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A B S T R A C T 

Background: Generative artificial intelligence (GenAI) can support 
explanation and feedback, but unrestricted answers may encourage cognitive 
offloading, weak source evaluation, and diminished learner authorship. This 
study developed and content-validated NEXUS, which restricts GenAI to 
Socratic coaching, and examined preliminary effectiveness for learning agency, 
intrinsic motivation, and critical-thinking disposition among male upper-
secondary students in Qazvin, Iran.  
Methods: Phase I combined needs mapping in 463 students, co-design, 
cognitive interviews, and two-round Delphi validation by 15 experts. Phase II 
randomized 12 classes (106 students; six clusters per arm) to ten weekly 
NEXUS sessions or a dose- and technology-matched active control. Three-
month follow-up was primary. Mixed-model estimates were paired with CR2 
inference, CR3 sensitivity analysis, restricted wild-cluster bootstrap-t intervals, 
and exact within-pair randomization tests. Model-based Hedges g used total 
class-plus-student variance.  
Results: The 55-element manual achieved S-CVI/Ave=0.91; universal 
agreement was 0.31, and Fleiss kappa was 0.66 for relevance and 0.61 for 
necessity. Follow-up completion was 89.6%. Adjusted follow-up differences 
were 0.44 for agentic engagement (95% CI 0.10 to 0.78; Holm-adjusted 
p=0.042; g=0.43), 0.31 for intrinsic motivation (95% CI -0.04 to 0.66; adjusted 
p=0.086; g=0.30), and 6.1 for critical-thinking disposition (95% CI 0.6 to 11.6; 
adjusted p=0.078; g=0.38). The exact global multivariate randomization test 
was p=0.031. Fidelity averaged 86.8%; minor AI-output and participant-
burden events occurred, but no serious related event was observed. 
Conclusion: NEXUS showed credible content validity and a promising joint 
signal, strongest for agentic engagement. With only 12 clusters, incomplete 
blinding, and no prospective registration, independent replication is required. 

  

 

 

Introduction 
Generative artificial intelligence has rapidly become 

a general-purpose layer through which students 

search for information, obtain explanations, draft 

text, solve problems, and revise academic products. 

Its educational value, however, is not an intrinsic 

property of the model. Value depends on who 

formulates the problem, who evaluates evidence, 

how uncertainty is represented, and whether the 

learner remains responsible for the final judgment.  

 

Contemporary analyses therefore distinguish 

productive cognitive partnership from substitution 

of machine output for human inquiry [1]. A 

systematic review and meta-analysis of 

experimental studies found that ChatGPT-supported 

instruction can improve academic performance and 

selected affective-motivational outcomes, but the 

magnitude and durability of benefits vary by 
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pedagogical structure, task type, intervention 

duration, and the presence of guidance [2]. 

The central risk is not limited to factually incorrect 

output. A fluent, confident, and apparently coherent 

response may be accepted without sufficient 

monitoring, source verification, counterargument, or 

revision. This can create a discrepancy between the 

surface quality of a submitted product and the depth 

of the learning process. Reviews of critical thinking 

in GenAI-enhanced environments conceptualize 

critical thinking as a coordinated set of processes: 

defining a problem, distinguishing claim from 

evidence, assessing source quality, examining 

assumptions, considering alternatives, calibrating 

confidence, and accepting responsibility for a 

defensible conclusion [3,4]. These processes are 

especially important in secondary education, when 

adolescents are consolidating self-regulation, 

identity, and epistemic habits. A recent K-12 

scoping review identified privacy exposure, 

hallucination, bias, inequitable access, overreliance, 

reduced human interaction, and weakened teacher 

oversight as major risks of poorly governed GenAI 

integration [5]. 

Evidence further cautions against treating superior 

immediate output as equivalent to superior learning. 

GenAI access can facilitate short-term task 

completion while simultaneously increasing 

metacognitive laziness when learners delegate 

planning, monitoring, or verification to the model 

[6]. From an agency perspective, choosing among 

machine-generated options is not sufficient. 

Learning agency requires the learner to initiate, 

influence, monitor, and take responsibility for the 

direction and consequences of learning [7]. 

Experimental work on self-directed activity 

indicates that conceptual learning improves when 

students genuinely construct and decide, rather than 

merely select from options supplied by another 

agent [8]. These findings imply that responsible 

educational design should constrain the model’s 

authority, require visible learner reasoning before AI 

exposure, and preserve the student’s final 

authorship. AI-mediated Socratic inquiry provides 

one possible design solution. A Socratic system does 

not begin by completing the task. It clarifies the 

learner’s question, probes assumptions, requests 

evidence, raises counterexamples, surfaces 

uncertainty, and asks the learner to revise a 

provisional position. Emerging studies of Socratic 

AI and GenAI-supported formative assessment 

suggest that structured questioning can strengthen 

reflective engagement, research-question 

development, and higher-order thinking when 

dialogue replaces unrestricted answer generation 

[9,10]. Most available evidence, however, is situated 

in higher education, short laboratory tasks, or self-

selected users. Transfer to adolescents requires 

culturally responsive co-design, age-appropriate 

privacy safeguards, teacher mediation, and explicit 

rules governing what the model may and may not do. 

NEXUS was designed around three mutually 

reinforcing theoretical pillars. The first is learning 

agency, operationalized as observable contribution 

to instruction through student-initiated questions, 

preferences, suggestions, evidence requests, 

requests for assistance, and respectful disagreement. 

Agentic engagement has been described as a distinct 

dimension of student engagement [11], and the 

Enlarged Student Agentic Engagement Scale 

provides a validated measure of students’ 

constructive contribution to the flow of instruction 

[12].  

In NEXUS, agency is not treated as unrestricted 

choice; it is enacted through accountable decisions, 

evidence trails, revision, and ownership of the final 

product. The second pillar is autonomous motivation 

and identity meaning-making. Self-determination 

theory proposes that motivation becomes more self-

endorsed when educational environments support 

autonomy, competence, and relatedness and when 

learning activities are integrated with personally 

valued goals [13]. Recent research on GenAI use 

similarly suggests that perceived autonomy support 

and self-efficacy are associated with self-learning 

motivation, whereas externally controlled use is less 

likely to produce deep processing [14].  

A longitudinal adolescent intervention found that 

AI-supported learning does not uniformly enhance 

every motivational dimension and that competence-

related experiences are important for subsequent 

motivation [15]. Project-based and programming 

environments informed by self-determination theory 

also indicate that model-supported learning is more 

productive when students retain meaningful goals, 

choice within structure, and responsibility for 

evaluation [16,17]. 

Identity work gives autonomous motivation a 

developmental anchor. Meta-analytic evidence 

indicates that psychosocial interventions can support 

adolescents’ personal and social identity 

development [18] and that educational and 

vocational identity interventions can strengthen 

future-oriented exploration and commitment [19]. 

NEXUS treats identity as a revisable narrative 

connecting past experience, current values, possible 

selves, and small self-concordant actions. This 

component is intended to prevent critical inquiry 

from becoming a decontextualized classroom 

exercise and to help students answer not only “Is this 

claim defensible?” but also “Why does this matter 

for the person I am becoming?” 

The third pillar is impactful expression. Students 

translate a judgment into a claim supported by 

evidence and reasoning, represent an opposing view 

fairly, adapt a message to an authentic audience, 

disclose the role of AI, and remain responsible for 

the final communication. Self-directed writing 

across computer- and AI-supported tasks can 
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promote development when learners plan, monitor, 

and revise rather than delegate authorship [20]. 

Active-learning interventions likewise improve 

motivation and attitudes when students generate, 

discuss, and defend meaning [21]. Research on 

agentic AI links autonomy support and self-efficacy 

with self-learning motivation [22], while emerging 

evidence indicates that AI literacy may mediate the 

association between chatbot use and critical thinking 

[23]. A meta-analysis of 29 experimental and quasi-

experimental studies found a positive overall effect 

of GenAI-supported instruction on higher-order 

thinking, with stronger results under structured, 

sustained, and pedagogically aligned conditions 

[24]. Iranian studies further demonstrate that theory-

driven adolescent educational interventions can be 

delivered with strong recruitment, parental 

permission, adherence, and cultural adaptation when 

procedures are explicit [25,26]. 

NEXUS therefore positions GenAI as a bounded 

dialectical coach rather than an answer authority. Its 

five-step microcycle requires learners to notice and 

name a question, examine evidence and 

assumptions, explore alternatives, unify learning 

with identity and values, and share a defensible 

position that shapes action. The present study had 

two sequential aims. Phase I aimed to develop the 

NEXUS theory of change and session architecture, 

map developmental needs among upper-secondary 

students in Qazvin, and establish face and content 

validity. Phase II aimed to estimate the preliminary 

joint and outcome-specific effects of NEXUS, 

compared with a dose- and technology-matched 

active control, at immediate post-intervention and 

three-month follow-up. Because only 12 class 

clusters were available, the trial was framed as a 

small-cluster preliminary efficacy study: the three-

month multivariate test was the gatekeeping primary 

analysis, and individual outcomes were interpreted 

from multiplicity-adjusted, small-sample-robust 

inference rather than from effect magnitude alone. 

The study was conducted in Qazvin, Iran, during the 

2025-2026 academic year. 

 

Materials and Methods 

Study Design and Reporting Framework: 

A sequential intervention-development and 

evaluation design was used. Phase I comprised 

evidence synthesis, logic-model construction, 

quantitative needs mapping, participatory co-design, 

cognitive interviewing, expert Delphi validation, 

and manual refinement. Phase II comprised a 

parallel, two-arm, assessor-blinded, cluster 

randomized controlled trial with baseline, 

immediate post-intervention, and three-month 

follow-up assessments. Development followed the 

Medical Research Council framework for complex 

interventions, which emphasizes programme theory, 

context, uncertainty, feasibility, refinement, and 

transparent progression criteria [27]. Intervention 

reporting followed TIDieR principles [28]. Trial 

planning and reporting were informed by SPIRIT 

2025 [29], CONSORT 2025 [30], and the 2026 child 

and adolescent extensions [31,32]. 

 

Setting and School Sampling Frame 

The school list supplied to the project included first- 

and second-cycle secondary schools. Because the 

target population was upper-secondary students, 

schools explicitly identified as first-cycle sites were 

not included in quantitative screening or 

effectiveness testing. The upper-secondary sampling 

frame comprised Shahid Babaei NODET Secondary 

School (second cycle), Sadra Board of Trustees 

Secondary School (second cycle), Qazvin Atomic 

Energy School, Erfan School, Pasdaran Secondary 

School, Allamah Tabatabaei Secondary School, and 

Eqmesheh State Model Secondary School. 

Norouzian Board of Trustees Secondary School 

(first cycle), Shahid Babaei NODET Secondary 

School (first cycle), and Allamah Helli Non-

Governmental Secondary School (first cycle) were 

retained as potential sites for later developmental 

extension. Public ratings and street addresses were 

not used as sampling, stratification, or analytic 

variables. 

Schools were stratified by administrative type. 

Classes were treated as natural clusters to minimize 

contamination. Needs mapping involved all seven 

eligible upper-secondary schools. The effectiveness 

phase used 12 classes from six schools, with two 

classes selected within each school and matched as 

closely as possible by grade, academic track, 

timetable, and average prior-term grade. All eligible 

participants within a selected class cluster received 

the intervention assigned to that class. 

 

Phase I: Needs Mapping 

Information packages were distributed to 612 

students. A parent or guardian returned a 

participation decision for 508 (83.0%); 497 granted 

written permission, and 486 adolescents 

subsequently provided written assent. Of these, 463 

supplied analyzable screening records. Twelve 

records were excluded for more than 15% item 

nonresponse, seven for prespecified invariant or 

contradictory response-pattern flags, and four 

because of duplicate or ineligible enrolment. Thus, 

the analyzable screening yield was 75.7% of all 

students approached, avoiding the assumption that 

nonresponse was negligible. The screening sample 

comprised 158 Grade 10 students (34.1%), 156 

Grade 11 students (33.7%), and 149 Grade 12 

students (32.2%). All participants were male 

because the eligible schools in the sampling frame 

were boys’ schools. Mean age was 16.42 years 

(SD=0.84; range=15-18). 

Measures and Programme-Selection Thresholds 

Learning agency was assessed with the 10-item 

Enlarged Student Agentic Engagement Scale. Items 
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are rated from 1 to 7 and averaged; higher scores 

indicate greater constructive contribution to the flow 

of learning [12]. Intrinsic motivation was 

operationalized as the mean of the 12 intrinsic-

motivation items of the Academic Motivation Scale-

High School Version. The scale is rated from 1 to 7 

and distinguishes intrinsic motivation, identified 

regulation, introjected regulation, external 

regulation, and amotivation [33]. Iranian studies 

have supported the contextual use and 

standardization of the Academic Motivation Scale 

among secondary students [34,35]. Critical-thinking 

disposition was assessed with the 33-item Ricketts 

Critical Thinking Disposition Questionnaire, 

comprising innovativeness, cognitive maturity, and 

engagement [36]. Items are rated from 1 to 5; eight 

are reverse-scored, and the total ranges from 33 to 

165. The Persian adaptation has shown an 

interpretable three-factor structure and satisfactory 

reliability among Iranian high-school students [37]. 

Screening values were not treated as clinical or 

diagnostic cut-offs. For programme selection, the 

lower quartile of each cleaned screening distribution 

was calculated: agentic engagement <= 3.18, 

intrinsic motivation <= 3.55, and critical-thinking 

disposition <= 102. A student scoring at or below the 

empirical threshold on at least two constructs was 

classified as having elevated developmental need. 

This rule identified 121 of 463 students (26.1%); the 

proportion slightly exceeded 25% because students 

could meet two or three correlated thresholds and 

because observed scores were tied at the quartile 

boundaries. Because the thresholds were sample-

dependent, they were used only for recruitment 

within this Qazvin sampling frame. Internal 

consistency was evaluated with Cronbach’s alpha 

and McDonald’s omega. Coefficients were 0.86 and 

0.87 for agentic engagement, 0.91 and 0.92 for 

intrinsic motivation, and 0.88 and 0.89 for critical-

thinking disposition, respectively. 

 

Evidence Synthesis, Logic Model, and Co-Design 

Candidate mechanisms, activities, risks, and 

implementation conditions were extracted from the 

evidence base cited in this manuscript. Evidence was 

organized into six domains: AI-mediated Socratic 

inquiry; learning agency; self-determination and 

intrinsic motivation; adolescent identity 

development; critical thinking and source 

evaluation; and ethical, human-centred AI use. 

UNESCO guidance informed privacy, human 

agency, transparency, fairness, age appropriateness, 

and AI competency safeguards [38,39]. The logic 

model linked inputs and activities to proximal 

mechanisms, observable process indicators, and 

intended outcomes. The non-negotiable design rule 

was that learners produced a provisional question, 

judgment, or draft before viewing model-generated 

material. The co-design group included 10 

adolescents selected to represent Grades 10-12 and 

varied screening profiles, four secondary-school 

teachers, and four school counsellors. Two 120-

minute workshops examined language, task burden, 

classroom fit, privacy risk, emotionally sensitive 

topics, peer-feedback rules, accessibility, and offline 

alternatives. Cognitive interviews were then 

conducted with 12 additional adolescents using 

think-aloud and verbal-probing procedures. 

Participants explained how they interpreted 

instructions, identified unclear language, rated 

emotional comfort and cognitive burden, and 

responded to privacy and disagreement scenarios. 

Revisions replaced abstract terminology with 

behavioral examples, limited the model to three 

alternative viewpoints per cycle, made personal 

identity disclosure optional, and required de-

identification before any student prompt was 

entered. Ethical safeguards were benchmarked 

against the 2024 Declaration of Helsinki [40]. 

 

Expert Panel and Content Validation 

The Delphi panel comprised 15 experts: five 

educational psychologists, three adolescent or 

clinical psychologists, three curriculum and 

instruction specialists, two educational technology 

or AI specialists, and two psychometricians. 

Eligibility required a doctorate or senior specialist 

role plus either at least five relevant peer-reviewed 

publications or at least ten years of direct 

professional practice. The panel represented eight 

institutions and more than one theoretical or 

professional tradition; median experience was 12 

years (interquartile range=8-17). No panelist 

reported a financial relationship with an AI vendor. 

Three disclosed prior academic collaboration with 

members of the development team; ratings were 

retained but examined in an exclusion sensitivity 

analysis. Panelists independently rated every 

objective, core activity, homework task, process 

indicator, facilitator rule, and AI-safety rule for 

necessity, relevance, clarity, feasibility, cultural 

responsiveness, and safety. Anonymized 

distributions, minority rationales, and item-level 

count not only group means were returned between 

rounds to limit conformity pressure. For each 

element, the content validity ratio (CVR) was 

calculated as (ne-N/2)/(N/2), where he is the number 

rating the element essential and N is panel size. With 

15 experts, CVR >=0.49 was the retention criterion. 

The item-level content validity index (I-CVI) was 

the proportion assigning a relevance score of 3 or 4 

on a four-point scale; I-CVI >=0.78 was required. S-

CVI/Ave >=0.90 and Delphi agreement >=80% 

were progression criteria. Universal agreement was 

reported descriptively rather than required to exceed 

0.80 because it becomes increasingly stringent as the 

number of items and raters grows. Modified kappa 

adjusted I-CVI for chance agreement. Fleiss kappa 

with 95% confidence intervals quantified multi-rater 

agreement for relevance and necessity, and the 
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variance and full frequency distribution of ratings 

were retained for every round. Elements failing one 

threshold were revised or removed unless a 

documented safety rationale required retention and 

re-rating. These choices follow current guidance that 

CVI/CVR values should be accompanied by 

transparent item generation, disagreement, and 

agreement diagnostics rather than treated as self-

sufficient evidence of validity [41]. 

NEXUS Intervention Architecture 

The NEXUS microcycle maps three macroprocesses 

onto five learner actions: exploration comprises N, 

E, and X; connection is represented by U; and 

manifestation is represented by S. Table 1 specifies 

the learner action, permitted AI role, and observable 

trace. 

 

 

Table 1. Five-step NEXUS learning cycle and bounded AI role 

Step Learner action Permitted AI role Required trace 

N - 

Notice 

Notice a need or ambiguity and 

name an open, answerable 

question 

Clarify scope and ask follow-up 

questions; do not answer the 

substantive question 

Initial question, 

rationale, and 

confidence rating 

E - 

Examin

e 

Examine claims, sources, 

assumptions, bias, 

counterevidence, and uncertainty 

Request reasons and sources, flag 

inconsistency, and display 

uncertainty 

Claim-evidence-

reasoning record and 

source check 

X - 

eXplore 

Explore competing viewpoints, 

counterexamples, and conditional 

consequences 

Offer no more than three 

alternatives and one respectful 

challenge 

Alternatives 

considered and 

reasons for 

acceptance or 

rejection 

U - 

Unify 

Connect learning to values, lived 

experience, possible selves, and a 

self-concordant goal 

Ask reflective questions; no 

personality labeling or automated 

psychological interpretation 

Identity-value link 

and small action plan 

S - 

Share 

Share a personally authored 

position, receive critique, and 

shape an observable action 

Provide structural feedback only 

after the learner’s draft; never write 

the final product 

Final product, 

revision trail, and AI-

use disclosure 

Every interaction followed a learner-first rule: 

student response, AI question, student revision, 

evidence check, and facilitator sign-off. Students 

were prohibited from entering names, contact 

details, health information, private family 

information, or identifiable peer narratives. The text-

only model was accessed through an institutionally 

managed interface using a fixed September 2025 

model snapshot. Generation parameters were fixed 

at temperature 0.20, top-p 0.90, a 450-token output 

ceiling, and one model response per student turn. 

Memory across students, tools, external plug-ins, 

web browsing, image generation, and model-

training retention were disabled. The system prompt 

required question-led dialogue, explicit uncertainty, 

refusal to infer mental-health status or personality, 

and escalation to the facilitator for self-harm, abuse, 

violence, or other safeguarding content. De-

identified logs preserved timestamp, model-version 

identifier, student-turn category, model response, 

automatic gate decision, facilitator override, and 

final disposition. The system prompt, prompt bank, 

interface rules, generation parameters, audit 

taxonomy, and model-version checksum were 

archived so that later replication could distinguish 

curriculum effects from configuration drift. 

The intervention comprised ten weekly 90-minute 

group sessions delivered to 8-10 students within the 

same class cluster. Each session included a 10-

minute retrieval and safety check, 15 minutes of 

modelling, 35 minutes of guided practice, 20 

minutes of peer critique and revision, and 10 

minutes of reflection and transfer planning. Table 2 

presents the manualized sequence. 

 

 

Table 2. Session structure of the final NEXUS protocol 

Sessi

on 
Focus and mechanism Core in-session activities 

Product and fidelity 

marker 

1 
Orientation, authorship, 

and psychological safety 

Distinguish assistance from substitution; create 

group norms; practice de-identification and the 

learner-first rule 

Signed AI-use 

compact and 

correctly de-

identified practice 

prompt 

2 
N - Notice and question 

quality 

Convert vague concerns into open, answerable, 

consequential questions; rate initial confidence 

Question ladder 

containing scope, 
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relevance, and 

confidence 

3 
E - Claims, evidence, 

and source quality 

Separate claim, evidence, and reasoning; 

triangulate a factual claim; identify missing 

evidence 

Completed claim-

evidence-reasoning 

matrix and source 

audit 

4 
E - Assumptions, bias, 

and uncertainty 

Detect hidden assumptions, framing, bias, 

hallucination, and unjustified certainty 

Assumption map 

and revised 

confidence rating 

5 
X - Alternatives and 

counterexamples 

Generate plausible alternatives; steelman a 

competing view; test conditional consequences 

Alternatives table 

and reasoned 

accept/reject 

decision 

6 
U - Values and learning 

identity 

Link a learning problem to values, strengths, 

prior experience, and a possible self without 

forced disclosure 

Optional identity-

value map and self-

authored learning 

statement 

7 

U - Autonomous goals 

and implementation 

intentions 

Translate a possible self into a small self-

concordant goal; plan barriers and supports 

Goal ladder and if-

then 

implementation 

plan 

8 
S - Evidence-based 

expression 

Draft a claim for a real audience; integrate 

evidence, reasoning, uncertainty, and fair 

counter position 

First personally 

authored product 

and AI-use 

disclosure 

9 
S - Peer critique and 

revision 

Use a respectful critique rubric; compare human 

and AI feedback; justify accepted and rejected 

edits 

Annotated revision 

trail and response-

to-feedback note 

10 
Integration, transfer, and 

public micro-action 

Complete a full N-E-X-U-S cycle; present a 

defensible product; plan transfer to a new 

subject 

Final product, oral 

defence, transfer 

plan, and fidelity 

checklist 

Phase II: Cluster Randomized Effectiveness 

Trial 

Eligibility, Recruitment, and Sample Size: 

Students were eligible if they were in Grades 10-12, 

scored at or below the lower-quartile threshold on at 

least two primary constructs, could participate in 

group sessions, and provided adolescent assent with 

written parental permission. Exclusion criteria were 

planned school transfer during the intervention, 

concurrent participation in a structured programme 

targeting the same outcomes, inability to complete 

Persian questionnaires independently, or an acute 

condition requiring individualized clinical care 

rather than a group educational programme. 

Students were not excluded for ordinary academic 

difficulty, prior AI use, or lack of a personal device; 

school devices and an offline pathway were 

provided. Design-stage Monte Carlo simulation 

assumed 12 clusters, mean cluster size 9, intraclass 

correlation 0.04, within-person correlation 0.60, 

two-sided alpha 0.05, 10% attrition, a standardized 

group-by-time effect of 0.45, small-cluster degrees 

of freedom, and Holm control across the three 

follow-up outcomes. Depending on outcome 

correlation and cluster-size imbalance, estimated 

power was only 62%-73%; therefore, 106 students 

did not constitute a conventionally powered 

definitive trial. The available 12 classes were the 

logistical maximum, and the study was explicitly 

treated as a preliminary efficacy and precision study. 

This distinction is important because increasing the 

number of students within a fixed set of 12 clusters 

cannot replace independent cluster-level 

information [42]. No post hoc power was calculated; 

interpretation prioritized design-compatible 

confidence intervals [43]. Of the 121 students 

meeting the programme-selection rule, 117 attended 

the selected class clusters and were invited. Parental 

permission and adolescent assent were obtained for 

110; four withdrew before baseline because of 

timetable or transfer plans. The final randomized 

sample was 106 students. 

 

Randomization, Allocation Concealment, and 

Blinding 

Within each of six schools, two class clusters were 

paired by grade, academic track, timetable, and 

prior-term academic average. After baseline 

assessment and completion of recruitment, an 

independent statistician used a computer-generated 

Bernoulli draw within every matched pair to assign 

one class to NEXUS and the other to active control, 

yielding six clusters and 53 students per condition. 

Allocations were stored in password-protected files 
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and released only after the recruitment list and 

baseline data were locked. The six pairwise 

assignments create 2⁶ = 64 allocation patterns, which 

defined the exact randomization-test reference set. 

Students and facilitators could not be blinded to 

curriculum content. Questionnaire administrators, 

data-entry staff, raters of source-verification and 

written products, and the statistician who first 

received groups labeled A and B were masked to 

allocation. 

 

Active Control 

The active control received ten weekly 90-minute 

sessions delivered in the same group size and with 

the same device access, facilitator contact, breaks, 

and homework burden. Content covered study 

planning, note-taking, memory strategies, exam 

preparation, collaborative learning, digital 

organization, internet-search basics, and 

conventional GenAI-assisted summarization. The 

same managed AI interface was available, but the 

NEXUS system prompt, learner-first gate, 

structured evidence audit, counter position 

sequence, identity integration, revision trail, and 

authentic-audience product were absent. Control 

students received the NEXUS workbook after 

completion of the follow-up assessment. 

 

Facilitator Training and Treatment Integrity 

Four school counsellors with at least five years of 

adolescent group-work experience delivered the 

programmes. Facilitators completed a 12-hour 

workshop covering the manual, demonstration, role-

play, AI safety, boundary management, and scoring 

of fidelity items. Each facilitator delivered sessions 

in only one condition. Weekly supervision used de-

identified process summaries. Twenty percent of 

sessions, stratified by condition and session number, 

were independently rated from observation notes 

and system logs. Fidelity was expressed as the 

percentage of applicable manual components 

completed. Inter-rater agreement was estimated with 

a two-way random, absolute-agreement intraclass 

correlation coefficient. 

 

Outcomes and Assessment Schedule 

The three outcome domains were agentic 

engagement, intrinsic motivation, and critical-

thinking disposition, measured with the same 

instruments used during screening. Baseline 

assessments occurred within seven days before 

randomization, post-intervention assessments 

within seven days after Session 10, and follow-up 

assessments 12-14 weeks later. The three-month 

joint outcome vector was the gatekeeping primary 

endpoint; follow-up outcome-specific contrasts 

formed the multiplicity-controlled family. 

Immediate post-intervention contrasts were 

supportive and exploratory. Secondary 

implementation outcomes included recruitment, 

retention, session attendance, fidelity, acceptability, 

perceived relevance, autonomy support, cognitive 

load, AI-safety compliance, unsupported-claim 

correction, and adverse events. Acceptability, 

relevance, and autonomy support were rated from 1 

to 5; cognitive load was rated from 1 to 5, with 

higher values indicating greater burden. 

As a behavioral complement, students completed a 

20-minute source-verification task containing six 

claims with mixed levels of evidential support. Two 

blinded raters scored correct identification of 

support, appropriate confidence calibration, and 

justification quality using a 0-12 rubric. Written 

products were scored on a 0-20 rubric covering 

question quality, evidence use, counter position 

fairness, uncertainty, revision rationale, and 

audience adaptation. Inter-rater reliability was 

estimated before discrepancies were resolved by 

consensus. These behavioral outcomes were 

secondary and were not included in the multiplicity-

controlled primary family. 

 

Safety Monitoring and Ethical Considerations 

Facilitators recorded privacy incidents, distress, 

frustration, inappropriate model output, 

safeguarding disclosures, and protocol deviations 

after every session. A predefined escalation pathway 

required immediate suspension of the AI interaction, 

private assessment by the school counsellor, contact 

with the parent or designated safeguarding officer 

when indicated, and referral to appropriate services. 

The protocol did not use AI to diagnose, predict 

mental health, infer personality, or make 

disciplinary or academic placement decisions. 

Administrative authorization was obtained from the 

Qazvin education authority and participating 

schools; however, no formally numbered 

institutional research-ethics approval was issued, 

and no approval number is claimed. Written 

informed permission was obtained from parents or 

legal guardians, and written assent was obtained 

from adolescents. Information was provided outside 

the presence of classroom teachers; families had at 

least 48 hours to decide; refusal or withdrawal had 

no effect on grades, services, or teacher 

relationships; no performance-linked payment was 

offered; and students could use a private opt-out 

route through an independent school counsellor. 

Students could skip a personal reflection or use the 

offline pathway without penalty. Data were coded, 

access-restricted, and reported in aggregate. No 

direct identifiers, health information, or private 

identity narratives were entered into the AI interface. 

Procedures were designed to accord with the 

privacy, voluntariness, risk proportionality, assent, 

and safeguarding principles of the 2024 Declaration 

of Helsinki [40]. Consent and reference to Helsinki 

do not substitute for prospective ethics-committee 

review. The trial was not prospectively or 

retrospectively registered, no registration number is 
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claimed, and the analysis plan was not publicly time-

stamped before analysis. 

 

Statistical Analysis 

Analyses followed an intention-to-treat estimand 

and included all 106 randomized students. 

Descriptive statistics summarized recruitment, 

participant characteristics, distribution shape, 

missingness, attendance, fidelity, acceptability, and 

harms. Baseline balance was evaluated with 

standardized mean differences rather than 

significance tests. Scale reliability was estimated 

with alpha and omega. Content-validity indices, 

rating dispersion, modified kappa, and Fleiss kappa 

were calculated as defined above. For each outcome, 

a restricted-maximum-likelihood mixed model 

included condition, categorical time, condition-by-

time interaction, matched school pair, grade, and the 

baseline outcome; random intercepts represented 

class and repeated observations within student. The 

model supplied covariate-adjusted marginal mean 

differences, but conventional model-based standard 

errors were not used as the sole inferential basis. 

Primary follow-up inference used class-cluster-

robust CR2 covariance estimation with 

Satterthwaite degrees of freedom; CR3 was a more 

conservative jackknife-style sensitivity analysis 

[44]. Restricted wild-cluster bootstrap-t intervals 

used Rademacher weights and enumerated all 

2¹²=4096 cluster sign patterns [45]. Kenward-Roger 

inference was retained only as a comparative 

sensitivity analysis. A global multivariate test 

combined the three standardized follow-up score 

statistics and was calibrated by exact permutation 

across all 64 allocations allowed by the six matched 

pairs. Conditional on this gatekeeping test, raw 

follow-up p values for the three outcomes were 

adjusted by Holm’s procedure. The correlated 

outcomes were not analyzed with false-discovery-

rate control because the family was confirmatory; 

immediate post-intervention contrasts were labeled 

supportive. 

Standardized effects were computed from the same 

model as gMB = J(ν)Δ / √ (τ²class + σ²student), 

where Δ is the adjusted marginal mean difference, 

τ²class and σ²student are unconditional time-specific 

class and student variances, and J(ν) is the Hedges 

correction based on the effective CR2 degrees of 

freedom. Thus, class-level heterogeneity entered the 

denominator directly. Baseline-pooled-SD Hedges g 

was not the principal effect size. Unconditional 

variance components and ICC = τ²class/ (τ²class + 

σ²student) were reported at every time point. 

Maximum likelihood addressed incomplete repeated 

outcomes under missing at random. Multilevel 

multiple imputation used 50 datasets in wide format 

with a class random intercept (two-level pan 

specification), fixed matched-pair indicators, 

treatment arm, all repeated outcomes, baseline 

covariates, attendance, prior grade, AI-use history, 

and observed predictors of missingness. Imputation 

was conducted within randomized arm to preserve 

treatment-by-time structure. Because only 12 

clusters can destabilize multilevel imputation, 

adjusted-group-mean fully conditional specification 

was added as a distinct sensitivity analysis [46]. A 

multidirectional tipping-point grid shifted missing 

NEXUS outcomes from -0.10 to -1.00 total SD and 

missing control outcomes from -0.50 to +0.50 SD in 

0.10-SD increments. Further analyses included 

complete cases, attendance of at least eight sessions, 

leave-one-pair-out models, CR3, exact matched-pair 

permutation, and a cluster-level rank test. 

Diagnostics included student-level and class-level 

quantile-quantile plots, scale-location plots, 

leverage and influence summaries, and inspection of 

empirical cluster means. No low-powered formal 

normality test was used to certify assumptions. 

Secondary blinded behavioral outcomes used 

analogous small-cluster inference but remained 

secondary because no prospective registry or 

publicly time-stamped protocol justified post hoc 

promotion to primary status. All tests were two-

sided; adjusted p < 0.05 was the decision threshold, 

and confidence intervals were interpreted as the 

principal description of precision. 

 

Results and Discussion 

Results 

Needs Mapping and Face Validity: 

The screening distributions showed sufficient 

dispersion to support empirical programme-

selection thresholds. Mean agentic engagement was 

4.08 (SD=0.92; observed range=1.80-6.70), mean 

intrinsic motivation was 4.31 (SD=1.04; 

range=1.42-6.83), and mean critical-thinking 

disposition was 116.8 (SD=17.6; range=68-158). 

The three primary constructs were positively but not 

redundantly associated: agentic engagement 

correlated with intrinsic motivation at r=0.48, with 

critical-thinking disposition at r=0.37, and intrinsic 

motivation correlated with critical-thinking 

disposition at r=0.41. These relationships supported 

a multicomponent intervention rather than treating 

the constructs as interchangeable. 

Application of the prespecified lower-quartile rule 

identified 121 of 463 students (26.1%). Fifty-three 

students (11.4%) met the threshold on exactly two 

outcomes and 68 (14.7%) met it on all three. 

Students classified as having elevated 

developmental need reported the greatest difficulty 

initiating questions, sustaining interest when a task 

lacked immediate relevance, tolerating ambiguity, 

seeking counterevidence, and revising confidence. 

Co-design participants recommended short repeated 

cycles, visible decision trails, student-selected 

topics, offline alternatives, and a clear separation 

between voluntary reflection and compelled 

personal disclosure. 
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Cognitive interviews showed that several students 

initially interpreted “critical thinking” as criticism of 

another person and “AI partner” as permission to 

delegate drafting. The manual was revised to define 

critical thinking through observable actions and to 

describe the model as a “bounded dialectical coach” 

in facilitator instructions. Identity tasks were 

reframed as optional reflection on learning patterns, 

values, and possible selves. Formal face-validity 

impact scores ranged from 3.20 to 4.73, exceeding 

the prespecified criterion of 1.50 for every 

instruction and activity. 

 

Delphi Content Validation 

Version 0.7 contained 58 separately rated content 

and implementation elements. In round 1, CVR 

ranged from 0.20 to 1.00, I-CVI from 0.67 to 1.00, 

and S-CVI/Ave was 0.84. Item-level rating variance 

had a median of 0.58 (interquartile range 0.44-0.73). 

Six elements were removed because they were 

duplicative, weakly linked to the theory of change, 

or judged unnecessarily burdensome; seven were 

substantively revised, and three explicit safety 

elements were added: mandatory de-identification, 

an equivalent offline pathway, and facilitator 

escalation for harmful or developmentally 

inappropriate output. Version 0.9 therefore 

contained 55 elements. All 55 elements met the 

minimum retention criteria in round 2, but 

agreement was not portrayed as unanimity. CVR 

ranged from 0.60 to 1.00 (median 0.73), I-CVI 

ranged from 0.80 to 1.00, and S-CVI/Ave was 0.91. 

Universal agreement was 17/55=0.31. Modified 

kappa ranged from 0.76 to 0.99. Fleiss kappa was 

0.66 (95% CI 0.61-0.70) for relevance and 0.61 

(95% CI 0.56-0.66) for necessity, compared with 

0.58 and 0.52 in round 1. Median item-level 

variance declined to 0.41 (interquartile range 0.30-

0.55), indicating convergence without erasing 

minority positions. Nine retained items received a 

relevance rating below 3 from two or three experts, 

and six received a non-essential judgment from two 

or three experts. Excluding the three panelists with 

prior academic collaboration yielded S-

CVI/Ave=0.90. Minor edits standardized 

terminology, added examples of acceptable 

uncertainty statements, and clarified that facilitators 

not the model retained responsibility for 

safeguarding decisions. 

 

 

Table 3. Final content-validity results by protocol domain 

Domain 
Elements, 

n 

Median CVR 

(range) 
Mean I-CVI (range) 

Median non-essential 

ratings per item 

(range) 

AI-mediated Socratic 

inquiry 
12 0.87 (0.60-1.00) 0.92 (0.87-1.00) 1 (0-3) 

Evidence appraisal and 

critical thinking 
10 0.73 (0.60-1.00) 0.90 (0.80-1.00) 1 (0-3) 

Agency and autonomy 

support 
8 0.87 (0.73-1.00) 0.93 (0.87-1.00) 1 (0-2) 

Identity meaning-making 8 0.73 (0.60-0.87) 0.88 (0.80-0.93) 2 (1-3) 

Impactful expression and 

peer critique 
7 0.73 (0.60-1.00) 0.90 (0.80-1.00) 1 (0-3) 

AI safety, privacy, and 

fidelity 
10 0.87 (0.73-1.00) 0.94 (0.87-1.00) 1 (0-2) 

Overall 55 0.73 (0.60-1.00) 0.91 (0.80-1.00) 1 (0-3) 

CVR, content validity ratio; I-CVI, item-level 

content validity index. Overall S-CVI/Ave=0.91; S-

CVI/UA=0.31; modified kappa range=0.76-0.99. 

Fleiss kappa: relevance 0.66 (95% CI 0.61-0.70), 

necessity 0.61 (95% CI 0.56-0.66). Item-level 

distributions and minority comments are retained in 

Supporting Information. 

 

Trial Flow and Baseline Characteristics 

Of 117 trial-eligible students attending the selected 

matched class clusters, 110 (94.0%) provided 

parental permission and adolescent assent. Four 

withdrew before baseline because of timetable 

conflict (n=3) or a planned transfer (n=1). Twelve 

class clusters containing 106 students were 

randomized: six clusters (n=53) to NEXUS and six 

clusters (n=53) to active control. At post-

intervention, data were available for 51 NEXUS 

students and 49 control students. At three-month 

follow-up, data were available for 49 and 46 

students, respectively, corresponding to 89.6% 

overall retention. NEXUS follow-up losses reflected 

school transfer (n=1), examination conflict (n=2), 

and assent withdrawal (n=1); control losses reflected 

transfer (n=2), examination conflict (n=2), assent 

withdrawal (n=1), and inability to contact the family 

(n=2). No cluster withdrew. The modestly greater 

individual loss in control was described rather than 

tested because only 11 follow-up observations were 

missing. Baseline characteristics were acceptably 

balanced. Absolute standardized mean differences 

ranged from 0.00 to 0.13 and did not exceed the 
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prespecified 0.20 descriptive flag. Participants had a 

mean age of 16.4 years, approximately one-third 

were enrolled in each grade, and slightly more than 

half reported weekly GenAI use before the study. 

Figure 2 provides the complete participant flow and 

Table 4 presents baseline data. 

 

 

Table 4. Baseline characteristics of randomized participants 

Characteristic NEXUS (n = 53) Active control (n = 53) Absolute SMD 

Age, years, mean (SD) 16.40 (0.82) 16.44 (0.86) 0.05 

Grade 10, n (%) 18 (34.0) 17 (32.1) 0.04 

Grade 11, n (%) 17 (32.1) 18 (34.0) 0.04 

Grade 12, n (%) 18 (34.0) 18 (34.0) 0.00 

Prior weekly GenAI use, n (%) 29 (54.7) 31 (58.5) 0.08 

Personal smartphone access, n (%) 49 (92.5) 48 (90.6) 0.07 

Prior-term grade average, 0-20, mean 

(SD) 
16.31 (1.42) 16.24 (1.47) 0.05 

Agentic engagement, 1-7, mean (SD) 3.18 (0.79) 3.24 (0.81) 0.07 

Intrinsic motivation, 1-7, mean (SD) 3.45 (0.84) 3.50 (0.86) 0.06 

Critical-thinking disposition, 33-165, 

mean (SD) 
101.9 (13.0) 102.6 (13.2) 0.05 

SMD, standardized mean difference; GenAI, 

generative artificial intelligence. Percentages may 

not total 100 because of rounding. 

 

 
Fig. 2. Participant flow through needs mapping, eligibility, cluster allocation, post-intervention assessment, and 

three-month follow-up 
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Implementation, Fidelity, Acceptability, and 

Safety 

NEXUS students attended a mean of 8.7 sessions 

(SD=1.5); 45 of 53 (84.9%) attended at least eight. 

Control students attended a mean of 8.5 sessions 

(SD=1.6); 43 of 53 (81.1%) attended at least eight. 

NEXUS fidelity averaged 86.8% (session range 

78.4%-94.3%), and control fidelity averaged 88.1% 

(81.0%-94.8%). Independent raters audited 24 of 

120 sessions, stratified by condition and session 

number; absolute-agreement ICC was 0.82 (95% CI 

0.67-0.91). The broader range and imperfect 

agreement were retained because fidelity judgments 

involved human interpretation rather than 

mechanical box checking. 

NEXUS acceptability was 4.08 (SD=0.56), 

perceived relevance was 4.16 (SD=0.55), and 

perceived autonomy support was 4.12 (SD=0.61). 

Corresponding active-control values were 3.89 

(SD=0.59), 3.94 (SD=0.58), and 3.82 (SD=0.64). 

Mean cognitive load was 2.91 (SD=0.66) in NEXUS 

and 2.55 (SD=0.63) in control. The NEXUS tasks 

were therefore experienced as more demanding, 

although mean burden remained below the 

progression threshold of 3.50. 

Across 1,187 logged NEXUS interactions, 93 direct-

answer requests were detected. The automatic 

Socratic gate redirected 78 (83.9%); the remaining 

15 were intercepted by facilitators before students 

incorporated a direct answer. Audit identified 21 

inappropriate or overconfident outputs (1.8%): nine 

unverifiable citations, six instances of unjustified 

certainty, four instances of drift toward drafting the 

final product, and two incomplete privacy warnings. 

Twenty were corrected before the student product 

was finalized, and one was retained only with an 

explicit uncertainty label. Students independently 

flagged 104 potentially unsupported claims; 87 

(83.7%) were verified, corrected, qualified, or 

removed, and 17 remained explicitly unresolved. 

One privacy near miss was blocked before 

transmission. These observations show that the 

safeguards reduced but did not eliminate model and 

user error. No serious intervention-related adverse 

event occurred. Six NEXUS students reported 

transient frustration, two reported discomforts 

during optional identity reflection, and the privacy 

near miss generated a facilitator debrief; three 

control students reported technical frustration. All 

were minor and resolved through clarification, topic 

change, or the offline pathway. No safeguarding 

disclosure was generated by the intervention and no 

external referral was required. Three control 

students accessed Socratic-prompt examples outside 

class; a contamination sensitivity analysis remained 

directionally similar but imprecise. 

 

 

Table 5. Implementation and safety outcomes 

Indicator 
Progression 

criterion 
NEXUS Active control 

Recruitment among invited students >= 80% 94.0% overall 94.0% overall 

Three-month completion >= 85% 92.5% (49/53) 86.8% (46/53) 

Attendance at >= 8 sessions >= 75% 84.9% (45/53) 81.1% (43/53) 

Mean implementation fidelity >= 80% 86.8% 88.1% 

Mean acceptability, 1-5 >= 3.5 4.08 (0.56) 3.89 (0.59) 

Mean cognitive load, 1-5 < 3.5 2.91 (0.66) 2.55 (0.63) 

Serious related adverse events 0 0 0 

Primary Effectiveness Outcomes 

The exact global multivariate randomization test for 

the three follow-up outcomes was p=0.031, 

supporting a joint between-condition shift while 

leaving outcome-specific precision to be evaluated 

separately. Agentic engagement showed an adjusted 

follow-up difference of 0.44 points (restricted wild-

cluster-bootstrap 95% CI 0.10 to 0.78; raw p=0.014; 

Holm-adjusted p=0.042; model-based g=0.43). 

Critical-thinking disposition showed a 6.1-point 

difference (95% CI 0.6 to 11.6; raw p=0.039; 

adjusted p=0.078; g=0.38). Intrinsic motivation 

showed a 0.31-point difference (95% CI -0.04 to 

0.66; raw and adjusted p=0.086; g=0.30). Thus, only 

agentic engagement crossed the multiplicity-

adjusted outcome-specific threshold; the intervals 

for motivation and critical-thinking disposition 

remained compatible with smaller or null effects. 

Supportive post-intervention differences were 0.43 

for agentic engagement (95% CI 0.08 to 0.78; wild-

bootstrap p=0.024; g=0.44), 0.30 for intrinsic 

motivation (95% CI -0.05 to 0.65; p=0.082; g=0.30), 

and 6.7 for critical-thinking disposition (95% CI 1.2 

to 12.2; p=0.021; g=0.42). These p values were 

unadjusted and exploratory. Importantly, the active 

control improved from baseline rather than 

remaining static: at follow-up, observed changes 

were +0.22, +0.15, and +3.5 points, respectively. 

Study-planning practice, facilitator attention, 

technology familiarity, repeated measurement, and 

ordinary academic development are plausible 

contributors to those gains; attributing them to a 

single mechanism is not warranted. Student-level 

quantile-quantile plots showed mild tail departure, 

while six-arm cluster-level plots were necessarily 

sparse. Scale-location patterns did not indicate gross 

heteroscedasticity. One class exerted moderate 
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leverage, but leave-one-pair-out estimates remained 

positive and varied materially in width, as expected 

with only six pairs. These diagnostics motivated 

robust and randomization-based inference rather 

than a claim that normality had been established. 

 

 

Table 6. Primary outcomes at baseline, post-intervention, and three-month follow-up 

Outcome Group 
Baseline 

mean (SD) 

Post mean 

(SD) 

Follow-up 

mean (SD) 

Adjusted NEXUS-

minus-control contrast; 

model-based g 

Agentic 

engagement, 1-7 
NEXUS 3.18 (0.79) 3.84 (0.88) 3.78 (0.90) 

Post: 0.43 (0.08 to 

0.78); g = 0.44. Follow-

up: 0.44 (0.10 to 0.78); 

g = 0.43 

- 
Active 

control 
3.24 (0.81) 3.49 (0.84) 3.46 (0.87) Reference 

Intrinsic motivation, 

1-7 
NEXUS 3.45 (0.84) 3.94 (0.90) 3.88 (0.92) 

Post: 0.30 (-0.05 to 

0.65); g = 0.30. Follow-

up: 0.31 (-0.04 to 0.66); 

g = 0.30 

- 
Active 

control 
3.50 (0.86) 3.70 (0.88) 3.65 (0.91) Reference 

Critical-thinking 

disposition, 33-165 
NEXUS 101.9 (13.0) 112.2 (14.1) 111.3 (14.5) 

Post: 6.7 (1.2 to 12.2); 

g = 0.42. Follow-up: 

6.1 (0.6 to 11.6); g = 

0.38 

- 
Active 

control 
102.6 (13.2) 106.4 (13.8) 106.1 (14.0) Reference 

Confidence intervals are restricted wild-cluster-

bootstrap-t intervals. Follow-up raw p values were 

0.014, 0.086, and 0.039; Holm-adjusted values were 

0.042, 0.086, and 0.078. Post-intervention p values 

are supportive and unadjusted. Model-based g 

includes unconditional class and student variance 

and Hedges correction. 

The unconditional ICCs were non-zero and 

increased modestly over time (Table 7). This pattern 

rules out an implicit zero-cluster-variance 

explanation for the confidence intervals and shows 

why using only a baseline or within-student SD 

would overstate standardized effects. 

 

 

Table 7. Unconditional time-specific variance components and intraclass correlations 

Outcome Time Class variance 
Student 

variance 
ICC Total SD 

Agentic engagement Baseline 0.040 0.616 0.061 0.810 

- Post 0.059 0.717 0.076 0.881 

- Follow-up 0.069 0.762 0.083 0.912 

Intrinsic motivation Baseline 0.035 0.710 0.047 0.863 

- Post 0.052 0.761 0.064 0.902 

- Follow-up 0.060 0.785 0.071 0.919 

Critical-thinking 

disposition 
Baseline 12.0 162.0 0.069 13.19 

- Post 16.9 189.2 0.082 14.36 

- Follow-up 18.7 189.1 0.090 14.42 

ICC = class variance/ (class variance + student 

variance); total SD is the square root of the summed 

variance components. Components came from 

outcome-specific unconditional models at each time 

point. 

 

Secondary Behavioral Outcomes and Sensitivity 

Analyses 

Blinded scoring of source-verification tasks showed 

inter-rater ICC=0.84 (95% CI 0.75-0.90), and 

written-product scoring showed ICC=0.86 (95% CI 

0.78-0.92). At post-intervention, adjusted NEXUS-

minus-control differences were 1.2 points for source 

verification (0-12 scale; 95% CI 0.2 to 2.2; g=0.42) 

and 1.8 for written-product quality (0-20 scale; 95% 

CI 0.3 to 3.3; g=0.46). Follow-up differences were 

0.9 (95% CI -0.1 to 1.9; g=0.31) and 1.4 (95% CI -

0.2 to 3.0; g=0.34), respectively. These blinded 

outcomes reduce sole reliance on self-report, but 

their follow-up intervals include no effect and their 
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secondary status was not changed after seeing the 

data. Sensitivity analyses did not support an all-or-

none claim of robustness (Table 8). CR3, both 

imputation strategies, complete-case analysis, and 

per-protocol analysis preserved direction but 

widened uncertainty. Exact pairwise randomization 

p values were constrained by 64 possible 

allocations: 0.031 for agentic engagement, 0.125 for 

motivation, and 0.063 for critical-thinking 

disposition. Cluster-rank p values were 0.031, 0.156, 

and 0.063. Leave-one-pair-out point estimates 

remained positive, but the widest intervals crossed 

zero for every outcome in at least one omission, 

illustrating dependence on a small number of 

clusters. The multidirectional tipping-point analysis 

showed that the agentic-engagement interval lost its 

positive lower bound when missing NEXUS follow-

up scores were approximately 0.55 total SD worse 

than predicted while missing control scores were 

0.20 SD better. The corresponding adverse 

combination was approximately 0.65 and 0.20 SD 

for critical-thinking disposition. Intrinsic motivation 

already included zero under missing at random. 

These thresholds are more informative than a single 

one-directional -0.30-SD shift because they display 

simultaneous departures in both arms. 

 

 

Table 8. Sensitivity analyses for three-month outcome-specific contrasts 

Analysis 

Agentic engagement, 

adjusted difference  

(95% CI) 

Intrinsic motivation, 

adjusted difference 

 (95% CI) 

Critical-thinking 

disposition, 

adjusted difference 

(95% CI) 

Mixed model point 

estimate with CR2/WCB 

interval 

0.44 (0.10 to 0.78) 0.31 (-0.04 to 0.66) 6.1 (0.6 to 11.6) 

CR3 cluster jackknife 0.43 (0.08 to 0.79) 0.30 (-0.07 to 0.67) 5.9 (-0.1 to 11.9) 

Multilevel MI, 50 datasets 0.42 (0.07 to 0.77) 0.29 (-0.08 to 0.66) 5.8 (-0.2 to 11.8) 

Adjusted-group-mean 

FCS MI 
0.43 (0.08 to 0.78) 0.30 (-0.06 to 0.66) 5.9 (0.0 to 11.8) 

Complete cases 0.46 (0.09 to 0.83) 0.33 (-0.06 to 0.72) 6.4 (0.1 to 12.7) 

Per protocol, >= 8 

sessions 
0.47 (0.10 to 0.84) 0.34 (-0.05 to 0.73) 6.6 (0.2 to 13.0) 

Exact matched-pair 

randomization, p value 
0.031 0.125 0.063 

Cluster-level rank test, p 

value 
0.031 0.156 0.063 

CR2/CR3, small-sample cluster-robust covariance 

corrections; WCB, restricted wild-cluster bootstrap-

t; MI, multiple imputation; FCS, fully conditional 

specification. Model-based rows report adjusted 

differences and 95% confidence intervals. 

Randomization and rank rows report two-sided p 

values. 

 

Discussion 

This study developed and content-validated a ten-

session NEXUS protocol and then estimated its 

preliminary effects in a comparison with a dose- and 

technology-matched active control. The main design 

contribution was a redistribution of epistemic 

authority: students had to formulate the question, 

expose provisional reasoning, evaluate evidence, 

consider a counter position, connect the task to a 

meaningful goal, and author the final 

communication. The model could scaffold these acts 

but was not intended to replace them. The results 

support feasibility and a promising joint follow-up 

signal, not definitive effectiveness across every 

outcome. Content-validation findings were credible 

precisely because they were not uniformly perfect. 

The final S-CVI/Ave of 0.91 met the progression 

criterion, whereas universal agreement of 0.31 and 

Fleiss kappa values of 0.66 and 0.61 showed 

meaningful residual disagreement. Reporting item-

level variance, minority ratings, conflicts, and the 

exclusion sensitivity analysis makes clear how 

consensus was reached. Round-to-round 

improvement followed deletion, revision, and added 

safeguards rather than re-rating an unchanged 

instrument. These decisions align with current 

content-validation guidance [41], UNESCO’s 

human-centred emphasis on agency, privacy, 

transparency, fairness, and age-appropriate AI 

competency [38,39], and evidence identifying 

hallucination, privacy exposure, inequity, and 

cognitive offloading as central K-12 risks [5]. 

At three months, the global multivariate 

randomization test supported a joint shift, but 

outcome-specific evidence differed. Agentic 

engagement retained a positive wild-bootstrap 

interval and survived Holm adjustment; its model-

based g of 0.43 was far smaller than the baseline-SD 

estimate that would have resulted from ignoring 

class variance. This pattern is theoretically coherent 

because every session required learner-initiated 

questions, evidence requests, task-direction 
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decisions, and defended revisions behaviours 

closely aligned with agentic engagement [11,12]. 

Even so, the interval remains wide enough to 

encompass modest rather than transformative 

benefit. For intrinsic motivation, the follow-up 

interval included zero, and for critical-thinking 

disposition the raw interval excluded zero but the 

Holm-adjusted p value did not cross 0.05. These 

outcomes should therefore not be described as 

conclusively improved. Their positive point 

estimates are compatible with self-determination 

theory and structured higher-order-thinking 

accounts [3,4,13,14,22-24], but theoretical 

plausibility does not repair imprecision. The blinded 

behavioral measures were directionally concordant 

at post-intervention, yet their follow-up intervals 

also included zero. They strengthen triangulation 

while remaining secondary; promoting them after 

observing the results would compound selective-

reporting risk. The active control improved on all 

three outcomes. This is plausible for ten sessions of 

study planning, memory strategy, digital 

organization, collaborative learning, and guided 

GenAI summarization. Adult attention, peer 

activity, repeated testing, practice, and normal 

academic development may also have contributed. 

The between-arm contrasts therefore estimate the 

incremental value of NEXUS over a credible 

educational comparator, not change against 

inactivity. This pattern reduces the concern created 

by an implausibly stationary control and 

appropriately yields smaller effect estimates. 

Identity meaning-making remains a plausible 

mechanism connecting autonomous motivation and 

agency, but mediation was not tested. NEXUS 

prohibited automated personality interpretation, 

made personal disclosure optional, and allowed non-

personal topics. These safeguards are important 

because identity interventions are intended to 

support exploration and commitment rather than 

impose fixed labels [18,19]. Future mechanism work 

should measure identity-goal integration directly 

instead of inferring it from outcome change. 

Implementation was adequate rather than flawless. 

Fidelity averaged 86.8%, and independent 

agreement was 0.82. The Socratic gate intercepted 

most direct-answer requests but required human 

rescue in 15 cases. Auditors identified 21 

inappropriate or overconfident outputs, and students 

did not resolve every unsupported claim. These 

errors are educationally consequential: a bounded 

system reduces risk only when automatic 

restrictions, facilitator audit, student verification, 

and an offline alternative operate together. The 

absence of a serious related event should not be 

interpreted as absence of minor burden or system 

failure. Several design features strengthen 

interpretation: intervention development preceded 

testing; adolescent, school-staff, and expert input 

were integrated; recruitment and baseline 

measurement preceded allocation release; the active 

control matched contact, device exposure, and 

general AI access; and behavioral products were 

blindly rated. Analytically, CR2/CR3, exhaustive 

restricted wild-cluster bootstrap, exact within-pair 

randomization, cluster-rank tests, time-specific 

ICCs, model-based standardization, multilevel 

imputation, and multidirectional tipping points 

made the small-cluster uncertainty visible instead of 

allowing a conventional mixed model to conceal it 

[42-46]. 

The limitations are nonetheless substantial.  

First, 12 classes six per condition provide little 

independent information for variance-component 

estimation. CR2, CR3, bootstrap, and permutation 

methods improve calibration but cannot 

manufacture missing clusters. Effective degrees of 

freedom remain small, exact p values are coarse, and 

leave-one-pair-out intervals reveal fragility.  

Second, participants were male students from urban 

upper-secondary schools in Qazvin; transfer to girls, 

rural schools, first-cycle students, or less-resourced 

settings is unknown.  

Third, students knew their allocation. For self-report 

outcomes this creates performance, expectancy, and 

detection threats even though questionnaire 

administrators and analysts were masked. Blinded 

behavioral outcomes are valuable corroboration but 

cannot retrospectively replace the designated family. 

Fourth, differential individual attrition was small but 

somewhat greater in control. Multilevel imputation 

and tipping-point analyses address observable and 

hypothetical departures, yet no missing-data method 

proves the unobserved values.  

Fifth, cluster-level residual diagnostics are 

intrinsically weak with 12 classes; the observed mild 

tail departure and leverage reinforce reliance on 

robust and rank-based analyses.  

Sixth, the three-month endpoint does not establish 

maintenance across an academic year.  

Seventh, estimates remain conditional on facilitator 

skill and a specific archived model configuration; 

changes in model snapshot, temperature, system 

prompt, interface, or safety classifier may alter both 

learning and risk. 

The most serious transparency limitations are the 

absence of a formally numbered prospective ethics 

approval, prospective trial registration, and a 

publicly time-stamped protocol and analysis plan. 

Parental permission, adolescent assent, 

administrative authorization, and reference to the 

Declaration of Helsinki do not substitute for 

independent ethics-committee review. Without 

prospective registration, selective outcome, contrast, 

or subgroup reporting cannot be excluded, and the 

results should not be presented as confirmatory. 

Before dissemination of any real-world replication, 

investigators should obtain prospective approval and 

registration. If a completed study is registered 

retrospectively, the registration must clearly identify 
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its retrospective date and should be accompanied by 

the original protocol, analysis code, full outcome 

matrix, and a transparent account of deviations; 

retrospective registration does not restore 

prospective protection. 

A definitive evaluation requires substantially more 

independent schools, sex-inclusive and 

socioeconomically diverse recruitment, longer 

follow-up, and a prospectively registered hierarchy 

of estimands. Prespecified mechanism measures 

should include autonomy support, epistemic 

vigilance, confidence calibration, cognitive 

offloading, identity-goal integration, and revision 

quality. A process evaluation could examine 

whether source checking and learner-authored 

revision mediate later agency, while a dismantling 

design could separate the contributions of Socratic 

gating, identity work, and impactful expression. 

Cost, teacher workload, accessibility, privacy, 

offline equivalence, and model-version drift should 

be treated as core implementation outcomes. 

 

Conclusion 

NEXUS is a content-valid and implementable 

framework for converting GenAI from an answer 

generator into a bounded Socratic coach while 

retaining question formation, evidence appraisal, 

revision, and final authorship with the adolescent. In 

this small-cluster comparison, the joint follow-up 

test and the multiplicity-adjusted agentic-

engagement result were promising; intrinsic 

motivation, critical-thinking disposition, and 

blinded behavioral outcomes remained uncertain. 

The model-based effects were modest, the active 

control also improved, and uncertainty was 

materially wider after small-cluster correction. 

NEXUS should therefore be treated as ready for 

prospectively approved, registered, multisite 

replication not as established evidence of broad 

effectiveness. 
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