saved with a frequency of 1 Hz. The saved parameters are: heart rate, breathing rate, cycling cadence, workload, and a string identifier indicating the protocol phase (rest, warm-up, condition A, etc.). In the third part of the report file, the values of RPE for each condition are saved. The final part of the file includes the performance metrics of the additional task: number of collected and missed target items and number of errors).
2.5 Measurements
A demographic questionnaire was administered to collect information about participants: gender, age, usual weight and height, and habits related to physical activity and tobacco consumption. Objective and subjective outcomes were measured to investigate the effects of the experimental conditions. Objective data were recorded continuously during each experimental session. At the same time, the subjective evaluation consisted of a short questionnaire, administered at the end of each condition, that was made specifically for this study to fit the experiment procedure. In addition, we administered a preference questionnaire at the end of the experimental session.
2.5.1 Perceived effort
Perceived effort was the primary outcome, assessed through the Rate of Perceived Exertion (RPE). At the end of each experimental condition, the experimenter showed the participants the 6–20 Borg scale and asked them to rate the degree of perceived effort they felt at that moment.
2.5.2 Breathing rate
The breathing rate (BR), representing the actual physical effort performed by the participant, was measured through the Zephyr sensor with a sampling frequency of 25 Hz.
2.5.3 Heart rate
The Zephyr sensor measured the heart rate (HR) sampled at 250 Hz. The value of HR was used to control the intensity of exercise, which should not exceed the expected range (i.e., 57%–76% of HRmax).
2.5.4 Cycling cadence
The cycling cadence was measured by the cycle-ergometer and expressed in revolutions per minute (RPM).
2.5.5 Enjoyment
The enjoyment was assessed by asking participants to rate the agreement on a five-point Likert scale with the following sentence: “I enjoyed doing this activity”. The item is taken from the interest/enjoyment sub-scale of the Intrinsic Motivation Inventory (IMI) questionnaire (McAuley et al., 1989) and slightly modified.
2.5.6 Self-perceived attention
Similarly, the self-perceived attention assessment, taken from the IMI questionnaire, consisted of a rating on a scale from one to five in agreement with the following statement: “This activity held my attention”.
2.5.7 Flow
The state of flow assessment focused on the transformation of time and investigated how long, in the participants’ opinion, the exercise lasted in minutes. This question takes inspiration from the transformation of time dimension of the flow state (Jackson and Marsh, 1996). Although flow is a multifaceted construct, we decided to focus on time perception as a proxy for flow because it has been shown in prior literature to be a robust and sensitive indicator of immersive engagement, particularly in physical activity contexts and virtual environments. Several studies have found that subjective time distortion - typically, time underestimation - strongly correlates with deep involvement and flow states Block and Zakay (1997).
2.5.8 Spatial presence
The spatial presence was measured only after conditions B, C, and D, based on the questionnaire proposed by Hendrix and Barfield (Hendrix and Barfield, 1995); this item asked to indicate from 0 to 100 the level of presence experienced.
2.5.9 Cybersickness
Finally, the subjects were asked if they had experienced any form of discomfort, even slight, during the experience, to assess any side effects related to cybersickness (only for immersive conditions C and D). We decided to evaluate cybersickness only in the most immersive modalities based on previous studies in which the reported sickness was low or absent during pedaling while viewing a screen (Mittelstaedt et al., 2018; Mondellini et al., 2018). If the participant answered affirmatively, the type of side-effect was investigated to be able to trace it to one of the three subscales of the Simulator Sickness Questionnaire (SSQ) (Kennedy et al., 1993), namely,: Nausea, Oculomotor, or Disorientation. We did not include a standardized test like the SSQ for two main reasons: the low risk of cybersickness and specific protocol constraints. Previous studies — conducted both by our research group and by others — using a setup similar to ours, did not report any notable issues related to cybersickness (Mondellini et al., 2018; Matviienko et al., 2023). Additionally, the protocol, which involved subsequent phases of cycling, required a short and efficient questionnaire to minimize interruptions and participant burden. In addition, cybersickness was mitigated through the VE design: the movement of the bicycle was synchronized with that in the VE and no abrupt changes of direction were present. Nevertheless, we incorporated a control question to monitor participants’ health status throughout the study.
2.5.10 Preference questionnaire
At the end of the experiment, we collected opinions about the experiment by asking the participants to put in order the four conditions for each of the following statements:
	1. I enjoyed doing the activity;
	2. I found the activity enjoyable;
	3. I think that the activity was an interesting experience;
	4. I was focused on the activity;
	5. The activity was tiring;
	6. I felt like I was really in the digital/virtual environment;
	7. I would use it to perform physical activity at home.

The condition indicated as preferred corresponded to a score of four points, the second of 3, the third of 2, and the last of 1. In item 5, the scoring was reversed.
In addition, we gathered comments regarding the experimental conditions from the participants.
2.6 Statistical analysis
The IBM SPSS software v.29 was used for statistical analyses. First, we performed normality check to calculate if the scores were distributed on the normal curve. Descriptive analyses were performed for all objective and subjective data acquired. In particular, mean, standard deviation, minor, and major values were obtained for variables with normal distribution, and median and interquartile range for variables with non-normal distribution. One-way repeated measures ANOVA was performed to evaluate the differences in the scores of each variable in the four experimental conditions, except for the spatial presence scores where the comparison was made between three conditions (B-C-D). When the variable had a non-normal distribution, the Friedman test was performed to observe differences between conditions. The effect size (ηp2) for the ANOVA tests and the Kendall’s coefficient (W) for Friedman tests are reported for each variable of interest. Bonferroni adjustment was used in the post-hoc analysis. For the subjective variables enjoyment and attention, both measured with single items on a five-point Likert scale, we preliminarily verified the normality of the distributions. The results supported the use of parametric analyses. This choice is consistent with the established practice of considering Likert scales with >5 levels as interval approximations for group statistical analyses, particularly in within-subject designs with moderate sample sizes (Sullivan and Artino Jr, 2013; Norman, 2010). Finally, to control for type I error, we prespecified two families of variables: (a) exercise-related (HR, BR, CC, RPE) and (b) user-experience (enjoyment, self-perceived attention, flow, spatial presence, preference). Multiple comparisons corrections (Bonferroni) were applied to the post-hoc comparisons within each type of variable.
3 RESULTS
Thirty-five healthy young adults (mean age = 25.86 ± 4.96, range 18–37 years) were recruited to participate in the study. Among them, 26% were females (n = 9), and 74% (n = 26) were males. Their characteristics are reported in Table 1.
TABLE 1 | Characteristics of participants.	Participants n = 35
	Age [yrs]	25.86 ± 4.96
	Gender [M/F ]	26(74.3) / 9(25.7)
	Weight [kg]	69.80 ± 10.13
	Height [cm]	175.83 ± 7.83
	BMI [kg/m2]	22.53 ± 2.59
	Tobacco consumption [Y/N]	6/29
	Physical activity [n]
	Never	6
	Low	15
	moderate	8
	High	5
	very high	1


The sequence of experimental conditions has been randomly assigned to each participant. A good balance between the sequence of experimental conditions and time order has been reached. The number of times each condition has occurred as the first, second, third, or fourth condition, respectively, is reported in Table 2.
TABLE 2 | Frequency of experimental condition (A = cycle only, B = TV, C = HMD, D = HMD + interaction) for each sequence position (first/second/third/fourth).		1st	2nd	3rd	4th
	A	9	8	8	10
	B	8	10	9	8
	C	8	9	10	8
	D	10	8	8	9


We excluded one participant from the analysis because the heart rate value during the exercise far exceeded the expected range, i.e., between 57% and 76% of the (HRmax). Results presented hereinafter are, therefore, relative to a sample of 34 participants (8 F/26 M; age 25.85 ± 5.04 y). The descriptive statistics are reported either in terms of median and q1-q3 values or mean and standard deviation depending on the normality of the data.
Results of the perceived effort (RPE), heart rate (HR), cycling cadence (CC), and breathing rate (BR) are reported in Figure 3.
[image: Four box plots labeled A to D show data for different conditions. Top left: RPE ranging from 6 to 20. Top right: HR as a percentage of HRmax. Bottom left: BR in bpm. Bottom right: CC in rpm. Each plot displays median, quartiles, and outliers.]FIGURE 3 | Exercise-related measures: perceived effort (RPE), heart rate (HR), cycling cadence (CC), and breathing rate (BR) results in the four conditions: A = cycle only, B = TV, C = HMD, D = HMD + interaction.Results of the four dimensions of user experience, namely, enjoyment (ENJ), self-perceived attention (ATT), state of flow (FLOW), and spatial presence (SP), are represented in Figure 4.
[image: Four box plots display data distribution across conditions A, B, C, and D. Top left: ENJ scores (1-5 range), Top right: ATT scores (1-5 range), Bottom left: FLOW scores in seconds, Bottom right: SP scores (1-100 range). Each plot shows medians, quartiles, and outliers.]FIGURE 4 | User experience measures: enjoyment (ENJ), self-perceived attention (ATT), flow (FLOW), and spatial presence SP in the four conditions: A = cycle only, B = TV, C = HMD, D = HMD + interaction.3.1 Exercise-related measures
3.1.1 Perceived effort
The perceived effort did not change across experimental conditions. Median and interquartile range for each condition were: 12 (11-13) for condition A, 12 (11-14) for B, 12 (11-13) for condition C, and 12 (11-13) for condition D. The RPE median values, equal to 12, fall in the somewhat hard category for all conditions. The Friedman’s test revealed no statistically significant differences in RPE values across the four conditions (χ2(3) = 2.899, p = 0.407), and the effect size measured by Kendal’s W was W = 0.028, indicating a negligible effect. This suggests minimal practical differences in perceived exertion among the experimental conditions. The small sample could hide potential effects of the condition on RPE.
3.1.2 Heart rate
The mean values of HR% are within the expected range for all the experimental conditions, with an average value of 62.56 ± 0.14% of the maximum heart rate. In particular: HR% = 62.43 ± 4.88 for condition A, 62.44 ± 5.67 for B, 62.67 ± 5.28 for condition C and 62.68 ± 5.52 for D. A repeated measures ANOVA demonstrates that HR% did not change across conditions (F (3,99) = 0.129, p = 0.943). The effect size, calculated as partial eta squared, was ηp2 = 0.004, indicating a negligible effect.
3.1.3 Cycling cadence
Participants maintained an average cycling cadence of 61.55 ± 0.35 RPM, which satisfies the experiment request, i.e., to maintain a speed of around 60 RPM. In particular: CC = 61.42 ± 2.46 for condition A, 61.18 ± 1.96 for B, 61.61 ± 2.50 for condition C and 61.99 ± 2.85 for D. The one-way repeated measures ANOVA with Greenhouse-Geisser correction indicates that the cycling speed did not significantly change during the experiment: F (2.259,74.531) = 2.035, p = 0.132. The effect size was ηp2 = 0.058 suggesting a small-to-moderate effect despite the lack of statistical significance.
3.1.4 Breathing rate
Breathing rate values, expressed in breaths per minute (bpm) were equal to 24.99 ± 4.59 for condition A, 24.74 ± 5.54 for B, 24.87 ± 4.77 for condition C and 26.06 ± 5.11 for D.The physical effort during exercise ranged between 24.74 BPM in condition B and 26.06 BPM in condition D, corresponding to 1.65 and 1.74 times the average breathing rate measured during rest, equal to 14.95 ± 3.08 BPM. The one-way repeated measures ANOVA with Huynh-Feldt correction shows a significant difference in BR values: F (2.393,78.983) = 5.997, p = 0.002. The effect size was ηp2 = 0.154 indicating a large effect. Post hoc analysis with a Bonferroni adjustment indicates that BR in condition D is significantly higher than in the other conditions. The pairwise differences are the following: 1.072 (95% CI 0.212–1.932, p = 0.008) BPM between A and D; 1.318 (95% CI 0.166–2.469, p = 0.018) BPM between B and D; and 1.186 (95% CI 0.396–1.976, p = 0.001) BPM between C and D.
3.2 User experience measures
3.2.1 Enjoyment
Enjoyment was equal to 1.76 ± 0.96 for condition A, 2.47 ± 0.79 for B, 3.35 ± 0.89 for condition C and 3.76 ± 0.89 for D. The repeated measures ANOVA with a Greenhouse-Geisser correction highlighted a statistically significant difference among conditions (F (2.297, 75.807) = 49.045, p < 0.001 and ηp2 = 0.598). A value of 0.598 suggests a large effect, meaning that the conditions in the experiment explain about 59.8% of the variance in mean enjoyment. Post hoc analysis with a Bonferroni adjustment revealed that all differences were statistically significant except for the comparison between condition C and D. Mean differences are the following: 0.706 (95% CI 0.286–1.125, p < 0.001) between B and A; 1.588 (95% CI 1.028–2.149, p < 0.001) between C and A; 2.00 (95% CI 1.351–2.649, p < 0.001) between D and A; 0.882 (95% CI 0.439–1.326, p < 0.001) between C and B; 1.294 (95% CI 0.798–1.79, p < 0.001) between D and B; 0.412 (95% CI -0.03-0.853, p = 0.08) between D and C.
3.2.2 Self-perceived attention
Self-perceived attention was equal to 2.24 ± 1.10 for condition A, 2.65 ± 0.92 for B, 3.24 ± 0.85 for condition C and 4.24 ± 0.82 for D. The repeated measures ANOVA determined that attention differed statistically significantly between conditions (F (3, 99) = 42.129, p < 0.001). A large effect size (ηp2 = 0.561) means the conditions explained 56.1% of the variance in participants’ reported attention. Post hoc analysis with a Bonferroni adjustment revealed that self-perceived attention increased from condition A and B to condition D, but not from condition A to B. In particular, mean differences are the following: 0.412 (95% CI -0.106-0.93, p = 0.196) between B and A; 1.00 (95% CI 0.309–1.691, p = 0.002) between C and A; 2.00 (95% CI 1.47–2.53, p < 0.001) between D and A; 0.588 (95% CI 0.098–1.079, p = 0.012) between C and B; 1.588 (95% CI 1.159–2.017, p < 0.001) between D and B; 1.00 (95% CI 0.511–1.489, p < 0.001) between D and C.
3.2.3 Flow
Regarding the flow dimension related to the perception of the passage of time, the variable has a non-normal distribution in condition D. Median and interquartile range for each condition were: 10 (7-12) minutes for condition A, 10 (7-13.25) for B, 10 (8-12.75) for condition C, and 10 (6.75–10) for condition D. Running the Friedman test, no difference in flow scores between the four experimental conditions emerges (χ2(3) = 3.191, p = 0.363, W = 0.031).The effect size, calculated using Kendall’s W indicates a very small effect.
3.2.4 Spatial presence
Sense of presence was equal to 30.29 ± 20.48 for condition B, 60.15 ± 18.69 for condition C and 63.35 ± 23.49 for D. The repeated measures ANOVA shows a significant difference in presence scores between conditions: F (2,66) = 72.9, p < 0.001, and ηp2 = 0.688. A value of 0.688 indicates a large effect, meaning the experimental conditions explain 68.8% of the variance in participants’ sense of presence. Post hoc analysis with a Bonferroni adjustment indicates that presence increased from condition B to C to D; however, there is no statistically significant difference between presence experienced in conditions C and D. In particular, mean differences are: 29.853 (95% CI 21.279/38.427, p < 0.001) between C and B; 33.059 (95% CI 25.205–40.913, p < 0.001) between D and B; 3.206 (95% CI -3.054-9.466, p = 0.616) between D and C.
3.2.5 Cybersickness
Finally, regarding the side effects of the immersive experience, 26 subjects out of 34 (76.47%) reported no discomfort in condition C. Among those who reported unpleasant situations, three subjects experienced disorientation (8.82%), and two of them reported visual discomfort (5.88%). Finally, three participants complained of excessive sweating (8.82%). In condition D, 26 (76.47%) participants reported no side effects, while 5 (14.71%) and 2 (5.88%) participants suffered disorientation and nausea symptoms, respectively; one participant (2.94%) complained of sweating.
3.2.6 Preference questionnaire
As previously reported, the purpose of the last seven questions was to obtain a ranking on the preferred experimental condition. Participants had to rank conditions A, B, C, and D for each question in order of their liking; it was also possible to evaluate two or more conditions equally. Therefore, it was possible to obtain both a general preference, given by the sum of the scores obtained on each item from each experimental condition. Figure 5 illustrates the scores obtained by each item and the total score for the four experimental conditions. Overall preference score was equal to 9.21 ± 2.33 for condition A, 15.40 ± 1.71 for B, 21.07 ± 2.54 for condition C and 23.32 ± 3.25 for D. As it is possible to notice, condition D is evaluated most positively, followed by conditions C, B, and A. The repeated measures ANOVA with Huynh-Feldt correction determined that preference scores on conditions were statistically significantly different with F (2.385,78.7) = 160.302, p < 0.001 and ηp2 = 0.829. The difference between the preference scores is: 6.191 (95% CI 4.97–7.413, p < 0.001) between B and A; 11.868 (95% CI 10.066–13.669, p < 0.001) between C and A; 5.676 (95% CI 3.911–7.442, p < 0.001) between C and B; 14.118 (95% CI 11.63–16.605, p < 0.001) between D and A; 7.926, (95% CI 5.932–9.921, p < 0.001) between D and B; 2.25 (95% CI -0.096-4.596, p = 0.066) between D and C. As can be observed, conditions C and D obtained no statistical difference for subject preference. It should be noted that the minimum score is higher for condition C (Min = 13 vs. Min = 11 in B and D).
[image: Bar chart comparing scores for items 1 to 7 and total (TOT) across four categories: A (blue), B (orange), C (yellow), and D (purple). Scores range from 0 to 5. Category D consistently scores the highest, while category A scores the lowest across most items.]FIGURE 5 | Preference questionnaire scores for each of the seven items and total score in the four conditions: A = cycle only, B = TV, C = HMD, D = HMD + interaction.4 DISCUSSION
Our study aimed at evaluating how immersion and interaction influence perceived exertion and user experience during cycling by using a methodological approach that combines quantitative and qualitative evaluation. First, the proposed protocol proved again suitable for the intended objectives, as already demonstrated in our preliminary work (Colombo et al., 2022). All participants could maintain the cycling cadence around the expected value of 60 RPM, disregarding how physically active they were. Only for one participant out of 35, the workload selection method was not adequate for ensuring an exercise heart rate within the desired range. This may be due to the characteristics of the participant, who was underweight (BMI = 17.26), with a very low physical activity level (i.e., not performing any regular physical activity), and showing an average resting heart rate equal to 105.46 bpm, higher than the other age-matched participants and corresponding to 54.35% of the maximum heart rate.
4.1 Exercise-related measures
Concerning our primary outcome, our results indicate that virtual reality, disregarding the level of immersion and the addition of interaction, does not directly influence perceived effort measured by the RPE scale. Such a result seems in contrast to what we expected based on the scientific literature. Generally, when the procedure allows the participant to control the workload, individuals tend to work harder or longer while perceiving the same level of effort (Runswick et al., 2023). When the workload is controlled as in our case, e.g., increased to simulate hills, VR could help participants to perceive a lower exertion (Finnegan et al., 2023). Similarly, in a study by Matsangidou et al., participants rated their RPE lower when performing a strength exercise in VR than when performing the exercise without feedback. RPE was assessed every 60 s, and the work rate was constant and equal to 20% of each participant’s 1RM (i.e., the heaviest weight they were able to lit). The duration of the task was determined by the participant, and corresponded to time to exhaustion (Matsangidou et al., 2019). Huang and colleagues compared four conditions of exercise on a stationary bike: a PC desktop, a projection, an HMD, and without any screen. The workload was controlled and started at 30 W with a gradual increase every 1 min until the anaerobic threshold was reached. They found a significantly lower perceived exertion in the immersive - wearing the HMD - and semi-immersive - using a projector - condition with respect to the control condition - during which no feedback was displayed - (Huang et al., 2008). The presence of a virtual environment, displayed on a semi-immersive projection, was also associated with lower perceived effort in the study by Mestre et al., in which the effort feedback was controlled through a pad fixed on the rear wheel and the participants were asked to maintain a moderate exercise intensity level for an average duration of 15 min (Mestre et al., 2011a). Our study’s findings align with other studies in which the workload or the expected work rate was controlled and fixed to a given value. Monedero et al. did not observe any differences in RPE between cycling while playing a videogame and without feedback (Monedero et al., 2015). Participants cycled for 30 min at a matched workload of 55% of their peak power output, and RPE was assessed every 10 min. Born and colleagues examined the impact of three factors, one being the level of immersion of a VR exergame where the user is required to perform different full-body movements to get into different poses (e.g., squat) represented by a given shape appearing on the wall placed in front of him/her. The exercise intensity, represented by the number of walls and poses, was the same for all participants and across all conditions. No differences were observed in perceived exertion between using a screen monitor and an HMD (Born et al., 2019).
Although a direct influence on RPE was not found, our study indicates that coupling immersion and interaction might induce a discrepancy between actual and perceived effort. Participants perceived the same level of effort, i.e., RPE, during all experimental conditions, while the actual physical effort was higher in condition D, as indicated by the significantly higher breathing rate values. Studies suggest that BR is a strong marker of actual physical effort showing a strong association to the time course of RPE with a variety of experimental interventions and high sensitivity to different fatigue states (Nicolò et al., 2017). According to this definition, our findings may suggest that participants perceived a lower effort than the actual one. To the best of our knowledge, there are no studies in which VR has influenced physical effort expressed through BR. However, some studies with a different experimental design, and not measuring BR, observe a similar tendency. Czub and colleagues found an indirect influence of VR on perceived effort in their study. No change in the self-reported effort was observed. However, participants performed a greater number of repetitions of the exercise, i.e., greater actual effort, when the task was performed in VR than when it was performed without immersive feedback (Czub and Janeta, 2021). Focusing on interaction, the additional interactive task in our study seemed to have a positive influence on the physical effort and induced higher self-perceived attention. Although a direct comparison cannot be made, a study by Wender et al. found that a more difficult item detection task induces higher mental effort and, as a consequence, greater pain. Such an increase in the perceived pain, in turn, made the participants perform worse in the cycling exercise, showing lower exercise tolerance (Wender et al., 2022). In our study, the additional task did not negatively influence either the perception of effort not the attention. Although preliminary, BR values, which were significantly higher in the HMD + interaction condition, suggest that our participants did not perceive greater effort while they were actually doing it. This may indicate that our task was simple enough to catch participants’ attention, which was significantly higher than in other conditions, without stressing them too much. Future investigations should include other tasks characterized by different difficulty levels and mental demands to confirm or mediate such a finding.
4.2 User experience measures
Concerning the participants’ subjective experience, condition D was the most enjoyable, even if not significantly compared to condition C. This result aligns with findings from other research where participants rated exercise in fully immersive mode as more enjoyable than non-immersive mode, but only when the execution of a task was present (Plante et al., 2003). Condition D is also the one in which participants felt more concentrated, significantly more than other conditions. On the other hand, no difference emerges among the four conditions as regards the perception of the passage of time. This result is not consistent with findings from other similar studies (Pallavicini and Pepe, 2019). However, the flow is typically measured as a multidimensional experience, while in our study, only the perception of time passage was measured. HMD conditions (C and D) are the ones eliciting the highest sense of spatial presence. The effect of interaction within a virtual environment on spatial presence, and sense of presence in general, is still a relatively young topic. As reported by Riches and colleagues, interaction with elements (i.e., avatars) within the VR environment increases the sense of presence (Riches et al., 2019). Therefore, indications suggest that the level of interaction in an environment enhances the experienced presence. However, our experimental design involved interaction tied to a cognitive task somewhat disconnected from the virtual environment, and this may explain why conditions C and D do not differ in the perceived sense of presence. Nevertheless, in condition D, a greater variability of answers (i.e., a greater standard deviation) can be observed. Moreover, while plausibility and place illusion are important aspects of the sense of presence in VEs, due to time and protocol constraints we could not perform an extensive evaluation of these dimensions by focusing on spatial presence. Future studies could investigate these factors in more detail to further understand their impact on VR experience.
In both immersive conditions (C and D), the number of participants reporting no side effects was the same (76.47% of the total). In condition C, more people complained of excessive sweating (3 vs. one of “D″) and visual problems. Although sweating is traditionally classified in the nausea category, it emerged that this discomfort was due to the temperature inside the laboratory and to the heat of wearing the headset, therefore for different reasons from those usually identified in the literature (Kennedy et al., 1993). While no participants specifically mentioned the weight as a problem, this discomfort may also partly reflect the additional weight of the device, although newer, lighter headsets could help limit this issue. In condition D, no subject reported visual difficulties; unlike condition C, however, nausea and greater disorientation symptoms emerged. This could be because participants - who had to concentrate on the Go-No Go task - felt lower freedom of possibility and, therefore, lower accommodation by the vestibular system. As reported in Ramaseri et al., movement in a virtual environment should be realistic to match sensory expectations (Ramaseri Chandra et al., 2022). Results on the subjective experience go hand in hand with the preferences expressed by the participants during the final questionnaire. In fact, the most preferred condition was D, followed by the other immersive condition, i.e., C.
4.3 Limitations and future works
Our study is not without limitations. The main limitation is about the population, which is unbalanced in terms of gender, with a percentage of females lower than 30%. One study indicates that gender may influence user experience in VR, hypothesizing that gaming habits may favor males by better evaluating their performance and ability to act in VR (Sagnier et al., 2020). On the other hand, other studies reported no gender differences in sense of presence, performance, enjoyment, and interest (Khashe et al., 2018; Rangelova and Marsden, 2018). A study reports that females are generally more susceptible to cybersickness because the distance between the headset’s lenses cannot fit female users’ interpupillary distance (Stanney et al., 2020). In our study, all participants were invited to adjust such a distance before starting the training until they were satisfied with the visualization of the virtual environment. Future studies should aim for a more balanced and representative sample to enhance generalizability and contribute to a clearer understanding of gender influences on user experience and perceived effort during exergames. Moreover, in a future study we aim to increase the sample size; this would help provide more robust and reliable conclusions also reducing the risk of Type II error. Moreover, there are limitations and potential improvements regarding the design of the experiment and of the conditions. Our study lacks a screen-based condition without a HMD but with interaction. This absence makes it challenging to conclude whether immersion alone impacts exercise responses or if interaction alone is responsible for observed effects. By including a screen-based with interaction condition, future studies could provide clearer insights into the relative importance of immersion versus interaction in virtual reality-based exercise interventions. With respect to the experimental setup, participants in the Cycle only condition could see the reflection of their bodies, which may have influenced their experience and represents a potential limitation of this condition. Moreover, a newer version of HMD for fully immersive conditions could influence the overall experience and results.
Our protocol focused on assessing perceived exertion in a condition in which the workload, and in an indirect way the HR, was controlled. Therefore, we cannot completely exclude that controlling the HR had influenced BR too and future investigations, e.g., through different study design, are recommended. Moreover, a future study could include the possibility of measuring exercise tolerance, which is a key aspect for our target users. For this purpose, the design of the experiment could be modified in self-paced exercise bouts in which participants are encouraged to go as hard, i.e., by directly controlling the workload through a button, as they could. Another potential limitation of our study design could be the cycling prescription, i.e., short bouts at a moderate intensity and cycling speed around 60 RPM may be too easy for this sample and not sufficiently challenging to enable changes in performance across conditions. Finally, our interaction task was a simple Go-no-go task with a single difficulty level and one type of stimuli (red or blue sphere) that did not change across the 10-min session. Higher complexity in terms of visual representation and characteristics of the task could enhance the effect on perceived effort and subjective experience and, therefore, deserves further investigation.
There are also some limitations that can be overcome in future studies with regard to measurements and statistical analysis. Single-item measures were used for flow and presence to minimize interruptions during the exercise bouts. Future studies could consider using multi-item validated scales to improve reliability and construct validity. Moreover, our study lacks a formal validity assessment for subjective measurements, such as self-perceived attention and flow, by participants who could have provided an additional indicator of the perceived clarity and relevance of the single item used. Future studies could include an evaluation of validity by asking participants to express their opinions on the clarity and relevance of the item, in order to enhance the understanding and reliability of the short questionnaire. Lastly, our study was exploratory and an a priori power analysis was not conducted. With N = 34, α = 0.05 and power = 0.80, for the main outcome (repeated measures ANOVA with four conditions), the study allows us to detect a minimal effect of Cohen’s f = 0.60, corresponding to a very large effect size (Cohen, 1988). This implies that the sample was adequate to detect large differences, while small to medium effects may not have been detected (Faul et al., 2007).
Finally, the population included in our study represents a limited part of those who could benefit from modification of perception of effort during exercise. The characteristics of the users, e.g., their age and health status, could influence the experience and, therefore, the effects of VR on perception. Indeed, although several studies have explored the acceptability and attitudes of older adults towards cycling in virtual reality, yielding positive results comparable to those of younger individuals, it is crucial to consider the influence of age on their experience and engagement Ortet et al. (2022); Tegegne et al. (2025); Hibbs et al. (2024). The way older adults engage and respond to virtual cycling experiences, as factors such as cognitive decline, physical limitations, and varying levels of familiarity with technology may affect their comfort, enjoyment, and overall perception of activity in virtual environments. One of our final goals is to transfer the results to the rehabilitation field. To do so, the same study protocol should be replicated with older adults with respiratory diseases. A future study with patients should take into account other potential influencing factors that may alter the results in terms of perceived exertion. The most critical one is the fact that patients with respiratory diseases may experience breathlessness at even low level of physical activity intensity.
5 CONCLUSION
This study aimed at evaluating how immersion and interaction influence perception and subjective experience during cycling in a virtual environment. Our findings indicates that, despite a direct mediation of perceived effort could not be observed, participants sustained higher physical effort, represented by higher breathing rate, when they were fully immersed in the VE and performing an additional interactive task. Further investigations are needed to understand better the relationship between VR features, including additional aspects such as embodiment, audio feedback, etc., and perceived and physical effort. Furthermore, our study confirms that the combination of cycling and immersive VR can cause side effects in a very small proportion of people, although these have been shown to be negligible. Moreover, the higher spatial presence and enjoyment make immersive VR the preferred one by our participants. Finally, given the final goal of our work, which falls in the rehabilitation field, such an experimental protocol should be replicated with target users, i.e., the elderly with respiratory diseases. Only in this way will it be possible to understand how to design virtual reality-based interventions able to improve the perception and experience of patients while performing physical activity, and, as a result, enhance rehabilitation outcomes.
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