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Abstract
Purpose: This study presents the design and pilot evaluation of a virtual
learning environment (VLE) integrated with an in-person digital escape room
(DER) for learning derivatives in a mathematics course. It addresses three
research questions: RQ1: How can a scaffolded VLE help students connect the
derivative-as-limit concept with rule-based differentiation fluency? RQ2: How
can responsible AI-assisted reflection be embedded without replacing learner
reasoning? RQ3: What feasibility, engagement, perception, and formative
performance patterns emerge when the VLE is used as flipped preparation for
an in-person DER? Methodology: The VLE combines concept priming,
first-principles derivations, procedural differentiation tasks, logarithmic
differentiation, tiered hints, worked-solution reveal logic, and AI-assisted
reflection prompts. A pilot study with first-year undergraduate students
(# = 48) collected data on completion, session duration, hint use, AI-reflection
use, formative quiz results, item-level diagnostics, and post-DER perceptions.
Findings: 94% of students completed the full VLE sequence, with a median
duration of 56 minutes (IQR: 47–64); 62% used at least one hint, and 68% used
AI-assisted reflection. Post-DER ratings were positive for Interest/Enjoyment
(" = 3.45, (� = 0.52), Perceived Competence (" = 3.18, (� = 0.58),
Relatedness/Teamwork (" = 3.36, (� = 0.55), and Perceived Educational
Value (" = 3.42, (� = 0.49). The formative quiz average was 4.1/5 and
revealed interpretable misconceptions in first-principles derivation, chain-rule
use, and logarithmic differentiation. Originality and Impact: The VLE–DER
blueprint links calculus learning objectives, scaffolded room design,
validator-based feedback, hint tiers, AI-supported metacognition, telemetry, and
item-level diagnostics. The model offers transferable feasibility and design
evidence for serious-game-based mathematics learning.
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2 BACKGROUND AND RELATED WORK

1. Introduction
Calculus remains a foundational step to advanced study in science, engineering, and data-centric disciplines, yet
persistent difficulties with the concept of the derivative continue to impede early progression for many first-year
university students. Empirical classroom experience and prior literature indicate that novices often memorize rules
without anchoring them to the underlying limit definition, leading to brittle performance when problems depart from
familiar templates or require multistep reasoning [1, 2]. Despite extensive instructional effort, first-year university
students routinely show misconceptions about the meaning of the derivative, particularly its interpretation as an in-
stantaneous rate of change obtained via a limiting process [3, 4, 1]. When confronted with problems that require
connecting the limit definition to algebraic manipulation or that combine multiple differentiation rules, university
students demonstrate fragile performance and a tendency to rely on surface heuristics [5]. Conventional preparation,
textbook reading, and unstructured problem sets often lack the scaffolding and timely feedback required for novices to
build robust mental models. At the same time, the increasing availability of large language models (LLMs) introduces
both opportunities for formative explanation and risks of overreliance without understanding [6].

This study addresses these difficulties by designing and piloting a virtual learning environment (VLE) that pre-
pares university students for an in-person, problem-based session through a carefully scaffolded, pre-class sequence.
The environment, created in Metasteps (https://metasteps.com/), integrates (i) concept priming and motivation, (ii)
deliberate practice with the derivative from first principles, (iii) reinforcement of procedural fluency using standard
rules and logarithmic differentiation, and (iv) a brief formative quiz and reflection activity. The design draws on
constructivist principles and structured tutoring insights [7, 8], as well as self-determination theory to support auton-
omy, competence, and relatedness in learning [9]. Beyond content sequencing, the VLE operationalizes immediate,
low-stakes feedback and optional worked solutions to enable self-correction, while prompting university students to
use AI-based reflection responsibly for verification and explanation rather than solution outsourcing [10]. The flipped
format repositions initial exposure and consolidation before class, reserving contact time for higher-order problem
solving. In doing so, it seeks to narrow the gap between conceptual understanding (derivative-as-limit) and procedural
fluency (application of rules) that often persists in traditional lecture-first arrangements [11, 12]. Prior studies have
found that flipped classrooms can improve calculus performance and conceptual understanding relative to traditional
formats [13]. Self-regulated and peer-teaching enhancements further support student engagement and self-efficacy in
calculus [14].

This study presents the design and implementation of an interactive VLE created using Metasteps, aimed at sup-
porting university students in the Mathematics 1 course as they prepare for an in-person digital escape room (DER)
activity. The activity serves as a flipped classroom component, allowing university students to engage independently
with foundational calculus concepts, while its core affordances (scaffolding, formative checks, worked-solution com-
parison, reflection prompts) are deliberately chosen to support the transition from derivative-as-limit to rule-based
fluency. The approach draws upon principles of constructivist learning, gamification, and scaffolded problem-solving,
aiming to enhance engagement, understanding, and confidence in differentiation [7, 8].

This study presents two design-oriented contributions. First, it documents a theoretically grounded VLE–DER
framework for learning derivatives that links constructivist scaffolding and structured tutoring practices to a flipped
delivery model. The design specifies how concept priming, first-principles derivations, procedural fluency tasks,
tiered feedback, optional worked solutions, and collaborative escape-room activities are organized into a coherent
learning sequence. Second, it proposes a practical protocol for responsible AI-assisted reflection in mathematics
learning, positioning large language models as tools for verification and explanation.

2. Background and Related Work
Virtual Learning Environments (VLEs) in STEM have evolved from content repositories and discussion boards into
rich, activity-centered spaces that integrate interactive tasks, immediate feedback, and analytics on learner progress
[15]. Contemporary platforms emphasize structured practice, mastery-based progression, and multi-representational
support (symbolic, graphical, narrative), which are especially salient in mathematics where conceptual and procedu-
ral knowledge must co-develop [16, 17]. Within this continuum, metaverse-inspired experiences (including virtual
galeries [18], lightweight web-based 3D scenes [19], immersion [20, 21] and avatar-mediated collaboration [22])
promise heightened presence, social co-regulation, and embodied interaction [23].

Recent work on Educational Escape Rooms (EERs) in mathematics and STEM education shows a gradual shift
from using escape roomsmerely as motivational game-based activities toward treating them as structured instructional
designs with explicit pedagogical, communicative, and assessment functions. Glavaš [24] emphasizes puzzle clas-
sification, collaboration, communication, problem solving, engagement, and the need to align game mechanics with
learning objectives in mathematical EERs. Taraldsen [25] shows that escape rooms can stimulate curiosity and ped-
agogical reflection, although students may initially interpret them through traditional views of teaching and learning.
Roig et al. [26] combine escape-room mechanics with capture-the-flag-style assessment in STEM, where puzzles re-
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quire applied problem solving and hints are integrated into the scoring logic. Luque-Sánchez andMontejo-Gámez [27]
demonstrate that virtual escape rooms can support mathematical communication by encouraging collaborative dis-
cussion, task leadership, and mathematical vocabulary during problem solving. These studies indicate that EERs are
most educationally meaningful when narrative, puzzle structure, collaboration, feedback, and assessment are delib-
erately aligned with disciplinary learning goals; however, they also reveal the continuing need for more transparent
design descriptions and empirically grounded models that connect virtual preparation, mathematical reasoning, and
escape-room-based collaboration. Yet, the most durable learning gains reported in mathematics and introductory
calculus typically trace to careful task sequencing, explicit scaffolding, and just-in-time formative feedback rather
than immersion per se [28]. Consequently, the design challenge is not to maximize immersion, but to engineer ac-
tivity flows that reduce extraneous cognitive load, surface productive struggle with timely hints, and align interactive
elements to clear learning outcomes [29, 30].

Large language models (LLMs) and related AI tools have introduced credible new pathways for formative ex-
planation, self-explanation prompts, and solution verification in undergraduate mathematics. When harnessed with
explicit norms, AI can help university students interrogate intermediate steps, compare alternative derivations, and
articulate why a step follows—activities known to strengthen metacognition and transfer [31, 32, 33]. At the same
time, unstructured use can encourage answer-first behavior, hallucinated steps, and brittle over-reliance [34]. Recent
discussions in the education literature underscore the need to channel AI toward reflective practices, e.g., requiring
university students to request a hint rather than a final answer, to paraphrase the rationale in their own words, and
to cross-check AI-generated steps against canonical definitions and course conventions [35]. Framed within self-
determination theory, the approach aims to leverage AI to support autonomy (student control over when and how to
seek explanations) and competence (accurate, step-aware feedback) while preserving relatedness through subsequent
in-person collaboration [36].

Serious-game research emphasizes that educational effectiveness depends not only on content presentation but also
on the alignment between learning objectives and gameplaymechanics. Frameworks such asMechanics–Dynamics–Aesthetics
(MDA) [37] argue that educational goals should be embedded within the rules and progression systems that govern
player behavior rather than merely being attached to game-like interfaces. Educational Escape Rooms provide one
mechanism for achieving this alignment by linking puzzle progression directly to domain-specific reasoning and col-
laborative problem solving [38].

Digital Escape Rooms (DERs) have emerged as engaging, game-based learning environments that support active,
collaborative, and problem-oriented learning across diverse educational contexts. Prior studies have demonstrated
that DERs can effectively promote student motivation, engagement, and deep learning by integrating narrative ele-
ments with domain-specific challenges and time-bound puzzles [39, 40, 41]. In STEM education, DERs have been
particularly valuable for fostering procedural fluency and critical thinking through scaffolded tasks that simulate real-
world problem solving [42]. Previously, DERs were employed as an in-person learning activity following virtual
preparation in a VLE, offering an opportunity to apply learned principles in a socially interactive, immersive setting
[43]. The integration of DERs complements the flipped instructional design by reinforcing conceptual understanding
and encouraging peer collaboration, while also enabling formative assessment of learners’ reasoning and engagement
under authentic cognitive load [44].

Students’ difficulties with derivatives extend beyond procedural errors and include challenges in coordinating in-
tuitive interpretations with formal mathematical definitions. Tall and Vinner’s distinction between concept image and
concept definition suggests that learners may possess informal mental representations of derivatives that differ sub-
stantially from the formal limit-based definition taught in calculus courses [45]. Such discrepancies often manifest
as rule-based manipulation without a corresponding conceptual understanding of derivative meaning. Understanding
derivatives also requires covariational reasoning, namely the ability to coordinate changing quantities and interpret
rates of change dynamically rather than merely execute symbolic procedures [46]. Effective calculus learning requires
students to connect multiple representations, including symbolic expressions, graphical interpretations, numerical
approximations, and verbal explanations. Difficulties frequently when learners can operate successfully within one
representation but fail to establish meaningful connections between representations. These perspectives complement
the constructivist and scaffolding-oriented framework adopted in this study. The derivative-as-limit activities were
designed to support the development of more coherent concept images, while validator-based feedback, progressive
hints, and worked-example gating were intended to facilitate movement between intuitive, symbolic, and increasingly
formal forms of mathematical reasoning. This interpretation is also consistent with Tall’s broader Three Worlds of
Mathematics framework, which characterizes mathematical learning as progression through embodied, symbolic, and
formal worlds of mathematical thinking [47].

Three gaps motivate the present study. First, reports of virtual or metaverse learning in STEM foreground immer-
sion and engagement but under-specify the instructional mechanics that connect activities to conceptual change in cal-
culus. Reproducible blueprints that detail the granularity of scaffolds (hint tiers, feedback triggers, worked-solution
reveal logic) and their mapping to learning objectives remain sparse [48, 49]. Second, the role of AI in mathematics
courses is often discussed at the level of policy or ethics, whereas course-level designs that operationalize responsible
AI-assisted reflection, complete with prompts, guardrails, and evaluation rubrics, are relatively uncommon [50, 51].
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Third, evaluation frequently relies on perception-only measures; fewer studies report aligned instruments that probe
both conceptual understanding (derivative-as-limit) and procedural fluency (rule application, logarithmic differenti-
ation) with item-level diagnostics and effect-size reporting [52, 53].

This work addresses these gaps by contributing: (i) a detailed, exportable VLE blueprint for derivatives that inte-
grates constructivist scaffolding and structured tutoring principles; (ii) a practical protocol for responsible AI-assisted
reflection embedded within the activity sequence, explicitly aligned with autonomy–competence–relatedness targets;
and (iii) an evaluative framework spanning formative item blueprints, perception scales, and an analysis plan suitable
for controlled comparisons and longitudinal tracking. The positioning is thus deliberately design-centric: rather than
advocating immersion as an end in itself, we specify the scaffolds, feedback, and reflection practices that a VLE must
instantiate for novices to link first-principles reasoning with rule-based fluency in differentiation.

3. System Overview

3.1 Pedagogical Rationale
The learning environment design is grounded in constructivist and socio-cultural learning theories. Drawing on
Vygotsky’s principles, the sequence of rooms represents a scaffolded learning pathway, where conceptual support
gradually decreases as learner autonomy increases. Gamified and interactive design elements follow principles of
situated learning and self-determination theory, aiming to enhance intrinsic motivation and engagement. Evaluation
of the learning sequence is twofold:

1. Formative assessment within the virtual environment – implemented via the embedded quiz, allowing university
students to test their conceptual and procedural understanding of derivatives.

2. Post-experience evaluation of the subsequent in-person DER – via a questionnaire assessing engagement, per-
ceived competence, relatedness, and perceived educational value during the escape-room activity.

3.2 Platform: Metasteps
Metasteps is used as the creating and delivery layer for the VLE. Conceptually, the platform (Figure 1) is decomposed
into four cooperating subsystems: (i) an creating workspace that defines activities, hints, and assessment checks; (ii)
a runtime interaction engine that renders activities and executes feedback logic; (iii) a state and telemetry bus that
persists learner progress and emits analytics events; and (iv) a packaging/export toolchain that bundles assets, logic,
and schemas for deployment in Learning Management System (LMS) or standalone web delivery.

Figure 1. System architecture overview. Author defines activities, scaffolds, and checks in the creating workspace. At runtime,
the interaction engine orchestrates UI components, evaluates guard conditions, and triggers feedback. The state & telemetry bus
records fine-grained events (e.g., submissions, hint reveals, correctness) that are stored locally and optionally forwarded to the
LMS. The packaging/export toolchain produces versioned bundles for deployment.

3.2.1 Creation Model and Interaction Types
Creation in Metasteps is activity-centric. Each activity is a typed component with: (a) props (prompt, stimuli,
expected response schema), (b) guards (preconditions to unlock follow-on steps), (c) checks (validators for correct-
ness, completeness, or structure), (d) hints (tiered scaffolds revealed on demand or via triggers), and (e) effects
(feedback messages, progression, or logging). Activities are composed into a flow via directed edges with optional
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branching (e.g., remediation arcs). To standardize implementation and analysis, we define a small set of interaction
types (Table 1). Each type specifies its response format, validator class, feedback modality, and the analytics fields
emitted on interaction:

Table 1. Interaction types and their runtime/analytics specifications.

Interaction Type Description (Response Schema) Validator/Check Feedback Modality

Definition Recall Short-text entry for the derivative-
as-limit

Regex + semantic keyphrase match-
ing (Levenshtein tolerance)

Inline correctness badges; ex-
pandable exemplar definition

First-Principles Derivation Multi-step algebraic workflow;
schema: ordered list of LaTeX
fragments

Stepwise structural check (pattern
graph) + final numeric/symbolic
equivalence

Step-level hints; revealable
worked solution; checkpoint-
ing

Rule Application (Power/
Product/ Quotient)

Single-expression differentiation CAS-backed equivalence (normal
form)

Granular messages on rule
misuse; lightweight rule table
tooltip

Chain Rule Composition Nested compositions; schema:
parse tree of input expression

Tree pattern match (outer/inner),
derivative reconstruction check

Visual parse of 5 (6 (G ) ); tar-
geted nudge on inner/outer con-
fusion

Logarithmic Differentia-
tion

Product/power to log-derivative; se-
quence of transformation steps

Step normalization + identity
checks (log laws)

Tiered hints; final consolidated
solution comparison

Multiple-Choice Question
(MCQ)/ Single-Select

Concept check Immediate correctness; explanation
for chosen distractor

Reflection Prompt (AI-
Assisted)

Free-text reflection Length + keyword rubric (no cor-
rectness)

Metacognition checklist;
responsible-use reminder

3.2.2 VLE Architecture and Flow
The virtual learning environment (VLE) is organized as a directed learning flow (Figure 2) composed of four scaf-
folded stages: (i) Motivation & Concept Priming, (ii) Derivatives from First Principles, (iii) Application & Extension
(Procedural Fluency), and (iv) Assessment Space (Formative Quiz). Each stage is a subgraph of activities connected
by guard conditions and instrumented with fine-grained telemetry (submit/step_submit/hint_show/reflect), enabling
item-level difficulty estimation and hint-utilization analytics.

The architecture prioritizes (a) conceptual anchoring via the limit definition, (b) progressive fading of supports, and
(c) immediate, actionable feedback. Activities are implemented using the canonical interaction types and validator
pipelines described earlier, with stepwise normalization, structural checks, and CAS-backed equivalence.

Figure 2. VLE architecture and learning flow. Nodes represent typed activities; edges represent guard-conditioned progres-
sion (solid = mastery progression, dashed = remediation arc). Hint tiers (nudge/worked fragment/full solution) are available in
Rooms 2–3 and are rate-limited by an impasse detector (time-on-step, repeated structural mismatch). The Assessment Space ag-
gregates item-level evidence and emits a completion token for LMS passback (optional).

Table 2 enumerates the mapping from learning objectives to room-level activity clusters and validator emphasis;
Table 3 details the hint policy and auto-trigger criteria.

3.3 Serious Game Design Perspective
From a serious-game perspective, the proposed VLE–DER framework is defined by the integration of educational
objectives with gameplay mechanics. To make this relationship explicit, the design can be interpreted through the
Mechanics–Dynamics–Aesthetics (MDA) [37] framework as follows.

Mechanics. The core mechanics include puzzle solving, code discovery, room progression, time constraints,
progressive hints, validation checkpoints, and collaborative decision making. Mathematical reasoning serves as the
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Table 2. Learning objectives mapped to rooms, activity archetypes, and validator emphasis.

Learning Objective Room Activity Archetypes

Explain derivative as limit Definition recall; concept MCQ; graphical rate-of-
change probes

Regex/keyword match; distractor-specific
feedback

Compute from first principles Multi-step derivation (ΔH/ΔG → 0); limit algebra Stepwise structural checks; limit law invari-
ants

Apply rules (power/product/quo-
tient)

Single-expression derivative; error diagnosis on rule
misuse

CAS-backed normal form equivalence; rule-
flagging

Apply chain rule for compositions Parse-tree identification of 5 (6 (G ) ); derivative re-
construction

Tree pattern match; depth-sensitive feedback

Logarithmic differentiation Transform-then-differentiate sequences Identity checks for log laws; step normaliza-
tion

Formative self-evaluation Mixed blueprint (concept + procedure + trig/log-diff) Keyed/structural/Equiv. checks; confidence
tagging

Table 3. Hint policy, tiers, and auto-trigger thresholds (impasse detection).

Tier Content User Trigger Auto-Trigger (any)

Nudge Law/definition cue (e.g., “apply quotient
rule”; “factor ℎ before limit”)

Hint button ≥ 90 s dwell on step; 2 structural mismatches

Worked fragment One correct next step with rationale Reveal after nudge 3 incorrect attempts; oscillation between two
errors

Full solution Complete, annotated derivation Confirmed request +
reflection prompt

Not auto-triggered; gated behind reflection

primary interaction mechanic because advancement depends on successfully solving derivative-related challenges
rather than on exploration alone. Puzzle dependency structures ensure that later challenges cannot be completed
without knowledge generated in earlier stages.

Dynamics. The interaction of these mechanics produces several intended dynamics. Time pressure encourages
prioritization and communication, puzzle dependencies promote collaboration and information sharing, and progres-
sive hints balance challenge with support. Validation checkpoints provide immediate feedback and prevent teams from
progressing using incorrect solutions. These dynamics create cycles of hypothesis generation, verification, correction,
and collaborative problem solving.

Aesthetics. The intended player experiences include challenge, accomplishment, curiosity, cooperation, and im-
mersion. The narrative context of restoring a malfunctioning “Derivative Engine” provides purpose and urgency,
while room progression and code unlocking provide a sense of advancement and achievement. Rather than empha-
sizing entertainment alone, the aesthetic experience is designed to support engagement with mathematical reasoning.

The resulting gameplay loop can be summarized as: explore → interpret clues → solve mathematical challenge
→ validate solution → unlock progression → collaborate on the next puzzle. Educational objectives are embedded
directly within progression mechanics because advancement depends on demonstrating understanding of derivative
concepts. Mathematical reasoning functions simultaneously as a learning activity and as the primary game mechanic.
To clarify the serious-game structure of the proposed VLE–DER activity, Figure 3 represents the design using a
Machinations-inspired interpretation of the Mechanics–Dynamics–Aesthetics (MDA) framework. The figure shows
how designed mechanics, such as puzzles, hints, time pressure, progression, feedback, rewards, collaboration, and
narrative, generate emergent player dynamics and intended learner experiences in support of the educational goals.

3.4 Design of the In-Person Educational Escape Room
The in-person digital escape room was designed as an Educational Escape Room (EER) that complemented the scaf-
folded VLE preparation sequence. Its purpose was not to introduce new derivative concepts, but to provide a collab-
orative transfer activity in which students could apply concepts previously practised in the VLE. The design followed
a backward-design logic: learning objectives were defined first, then translated into puzzle mechanics, clues, and
progression rules. The main learning objectives were to reinforce students’ ability to: (i) interpret the derivative as a
limit, (ii) apply standard differentiation rules, (iii) identify outer and inner functions in chain-rule problems, and (iv)
use logarithmic differentiation in a multi-step task. The narrative framed students as members of a mathematical res-
cue team attempting to restart a malfunctioning “Derivative Engine” before a system shutdown (Figure 4). To restore
the engine, teams had to solve a sequence of derivative-based puzzles. Each correct solution generated a clue, code,
or mathematical artifact needed for the next stage. The narrative was intentionally lightweight so that it supported im-
mersion and urgency without distracting from mathematical reasoning. The puzzle sequence was organized into four
stages of increasing complexity. In the first stage, students reconstructed a fragmented derivative-as-limit expression
and identified the missing algebraic steps required to move from the difference quotient to the final derivative. In the
second stage, teams matched standard differentiation rules to partially completed solutions and corrected intentionally

52 International Journal of Serious Games | Volume 13, Issue 5, October 2026



3 SYSTEM OVERVIEW 3.4 Design of the In-Person Educational Escape Room

Figure 3. MDA representation of the escape room design for learning derivatives. The designed mechanics include puzzles, hint
system, time pressure, progression, validation feedback, rewards, collaboration, and narrative. The associated aesthetics include
challenge, curiosity, immersion, collaboration, accomplishment, and learning satisfaction, which are aligned with educational
goals of conceptual understanding, procedural fluency, mathematical reasoning, communication, and autonomy.

introduced errors. In the third stage, students solved chain-rule puzzles by identifying the outer and inner functions of
composite expressions and using the resulting derivatives to decode the next clue. In the final stage, teams completed
a logarithmic differentiation problem whose solution produced the final escape code. The puzzles were designed ac-
cording to three principles: alignment with learning objectives, progressive difficulty, and interdependence between
tasks. Each puzzle required mathematical reasoning rather than simple code searching, and later puzzles depended
on artifacts obtained from earlier ones. This structure encouraged students to connect conceptual and procedural
knowledge while maintaining the collaborative and time-constrained nature of an escape-room activity.

The scaffolding strategy was informed not only by common procedural errors but also by theoretical perspectives
on mathematical cognition. Activities based on first-principles derivatives were intended to strengthen connections
between concept images and formal derivative definitions, whereas later procedural tasks supported transitions from
conceptual understanding to symbolic fluency. The combination of explanations, hints, validation rules, and worked
examples was designed to help learners coordinate multiple representations and gradually move from intuitive rea-
soning toward more formal mathematical thinking.

Figure 4. Design flow of Educational Escape Room (EER) for learning derivatives. The activity uses a lightweight narrative in
which teams restore a malfunctioning “Derivative Engine” by solving four progressively connected derivative-based puzzles.
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3.5 VLE Design and Development
The virtual environment consists of three interconnected spaces (Figure 5); each designed with a distinct pedagogical
function:

1. Learning Environment (Rooms 1–3) – three interactive rooms focusing on motivation, conceptual reinforce-
ment, and procedural application.

2. Assessment Space – a structured quiz for knowledge consolidation and self-evaluation.

3. Post-Experience Evaluation Space – a reflective survey collecting student feedback on learning experience and
perceived effectiveness.

All rooms are visually linked through a consistent 3D environment and thematic cues (colors, characters, and visual
prompts). The design promotes progressive learning, starting from informal recall to increasingly complex applica-
tions.

Figure 5. Overview of the virtual interactive learning environment developed in Metasteps. The space consists of three thematic
learning rooms (motivation, conceptual reinforcement, and application), followed by the Assessment Space and Post-Experience
Evaluation Space. Each room supports scaffolded learning and integrates visual, interactive, and reflective elements.

3.5.1 Room 1 – Motivation & Concept Priming Room
The first room (Figure 6) introduces the activity and reminds university students of their semester-long creative as-
signment: to design a pedagogical meme related to a topic in Mathematics 1. The room displays humorous meme
examples on the topic of limits, featuring concepts such as indeterminate forms and the L’Hôpital’s rule. This space
aims to foster emotional engagement, creativity, and concept recall, encouraging university students to connect per-
sonal expression with mathematical reasoning. Humor acts as a cognitive anchor, reducing anxiety and establishing
a low-stakes, positive entry into the virtual experience.

Figure 6. Room 1–Introduction and Motivation: Mathematical memes on the concept of limits. Virtual room shows humorous
mathematics-relatedmemes illustrating the concept of limits and L’Hôpital’s rule. The space serves as an introductory environment
designed to motivate university students, foster creativity, and promote emotional engagement with mathematical ideas.

3.5.2 Room 2 – Concept Reinforcement: Derivatives from First Principles
The second room (Figure 7) reinforces the conceptual foundation of differentiation by focusing on the definition of
the derivative as a limit. The room features visual aids displaying the derivative formula and presents three tasks re-
quiring university students to calculate derivatives using this definition. To support autonomy, university students can
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watch an embedded video tutorial where the instructor solves the same examples step by step. A separate wall features
a fully worked-out solution, allowing learners to compare their reasoning and outcomes. This space operationalizes
Vygotskian scaffolding principles by combining guided instruction with self-directed exploration [7]. It supports zone
of proximal development learning, where university students gradually internalize expert problem-solving strategies
through mediated interaction. This room operationalizes the limit definition via guided derivations (Table 4). Each
derivation is decomposed into checkpoints that enforce algebraic invariants (difference quotient formation, rational-
ization/factoring, correct limit transition). Learners can request tiered hints; a final revealable solution is gated behind
a reflection prompt documenting the key idea they were missing.

Figure 7. Room 2, Derivatives from First Principles. The interface guides university students to compute a derivative using the
limit definition, with optional scaffolds (video hint, step-by-step derivation, and revealable worked solution). Inline checks provide
immediate feedback on algebraic steps and limit evaluation.

For a target 5 , the activity enforces the sequence:

(S1)
5 (G + ℎ) − 5 (G)

ℎ
→ (S2) algebraic simplification → (S3) lim

ℎ→0
evaluation. (1)

Validators check stepwise structure before allowing the next step.

Table 4. First-principles derivations: item catalog and validator invariants.

ID Target 5 (G ) Critical Invariants Checked Common Error Flags

F1 (G + 1)2 (i) Correct difference quotient; (ii) expand (G + ℎ + 1)2; (iii)
factor ℎ; (iv) evaluate limit

Skips factoring; cancels non-common terms

F2
√

3G (i) Multiply by conjugate; (ii) factor ℎ; (iii) domain note G > 0 Rationalize wrong side; evaluate before simplifi-
cation

F3 3G − G2 (i) Correct difference quotient; (ii) correct substitution 3(G +
ℎ) − (G + ℎ)2; (iii) expand (G + ℎ)2; (iv) factor ℎ; (v) evaluate
limit

Students incorrectly write 5 (G+ℎ) as 3G− G2+ℎ
instead of substituting G+ℎ everywhere; skipping
factoring; applying derivative rules instead of us-
ing the definition

3.5.3 Room 3 – Application & Extension Room (Procedural Fluency)
Room 3 (Figure 8) extends university students’ procedural fluency by engaging them with derivative rules and proper-
ties. A comprehensive table of derivatives (including power, exponential, logarithmic, and trigonometric functions)
is presented alongside the sum, product, quotient, and chain rules. Students solve a sequence of tasks of increasing
difficulty, beginning with straightforward rule applications and culminating in a logarithmic differentiation problem
introduced by a playful robot character. The challenge highlights that “the robot cannot compute it, but you can,” em-
phasizing human reasoning beyond algorithmic calculation. The tasks are accompanied by visual cues and friendly
character illustrations to sustain motivation. At the end, university students are encouraged to verify their answers
using ChatGPT, integrating AI-assisted reflection [10]. This fosters metacognitive awareness and bridges traditional
calculus with digital-era learning tools.

This room consolidates rule-based differentiation, emphasizes error diagnosis, and extends to compositions and
logarithmic differentiation (Table 5). Activities adopt single-step submissions with immediate CAS-backed equiva-
lence checks; rule misuse is flagged and paired with concise corrective messaging. Parse-tree visualization supports
the chain rule by rendering 5 (6(G)) with outer/inner identification.

3.5.4 Assessment Space (Formative Quiz) – Knowledge Consolidation and Self-Evaluation
The Assessment Space (Figure 9) implements a short quiz that samples both conceptual understanding and procedural
fluency. Items are auto-graded with typed validators; confidence ratings are optionally collected to enable calibration
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Figure 8. Application and Extension Room, reinforcing procedural fluency in differentiation. Tasks progress from base rules
(power, product, quotient) to chain-rule compositions and a culminating logarithmic differentiation challenge. A compact rule
table and context-sensitive hints support just-in-time recall without displacing reasoning.

Table 5. Procedural fluency task set with rule emphasis and feedback signals.

ID Prompt (Abbrev.) Primary Rule(s) Feedback Signals (Examples)

R1 3
3G

(
4cos(2G) ) Chain “Outer = 4 ( ·) , inner = cos(2G ); multiply by derivative of cos(2G )”

R2 3
3G

(
4G cos(−3G )

)
Product (+ chain) “Apply product rule; differentiate 4G and cos(−3G ) separately; include

derivative of inner −3G”
R3 3

3G

(
(1−G)3

sin G

)
Quotient (+ chain) “Use quotient rule; keep denominator squared; apply chain rule to (1 −

G )3”
R4 3

3G
(sin2 G ) Chain “Outer = square, inner = sin G; multiply by cos G”

R5 3
3G

(
(sin G )G

)
(log-diff) Logarithmic diff. “Take ln both sides; use ln 01 = 1 ln 0 before differentiating”

analysis. Immediate correctness indicators are provided, while full worked solutions remain behind an explicit reveal
to encourage self-attempt first.

Figure 9. Assessment Space, a short formative quiz designed to evaluate conceptual understanding and procedural fluency in
differentiation. Items span recognition of the derivative-as-limit, recall of elementary derivatives, and rule application (including
chain rule). Immediate correctness indicators and deferred full solutions enable self-checking and reflection.

The assessment covers five cognitive dimensions:

1. Concept recognition – identifying the derivative definition formula.

2. Recall of derivative tables – verifying knowledge of elementary derivatives.

3. Basic computation – applying differentiation to simple functions.

4. Rule integration – applying the chain rule to composite expressions (such as H = 42 tan(G ) , H = cos2 G).

5. Extension – log-differentiation variants such as H = (G2 + 1)G .
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This formative evaluation provides immediate feedback, reinforcing knowledge and supporting self-assessment
before the in-person session. The quiz follows a fixed blueprint (Table 6) to ensure coverage and comparability across
course cohorts . Item telemetry (latency, attempt count, hint use) is exported with an anonymized session identifier
to support item diagnostics (difficulty, discrimination proxies) and to inform iterative improvement.

Table 6. Formative quiz blueprint (concept + procedure + extension).

Q# Construct Prompt (Abbrev.) Type / Validator Scoring/Telemetry

Q1 Concept (definition) State derivative-as-limit at G0 Short-text / regex+keyphrase Binary; latency, lev_dist
Q2 Recall (base rules) 3

3G
(cos(G ) ) , 3

3G
(ln G ) MCQ (multi) / keyed Partial credit; choice vector

Q3 First principles Derive 5 ′ (G ) for 5 (G ) = G2 Multi-step / structural+equiv. Step scores; hint_tier
Q4 Rule application 3

3G

(
42 tan(G) ) , 3

3G
(cos2 (G ) ) Single-step / CAS equivalence Binary; rule_flag

Q5 Extension (log-diff) 3
3G

( (G2 + 1)G ) Single-step / CAS/identity Binary; attempts

Each item optionally collects a confidence rating on a 3-point scale (low/medium/high). A post-quiz panel vi-
sualizes personal calibration (e.g., over/under-confidence) and recommends targeted review. Worked solutions are
presented with why-this-step notes linking back to the relevant rules or limit laws used.

For example, for the First Principles construct, with 5 (G) = G2,

5 ′ (G) = lim
ℎ→0

(G + ℎ)2 − G2

ℎ
= lim

ℎ→0

G2 + 2Gℎ + ℎ2 − G2

ℎ
= lim

ℎ→0

2Gℎ + ℎ2

ℎ
= lim

ℎ→0
(2G + ℎ) = 2G. (2)

For example, for the Rule Application construct, with 5 (G) = 42 tan(G ) ,

3

3G

(
42 tan(G )

)
= 42 tan(G ) · 2 · 1

cos2 G
(chain rule, outer = 4 ( ·) , inner = 2 tan(G)). (3)

For a log-differentiation variant, with H = (G2 + 1)G ,

ln H = G ln(G2 + 1) ⇒ H′

H
= ln(G2 + 1) + G · 2G

G2 + 1
, H′ = (G2 + 1)G

[
ln(G2 + 1) + 2G2

G2 + 1

]
. (4)

3.6 Content Design for Calculus: Limits and Derivatives
The content sequence is engineered to fuse conceptual anchoring (derivative-as-limit) with procedural fluency (rules,
compositions, logarithmic differentiation), while minimizing extraneous cognitive load (Table 7). Each activity spec-
ifies (i) a learning objective, (ii) an expected representation (symbolic, graphical, or mixed), (iii) validator invariants
(structural and equivalence checks), and (iv) a tiered-hint policy with explicit reveal conditions. Conceptual tasks
favor multiple representations, e.g., connecting the secant-to-tangent limiting process with symbolic limit evaluation,
whereas procedural tasks emphasize rule selection diagnostics, parse-tree reasoning for compositions, and identity
management for logarithmic differentiation. Worked solutions are embedded but gated behind reflection prompts to
preserve desirable difficulty; when revealed, they highlight why each step is valid and reference the governing law
(limit law, product rule, chain rule, log identities).

Table 7. Content blocks and intended learning outcomes with representation and validator focus.

Content Block Learning Outcomes Primary
Representa-
tion

Validator Focus

Derivative as a Limit Define 5 ′ (G0 ) via difference quotient; interpret
instantaneous rate of change

Symbolic +
graphical

Regex+keyphrase; distractor-
specific MCQ feedback

First-Principles Derivations Execute 5 ′ (G ) by limit definition (e.g., G2,
√

3G
)

Symbolic,
stepwise

Structural invariants, limit-law gat-
ing; final equivalence

Rule Application Apply power, product, quotient rules to single ex-
pressions

Symbolic CAS-backed equivalence; rule mis-
use flags

Chain Rule (Compositions) Identify outer/inner; reconstruct derivative of
5 (6 (G ) )

Symbolic +
parse tree

Tree pattern checks; depth-sensitive
feedback

Logarithmic Differentiation Transform products/powers to sums; differentiate
& back-transform

Symbolic,
multi-step

Identity checks (log laws); step nor-
malization

3.6.1 Task Design: Progression, Difficulty, and Hints
Tasks progress along a calibrated path that increases structural complexity while keeping step granularity stable (Table
8). We parameterize difficulty by (a) algebraic load (number of valid transformations before the limit resolves), (b)
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structural depth (nesting for compositions), and (c) identity load (number/type of identities required, e.g., ln(01) =
1 ln 0). Hint tiers (nudge → worked fragment → full solution) are rate-limited by impasse detectors (dwell time,
repeated structural mismatches). The target is to sustain productive struggle without tipping into frustration.

Table 8. Progression and difficulty calibration for core tasks with hint policy.

Task Family (Example) Algebraic
Load

Structural
Depth

Identity Load Hint Policy (Triggers)

First Principles: 5 (G ) =

G2
Low Shallow None Nudge @ 90 s; worked fragment after 2 wrong structures; full

solution gated by reflection
First Principles: 5 (G ) =√

3G
Medium Shallow Conjugate Nudge on missing conjugate; worked fragment shows rational-

ization step
First Principles: 3G − G2 Medium Shallow None Nudge on incorrect 5 (G + ℎ) substitution (e.g., 3G − G2 + ℎ);

fragment shows 3(G + ℎ) − (G + ℎ)2 and factoring ℎ

Rules+chain:
4G cos(−3G )

Low Shallow None Rule table tooltip on product misuse; fragment shows D′E+DE′

Rules+chain: (1−G)3
sin G

Medium Shallow None Nudge on quotient rule structure; misuse flag if only numerator
diff’d

Chain: sin2 (G ) Medium Moderate None Parse tree overlay; nudge to mark outer/inner; fragment shows
2 sin G cos G

Log-Diff: (sin G )G High Moderate Log laws Nudge: “take ln”; fragment: ln H = G ln(sin G ); identity-check
on ln 01

Early tasks minimize identity load to foreground the limit structure (difference quotient, factoring/rationalization).
Next tasks add composition depth. Supports fade in two ways: (i) hints escalate more slowly and require a reflection
note before full-solution reveal; (ii) validator messaging transitions from prescriptive (“factor ℎ before taking the
limit”) to diagnostic (“denominator not squared, check quotient rule”).

3.6.2 Worked Solutions, and Common Misconceptions
Worked examples are provided for transparency and error recovery, but are revealed only after a reflection prompt
that asks the learner to articulate the missing idea. Each solution marks the governing rule/identity at the right margin
and highlights invariants checked by the validator at each step.

Worked examples are aligned 1:1 with checkpoint tasks and escalate in identity complexity. Each includes (i)
a template (e.g., product rule schema), (ii) a counterexample displaying a common error, and (iii) a minimal fix
highlighting the precise repair. This trio supports near transfer during the Assessment Space while avoiding over-
scaffolding.

Each misconception in Table 9 maps to at least one quiz item with distractor logic keyed to that misconception.
Post-quiz feedback links back to the specific example panel, completing the loop between instruction, diagnosis, and
targeted review.

Table 9. Common misconceptions, validator flags, and corrective feedback.

Misconception Corrective Feedback (Hint Tier)

Cancelling non-common terms in (G+ℎ)2−G2
ℎ

“Expand, then factor the common ℎ before the limit.” (nudge)
Taking ℎ → 0 before removing indeterminate form “Simplify to remove 0/0 using factoring or conjugates.” (nudge)
Quotient rule without squaring denominator “Check quotient rule template; denominator is squared.” (nudge)
Misusing ln(01 ) as ln 01 = 1 ln 0 with wrong grouping “Apply ln(01 ) = 1 ln 0; keep 0 grouped before differentiating.” (worked frag-

ment)
Confusing average vs instantaneous rate MCQ rationale explains secant-to-tangent limit and local linearity (explanation

card)

4. Study Design and Methodology

4.1 Participants and Context
The study was conducted with first-year undergraduate university students enrolled in a compulsory calculus module
(Mathematics 1) at Kaunas University of Technology (Lithuania) (cohort: #=48). The virtual learning environ-
ment (VLE) implemented in Metasteps was integrated as a required flipped preparation activity, while the subse-
quent in-person session employed a digital escape-room (DER) format focused on collaborative problem solving with
derivatives. Recruitment occurred during the first month of the semester; informed consent was obtained prior to
data collection. To preserve anonymity, all VLE telemetry, quiz responses, and questionnaire data were linked to a
pseudonymous session identifier. Completion of the VLE contributed a small participation mark but did not affect
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summative course grades; similarly, the DER and questionnaire were treated as low-stakes learning activities. The
study timeline is summarized in Figure 10.

Figure 10. Study timeline. T₀: Consent and baseline demographics; T₁: VLE completion (Motivation & Priming → First
Principles → Procedural Fluency) with embedded formative quiz; T₂: In-person DER session; T₃: Immediate post-survey (per-
ceptions/engagement) and optional reflections.

4.2 Study Protocol (Flipped Preparation + In-Person Session)
The protocol (Table 10) comprised two phases: (i) asynchronous flipped preparation in the VLE (Metasteps) and (ii)
a subsequent on-campus session emphasizing collaborative transfer. Learners complete a scaffolded sequence culmi-
nating in a short formative quiz. Telemetry logs include event type (submit, step_submit, hint_show, reflect),
correctness, latency, and hint tier used. Worked solutions are gated behind a mandatory reflection prompt to dis-
courage answer-first behavior. Students solve multi-step derivative challenges. Artifacts (scratch work, intermediate
answers) are not graded but are discussed in a closing debrief to reinforce conceptual anchors (derivative-as-limit)
and rule-based fluency. Immediately after the DER, participants complete a perception/engagement questionnaire
(four-point Likert scale). A short free-text reflection prompts university students to summarize a key misconception
they corrected.

Table 10. Protocol logistics and data capture by phase.

Phase Activity Data Captured Duration

T₀ Consent & demographics Enrollment, prior calculus exposure 10–15 min
T₁ VLE (flipped) Item-level telemetry (correctness, latency, hints), formative quiz responses 45–70 min
T₂ DER (in-person) Team artifacts (optional), facilitator notes (non-identifying) 60–75 min
T₃ Post-survey & reflection Likert items, free-text reflection 10–12 min

4.3 Instruments
Outcomes are measured using (i) a blueprint-driven formative quiz aligned to learning objectives and (ii) a percep-
tion/engagement survey with theory-informed subscales. Scoring and equivalence checks are automated; reliability
and validity checks are planned as part of the analysis.

4.3.1 Formative Quiz
The quiz samples (Table 11) both conceptual understanding (derivative-as-limit) and procedural fluency (rules, com-
positions, logarithmic differentiation). Items are auto-graded using a validator pipeline: normalize→ structural_check
→ equivalence_check. For algebraic equivalence, expressions are reduced to a normal form via a computer-algebra
back-end; stepwise derivations must satisfy structural invariants (e.g., factoring of G prior to limit evaluation).

Internal consistency for procedural items is estimated via a congeneric model (McDonald’sl) in addition to Cron-
bach’s U; item difficulty is approximated by ?-values and time-on-task. We conducted an exploratory two-parameter
IRT fit (discrimination, difficulty) where sample size permits. Face/content validity is supported by blueprint mapping
to learning outcomes (Table 11).

4.3.2 Questionnaire
The post-DER questionnaire was designed as a short, context-specific perception instrument rather than a full stan-
dardized motivation scale. Although established instruments such as the Intrinsic Motivation Inventory (IMI) provide
validated subscales for constructs including interest/enjoyment and perceived competence, the present pilot study fo-
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Table 11. Formative quiz: constructs, exemplar prompts, scoring, and validator focus.

Construct (LO) Exemplar Prompt (Abbrev.) Scoring Validator Focus

Concept: derivative-as-limit State 5 ′ (G0 ) using a limit Binary; partial for
keyphrases

Regex + keyphrase set; Levenshtein tolerance

Recall: base derivatives 3
3G

(cos G ) , 3
3G

(ln G ) Multi-select partial
credit

Keyed options; distractor rationales

First principles (worked) Derive 5 ′ (G ) for 5 (G ) = G2 Step-level points Structural invariants (difference quotient,
factor ℎ), final equivalence

Rule application 3
3G

(
42 tan(G) ) , 3

3G
(cos2 (G ) ) Binary CAS normal form; rule-misuse flag (product

vs chain)
Extension: trig/log-diff 3

3G
( (G2 + 1)G ) Binary Identity checks; transform-then-differentiate

sequence

cused primarily on feasibility, usability, and immediate perceptions of a specific derivative-focused VLE–DER ac-
tivity. Therefore, we used a concise set of self-devised items adapted to the learning context, the collaborative DER
format, and the limited post-session response time. The itemswere intended to capture immediate perceptions of inter-
est/enjoyment, perceived competence, relatedness/teamwork, perceived educational value, and recognition/extrinsic
orientation after the escape-room activity. A survey was conducted with participants after the DER experience, using
a four-point Likert scale and questions presented in Table 12.

Table 12. Questionnaire about the DER session in the VLE

No. Question
Q1 I would describe this escape room as very interesting.
Q2 Playing the escape room was an interesting way to learn.
Q3 Playing the escape room was a boring activity.*
Q4 Playing the escape room was fun.
Q5 Playing the escape room was quite enjoyable.
Q6 I play well in the escape room compared to other university students.
Q7 I was quite good at playing the escape room.
Q8 I was unable to play the escape room well.*
Q9 I would be willing to play the escape room again because it was valuable to me.
Q10 I believed I learnt about the topic while I was playing the escape room.
Q11 I believed playing the escape room was beneficial to me.
Q12 I felt close with my peers while playing the escape room.
Q13 I did not feel like I could really trust my peers in playing the escape room.*
Q14 I like to play the escape roomwith my peers because we could achieve something together.
Q15 Playing the escape room provided more chances to interact with my peers.
Q16 Playing the escape room helped me to improve my grade.
Q17 I want others to know that I am a good student if I play the escape room well.
Q18 I want to play this escape room well so that my effort will be recognized by my classmates.

Items were grouped a priori into five subscales (Table 13) informed by theory and content review: Interest/Enjoy-
ment, Perceived Competence, Relatedness/Teamwork, Perceived Educational Value, and Recognition/Extrinsic Ori-
entation. The post-experience instrument uses a four-point Likert scale (1=Strongly disagree, 4=Strongly agree) and
includes negatively worded items to mitigate acquiescence bias. Negatively worded items (Q3, Q8, Q13) are reverse
coded as G′ = 5− G for G ∈ {1, 2, 3, 4}. For each subscale, we compute the mean (higher scores indicate greater align-
ment with the target construct), standard deviation, and Cronbach’s U; U ≥ .70 is treated as acceptable for exploratory
use. Where appropriate, we report McDonald’s l to corroborate internal consistency. Calibration is examined by
binning self-rated competence (low/medium/high) and comparing mean quiz scores across bins with 95% confidence
intervals.

Table 13. Subscale composition and scoring rules for the DER questionnaire.

Subscale Items Reverse-Coded Score (Range)

Interest / Enjoyment Q1, Q2, Q3*, Q4, Q5 Q3 Mean of items
Perceived Competence Q6, Q7, Q8* Q8 Mean of items
Relatedness / Teamwork Q12, Q13*, Q14, Q15 Q13 Mean of items
Perceived Educational Value Q9, Q10, Q11, Q16 None Mean of items
Recognition / Extrinsic Orientation Q17, Q18 None Mean of items

The instrument was administered immediately after the in-person DER experience via a web form embedded in
the VLE. Item order was fixed for comparability across cohorts. Responses were anonymized at collection; telemetry
linkage to task performance used a pseudonymous session identifier to enable calibration analyses without storing
personally identifying information. Missing responses were rare; if present, subscale means were computed with
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pairwise deletion provided at least half the subscale items were answered.
Primary outcomes include subscale means and 95% confidence intervals (CIs), internal consistency (U, l), and

correlations between Perceived Competence and objective indicators (e.g., quiz score, number of hints, time-on-
task). We further examine calibration by binning self-rated competence (low/medium/high) and plotting average quiz
performance per bin.

5. Results
We report outcomes for both the flipped virtual learning environment (VLE) and the subsequent in-person digital es-
cape room (DER), focusing on (i) completion and engagement in the VLE, (ii) perceived understanding, competence,
and social experience in the DER, and (iii) formative quiz performance at both aggregate and item levels. Unless
stated otherwise, descriptive values are reported as mean (SD) with 95% confidence intervals (CIs) computed via
normal approximation; proportions include Wilson CIs.

5.1 Completion and Engagement Metrics
Figure 11 presents a diverging stacked Likert chart summarizing participant responses to items Q1 through Q18 on
a 4-point agreement scale. To aid interpretability, responses to reverse-coded items (Q3, Q8, Q13) were recoded so
that all rightward bars indicate more favorable perceptions. The chart centers responses at the boundary between
”Disagree” and ”Agree,” visually emphasizing attitudinal polarity. Notably, items such as Q5 and Q12 show strong
agreement, suggesting a high level of endorsement for the corresponding statements. In contrast, items like Q3 and
Q16 reveal a relatively higher proportion of disagreement, indicating areas of potential concern or misunderstanding.
This visualization provides a clear, comparative view of perception distributions across the instrument, highlighting
both strengths and possible targets for instructional refinement.

Figure 11. Visualization of item responses (Q1–Q18) to the DER questionnaire. Bars show the percentage distribution across
the four categories (1–4), centered at the neutral boundary between Disagree and Agree. Reverse-coded items (Q3, Q8, Q13) are
plotted after recoding so that rightward bars always indicate more favorable perceptions.

Overall completion of the flipped VLE was high (Table 14, Figure 12): 94% (45/48; 95% CI [83, 98]%). The
median time-on-VLE was 56 min (IQR: 47–64), with 62% of university students using at least one hint (median 3
hints among users; IQR: 2–5). AI-assisted reflection was used by 68% of university students (at least once); among
users, the median number of reflection prompts was 2. The proportion of learners who accessed at least one full
solution and those who completed the VLE without requesting any full solution provides insight into the extent to
which learners engaged in independent problem solving and productive struggle, thereby enabling a more accurate
interpretation of the educational value of the scaffolded learning experience.

5.2 Perceived Understanding and Confidence
Post-experience ratings on a four-point Likert scale indicated positive subjective evaluations of the VLE across all
considered subscales(Table 15, Figure 13). Interest/Enjoyment and Perceived Educational Value exhibited the high-
est means, while Perceived Competence and Relatedness/Teamwork were also above indifference levels on average.
Internal consistency was acceptable to good (U ≥ .72). As the questionnaire used context-specific items rather than
a full established instrument such as the Intrinsic Motivation Inventory [54], these results should be interpreted as
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Table 14. Completion and engagement metrics for the flipped VLE phase.

Metric Value with 95% CI / IQR

Completion rate (completed all rooms) 94% (45/48) [83%, 98%]
Session duration (minutes), median 56 IQR: 47–64
Activities completed per learner 18.9 (SD = 3.1) [18.0, 19.8]
Any hint usage (at least one hint) 62% (30/48) [47%, 75%]
Hints per hint-user, median 3 IQR: 2–5
Any AI reflection usage 68% (33/48) [53%, 80%]
Reflections per AI-user, median 2 IQR: 1–3
Submission attempts per item 1.6 (SD = 0.5) [1.5, 1.8]

Full-solution reveal usage (at least once)
29% (14/48) [18%, 43%]

Completed without any full-solution reveal
71% (34/48) [57%, 82%]

Figure 12. Engagement distributions. Left: session duration density with median (solid) and IQR (shaded). Center: per-learner
histogram of total hints used. Right: cumulative completion funnel across rooms (Motivation & Priming → First Principles →
Procedural Fluency → Quiz).

immediate learner perceptions of the DER experience rather than validated measures of intrinsic motivation.

Table 15. Perception subscales: descriptive statistics and exploratory internal consistency estimates (4-point Likert).

Subscale Mean SD " 8

Interest / Enjoyment 3.45 0.52 0.83 0.84
Perceived Competence 3.18 0.58 0.78 0.79
Relatedness / Teamwork 3.36 0.55 0.80 0.81
Perceived Educational Value 3.42 0.49 0.82 0.83
Recognition / Extrinsic Orientation 2.88 0.70 0.72 0.73

Calibration analysis showed that self-reported competence bins (low/medium/high) tracked average quiz scores
monotonically; however, a modest overconfidence bias was observed in the medium bin (mean self-rating exceeded
performance by ≈0.2 points on the 4-point scale).

5.3 Quiz Performance (Item-Level and Aggregate)
Aggregate quiz performance was 4.1 ± 0.8 out of 5. Item-level statistics (Table 16, there was a satisfactory difficulty
spread (?-values 0.58–0.83) and positive discrimination (point-biserial correlations 0.31–0.52). Latency was longest
for the first-principles derivation (Q3), consistent with its multi-step structure and validator gating.

Table 16. Item-level statistics for the formative quiz (N=48). pbis = point-biserial discrimination; latency in seconds.

Item Construct ? pbis Latency Hint Use

Q1 Concept: derivative-as-limit 0.83 0.38 38 (SD = 19) 8%
Q2 Recall: base derivatives 0.79 0.31 44 (SD = 21) 10%
Q3 First principles (G2) 0.71 0.52 126 (SD = 48) 35%
Q4 Chain rule cos2 (G ) 0.65 0.45 72 (SD = 29) 24%
Q5 Extension (trig/ log-diff) 0.58 0.41 81 (SD = 34) 29%
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Figure 13. Perceptions and calibration. Left: diverging stacked Likert chart (items Q1–Q18, reverse-coded items recoded so
rightward indicates more favorable). Right: competence calibration: quiz score by self-rated competence bin (low/medium/high)
with error bars.

Across learners, total hints used exhibited a small negative correlation with total quiz score (A = −0.26, 95% CI
[−0.51, −0.01]), consistent with hints being concentrated where difficulty was higher. Time-on-VLE showed a weak
positive correlation with score (A = 0.19, 95% CI [−0.10, 0.45]). Learners who used AI-assisted reflections (at least
once) had marginally higher scores (3 = 0.36), though this difference was not statistically conclusive at U = 0.05.

Validator flags corroborated the misconception catalog: the most frequent structural error in Q3 was failure to
factor the common ℎ before limit evaluation; in Q4, a subset applied the product rule to a composition; in Q5 (log-
differentiation variant), misuse of ln(01) appeared in 21% of incorrect attempts. Post-quiz feedback linked each error
to a specific worked-example panel, enabling targeted review.

Internal consistency of the procedural subset (Q2, Q4, Q5) yielded l = 0.76 (95% CI [0.62, 0.86]). Omitting Q3
(multi-step) from the aggregate score did not alter the qualitative pattern of associations with engagement measures.
Sensitivity analyses using nonparametric correlations (Spearman’s d) produced similar magnitudes and inferences.

6. Discussion and Conclusions
study was guided by three research questions. First, we asked how a scaffolded virtual learning environment can be
designed to help first-year undergraduate students connect the derivative-as-limit concept with rule-based differen-
tiation fluency. Second, we asked how responsible AI-assisted reflection can be embedded in mathematics learning
in a way that supports metacognition rather than answer substitution. Third, we asked what feasibility, engagement,
perception, and formative performance patterns emerge when such a VLE is used as flipped preparation for an in-
person digital escape room activity. The findings provide initial answers to these questions by showing that a staged
sequence moving from conceptual priming to first-principles derivations, procedural rule application, logarithmic
differentiation, formative quiz tasks, and collaborative DER problem solving can be implemented with high comple-
tion, sustained engagement, positive perceptions, and interpretable diagnostic error patterns. The results also indicate
that the proposed approach is feasible to implement and is associated with positive learner engagement, perceived
competence, and perceived educational value.

The main advancement over the state of the art is not merely the use of a virtual environment, gamification, or an
escape room, but the explicit instructional orchestration of these elements into a reproducible calculus-learningmodel.
Previous VLE and DER studies often emphasize immersion, engagement, or general motivation, while providing
limited detail on the micro-level instructional mechanics that connect interaction design to conceptual change. In
contrast, the present study specifies how learning objectives are mapped to rooms, task types, validator checks, hint
tiers, worked-solution reveal conditions, telemetry events, misconception flags, and post-task reflection. This makes
the proposed VLE–DER model transferable and inspectable, especially for instructors seeking to teach derivatives
through a structured combination of conceptual anchoring and procedural fluency.

The second advancement concerns the integration of AI-assisted reflection into a mathematics learning sequence.
Rather than treating large language models as unrestricted answer generators, the revised design positions AI as a
reflective support tool for explanation, verification, and metacognitive monitoring. This is operationalized through
explicit responsible-use prompts, reflection checkpoints, and worked-solution gates that require learners to articulate
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what they did not understand before viewing complete solutions. In this way, AI support is aligned with autonomy
and competence while preserving the learner’s own mathematical effort.

The flipped VLE achieved high completion with sustained engagement at conceptual checkpoints. Students re-
ported strong interest, perceived educational value, and solid perceived competence; calibration analyses aligned
self-ratings and performance. The formative quiz exhibited reasonable item difficulty spread and discriminative ca-
pacity, with error patterns that matched anticipated misconceptions and were addressed via targeted feedback loops.

A limitation of this pilot study is that the post-DER questionnaire used short, context-specific items rather than
a validated instrument such as the Intrinsic Motivation Inventory. Thus, the subscale scores can be interpreted as
exploratory perception indicators, and future studies should use validated motivation scales. The pilot evidence can
be interpreted as feasibility and design evidence rather than causal proof of learning gains. The high completion
rate, frequent use of hints, use of AI-assisted reflection, positive DER perception scores, and item-level quiz patterns
suggest that the environment was usable, engaging, and diagnostically informative. However, because the study did
not include a control group or pre–post performance measures, it cannot establish that the VLE or DER caused im-
provements in conceptual understanding or procedural fluency. Future work could compare the proposed VLE–DER
model with traditional flipped instruction, non-gamified VLE preparation, and DER-only formats using controlled
pre–post designs, delayed retention tests, and larger multi-cohort samples.
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