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Abstract. Virtual Reality (VR) offers the opportunity to create im-
mersive environments for safe, practice-based learning, but its intense
immersion can limit critical thinking. This study explores the impact
of immediate feedback on chemistry learning in an immersive environ-
ment. It involved 46 participants divided into two conditions, with and
without immediate feedback. We assessed their performance, including
correct answers and procedures performed, as well as perceived cogni-
tive load. The results show that immediate feedback does not increase
the perceived cognitive load, but its effect on learning depends on the
tasks performed. They can be detrimental to performance for a single
task, whereas they lead to significant improvements for repeated tasks.
These observations highlight their usefulness in repetitive scenarios while
underlining the need for appropriate design to avoid adverse effects on
learning.

Keywords: Virtual reality, Feedback, Reflection, Immersive learning,
Chemical education.

1 Introduction

Virtual reality (VR) can be used to simulate complex, interactive environments,
providing immersive, engaging experiences for learning and training activities [2].
Several studies have shown that VR is particularly effective in supporting active
learning and practical application [4]. It provides a safe environment where learn-
ers can experiment and develop practical skills without risk while enhancing their
engagement. Immersive simulations offer embodied, realistic, and repeatable ex-
periences that help learners explore strategies for managing complex situations
and develop their skills [12].

However, some studies have shown that such immersive environments can
hinder learners’ ability to reflect critically on their actions [I1I]. To improve the
effectiveness of VR environments in educational contexts, Roussou and Slater
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[16] emphasize the importance of supporting learners’ reflection during task ex-
ecution. To address this issue, several studies have explored the integration of
immediate feedback, reporting positive outcomes on learners’ engagement, crit-
ical reflection, and performance [T4I13/T]. Others, however, point to more mixed
effects, particularly regarding learners’ perceived cognitive load depending on
the complexity of the feedback [2II15]. The design and pedagogical role of such
feedback thus remain key challenges to explore.

In this study, we focus on chemistry education, where part of the learning
objectives involves performing laboratory-based tasks and procedures, which can
be trained in immersive environments. In this context, we investigate whether
integrating immediate feedback in a VR learning environment has an effect on
the learning experience. We conducted a comparative study with 46 participants,
randomly assigned to two conditions: with or without immediate feedback. We
analyzed the impact of immediate feedback on both performance (regarding
expected answers and completed procedures) and perceived cognitive load in
different types of tasks (single vs. repeated). The results show that immediate
feedback does not increase perceived cognitive load, but its effect on performance
depends on the nature of the task. These findings suggest that integrating im-
mediate feedback into VR environments can be beneficial if carefully designed
according to the learning scenario.

2 Related Work

2.1 Virtual Reality in Education

In education, virtual reality technologies offer immersive and interactive environ-
ments that allow learners to practice without physical or ethical risks [6I]. These
environments can enhance learners’ attention by fostering a sense of presence,
defined as the subjective experience of being in the virtual environment [16].
VR can improve retention of both knowledge and procedural skills, especially
when traditional methods such as physical demonstrations or classroom simula-
tions are difficult to implement due to material, time, or safety constraints [IJ.
It allows learners to experiment and correct their mistakes without real-world
consequences freely [8]. In their meta-analysis, Cromley et al. [5] highlight that
immersive environments in VR promote knowledge acquisition and learners’ en-
gagement, which can limit their ability to reflect on their actions. Jiang and
Ahmadpour [II] point out that the intense immersion and flow state experi-
enced in VR reduce self-awareness, thus hindering reflexivity about the actions
performed.

According to Elaish et al. [7], the successful integration of VR in education
requires an instructional design that aligns immersion with learning objectives,
ensuring that virtual environments provide real educational value. Roussou and
Slater [I6] further recommend combining the interactive features of VR with
support for reflective processes. They suggest that immersive and interactive
environments, combined with explicit feedback to inform, confirm, or correct
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learners’ actions, can encourage critical reflection and prevent potential errors
while reducing the risk of cognitive overload. These theoretical insights under-
score the importance of examining how reflective processes can be effectively
supported in VR-based learning environments.

2.2 Reflective Processes and Feedback in Virtual Reality

Reflective processes involve reflecting on how the task was carried out, in or-
der to reevaluate the initial objectives and the strategies used to achieve them
[24]. Reflecting on their own learning, learners become aware of their learn-
ing processes and identify possible alternative strategies [18]. This introspective
work enables them to adjust existing practices, develop new ones, or redefine
their meaning [23]. Schon [I7] expands this notion by distinguishing between
reflection-in-action, which supports immediate adjustments, and reflection-on-
action, which allows for retrospective and critical analysis. Reflection-in-action
can lead to constructing new understandings and real-time adaptation during
task execution.

One way to support reflective processes is to provide feedback during the
task (reflection-in-action) or after it (reflection-on-action). Hattie and Timper-
ley [I0] identify three levels of feedback: task-level feedback (specific informa-
tion on performance), process-level feedback (guidance on strategies used), and
self-regulation feedback (supporting learners’ ability to self-assess). This study
focuses on feedback related to task execution in immersive VR environments.
Recent systematic reviews have emphasized the importance of feedback in im-
mersive learning environments. Lee et al. [14] highlight the role of feedback in
serious games using virtual, augmented, or mixed reality to foster reflection,
increase engagement, and support the development of complex cognitive skills.
Similarly, Lampropoulos et al. [13] show that combining VR with gamification
elements such as levels, badges, and scores helps learners engage in critical think-
ing by providing immediate feedback on their actions.

Several comparative studies have also investigated the impact of immediate
feedback in VR-based training. Almousa et al. [I] found that visual and auditory
cues helped learners evaluate and adjust their performance in real-time while
practicing cardiopulmonary resuscitation. In a study on breastfeeding training,
Tang et al. [2I] showed that adding a progress bar, badges, scores, and auditory
prompts maintained engagement and supported learners’ reflection on their per-
formance. Van Ginkel et al. [22] used VR to support the development of public
speaking skills, showing that real-time indicators (e.g., prolonged eye contact or
fast speech) enabled immediate correction and improved presentation skills.

However, despite these benefits, concerns remain about the cognitive load
induced by immediate feedback in VR. Cognitive load refers to the balance be-
tween task demands and the cognitive resources available to the learner [20]. Ma
et al. [I5] found that providing complex or multiple feedback cues can overload
cognitive resources and reduce learning effectiveness. Furthermore, Tang et al.
[21] reported a significant increase in time pressure and mental effort caused by
immediate feedback.
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In conclusion, while VR has shown its potential to support learning, the
specific role of immediate feedback remains underexplored. Although promis-
ing results have been reported, the issue of cognitive load induced by real-time
feedback still needs to be addressed to ensure optimal learning conditions.

3 Research Questions

This study examines whether adding immediate feedback in a virtual reality
learning environment influences learning outcomes. We focus specifically on the
acquisition of chemistry-related skills involved in laboratory manipulations. We
address the following two research questions:

— RQ1: Does integrating immediate feedback into the VR environment affect
learners’ performance in learning activities? In terms of performance, we
analyze the relevance of the answers provided and the procedures performed
by the learners about the target skills defined in the learning scenario.

— RQ2: Does integrating immediate feedback into the VR environment impact
learners’ perceived cognitive load?

We explore these questions on different types of tasks (single vs. repeated
tasks) using a dedicated scenario. In the following sections, we describe the VR
environment, the learning scenario and the integration of feedback designed to
support learners’ reflexivity.

4 Virtual Reality Environment for Learning Chemistry

As part of the Renforce project, we developed a virtual reality (VR) learning
environment for chemistry education. Some of the targeted skills relate to the
practice of scientific reasoning: proposing hypotheses to answer a scientific ques-
tion, designing experiments to test them, measuring physical quantities directly
or indirectly, interpreting experimental results, drawing conclusions, and com-
municating them with arguments. Other targeted skills focus on the adoption
of ethical and responsible behavior, particularly in relation to safety rules and
procedures related to chemical handling. VR environments allow training these
skills, especially gestures and practical manipulations (e.g., pouring a liquid from
one beaker to another).

The VR environment, developed using Unity, is a virtual laboratory that
reproduces all the necessary elements for chemical manipulations (workbench,
fume hood, taps, glassware, flasks, and measurement equipment). It also inte-
grates a liquid management system to prepare mixtures (Figure|1)).

4.1 Learning Scenario

To address our research questions, we designed a learning scenario covering basic
chemistry skills: observing, experimenting, and measuring. The scenario focuses
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Fig. 1: Virtual chemistry laboratory environment.

on the organization and transformation of matter, specifically on identifying
whether a solution is acidic or basic using pH measurement. This topic, intro-
duced in lower secondary school in the French curriculum, offers a simple context
that requires no prior knowledge and is accessible to various profiles of learners.

A tutorial video presented to participants introduces the key knowledge and
skills covered in the scenario, including identifying the acidic or basic nature of
a solution based on the presence of H" and OH" ions; understanding chemical
transformations in different contexts (e.g., daily life, environment); using several
methods to measure pH (pH strips, pH meter, pH indicators); identifying reac-
tions between acidic and basic solutions; and applying appropriate procedures
during chemical manipulations.

The scenario consists of two manipulations, each designed to assess the ac-
tivation of chemistry-related knowledge and skills across two dimensions: the
relevance of the learners’ answers and the proper execution of the expected pro-
cedures. To examine the effects of immediate feedback on various types of tasks,
each manipulation included either single tasks (manipulation 1) or a sequence
of repeated tasks (task 1 followed by task 2 in manipulation 2).

— Manipulation 1: Learners have to identify whether five solutions (distilled
water, coffee, lemon juice, seawater, and bleach) are acidic, basic, or neu-
tral. They use pH strips and a reference chart to measure and classify each
solution. This task involves pipetting the liquid, applying it to a strip, ob-
serving the color change, and classifying the solution accordingly. Targeted
skills: measuring pH using pH strips; classifying solutions as acidic, basic, or
neutral. Expected answers: 2 acidic (lemon juice, coffee), 1 neutral (dis-
tilled water), 2 basic (seawater, bleach). Required procedures: use one
strip per solution; discard each strip after use; rinse the pipette between
measurements.

— Manipulation 2: Learners have to repeat the same acid-base reaction task
twice. These two tasks aim to reach a specific pH using a combination of
acidic and basic solutions and a colored indicator to assess the pH reached. In
Task 1, they transform an acidic solution (white vinegar) into a basic solution
with a pH of 8. In Task 2, they transform a basic solution (ammonia) into
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an acidic solution with a pH of 6. Learners have to select the appropriate
titration solution (a base in Task 1, an acid in Task 2) and choose the
correct pH indicator based on its color change range. They observe the color
during titration and can use pH strips at any time to verify the pH reached.
Targeted skills: performing a transformation by selecting a titrant and a
pH indicator based on its transition range; reaching a target pH. Expected
answers: pH indicator (Task 1: phenol red; Task 2: bromothymol blue);
titrant (Task 1: sodium hydroxide; Task 2: hydrochloric acid); target pH
(Task 1: 8; Task 2: 6). Required procedures: respect the correct mixing
order (indicator first); monitor the color transition; rinse the pipette before
use; use a pH strip to confirm the result; accurately reach the pH value;
discard the strip after use.

4.2 Integration of Feedback into the Environment

The feedback system aims to inform learners about their acquisition of the knowl-
edge and skills targeted in the learning scenario. Feedback relies on the assessed
answers and the procedures specified for each experimental task.

Immediate feedback combines visual and auditory cues to provide real-time
input as learners act, to support reflection-in-action [I7] (Fig.|2)). For the design
of these elements, we draw inspiration from recent studies that propose immedi-
ate, game-inspired audiovisual feedback mechanisms [2TT3]. For correct answers,
feedback takes the form of colored stars that appear accompanied by a sound
symbolizing the twinkling of the star. In the case of an incorrect answer, learn-
ers also receive immediate feedback in the form of greyed-out stars. This visual
cue indicates failure without corrective guidance to avoid disrupting procedural
learning dynamics. For procedures, the feedback is represented by a progress bar
(or XP bar). Each time a correct procedure is detected, the bar increases and is
accompanied by a sound indicating progress.

To support reflection-on-action [I7], a summary of correctly (or incorrectly)
performed answers and procedures is displayed at the end of each manipulation.
This summary enables learners to review their performance after each task and
engage in retrospective reflection. The summary is available to all participants,
regardless of their experimental condition.

5 Research Protocol

5.1 Participants

Participants were recruited via a university mailing list. Individuals with prior
training or education in chemistry were excluded from the study to ensure homo-
geneous baseline knowledge across groups. 46 participants, aged between 19 and
36 (M = 23.4, SD = 3.92), participated in the experiment, including 17 women
and 29 men. Participants were randomly assigned to one of two experimental
groups of 23 participants each: one group with immediate feedback (With IF)
and one group without immediate feedback (Without IF).
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Fig. 2: Instruction panel displayed for each experimental condition for the group
with IF on the left (stars and XP bar), and without IF on the right.

We used non-parametric tests to compare the groups due to small sample
sizes (Mann-Whitney for quantitative variables and Chi-squared tests for cat-
egorical variables). As reported in Table |1} the two groups were well balanced
regarding demographic characteristics, with no significant differences in age or
gender. We found no significant differences in the number of years of study or
participants’ prior experience with VR.

Each participant received a €10 gift card as compensation for their time
and participation. The research protocol was approved by the Research Ethics
Committee from the University of Lyon.

5.2 Experimental Procedure

We set up a dedicated 6x6 meter room to allow participants to move freely
and interact with the VR environment designed for the study. We followed a
between-subjects study design, therefore participants were divided between the
two experimental conditions and followed the same procedure in the same or-
der. The only difference between the groups was the presence or absence of
immediate feedback during the learning tasks. Before starting, all participants
signed an informed consent form in accordance with ethical guidelines. They then
completed a demographic questionnaire, followed by questions about their pre-
vious VR experience and virtual reality gaming habits. Participants were guided
through a VR tutorial to familiarize them with the headset (Vive Pro Eye) and
the Valve Index controllers. The tutorial included instructions on manipulating
virtual objects and navigating the environment. The experimental group also
received instructions to understand the functioning of immediate feedback. Af-
ter the tutorial, a video covering basic acid-base chemistry concepts was shown
outside of VR to provide the necessary knowledge while minimizing VR exposure
time. Participants were then equipped with the headset to complete the learning
scenario consisting in manipulation 1 followed by manipulation 2 in the virtual
laboratory. At the end of the session, participants completed the NASA-TLX
questionnaire to assess their perceived cognitive load during the manipulations.
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Table 1: Distribution of participants by gender, age, years of study after high
school, VR experience frequency, and VR gaming habits between the immediate
feedback and no immediate feedback groups. P-values from Mann—Whitney and
Chi-squared tests.

With IF Without IF

Variables Categories p-value
(n=23) (n=23)
Male 14 (61%) 15 (65%)
Gender 1.00
Female 9 (39%) 8 (35%)
Age (M + SD) 23.83 4+ 4.93 22.91 + 2.57  0.80

Years of study

after high school (M + SD) 4.65 £ 1.67 535 +1.85 0.17

Never 10 (61%) 8 (47%)

Have you ever Only once 8 (24%) 11 (33%) 0.64
worn a VR headset? Several times 4 (12%) 2 (13%)
Regularly 1 (3%) 2 (7%)

Never 18 (62%) 19 (58%)
Occasionally 5 (38%) 4 (42%) 1.00
Often 0 (0%) 0 (0%)

Do you play
VR video games?

5.3 Data Collection and Analysis

All interaction data were collected automatically through simple actions such
as “pouring a solution into a beaker” or “grasping a pH strip”. These actions
enabled us to analyze participants’ performance during each manipulation by
verifying the accuracy of their answers or detecting the completion of expected
procedures (e.g., “selecting the correct color indicator” or “respecting the correct
mizing order” in Manipulation 2). We identified whether participants provided
correct or incorrect answers for each item evaluated in the learning scenario. We
thus defined performance as the combination of correct answers and the execu-
tion of expected procedures for each manipulation, reflecting the acquisition of
procedural skills related to the experimental tasks.

We conducted two types of analyses to address our research questions: an
analysis of participants’ performance across the different manipulations of the
scenario (RQ1) and an analysis of perceived cognitive load (RQ2). We conducted
the analyses primarily using Python (Pandas, SciPy), with complementary anal-
yses run in Jamovi for the NASA-TLX self-assessment questionnaire [9]. For
RQ1, as data were not normally distributed, group performances were compared
using the Mann-Whitney test based on scores from correct and incorrect answers
and scores for completed procedures in each manipulation. For the repeated tasks
in Manipulation 2 (Task 1 and Task 2), we used Wilcoxon tests with and with-
out Benjamini-Hochberg correction to analyze within-group differences. Given
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the small sample size and the non-normal distribution of almost all the data, we
used non-parametric tests. For RQ2, we assessed perceived cognitive load using
the NASA-TLX, which evaluates six specific dimensions: mental demand, phys-
ical demand, temporal demand, effort, perceived performance, and frustration.
We used these dimensions to compute a global cognitive load score reflecting
participants’ subjective experience. We conducted between-group comparisons
of these scores using the Mann—Whitney test.

6 Results

6.1 RQla: Performance on Expected Answers

In Manipulation 1, participants spent 5.2 minutes on average in both groups.
. The group with immediate feedback scored significantly lower on correct an-
swers and higher on incorrect answers than those without immediate feedback
(Table [2). The moderate effect size confirms that this difference is noteworthy
[3]. We reported both metrics since participants could also choose not to answer.
In Manipulation 2, Task 1 was slightly longer in the group without IF
(mean=4.5 mins), compared to the group with IF (mean=4.1 mins). Conversely,
Task 2 was shorter in the group without IF (mean=2.4 mins) than in the group
with IF (mean=2.9 mins). Table [3| shows the overall results for this manipula-
tion and the detailed results for each task. We observe no significant difference
between the two groups, regardless of whether they received immediate feed-
back. However, we note a slightly higher number of incorrect answers, close to
statistical significance, for the group with immediate feedback during Task 1.

Table 2: Manipulation 1. Mean and standard deviation of correct and incorrect
answers (scores out of 5 points) for the experimental group (With IF) and the
control group (Without IF). Mann—Whitney test results: p-value and effect size
(Cohen’s d). Statistical significance at p < 0.05 is indicated by an asterisk (*).

Experu.n.e ntal Mean (SD) p-value Effect size
condition
With IF 4.48 (0.59) »
Correct answers Without IF 1.83 (0.39) 0.03 0.69
With IF 0.52 (0.59) .
Incorrect answers Without IF 0.17 (0.39) 0.03 0.69

In contrast, the intra-group analyses presented in Table [f] reveal interesting
findings for the group with immediate feedback. Benjamini—-Hochberg corrected
post-hoc tests show a significant improvement in the number of correct answers
between the two tasks and a significant reduction in errors. We observe no such
improvement in the group without immediate feedback.



10 V. Midez et al.

Table 3: Manipulation 2. Mean and standard deviation of correct and incorrect
answers (scores out of 6 points, 3 per task) for the experimental group (With IF)
and the control group (Without IF). Mann—Whitney test results: p-value and
effect size (Cohen’s d).

Answers Experimental Mean p- Effect
W condition (SD) value size
With IF 117 (1.37)
Entire Correct Without IF 435 (1.34) 072 0-13
manipulation With IF 1.61 (1.03)
Incorrect Without IF 0.13 (1.01) 0.12 0.47
With IF 1.78 (0.85)
sk 1 Correct Without IF 2.00 (0.67) 0 0.40
Incorrect With IF 1.09 (0.67) 0.08 0.54
Without IF 0.74 (0.62) ' '
With IF 2.39 (0.84)
sk 2 Correct Without IF 2.6 (1.05)  O9M 0-14
Incorrect With IF 0.52 (0.67) 0.34 0.19
Without IF 0.39 (0.72) ’ ’

Table 4: Manipulation 2. Results of Wilcoxon post-hoc tests between Task 1
and Task 2: raw p-value, corrected p-value (Benjamini-Hochberg), and effect
size (Cohen’s d). Statistical significance at p < 0.05 is indicated by an asterisk

().

Experimental Raw Corrected .
. Effect size
condition p-value p-value
Correct answers With IF 0.001* 0.038* 0.72
W Without IF 0.555 1.0 0.20
I t answe With IF 0.007* 0.027* 0.85
fieorrect answers Without IF 0.078 0.313 0.52

6.2 RQ1b: Performance on Procedures

We analyzed the performance on procedures for both manipulations. Without
considering tasks separately, we observe no significant differences between the
two groups for either the first manipulation or the second manipulation.

Table [5| provides the detailed results for each task of Manipulation 2. Before
correction, significant differences were observed, with a medium effect size, for
two specific procedures: Monitor the color transition during Task 1, and Use a
pH strip during Task 2, both in favor of the group with immediate feedback.
However, Benjamini-Hochberg corrected post-hoc tests no longer show statisti-
cally significant results, although they remain close to the significance threshold.

Finally, the intra-group analyses presented in Table [6] highlight a significant
improvement in the Accurately reach the pH value procedure for the group with
immediate feedback between Task 1 and Task 2, with a large effect size. After
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Table 5: Manipulation 2. Inter-group comparison of scores obtained for the pro-
cedures in Tasks 1 and 2 (scale from 0 to 1). Mann—Whitney test results: raw and
corrected p-values (Benjamini-Hochberg), and effect sizes (Cohen’s d). Asterisks
(*) indicate statistical significance at p < 0.05.

With IF  Without IF  p-value p-value Effect

Procedure Tas

Mean (SD) Mean (SD)  (raw)  (corrected)  size
Respect the mixing T1 086(0.34) 0.92(0.22) 0.907 1.000 0.23
order T2 088 (0 29)  0.87(0.29)  0.552 0.663 0.04
transition T2 057 (0 51) 057 (0. 51) 1.000 1.000 0.00
) ) T1 0.87(0.34) 0.78(0.42) 0.452 0.978 0.23
Rinse the pipette

T2 0.74(045) 0.57 (0.51)  0.226 0.452 0.36
) T1 091(0.29) 091 (0.29) 1.000 1.000 0.00

Use a pH strip
T2 1.00(0.00) 0.83(0.39) 0.041* 0.225 0.63
Accurately reach the T1 0.17(0.39) 0.26 (0.45)  0.489 0.978 0.21
pH value T2 052(0.51) 0.26(0.45)  0.075 0.225 0.54
Discard the used pH T1 0.78(042) 0.78 (0.52)  0.954 1.000 0.00
strip T2 0.74(045) 0.65(0.49)  0.535 1.000 0.19

Benjamini-Hochberg corrected post-hoc test, this difference remains marginally
significant. No such significant evolution was observed for the group without
immediate feedback.

6.3 RQ2: Cognitive Load

The comparison of the NASA-TLX scores between the two experimental condi-
tions shows no significant differences in any of the measured variables: mental
demand, physical demand, temporal demand, effort, frustration, and self-rated
performance (see Table @ The effect sizes, calculated using rank-biserial corre-
lation, were consistently small across all dimensions. These findings confirm that
immediate feedback did not impact participants’ perceived cognitive load.

7 Discussion and Conclusion

In this study, we investigated the impact of immediate feedback on participants’
performance in a VR learning environment dedicated to chemical education. This
work builds upon previous findings on the role of immediate feedback in perfor-
mance improvement [IJ2T22] by distinguishing its effects on expected answers
and completed procedures. Our results tend to nuance the positive outcomes
reported in earlier studies.
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Table 6: Manipulation 2. Intra-group comparison of scores obtained for the pro-
cedures in Tasks 1 and 2 (scale from 0 to 1). Wilcoxon test results: raw and
corrected p-values (Benjamini-Hochberg), and effect sizes (Cohen’s d). Aster-
isks (*) indicate statistical significance at p < 0.05.

i Experimental Task 1 Task 2 p-value p-value Effect
Action condition ~ Mean (SD) Mean (SD) (raw) (corrected)  size
Respect the With IF 0.86 (0.34) 0.88 (0.29)  0.934 0.934 0.07
correct mixing .

order Without IF 0.92 (0.22) 0.87 (0.29)  0.473 0.567 0.21
Monitor the With IF 0.65 (0.49) 0.57 (0.51)  0.559 0.838 0.17
color transition  Without IF  0.30 (0.47) 0.57 (0.51)  0.080 0.369 0.53
Rinse the With IF 0.87 (0.34) 0.74 (0.45)  0.277 0.554 0.76
pipette Without IF 0.78 (0.42)  0.57 (0.51)  0.123 0.369 0.72

Use & pH strip With IF 0.91 (0.29)  1.00 (0.00)  0.162 0.485 0.43
Without IF 0.91 (0.29) 0.83 (0.39)  0.397 0.567 0.05

Accurately reach With IF 0.17 (0.39)  0.52 (0.51)  0.015* 0.089 0.77
the pH value  Wwithout IF~ 0.26 (0.45)  0.26 (0.45)  1.000 1.000 0.00
Discard the used With IF 0.78 (0.42) 0.74 (0.45)  0.744 0.892 0.10
pH strip Without IF 0.78 (0.52)  0.65 (0.49)  0.419 0.567 0.26

Table 7: Comparison of NASA-TLX scores between the two experimental condi-
tions. Mann-Whitney test results (p-value). Effect size (rank-biserial correlation)

Variable Experir'n'ental Mean (SD) Median p-value Effect size
Condition

Mental demand W\;\t/i‘;u;;F ﬂgg 8222 1;:88 0.817  0.042
Physical demand W\;ﬁ?lu;FIF ;S;é 84812 ?88 0.771 0.051
Temporal demand W\;ﬁc;lu‘;;F ;i; EggB ggg 0.273 0.183
Performance (self-rated) W\;&Eﬁ‘;u;;F iig; Eggg; 1388 0.799 0.045
VeI ST 0 o
Frustration W\;i%u;;F i;i’g Egzg 12:88 0.178  0.231

The findings suggest that immediate feedback, as designed in this study,
could be integrated without causing cognitive overload, even in tasks requiring
heightened attention and procedural accuracy. This result contradicts the find-
ings of Tang et al. [2I], who reported increased temporal demands and effort.
We believe that this difference could be explained by the amount of information
provided by the feedback and its visualisation, as in [2I] the textual overlays on
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the elements added complexity to the visual scene [15]. This aligns with Souchet
et al. [I9] who emphasize that cognitive load varies according to several fac-
tors, including task complexity and level of interaction required to complete the
task, and observed increased performance with heightened cognitive load. Fu-
ture studies should therefore investigate in more depth the relationship between
cognitive load, performance and feedback.

Regarding performance, the results show differentiated effects of immediate
feedback depending on the type of task. For single tasks, such as in Manipula-
tion 1, immediate feedback resulted in significantly fewer correct answers com-
pared to the group without feedback, even though we did not observe this effect
for completed procedures. This suggests that immediate feedback may increase
simultaneous information processing and reduce users’ attention, affecting per-
formance for this type of task. In contrast, for repeated tasks in Manipulation 2,
the group with immediate feedback improved their correct answer rate while
reducing the number of errors. In addition, they significantly (before correction,
and a near-significantly after correction) improved one specific procedure.

Conversely, we did not observe such improvement in the group without feed-
back. These results illustrate the role of immediate feedback in supporting the
progressive adjustment of actions and the acquisition of procedures through rep-
etition.

In conclusion, while immediate feedback may restrain performance in sin-
gle tasks, our findings demonstrate its potential to support learning in repeated
tasks without increasing cognitive load. These observations highlight the impor-
tance of adapting feedback design to the nature of the task and learners’ needs to
maximize its effectiveness in immersive educational contexts. This finding aligns
with Tang et al. [2I], who advocate for a cautious approach to feedback inte-
gration, as it may sometimes divert attention from essential aspects of learning.
The feedback design and the amount of information provided raise issues that
should be further investigated to maximize the balance between cognitive load
and performance.

Finally, this study presents several limitations. First, the small sample size
limits the strength of the results, and the limited number of task repetitions does
not allow for a full exploration of the cumulative effects of immediate feedback.
Secondly, the participants’ profiles and the specific learning context constrain the
generalizability of these findings to other domains. In addition, cognitive load
was only assessed using a questionnaire, while Souchet et al. [I9] recommend
mixed subjective and physiological measures.

Nevertheless, this study opens several promising avenues for future research,
such as exploring how immediate feedback can be optimally designed with the
relevant amount of information and for various types of tasks. Further research
should also be conducted on how different types of immediate feedback—such
as task-, process-, self-regulation- or self-level cues [I0]—affect cognitive load
and performance. Finally, we will investigate the impact of task repetition and
feedback role on long-term knowledge retention and skills transfer.
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