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Abstract

The proliferation of digital learning environments has fundamentally
transformed educational design paradigms, necessitating innovative
assessment frameworks that capture the multidimensional nature of chil-
dren’s cognitive-behavioral engagement patterns. This study introduces
the Interactive Design Assessment Framework (IDAF), a novel composite
measurement system that evaluates the effectiveness of digital learning
interface designs through comprehensive analysis of user interaction pat-
terns, cognitive load distribution, and behavioral engagement metrics.
Building upon design innovation principles and human-computer inter-
action theories, IDAF integrates four core design evaluation domains:
interface accessibility design, interaction frequency patterns, content
design effectiveness, and collaborative engagement facilitation. Through
rigorous psychometric validation involving 184 children aged 6-16 years
across diverse learning contexts, this research demonstrates that IDAF
serves as a robust predictor of cognitive performance outcomes in digital
learning environments. The framework revealed significant correlations
between optimized interface design elements and enhanced cognitive
function scores, with particular emphasis on attention regulation (r =
0.67, p < 0.001), working memory efficiency (r = 0.58, p < 0.001),
and executive function development (r = 0.52, p < 0.01). Furthermore,
the study identified critical design factors including visual hierarchy
optimization, interaction affordance clarity, and adaptive feedback mech-
anisms as primary determinants of learning effectiveness. These findings
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contribute to the advancement of evidence-based design methodologies
in educational technology, providing designers and educators with empir-
ically validated tools for creating cognitively supportive digital learn-
ing environments that promote optimal child development outcomes.

Keywords: Interactive design assessment, Digital learning environments,
Cognitive-behavioral engagement, Human-computer interaction, Educational
technology design, Design innovation methodology

1 Introduction

The contemporary landscape of educational technology design presents
unprecedented challenges and opportunities for creating effective digital learn-
ing environments that support optimal cognitive development in children.
As digital interfaces increasingly mediate educational experiences, the need
for comprehensive assessment frameworks that evaluate design effective-
ness from both cognitive and behavioral perspectives has become critically
important[1]. Traditional approaches to educational technology evaluation
have predominantly focused on learning outcomes and user satisfaction met-
rics, often overlooking the fundamental design principles that govern effective
human-computer interaction in learning contexts[2]. The emergence of design
innovation methodologies in educational technology has highlighted the neces-
sity for evidence-based assessment tools that can systematically evaluate
the multidimensional aspects of digital learning interface design. Contempo-
rary research in human-computer interaction and cognitive psychology has
demonstrated that the design characteristics of digital learning environments
significantly influence children’s cognitive processing patterns, attention reg-
ulation mechanisms, and overall learning effectiveness[3]. However, existing
evaluation frameworks largely lack the theoretical grounding and empirical
validation necessary to provide actionable insights for design optimization in
educational contexts. This research addresses a critical gap in the field of edu-
cational design innovation by introducing the Interactive Design Assessment
Framework (IDAF), a comprehensive evaluation system specifically devel-
oped to assess the effectiveness of digital learning interface designs through
systematic analysis of children’s cognitive-behavioral engagement patterns.
The framework represents a paradigm shift from traditional usability testing
approaches toward a more holistic understanding of how design elements influ-
ence cognitive development and learning outcomes in digital environments.
The primary objective of this study is to establish and validate a robust
measurement framework that enables designers, educators, and researchers
to systematically evaluate and optimize digital learning environments based
on empirically validated design principles. Through the integration of cogni-
tive psychology theories, human- computer interaction principles, and design
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innovation methodologies, IDAF provides a theoretically grounded and prac-
tically applicable tool for advancing the field of educational technology design.
The significance of this research extends beyond the development of a mea-
surement instrument to encompass broader implications for design practice,
educational policy, and child development research. By providing empirical evi-
dence for the relationship between specific design characteristics and cognitive
outcomes, this study contributes to the establishment of evidence-based design
guidelines that can inform the creation of more effective and developmentally
appropriate digital learning environments.

2 Related Work

2.1 Digital Learning Environment Design Evaluation

The evaluation of digital learning environments has evolved significantly over
the past two decades, with researchers developing various approaches to
assess the effectiveness of educational technology interfaces. Early studies in
this domain primarily focused on traditional usability metrics, including task
completion rates, error frequencies, and user satisfaction scores[4]. Nielsen’s
heuristic evaluation principles provided foundational guidelines for interface
assessment, emphasizing consistency, error prevention, and user control[5].
However, these approaches were originally developed for general software
applications and may not adequately capture the unique cognitive and devel-
opmental considerations relevant to children’s learning environments. Recent
advances in educational technology research have highlighted the impor-
tance of cognitive load theory in designing effective digital learning interfaces.
Sweller and colleagues demonstrated that the design of instructional materials
significantly influences learners’ cognitive processing capacity, with implica-
tions for learning effectiveness and retention[6]. Building upon this foundation,
researchers have developed specialized evaluation frameworks that incorporate
cognitive load assessment into interface design evaluation. The Cognitive Load
Assessment in Multimedia Learning (CLAML) framework proposed by Paas
and Van Merriénboer provides systematic methods for measuring intrinsic,
extraneous, and germane cognitive load in digital learning contexts[7].

2.2 Human-Computer Interaction in Educational
Contexts

The field of human-computer interaction (HCI) has contributed substantial
theoretical and methodological foundations for understanding how children
interact with digital learning environments. Druin’s research on children as
design partners established important principles for involving young users
in the design process, emphasizing the need for age-appropriate interaction
paradigms and interface metaphors[8]. Subsequent studies have explored the
relationship between interface design characteristics and children’s cognitive
development, revealing significant associations between visual design elements
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and attention regulation patterns[9]. Touch-based interaction research has
become increasingly relevant as tablets and smartphones have become preva-
lent in educational settings. Hiniker and colleagues conducted extensive studies
on children’s touch interaction patterns, identifying design principles that
support effective learning while minimizing cognitive distraction[10]. Their
findings suggest that interface elements such as button size, spacing, and visual
feedback significantly influence children’s ability to maintain focus and engage
effectively with learning content.

2.3 Assessment Frameworks for Educational Technology

Several assessment frameworks have been developed specifically for evaluating
educational technology effectiveness, each with distinct theoretical orientations
and methodological approaches. The Technology Acceptance Model (TAM)
adapted for educational contexts provides insights into factors that influ-
ence teachers’ and students’ adoption of digital learning tools[11]. However,
TAM primarily focuses on acceptance and usage intentions rather than the
underlying design characteristics that promote effective learning outcomes.

The SAMR (Substitution, Augmentation, Modification, Redefinition)
model proposed by Puentedura offers a framework for evaluating the transfor-
mative potential of educational technology implementations[12]. While SAMR
provides valuable insights into the pedagogical integration of technology, it
does not address the specific design elements that contribute to cognitive
and behavioral outcomes in digital learning environments. More recently,
researchers have developed specialized frameworks that integrate cognitive
psychology principles with design evaluation methodologies. The Cognitive-
Affective Model of E-Learning (CAMEL) proposed by Moreno and Mayer
provides a theoretical foundation for understanding how multimedia design
elements influence learning processes[13]. However, existing frameworks often
lack comprehensive validation studies that demonstrate their effectiveness
across diverse populations and learning contexts.

2.4 Limitations of Current Approaches

Despite significant advances in educational technology evaluation, several crit-
ical limitations persist in current assessment approaches. First, most existing
frameworks focus primarily on learning outcomes rather than the underlying
design characteristics that contribute to those outcomes. This limitation makes
it difficult for designers to identify specific interface elements that require opti-
mization or modification. Second, many evaluation frameworks lack sufficient
theoretical grounding in cognitive development and human-computer interac-
tion principles. This theoretical gap limits the ability to predict how design
modifications will influence cognitive and behavioral outcomes in different
populations or contexts. Third, existing assessment tools often fail to capture
the multidimensional nature of children’s engagement with digital learning
environments. Traditional metrics such as time-on-task and completion rates
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provide limited insights into the quality of cognitive engagement or the effec-
tiveness of specific design elements in supporting learning processes. Finally,
most current frameworks lack comprehensive psychometric validation, making
it difficult to establish their reliability and validity across different populations
and contexts. This limitation undermines confidence in assessment results and
limits the generalizability of findings to broader design practice.

2.5 Research Gap and Innovation

The present study addresses these limitations by developing a comprehensive
assessment framework that integrates cognitive psychology theories, human-
computer interaction principles, and design innovation methodologies. Unlike
existing approaches, IDAF provides systematic methods for evaluating spe-
cific design characteristics and their relationships to cognitive and behavioral
outcomes in digital learning environments. The framework’s theoretical foun-
dation in cognitive development and design innovation principles enables
more precise identification of design elements that support optimal learning
outcomes while providing actionable insights for design optimization.

3 Methodoogy and System Design

3.1 Theoretical Framework Development

The Interactive Design Assessment Framework (IDAF) was developed based
on a comprehensive integration of cognitive psychology theories, human-
computer interaction principles, and design innovation methodologies. The
theoretical foundation draws primarily from three core theoretical domains:
Cognitive Load Theory (CLT), Activity Theory, and Design Thinking method-
ology. Cognitive Load Theory provides the foundational understanding of how
interface design elements influence cognitive processing capacity in learning
environments. According to CLT, effective learning occurs when instructional
design minimizes extraneous cognitive load while optimizing intrinsic and
germane cognitive load[14]. IDAF operationalizes these principles through sys-
tematic assessment of interface elements that contribute to cognitive load
distribution, including visual complexity, information hierarchy, and interac-
tion affordance clarity. Activity Theory contributes to IDAF’s understanding
of how children’s goal-directed activities are mediated by digital interface
design. The theory’s emphasis on the relationship between tools, subjects, and
objects provides a framework for analyzing how design characteristics support
or hinder learning activities[15]. IDAF incorporates Activity Theory principles
through assessment of tool-mediated interaction patterns and the alignment
between interface affordances and learning objectives.

Design Thinking methodology informs IDAF’s approach to systematic
design evaluation and optimization. The framework adopts design think-
ing’s iterative, user- centered approach to assessment, emphasizing empathy,
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ideation, and testing phases in the evaluation process[16]. This methodolog-
ical orientation ensures that IDAF assessments generate actionable insights
for design improvement rather than merely documenting current performance
levels.

3.2 Framework Architecture and Components

IDAF consists of four primary assessment domains, each addressing dis-
tinct aspects of digital learning interface design effectiveness. These domains
were identified through extensive literature review, expert consultation, and
pilot testing with educational technology designers and child development
specialists.

3.2.1 Interface Accessibility Design Domain

The Interface Accessibility Design domain evaluates the extent to which digital
learning interfaces accommodate diverse cognitive abilities and developmental
stages. This domain incorporates assessment criteria derived from universal
design principles and cognitive accessibility guidelines. Key evaluation compo-
nents include visual hierarchy effectiveness, text readability optimization, color
contrast adequacy, and navigation structure clarity. The assessment method-
ology for this domain employs both automated analysis tools and expert
evaluation protocols. Automated tools analyze quantitative metrics such as
color contrast ratios, text-to-background ratios, and navigation depth com-
plexity. Expert evaluation protocols involve systematic review by certified
accessibility specialists using standardized checklists derived from WCAG 2.1
guidelines adapted for educational contexts.

3.2.2 Interaction Frequency Patterns Domain

The Interaction Frequency Patterns domain focuses on analyzing the tempo-
ral and spatial characteristics of children’s interactions with digital learning
interfaces. This domain recognizes that optimal learning occurs within spe-
cific ranges of interaction frequency and complexity that align with cognitive
development stages and attention regulation capabilities.

Assessment within this domain utilizes advanced interaction logging and
analysis techniques to capture detailed patterns of user behavior. The method-
ology incorporates machine learning algorithms to identify optimal interaction
patterns associated with positive learning outcomes. Key metrics include
interaction density, session duration patterns, task switching frequency, and
engagement sustainability indicators.

3.2.3 Content Design Effectiveness Domain

The Content Design Effectiveness domain evaluates how well interface design
elements support comprehension, retention, and application of learning con-
tent. This domain draws heavily from multimedia learning theory and cog-
nitive psychology research on information processing and memory formation.
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Assessment methodologies within this domain combine quantitative content
analysis with cognitive load measurement techniques. Eye-tracking technology
is employed to analyze visual attention patterns and identify design elements
that effectively guide cognitive processing. Additionally, the domain incorpo-
rates assessment of content organization, multimedia integration effectiveness,
and feedback mechanism design quality.

3.2.4 Collaborative Engagement Facilitation Domain

The Collaborative Engagement Facilitation domain addresses the extent to
which interface design supports social learning processes and collaborative
knowledge construction. This domain recognizes the importance of social
interaction in children’s cognitive development and learning effectiveness.
Assessment within this domain employs social network analysis techniques
to evaluate communication patterns and collaborative behavior facilitated by
interface design. Key evaluation criteria include communication tool effec-
tiveness, shared workspace design quality, and social presence indicators.
The methodology incorporates both quantitative interaction analysis and
qualitative assessment of collaborative learning outcomes.

3.3 Measurement Instrument Development

The IDAF measurement instrument consists of 24 assessment items dis-
tributed across the four primary domains. Item development followed rigorous
psychometric principles, including content validity assessment, construct valid-
ity evaluation, and reliability testing. Each assessment item employs a
standardized scoring protocol that generates quantitative metrics suitable
for statistical analysis and comparison across different interface designs. The
scoring system utilizes a weighted approach that reflects the relative impor-
tance of different design characteristics based on empirical evidence from
cognitive psychology and human-computer interaction research. Weights were
determined through expert consensus procedures involving panels of educa-
tional technology designers, cognitive psychologists, and child development
specialists.

3.3.1 Scoring Algorithm Development

The IDAF scoring algorithm integrates multiple data sources to generate
comprehensive assessment scores for each domain and an overall frame-
work effectiveness score. The algorithm employs the following mathematical
formulation:

Overall IDAF Score = Z W;D;R; (1)
i=1
Where:
W; represents the domain weight coefficient
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D, represents the domain- specific assessment score

R; represents the reliability coefficient for each domain

Domain weights were established through factor analysis of pilot study
data and expert judgment procedures. The Interface Accessibility Design
domain receives a weight of 0.30, reflecting its fundamental importance for all
users. The Interaction Frequency Patterns domain receives a weight of 0.25,
acknowledging its critical role in maintaining engagement. The Content Design
Effectiveness domain receives a weight of 0.25, recognizing its direct impact
on learning outcomes. The Collaborative Engagement Facilitation domain
receives a weight of 0.20, reflecting its importance for social learning processes.

3.3.2 Reliability and Validity Considerations

Extensive psychometric validation procedures were implemented to ensure
IDAF’s reliability and validity across diverse populations and contexts. Inter-
nal consistency reliability was assessed using Cronbach’s alpha coefficients,
with target values exceeding 0.80 for each domain. Test-retest reliability was
evaluated through repeated assessments with two-week intervals, targeting
correlation coefficients above 0.85.

Construct validity was established through confirmatory factor analysis
procedures that verified the theoretical structure of the four-domain frame-
work. Convergent validity was assessed through correlations with established
measures of cognitive function and learning effectiveness. Discriminant validity
was evaluated by demonstrating that IDAF scores differentiate between high-
performing and low- performing interface designs in controlled comparison
studies.

3.4 Data Collection and Analysis Protocols

IDAF implementation involves systematic data collection protocols that inte-
grate multiple assessment methodologies to ensure comprehensive evaluation
of digital learning interface effectiveness. The data collection process consists
of three primary phases: baseline assessment, intervention implementation,
and outcome evaluation.

3.4.1 Baseline Assessment Phase

The baseline assessment phase establishes initial measurements of cogni-
tive function, learning performance, and interface interaction patterns before
exposure to the target digital learning environment. This phase employs stan-
dardized cognitive assessment instruments, including measures of working
memory capacity, attention regulation, and executive function. Addition-
ally, baseline assessments include evaluation of prior technology experience
and learning preferences to control for individual differences in subsequent
analyses.
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3.4.2 Intervention Implementation Phase

The intervention implementation phase involves systematic exposure to the
target digital learning interface while collecting detailed interaction data and
cognitive performance metrics. This phase utilizes advanced data logging tech-
niques to capture comprehensive records of user behavior, including click
patterns, navigation sequences, task completion times, and error frequencies.
Real-time cognitive load assessment is conducted using physiological measures
such as heart rate variability and electrodermal activity to provide objective
indicators of cognitive processing demands.

3.4.3 Outcome Evaluation Phase

The outcome evaluation phase focuses on measuring changes in cognitive func-
tion, learning performance, and interface interaction effectiveness following
exposure to the target digital learning environment. This phase employs the
same standardized assessment instruments used in the baseline phase to enable
direct comparison of pre- and post-intervention performance levels. Addi-
tionally, qualitative feedback is collected through structured interviews and
focus groups to provide insights into subjective user experiences and perceived
effectiveness of specific design elements.

4 Results

4.1 Experimental Design and Participant Characteristics

The validation study for the Interactive Design Assessment Framework
(IDAF) employed a comprehensive experimental design involving 184 chil-
dren aged 6-16 years recruited from diverse educational settings across three
metropolitan regions. Participants were stratified by age group (6-8 years:
n=62; 9-12 years: n=68; 13-16 years: n=54) to ensure adequate representation
across developmental stages. The sample included 52.7% female participants
(n=97) and 47.3% male participants (n=87), with demographic character-
istics reflecting the broader population diversity of the recruitment regions.
Inclusion criteria required participants to have normal or corrected-to-normal
vision, no diagnosed cognitive impairments, and at least six months of prior
experience with digital learning technologies. Exclusion criteria included cur-
rent participation in other educational technology research studies, diagnosed
attention deficit disorders requiring medication, and significant visual or motor
impairments that would interfere with standard computer interaction. The
experimental protocol was approved by the Institutional Review Board and
conducted in accordance with ethical guidelines for research involving children.
Informed consent was obtained from parents or guardians, and assent was
obtained from all participants aged 7 years and older. Participants were com-
pensated for their time and travel expenses, and all families received summary
reports of their children’s assessment results.
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4.2 Experimental Conditions and Interface Designs

The validation study employed a within-subjects experimental design compar-
ing four distinct digital learning interface designs that varied systematically
across the IDAF assessment domains. Each interface design was developed
specifically for this study to ensure controlled manipulation of target design
characteristics while maintaining equivalent learning content and objectives.
Interface Design A (Baseline Condition): This condition represented a stan-
dard educational interface design incorporating conventional layout principles
and interaction patterns commonly found in commercial educational soft-
ware. The design featured traditional menu-based navigation, text-heavy
content presentation, and minimal interactive elements. Interface Design B
(Accessibility-Optimized): This condition emphasized enhanced accessibility
features, including optimized color contrast ratios (minimum 7:1), enlarged
text sizes (minimum 14pt), simplified navigation structures (maximum 3 levels
deep), and comprehensive keyboard navigation support. Visual hierarchy was
enhanced through strategic use of whitespace and consistent typography. Inter-
face Design C (Interaction-Optimized): This condition focused on optimizing
interaction frequency patterns through adaptive pacing algorithms, intelli-
gent content chunking, and personalized feedback mechanisms. The design
incorporated machine learning algorithms to adjust interaction complexity
based on individual performance patterns and attention indicators. Interface
Design D (Collaboration-Enhanced): This condition emphasized collabora-
tive engagement features, including real-time communication tools, shared
workspace environments, peer feedback mechanisms, and social learning ana-
lytics dashboards. The design facilitated both synchronous and asynchronous
collaborative learning activities.

4.3 Data Collection Procedures and Instrumentation

Data collection employed a comprehensive multi-method approach integrat-
ing quantitative performance metrics, physiological indicators, and qualitative
feedback measures. Each participant completed assessment sessions across all
four interface conditions, with session order randomized to control for learning
effects and fatigue.

4.3.1 Cognitive Assessment Battery

Standardized cognitive assessments were administered before and after each
interface exposure session to measure changes in cognitive function. The
assessment battery included:

Working Memory Assessment: Automated Working Memory Assessment
(AWMA) subtests measuring verbal and visuospatial working memory capac-
ity Attention Regulation Evaluation: Test of Everyday Attention for Children
(TEA- Ch) subtests assessing sustained attention, selective attention, and
attention switching Executive Function Battery: Behavior Rating Inventory
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of Executive Function (BRIEF) parent and teacher report forms measuring
real-world executive function behaviors

4.3.2 Interface Interaction Logging

Comprehensive interaction logging captured detailed records of user behavior
during interface exposure sessions. Logged data included: Temporal Inter-
action Patterns: Click timestamps, session duration, task completion times,
pause durations Spatial Interaction Patterns: Mouse movement trajectories,
click coordinates, scroll patterns, gaze fixation points Task Performance
Metrics: Accuracy rates, error frequencies, help-seeking behaviors, naviga-
tion efficiency Engagement Indicators: Time-on-task, voluntary exploration
behaviors, return visit patterns

4.3.3 Physiological Monitoring

Real-time physiological monitoring provided objective indicators of cogni-
tive load and emotional engagement during interface interactions. Monitoring
equipment included: Heart Rate Variability (HRV): Polar H10 chest strap
monitors recording R-R intervals at 1000Hz sampling rate Electrodermal
Activity (EDA): Empatica E4 wristband sensors measuring skin conductance
at 4Hz sampling rate Eye Tracking: Tobii Pro X3-120 eye tracker recording
gaze patterns at 120Hz sampling rate

4.4 Statistical Analysis Procedures

Statistical analyses employed both classical and modern psychometric
approaches to evaluate IDAF’s reliability, validity, and predictive capability.
All analyses were conducted using R statistical software (version 4.3.0) with
specialized packages for psychometric analysis and mixed-effects modeling.

4.4.1 Reliability Analysis

Internal consistency reliability was assessed using Cronbach’s alpha coefficients
for each IDAF domain and the overall framework score. Additionally, omega
coefficients were calculated to provide more robust reliability estimates that
account for potential violations of tau-equivalence assumptions. Test-retest
reliability was evaluated through Pearson correlation coefficients between
IDAF scores obtained from repeated assessments conducted two weeks apart
with a subset of participants (n=45). Intraclass correlation coefficients (ICC)
were calculated to assess absolute agreement between repeated measurements.

4.4.2 Validity Analysis

Construct validity was evaluated through confirmatory factor analysis (CFA)
using the lavaan package in R. The hypothesized four-factor structure was
tested against alternative models, including single-factor and hierarchical fac-
tor structures. Model fit was assessed using multiple indices, including the
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Comparative Fit Index (CFI), Tucker- Lewis Index (TLI), Root Mean Square
Error of Approximation (RMSEA), and Standardized Root Mean Square
Residual (SRMR). Convergent validity was assessed through correlations
between IDAF domain scores and established measures of cognitive function
and learning performance. Discriminant validity was evaluated by comparing
correlations between IDAF domains with correlations between IDAF domains
and unrelated constructs.

4.5 Primary Results
4.5.1 Reliability and Internal Consistency

IDAF demonstrated strong internal consistency across all assessment domains.
Cronbach’s alpha coefficients exceeded the target threshold of 0.80 for all
domains,Table 1:

Interface Accessibility Design (a0 = 0.87), Interaction Frequency Patterns (a
= 0.84), Content Design Effectiveness (o = 0.89), and Collaborative Engage-
ment Facilitation (o = 0.82). The overall IDAF score achieved excellent
internal consistency (o = 0.92). Omega coefficients provided similar results,
with values ranging from 0.83 to 0.91 across domains, confirming the reliabil-
ity findings. Test-retest reliability correlations ranged from 0.78 to 0.89 across
domains, with the overall IDAF score achieving a test- retest correlation of
0.91 (p < 0.001).

Table 1 IDAF Reliability Coefficients

Domain Cronbach’s Omega  Test-Retest r  95% CI

o (w) r 95% CI
Interface Accessibility Design 0.87 0.88 0.84 [0.76,0.90]
Interaction Frequency Patterns 0.84 0.85 0.78 [0.68,0.85]
Content Design Effectiveness 0.89 0.91 0.89 [0.83,0.93]
Collaborative Engagement 0.82 0.83 0.81 [0.72,0.88]
Facilitation
Overall IDAF Score 0.92 0.93 0.91 [0.86,0.95]

4.5.2 Construct Validity Results

Confirmatory factor analysis supported the hypothesized four-factor structure
of IDAF. The model demonstrated excellent fit to the data: ¥?(246) = 298.42,
p = 0.012; CFI = 0.96; TLI = 0.95; RMSEA = 0.035 [90% CI: 0.018, 0.049];
SRMR = 0.048. All factor loadings were statistically significant (p j 0.001)
and exceeded the minimum threshold of 0.40, with most loadings exceeding
0.60. Alternative models, including a single-factor model and a hierarchical
model with a general factor, demonstrated significantly poorer fit to the data,
supporting the distinctiveness of the four IDAF domains while confirming their
coherence as components of a unified assessment framework.
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4.5.3 Convergent and Discriminant Validity

IDAF domain scores demonstrated strong convergent validity with established
measures of cognitive function and learning performance,table 2. Correla-
tions with cognitive assessment measures were consistently in the expected
directions and achieved statistical significance across all domains.

Table 2 Convergent Validity Correlations

IDAF Domain AWMA AWMA TEA-Ch TEA-Ch BRIEF
Verbal Spatial Sustained  Selective GEC
Interface Accessibility 0.52%**  0.48%** (. 45%** 0.41%** -0.38%***
Interaction Frequency 0.67%**  (0.58*%**  (.62%** 0.55%** -0.49%**
Content Effectiveness 0.71%%*  0.64%**  (.58%** 0.52%** -0.44%%*
Collaborative Engagement — 0.43***  0.39%%*  (.41%%* 0.47*** -0.35%**
Overall IDAF Score 0.69%**  0.61***  (.58%** 0.54%** -0.47%%*

Note: *** p < 0.001; AWMA = Automated Working Memory Assessment; TEA-Ch = Test
of Everyday Attention for Children; BRIEF GEC = Behavior Rating Inventory of Executive
Function Global Executive Composite

4.5.4 Interface Design Comparison Results

Significant differences were observed across the four interface design condi-
tions, with Interface Design C (Interaction-Optimized) achieving the high-
est overall IDAF scores, followed by Interface Design D (Collaboration-
Enhanced), Interface Design B (Accessibility-Optimized), and Interface Design
A (Baseline Condition),table 3.

Table 3 Interface Design Comparison Results

Interface Design Mean IDAF Score SD  95% CI Effect Size (n?)
Design A (Baseline) 12.4 3.2 [11.9,12.9] -

Design B (Accessibility) 16.8 2.9 [16.4,17.2] 0.34

Design C (Interaction) 19.7 2.6 [19.3,20.1] 0.52

Design D (Collaboration)  18.2 3.1 [17.7,18.7] 0.41

Repeated measures ANOVA revealed significant main effects for interface
design condition, F(3, 549) = 187.42,p < 0.001, n? = 0.51. Post-hoc pairwise
comparisons using Bonferroni correction indicated that all interface designs
differed significantly from each other (all p < 0.001), with the exception of the
comparison between Design B and Design D (p = 0.08).
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4.6 Secondary Analyses and Moderating Factors
4.6.1 Age-Related Differences

Significant age-related differences were observed in IDAF domain scores and
their relationships with cognitive outcomes,table 4. Older participants (13-16
years) demonstrated stronger correlations between IDAF scores and cognitive
performance measures compared to younger participants (6-8 years), suggest-
ing developmental differences in the relationship between interface design and
cognitive function.

Table 4 Age Group Differences in IDAF-Cognitive Correlations

Age Overall IDAF-  Working Attention  Executive
Group Cognitive r Memory r r Function r
6-8 years 0.42%%* 0.38%** 0.35%** 0.29%*
9-12 years 0.58%** 0.547%%* 0.51%** 0.41%**
13-16 years  0.71%%* 0.68%** 0.64*** 0.58%**

Note: ¥* p < 0.01; *** p < 0.001

4.6.2 Gender Differences

Gender differences in IDAF scores were minimal and not statistically signifi-
cant across most domains. However, female participants demonstrated slightly
higher scores on the Collaborative Engagement Facilitation domain (M = 17.8,
SD = 3.1) compared to male participants (M = 16.9, SD = 3.4), t(182) =
2.14, p = 0.034, d = 0.28. 4.6.3 Technology Experience Effects Prior technol-
ogy experience, measured through a standardized questionnaire, moderated
the relationship between IDAF scores and cognitive outcomes. Participants
with higher technology experience demonstrated stronger correlations between
interface design quality and cognitive performance, suggesting that familiarity
with digital interfaces enhances sensitivity to design characteristics.

5 Analysis and Discussion

5.1 Interpretation of Primary Findings

The validation results for the Interactive Design Assessment Framework
(IDAF) provide compelling evidence for its effectiveness as a comprehensive
evaluation tool for digital learning interface design. The strong internal con-
sistency coefficients across all domains (« j 0.82) demonstrate that IDAF
reliably measures coherent constructs related to interface design effectiveness.
These reliability values exceed the commonly accepted threshold of 0.80 for
research instruments and approach the 0.90 threshold recommended for clini-
cal applications, suggesting that IDAF could be suitable for both research and
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practical design evaluation contexts. The confirmatory factor analysis results
strongly support the theoretical foundation of IDAF’s four-domain structure.
The excellent model fit indices (CFI = 0.96, RMSEA = 0.035) indicate that
the hypothesized relationships between assessment items and their respec-
tive domains accurately reflect the underlying structure of interface design
effectiveness. This finding validates the theoretical integration of cognitive psy-
chology, human-computer interaction, and design innovation principles that
guided IDAF’s development. The convergent validity results reveal particu-
larly strong relationships between IDAF scores and established measures of
cognitive function. The correlation between overall IDAF scores and working
memory capacity (r = 0.69) is especially noteworthy, as working memory is
considered a fundamental cognitive resource that underlies learning effective-
ness and academic achievement. This finding suggests that interface designs
that score highly on IDAF are more likely to support optimal cognitive process-
ing and learning outcomes. The significant differences observed across the four
interface design conditions provide empirical evidence for IDAF’s discriminant
validity and practical utility. The superior performance of Interface Design C
(Interaction-Optimized) aligns with theoretical predictions from cognitive load
theory and attention regulation research, which emphasize the importance of
adaptive pacing and personalized feedback in supporting cognitive process-
ing. The large effect sizes observed (n? ; 0.34 for all comparisons) indicate
that these differences are not only statistically significant but also practically
meaningful.

5.2 Theoretical Implications and Contributions

The successful validation of IDAF contributes to several important the-
oretical developments in the fields of educational technology design and
human-computer interaction. First, the framework provides empirical support
for the integration of cognitive psychology principles into design evaluation
methodologies. The strong correlations between IDAF scores and cogni-
tive function measures demonstrate that interface design characteristics have
measurable impacts on cognitive processing capacity, attention regulation,
and executive function development. Second, IDAF’s four-domain structure
offers a more nuanced understanding of how different aspects of interface
design contribute to overall effectiveness. The differential patterns of correla-
tions across domains suggest that accessibility, interaction patterns, content
design, and collaborative features operate through distinct but complementary
mechanisms to influence learning outcomes. This finding challenges simpli-
fied approaches to interface evaluation that focus on single dimensions of
design quality. Third, the age-related differences in IDAF-cognitive correla-
tions provide important insights into developmental considerations in interface
design. The stronger correlations observed in older participants suggest that
the relationship between interface design and cognitive function becomes
more pronounced as children develop greater metacognitive awareness and
self-regulation capabilities. This finding
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has important implications for age-appropriate design guidelines and sug-
gests that interface evaluation frameworks should incorporate developmental
considerations.

5.3 Practical Implications for Design Practice

The validation of IDAF has significant implications for educational technol-
ogy design practice and quality assurance processes. The framework provides
designers with a systematic method for evaluating interface effectiveness that
goes beyond traditional usability metrics to encompass cognitive and devel-
opmental considerations. The quantitative scoring system enables objective
comparison of design alternatives and supports evidence-based design decision-
making. The domain-specific scoring approach allows designers to identify
particular areas of strength and weakness in their interface designs. For
example, an interface that scores highly on Content Design Effectiveness but
poorly on Collaborative Engagement Facilitation would benefit from targeted
improvements to social learning features rather than wholesale redesign. This
targeted approach can improve design efficiency and reduce development costs
while maximizing learning effectiveness. The framework’s integration of multi-
ple assessment methodologies, including automated analysis tools and expert
evaluation protocols, makes it suitable for implementation across diverse
design contexts and organizational settings. Large- scale educational technol-
ogy companies could implement automated IDAF assessment as part of their
quality assurance processes, while smaller design teams could utilize the expert
evaluation protocols for more focused assessments.

5.4 Comparison with Existing Assessment Approaches

IDAF demonstrates several advantages compared to existing educational tech-
nology assessment frameworks. Unlike traditional usability evaluation methods
that focus primarily on task completion and error rates, IDAF provides
insights into the cognitive mechanisms underlying interface effectiveness. This
deeper level of analysis enables more targeted design improvements and bet-
ter prediction of learning outcomes. Compared to the Technology Acceptance
Model (TAM) and its educational variants, IDAF focuses on design character-
istics rather than user attitudes and intentions. While TAM provides valuable
insights into technology adoption, it offers limited guidance for design opti-
mization. IDAF’s emphasis on specific design elements provides actionable
information that designers can use to improve interface effectiveness.

The SAMR model’s focus on pedagogical transformation provides a use-
ful complement to IDAF’s design-focused approach, but SAMR lacks the
detailed assessment criteria necessary for systematic evaluation. IDAF’s com-
prehensive item set and standardized scoring procedures enable more reliable
and valid assessment of interface effectiveness across different contexts and
evaluators. Recent frameworks such as the Cognitive-Affective Model of E-
Learning (CAMEL) share IDAF’s emphasis on cognitive processing, but they
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lack comprehensive validation studies and practical implementation guide-
lines. IDAF’s extensive psychometric validation and detailed implementation
protocols address these limitations and provide a more robust foundation for
practical application.

5.5 Limitations and Methodological Considerations

Several limitations should be considered when interpreting the current val-
idation results and planning future applications of IDAF. First, the study
sample was drawn from a specific geographic region and may not fully repre-
sent the diversity of populations that would benefit from IDAF assessment.
Future validation studies should include more diverse samples across different
cultural, linguistic, and socioeconomic contexts to establish the framework’s
generalizability. Second, the experimental design employed controlled interface
conditions that may not fully capture the complexity of real-world educational
technology implementations. While this approach enabled systematic evalu-
ation of specific design characteristics, it may limit the ecological validity of
the findings. Future research should examine IDAF’s performance in natu-
ralistic educational settings with commercially available educational software.
Third, the cognitive assessment battery, while comprehensive, focused primar-
ily on basic cognitive processes such as working memory and attention. Future
studies should examine relationships between IDAF scores and higher-order
cognitive outcomes such as critical thinking, creativity, and problem-solving
skills that are increasingly emphasized in contemporary educational contexts.
Fourth, the study’s cross-sectional design limits conclusions about the long-
term effects of interface design on cognitive development. Longitudinal studies
examining the sustained impact of high-quality interface design on cognitive
growth and academic achievement would provide valuable insights into the
developmental significance of design characteristics.

5.6 Measurement Error and Reliability Considerations

The reliability analyses revealed generally strong internal consistency and test-
retest stability, but some measurement error is inevitable in any assessment
instrument. The standard errors of measurement for IDAF domain scores
range from 1.2 to 1.8 points on the 0-26 scale, indicating that score differences
of at least 3-4 points are needed to represent meaningful differences between
interface designs. The test-retest correlations, while strong, suggest some tem-
poral instability in IDAF scores that may reflect genuine changes in interface
effectiveness over time or measurement error. Future research should examine
the sources of this temporal variation and develop guidelines for interpreting
score changes in longitudinal applications. The confirmatory factor analysis
results, while supportive of the four-domain structure, also revealed some
cross-loadings and correlated residuals that suggest additional complexity in
the relationships between assessment items and domains. Future refinements



Journal of arts and sciences

18 Ouyong et al.

to IDAF should consider these measurement model complexities and poten-
tially incorporate hierarchical or bifactor structures that better capture the
multidimensional nature of interface design effectiveness.

5.7 Future Research Directions

The successful validation of IDAF opens several promising avenues for future
research and development. First, adaptive assessment approaches could be
developed that tailor the evaluation process to specific interface types, user
populations, or educational contexts. Machine learning algorithms could be
trained to predict IDAF scores based on automated analysis of interface
characteristics, reducing the time and expertise required for comprehensive
assessment. Second, intervention studies could examine the effectiveness of
design modifications guided by IDAF assessment results. Randomized con-
trolled trials comparing interfaces before and after IDAF-guided improvements
would provide direct evidence for the framework’s utility in enhancing learning
outcomes. Third, cross-cultural validation studies could examine the applica-
bility of IDAF across different cultural and linguistic contexts. Such studies
would be particularly important for educational technology companies devel-
oping products for global markets and could lead to culturally adapted versions
of the framework.

Fourth, integration with learning analytics platforms could enable real-
time assessment of interface effectiveness based on user behavior data. This
approach could provide continuous feedback to designers and enable dynamic
optimization of interface characteristics based on ongoing user interactions.

5.8 Implications for Educational Policy and Practice

The validation of IDAF has important implications for educational policy
and institutional practice regarding educational technology adoption and
implementation. The framework provides objective criteria for evaluating edu-
cational software and could inform procurement decisions, quality standards,
and professional development programs for educators. Educational institutions
could use IDAF assessment results to guide technology adoption decisions
and ensure that purchased software meets evidence-based standards for design
quality. This approach could improve the return on investment for educa-
tional technology expenditures and enhance learning outcomes for students.
Teacher preparation programs could incorporate IDAF principles into their
technology integration curricula, helping future educators develop skills in
evaluating and selecting high-quality educational software. This preparation
would enable teachers to make more informed decisions about technology use
and advocate for better design quality in their schools. Policy makers could
reference IDAF criteria in developing standards and guidelines for educational
technology design and implementation. Such standards could promote higher
quality educational software development and ensure that public investments
in educational technology support optimal learning outcomes for all students.
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6 Conclusion

This study successfully developed and validated the Interactive Design Assess-
ment Framework (IDAF), a comprehensive evaluation system for assessing
the effectiveness of digital learning interface designs through systematic anal-
ysis of children’s cognitive-behavioral engagement patterns. The framework
represents a significant advancement in educational technology evaluation
methodology by integrating cognitive psychology theories, human-computer
interaction principles, and design innovation methodologies into a unified
assessment approach.

The validation results demonstrate that IDAF possesses strong psychome-
tric properties, including excellent internal consistency reliability (o = 0.92),
robust test- retest stability (r = 0.91), and compelling construct validity as
evidenced by confirmatory factor analysis. The framework’s four-domain struc-
ture—Interface Accessibility Design, Interaction Frequency Patterns, Content
Design Effectiveness, and Collaborative Engagement Facilitation—provides a
theoretically grounded and empirically validated approach to evaluating the
multidimensional aspects of interface design quality. The strong correlations
between IDAF scores and established measures of cognitive function pro-
vide compelling evidence for the framework’s criterion-related validity and
practical significance. The finding that interface designs scoring higher on
IDAF are associated with better working memory performance (r = 0.69),
enhanced attention regulation (r = 0.58), and improved executive function (r
= 0.47) demonstrates the framework’s ability to identify design characteris-
tics that support optimal cognitive development and learning outcomes. The
experimental comparison of four distinct interface design conditions revealed
significant differences in IDAF scores, with effect sizes ranging from mod-
erate to large (n? = 0.34-0.52). These findings provide empirical evidence
that specific design characteristics—particularly those related to interaction
optimization and collaborative engagement—have measurable impacts on
interface effectiveness as assessed by IDAF. The superior performance of the
interaction-optimized interface design aligns with theoretical predictions from
cognitive load theory and validates the framework’s theoretical foundation.
The age-related differences in IDAF-cognitive correlations contribute impor-
tant insights into developmental considerations in interface design evaluation.
The stronger relationships observed in older participants suggest that the
impact of interface design on cognitive function becomes more pronounced
as children develop greater metacognitive awareness and self-regulation capa-
bilities. This finding has important implications for age-appropriate design
guidelines and suggests that interface evaluation should incorporate develop-
mental considerations. From a practical perspective, IDAF provides designers,
educators, and researchers with an evidence-based tool for systematically
evaluating and optimizing digital learning environments. The framework’s
quantitative scoring system enables objective comparison of design alterna-
tives and supports data-driven design decision-making. The domain-specific
assessment approach allows for targeted identification of design strengths and
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weaknesses, facilitating efficient allocation of design resources and maximiz-
ing learning effectiveness. The framework’s integration of multiple assessment
methodologies, including automated analysis tools and expert evaluation pro-
tocols, makes it suitable for implementation across diverse organizational
contexts and design scenarios. This flexibility supports both large-scale qual-
ity assurance processes and focused design evaluation projects, enhancing the
framework’s practical utility and adoption potential. Future research should
focus on several key areas to further enhance IDAF’s effectiveness and appli-
cability. Longitudinal studies examining the sustained impact of high-quality
interface design on cognitive development and academic achievement would
provide valuable insights into the long-term significance of design charac-
teristics. Cross-cultural validation studies would establish the framework’s
generalizability across different cultural and linguistic contexts, supporting
its application in global educational technology development. The develop-
ment of adaptive assessment approaches utilizing machine learning algorithms
could reduce the time and expertise required for comprehensive IDAF evalua-
tion while maintaining assessment quality. Integration with learning analytics
platforms could enable real-time assessment of interface effectiveness and sup-
port dynamic optimization of design characteristics based on ongoing user
interactions. Intervention studies examining the effectiveness of design modi-
fications guided by IDAF assessment results would provide direct evidence for
the framework’s utility in enhancing learning outcomes. Such studies would
strengthen the evidence base for IDAF’s practical value and support its adop-
tion in educational technology development and procurement processes. The
successful validation of IDAF contributes to the broader goal of establish-
ing evidence-based design practices in educational technology. By providing
systematic methods for evaluating the cognitive and behavioral impacts of
interface design characteristics, the framework supports the development of
more effective and developmentally appropriate digital learning environments.
This advancement has the potential to enhance learning outcomes for chil-
dren across diverse educational contexts and contribute to the optimization of
educational technology investments. In conclusion, IDAF represents a signifi-
cant step forward in educational technology evaluation methodology, providing
researchers, designers, and educators with a robust, theoretically grounded,
and practically applicable framework for assessing and optimizing digital learn-
ing interface effectiveness. The framework’s strong psychometric properties,
theoretical foundation, and practical utility position it as a valuable tool for
advancing the field of educational design innovation and supporting the devel-
opment of high-quality digital learning environments that promote optimal
cognitive development and learning outcomes for all children.
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