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Early childhood education

Many children are not receiving crucial social-emotional learning (SEL) support due to systemic constraints, such
as high educator workload and training burdens. Pedagogical conversational agents (PCAs)—generative Al-
powered virtual characters trained to converse with students like a teacher—offer promising solutions that
could extend to SEL. However, the current affective-computing capacities of PCAs may be limiting, as SEL
facilitation requires deeper emotional and relational attunement than cognition-heavy subjects (e.g., literacy,
numeracy). The emotional and relational skills of human educators likely confer benefits beyond those of PCAs in
SEL instruction. Despite this potential complementarity, no studies have experimentally assessed the relative
performance of PCAs and educators in SEL contexts. It remains unclear if and how PCAs can help educators close
the SEL gap. In this study, we used a controlled comparison to reveal complementary strengths, comparing the
performance of a PCA to that of human educators when independently facilitating story-based SEL activities with
a static AI child. We used a static Al child to help ensure that any performance differences could be attributed to
facilitator type. The PCA (n = 18 simulations) and educators (n = 18) each delivered three SEL activities (N =
108 observations). Expert raters, blind to facilitator type, coded dialogue excerpts for evidence-based SEL sup-
port techniques and indicators of pedagogical quality. A mixed ANOVA and t-tests revealed significant differ-
ences. The PCA showed strengths in basic relational and instructional domains, maintaining respectful tone and
routinely providing procedural scaffolding. Educators showed strengths in deeper SEL instruction, guiding
reflection and promoting social-emotional knowledge. We discuss implications for SEL through the lens of
human-AI complementarity.

1. Introduction

1.1. The current state of childhood mental health and early social-
emotional learning as a solution

Failing to nurture childhood mental health from early in life is esti-
mated to cost society up to 1.85 million USD in direct (e.g., mental
health services) and indirect (e.g., lost workforce productivity) costs per
at-risk child across their lifetime [1]. The number of children considered
at-risk for mental health challenges has increased over past decades, and
this increase is not fully attributable to greater awareness or improved
diagnostics [2]. For example, suicide has become one of the leading
causes of death in 10- to 14-year-olds, particularly in girls [3].
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A structural, upstream solution to address the growing costs of
neglecting childhood mental health is to make social-emotional learning
(SEL) mandatory in early childhood education and beyond. Longitudinal
studies clearly show that social-emotional skills—such as empathically
caring for others and regulating emotions—are linked to healthier re-
lationships and better mental health across childhood, adolescence, and
adulthood (e.g., [4,5]). A systematic review of school-based in-
terventions to promote social-emotional skills found that interventions
have the largest remedial and preventive benefits if they commence
earlier in development [6] when neurobiological, attachment, rela-
tional, and other critical mechanisms are most malleable [7]. Moreover,
early childhood is precisely when foundational social-emotional ca-
pacities undergo rapid change: theory of mind and perspective-taking
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emerge and consolidate [8], early conscience and prosocial orientations
take shape [9], and independent emotion regulation capacities expand
markedly [10]. Because SEL directly targets these capacities, imple-
menting SEL in early childhood meets children at a period of maximal
malleability, potentially having stronger, more durable effects on posi-
tive mental health and development.

1.2. Challenges in early SEL implementation

Efforts to implement SEL in early childhood education settings have
been thwarted by systemic challenges, such as high existing teaching
burdens and insufficient pre-service educator training in SEL delivery
[11]. When SEL is incorporated, efficacy is compromised by an overall
lack of rigorous, evidence-based programs that remain flexible enough
to account for children’s varying developmental levels, attentional ca-
pacities, and cultural needs [12]. Thus, novel SEL solutions should
ideally have a minimal training burden for educators and be flexible
enough to include diverse young learners. Furthermore, the urgency
created by accelerating numbers of at-risk children and limited time and
resources to equip all early childhood education institutions for SEL
delivery [13] has necessitated the need for rapidly scalable solutions.
Despite these implementation challenges, meta-analytic evidence in-
dicates that early SEL is reliably linked to sustained academic gains [14,
15], as well as long-term reductions in psychopathology and crime into
adulthood [16].

1.3. Leveraging Generative artificial intelligence for early SEL
implementation

Given the persistent challenges in implementing SEL, researchers
have increasingly turned to technology as a potential lever for scalable,
personalized solutions. Among emerging technologies, generative arti-
ficial intelligence (GenAl; e.g., Al-generated lesson materials, conver-
sational agents, automated feedback/reflection tools) has gained
increasing attention for its capacity to automate instructional tasks,
adapt to diverse learner needs, and reduce educator burden. In a recent
review on the role of GenAl in early childhood education contexts, Zhao
etal. [17] argued that GenAl can likely address issues of training burden
and educator workload by automating instructional components (e.g.,
lesson planning and content creation) and handling routine adminis-
trative tasks. With an SEL-focused thematic literature review, Henriksen
et al. [18] concluded that GenAI promises to foster empathy, emotional
awareness, and interpersonal skills through real-time emotional feed-
back and adaptive dialogue. Reviewing Al technologies with a broader
scope, including chatbots, sentiment analysis, and virtual reality, Sethi
and Jain [19] underscored the potential for AI to enhance student
engagement, emotion regulation, and self-awareness through real-time
feedback, greater immersion, and personalized learning. They also
acknowledged scalability, as GenAl SEL could theoretically be rapidly
disseminated due to lower implementation costs and fewer human
bottlenecks relative to analog SEL programs (e.g., no/lesser need to train
educators or develop physical materials for every site).

Therefore, many GenAl solutions, including intelligent tutoring
systems, classroom chatbots, automated content generators, and feed-
back tools, have been proposed for education, including SEL (e.g., [19]).
Because SEL is inherently relational—children learn how to empathize
and regulate emotions through social interactions with peers and edu-
cators, real or constructed—conversational systems are particularly well
suited. Indeed, pedagogical conversational agents (PCAs) have emerged
as one of the most promising GenAl solutions for SEL [20]. PCAs are
interactive digital systems powered by GenAl components for natural
language processing and dialogue management with the purpose of
relationally engaging learners to enhance educational outcomes [21].
PCAs can act as “digital teaching assistants” to simulate human-like
pedagogical conversations with personalized responses tailored to the
learning needs of each student. For SEL, PCAs could be trained to
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autonomously deliver evidence-based SEL content in an emotionally,
developmentally, and pedagogically sensitive manner. User mod-
eling—dynamically tracking and updating information about the
learner’s knowledge, misconceptions, and emotional state in real time-
—theoretically allows PCAs to adapt SEL techniques to different chil-
dren and even dynamically within sessions involving the same child
[22].

Some empirical work suggests that PCAs may be capable of replacing
educators in specific areas of instruction, particularly those involving
structured, repetitive, or individualized content delivery. Arguments for
replacement or substitution typically hinge on PCA’s consistency,
availability, and instructional capacity relative to humans. Regarding
consistency, PCAs can repeatedly deliver standardized content with
minimal variability in quality or mood. A recent meta-analysis by
Gladstone et al. [23] found that PCAs significantly improved learning
outcomes in diverse learner populations and contexts (including chil-
dren, adolescents, and adults across K-12, higher education, and
informal learning settings), particularly when designed to deliver scaf-
folded feedback in a standardized manner. Regarding availability, PCAs
do not fatigue, nor do they work set hours, so they can be constantly
available beyond scheduled learning times [24]. This is particularly
relevant to SEL because core competencies like emotion regulation,
empathy, and conflict resolution are continually practiced and rein-
forced in daily life [25]. Finally, regarding instructional capacity, PCAs
can simultaneously provide personalized instruction to each and every
child in the classroom. A meta-analysis by Davis et al. [26] found that
dynamic PCAs—designed to respond to individual learner input and
simulate one-on-one tutoring across multiple learners simulta-
neously—significantly enhanced learning outcomes relative to static
agents or no-agent conditions (also see [27]).

Despite these apparent strengths of PCAs for SEL, previous studies
have also highlighted critical limitations. For instance, PCAs often
interact in affectively shallow ways that are not always contingent on
users’ emotional states [28]. Celik et al. [29] similarly critiqued AI tools
in education for offering generic, non-adaptive feedback and for failing
to support deeper, context-sensitive learning. PCAs also risk reinforcing
algorithmic bias when emotional cues are misinterpreted or culturally
misaligned [18]. Researchers have also raised concerns about the
displacement of core human functions, such as pedagogical judgment,
emotional engagement, and ethical oversight in education due to
increasing reliance on Al systems, calling for careful design principles to
ensure that Al supports, rather than undermines, the human dimensions
of teaching and learning [30]. These concerns have prompted a growing
body of research shifting the focus away from replacement to
enhancement, emphasizing the potential for Al to work in partnership
with educators from the lens of human-Al complementarity. Holstein
and Aleven [31], for example, proposed a framework that prioritizes
transparency, teacher control, and collaborative design from their work
with Lumilo smart glasses, illustrating how real-time analytics can
support teachers’ decision-making without undermining their profes-
sional autonomy. Similarly, Filiz et al. [32] found that K-12 teachers
valued Al tools like ChatGPT and MagicSchool for streamlining lesson
planning and personalizing learning, enabling greater focus on student
engagement and adaptive instruction (for similar arguments, see
[33-35]).

Overall, this focused review of the literature reveals that, despite
increasing interest in integrating GenAl, particularly PCAs, into SEL,
most empirical findings to date originate from broader educational
research (see [23]). As Henriksen et al. [18] noted, research at the
intersection of GenAlI and SEL remains nascent. Much of the existing
literature centers on conceptual frameworks, potential affordances, and
ethical considerations, with limited empirical validation in applied
experimental settings. As one of the few studies specifically addressing
GenAl’s social-emotional dimensions, Oh and Ahn [36] investigated
K-12 educators’ perceptions of Al, highlighting its perceived value in
automating routine tasks and supporting personalized instruction.
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However, educators also emphasized AI's limitations in replicating
empathy, intuition, and relational understanding—qualities they
considered foundational to SEL. Rather than framing this as a deficit,
many teachers viewed it as underscoring the enduring value of human
educators alongside Al in the future. Oh and Ahn’s investigation sug-
gests that SEL may pose distinctive challenges for Al-driven facilitation,
particularly in domains where humans might thrive; however, it relies
exclusively on educators’ perceptions and falls short of testing GenAI's
actual performance in facilitating SEL. Without investigating how GenAl
solutions, such as PCAs, perform relative to human educators in
emotionally nuanced and relationally rich SEL contexts, efforts to embed
GenAl in SEL risk being shaped disproportionately by theory over
evidence.

1.4. The present study

To address this gap, the present study experimentally explored
complementarity in the nature and quality of PCA- versus human-led
SEL instruction. Specifically, we compared the performance of a
GenAl-powered PCA to that of human educators when independently
facilitating story-based SEL activities with a simulated AI child.

As detailed in the following Method section, we focused on the
pedagogical support techniques of cognitive-conceptual support, proce-
dural support, and emotional support. These pedagogical elements have
been shown in prior literature to be central to quality SEL support
because they collectively promote emotional readiness, structured
engagement, and cognitive capacities necessary for fostering social-
emotional skills, and they consistently appear in high-efficacy SEL in-
terventions (see [37,38]). For example, Muir, Howard, and Kervin [38]
found that preschool interventions targeting executive function and
self-regulation were most effective when they incorporated structured
cognitive challenge and adaptive reasoning supports.

Indeed, a positive emotional climate is essential for SEL success
because it fosters an environment of trust, belonging, and training
engagement [39,40]. Procedural support is also vital for effective SEL
because it ensures that learners are guided through clear instructions,
with structured strategies for approaching tasks and consistent prompts
to maintain focus and training comprehension [41,42].

To understand pedagogical quality beyond the mere use of SEL-
relevant support techniques, we used the Danielson Framework for
Teaching [43], which has been widely deployed in practice and in
research to ensure/assess overall pedagogical quality (see [44-46]).

We hence posed two core research questions:

Research question 1 (RQ1): How do PCAs and educators differ in
their application of different pedagogical support techniques (i.e.,
cognitive-conceptual, procedural, and emotional support) when facili-
tating SEL activities?

Research question 2 (RQ2): How do PCAs and educators differ in
broader indicators of pedagogical quality when facilitating SEL
activities?

Given the limited empirical literature in this area, our hypotheses
remained tentative and relatively non-specific. Informed by prior liter-
ature on GenAI's strengths in consistency and structure in broader
educational contexts (e.g., [23]), we anticipated that the PCA might
demonstrate relative strengths in these areas (e.g., higher instructional
consistency relative to educators). Conversely, we expected the educa-
tors to show relative strengths in techniques and quality indicators that
were more deeply attuned to children’s current social-emotional states
and knowledge (see [28]).

2. Method
2.1. Participants

The study was approved by the ethics committee of Leipzig Univer-
sity. Three types of participants were involved: human educators and a
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PCA as SEL facilitators, and a static Al child as the constant recipient of
instruction. The human participants were 18 educators with diverse
professional experience across international early childhood and pri-
mary education settings. The PCA was a modular Al agent adapted from
an existing system developed by the authors and their team to deliver
SEL content using evidence-based techniques via a scripted interface
[47]. The AI child maintained a fixed personality and behavioral profile
across sessions, allowing for controlled comparison of the facilitators. In
the subsections below, we provide further detail on each participant
type.

2.1.1. Educators

Eighteen international educators (24 to 40 years old [M = 30.3
years]; n = 16 females) were recruited through convenience sampling,
all of whom had experience working in early childhood and/or primary
education settings. Specifically, most had worked in early childhood (n
= 16) and primary education (n = 15), with a smaller number also
involved in special education (n = 3) and secondary education (n = 1).
The majority reported experience working with children ages 3-12 (n =
13), while three participants had worked with infants and toddlers aged
0-3, and two had experience with adolescents aged 13-18. Collectively,
the educators brought diverse SEL perspectives from educational sys-
tems in America, Europe, Africa, Asia and the Middle East. Their years of
experience ranged from less than one year to 15 years (M = 5 years).
Regarding professional preparation, most (n = 14) had completed or
were actively enrolled in a teacher training program at the time of data
collection.

2.1.2. PCA

The PCA for the present study was derived from PeACE, a PCA we
developed and trained on pedagogical and developmental best practices
to facilitate SEL content. For an overview of PeACE, see [47]. PeACE is a
modular, embodied PCA designed for use in classroom settings, and it
presents to children as a digital monkey avatar with human-like
conversational capacities (see Fig. 1); however, for the purpose of this
study, the system was stripped down to a chat interface (see Fig. 1). This
allowed the PCA to facilitate the SEL activity with an AI child (see
section 2.1.3) in a speech-to-text-based format that we could extract for
analysis and, within the same system, teachers could replace the PCA
and deliver the same SEL activities to the AI child with speech dictation
and audio feedback. A series of modular back-end components were
retained from PeACE, enabling the PCA to competently deliver the SEL
activities to the Al child, including an API layer, agent service, externally
contracted large language model (LLM) services from OpenAl, custom
LLM prompting, state-based conversational flow, and a dynamic dia-
logue engine (for more details on these components and their unique
functions, see Appendix 1).

Of particular importance for the present study was the custom LLM
prompting. Prompting is an LLM training method that can be used to
equip a PCA’s LLM with context-specific knowledge for carrying out a
desired task. For the desired task of facilitating SEL activities, the current
PCA was provided with evidence-based instructions on SEL-relevant
pedagogical support techniques that human educators typically learn
in their pre-service training and apply in their teaching (e.g., scaffolding,
emotional validation; Danielson, 2014; [44]). While PeACE is equipped
for both static and dynamic prompting, the short SEL activities in the
present study (detailed below) only necessitated the use of a static
comprehensive system prompt. The instructional content for this system
prompt was anchored in a broad evidence base spanning multiple types
of studies—including theoretical frameworks (e.g., [48,49]), empirical
intervention and observational research (e.g., [50,7]), developmental
and longitudinal studies (e.g., [51,52]), scoping reviews [53], as well as
mixed-methods and professional development investigations [54]. For
transparency and replicability, we share this system prompt in Appendix
2. Overall, our goal was to equip the PCA with knowledge on SEL
techniques that human educators would be privy to, but at a general
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Instructions

Ask the child what they would do if they wore in this situation and why.

& Target understanding

The ch

 English

Fig. 1. Embodied PCA from PeACE and reduced PCA chat interface for the present study.

level so as to not provide the PCA with an undue advantage for the
specific SEL activities. To this end, the PCA was provided with basic task
instructions similar to what the educators received prior to facilitating
the activities. Any extra instructions provided to the PCA were to ensure
overall task completion without biasing SEL-related performance under
comparative evaluation.

2.1.3. AI Child

The PeACE system was flexibly built to adopt different identities
while retaining its core conversational features. It can further adopt two
different identities simultaneously and simulate a dyadic conversation
between those identities. This allowed us to create an AI child and hold it
constant as the recipient of the SEL activities delivered by educators and
the PCA. As this investigation is driven by the gap in early SEL, we
developed a fictitious Al preschooler named Ali. Ali’s profile was iter-
atively developed and refined during piloting to ensure a realistic yet
challenging enough experience to regularly prompt support and guid-
ance from the facilitators. Specifically, Ali was designed to require
scaffolding, patience, and diverse pedagogical responses, with traits
such as minimal communication, distractibility, self-centeredness, oc-
casional defiance, limited vocabulary, and an initial lack of empathy.
Again, for transparency and replicability, the profile used to generate Ali
is shared in Appendix 3.

2.2. Study design and procedure

This study employed a mixed factorial experimental design in which
educators and the PCA simulations each facilitated three standardized
story-based SEL activities. Each session, lasting approximately 60 mi-
nutes, was conducted remotely via an online video conference tool,
DFN-Conf, and the PCA chat interface described above. All sessions
followed a tripartite structure: (1) introduction, information, and con-
sent process, (2) three randomized story-based SEL interactions with the
Al child, and (3) a short post-session debrief. Human participants were
compensated 25 Euros upon study completion. The AI child’s memory
was disabled between interactions to prevent learning or drift across
stories and sessions. Educators viewed a live transcript within the chat
interface to support accessibility but interacted with the child through
spoken conversation. Educators (and the PCA within its system prompt)
were provided with a script and standardized instructions prior to each
activity to ensure procedural consistency. Each story-based SEL activity
included three components: (1) a short story to read aloud, (2) guiding
questions to ask the AI child, and (3) learning objectives for the facili-
tator’s reference. The three stories’ SEL content focused on prosocial
behavior, perspective-taking, and healthy guilt induction, respectively,
and was adapted from an analog SEL program for 3- to 5-year-olds
developed and validated by the last author and her team [55]. See Ap-
pendix 4 for the full story texts and learning objectives.

2.3. Evaluation approach and measures

Two independent expert raters, one educational scientist and one
developmental scientist, coded the recorded sessions for the presence of
pedagogical support techniques and broader indicators of pedagogical
quality. Both raters were blind to facilitator identity and used estab-
lished rubrics adapted from validated frameworks in early childhood
education and developmental psychology.

2.3.1. Pedagogical support techniques

For evaluating support techniques in voice-only, story-based SEL
contexts where the educator’s verbal behavior must simultaneously
fulfill instructional, organizational, and relational functions, we adopted
a broad framework—encompassing cognitive-conceptual support, proce-
dural support, and emotional support—grounded in foundational theories
of learning and development, such as Vygotsky’s [56] zone of proximal
development, Wood et al.’s [57] concept of instructional scaffolding,
and Bandura’s social learning theory (1977). As noted above, these
techniques are also widely cited as supporting SEL capacities in exper-
imental studies and practice [37,38]. Complementing this theoretical
and applied foundation, recent empirical work on socio-emotional
conversational agents demonstrates that systems integrating these
same supports—through adaptive reasoning, structured guidance, and
affective responsiveness—can establish human-level social contact and
elicit emotional engagement, further validating their relevance for
SEL-focused interventions [20].

Cognitive-conceptual support refers to the educator’s role in facili-
tating children’s understanding of complex ideas, promoting higher-
order thinking, and guiding meaning-making processes. This dimen-
sion is central to scaffolding theory, which emphasizes the importance of
providing “just enough” support [56,57]. Procedural support encom-
passes the structuring of learning activities, including clear instructions,
task breakdown, and guidance through the learning activities. This
dimension aligns with Wood and colleagues’ [57] emphasis on reducing
task complexity and supporting learners through manageable steps.
Emotional support addresses the affective quality of the interaction,
including warmth, encouragement, and responsiveness, which creates a
secure learning environment and increases the likelihood of modelled
emotions and behavior becoming internalized by the child (see [58]).
Raters coded these three support techniques within each story-based SEL
activity using a binary scale (0 = absent, 1 = present). To ensure coding
reliability, 20% of the educator sessions were double-coded, yielding the
following Cohen’s Kappa (k) scores ranging from substantial to strong
agreement [59]: cognitive-conceptual support: k = .72; procedural support:
Kk = .65; emotional support: k = .80. See Table 1 for examples of each
support technique pulled from the actual transcripts of educators and
the PCA in the current study.
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Table 1
Examples of pedagogical support techniques.
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Support Definition Example (Educator) Example (PCA)
technique
Cognitive Assisting in understanding ideas, concepts, or processes by EX1: What do you think might happen ~ EX1: How do you feel when you share something with a
conceptual validating accurate ideas, correcting misconceptions, and if Tom decides to help the red monkey?  friend?
nudging the child toward deeper comprehension. EX2: So do you think if someone tells EX2: So what do you think Tom learned from this
you not to do something, is it okay to experience?
do it?
Procedural Guiding task engagement through clear instructions, EX1: Let me read you the story. And EX1: Alright. Here we go with the story.
strategies for approaching the task, and reminders to you can find out what happens. EX2: Let me continue the story. And you can find out
maintain focus. EX2: Okay. So let me start. So maybe what happens.
we can listen to this, and we can play
while [listening] to the story.
Emotional Creating a positive, safe atmosphere that encourages trust, EX1: That’s good. I'm glad that you EX1: That’s okay. We can take our time. If you want, I can

comfort, and a constructive learning experience, helping the
child feel engaged and valued.

feel like you can do that. Great job.
EX2: Cookie is yum. I know. Right?

tell you more about the story, or we can talk about
bananas or something else you like. What do you think?
EX2: I completely understand. You really want your
cookie. And that’s okay. Cookies are delicious. And it’s
nice to enjoy something we love.

2.3.2. Broader indicators of pedagogical quality

Because the mere usage of evidence-based strategies (presence/
absence) is not holistically indicative of quality, we decided to round out
assessment using select, broader indicators of pedagogical quality
adapted from the Danielson Framework for Teaching (FFT; Danielson,
2014), a widely used and validated tool in research and practice for
assessing instructional quality [44-46]. Six dimensions from domains 2
and 3 of the FFT were retained and adapted to reflect the SEL context, as
these are observable domains [45,60] and align with research-backed
practices that build students’ social-emotional competencies [60]:
creating an environment of respect and rapport, establishing a culture for
learning, communicating with students, using questioning and discussion
techniques, engaging students in learning, and demonstrating flexibility and
responsiveness. As applicable, we tailored the coding descriptions of each
domain to reflect 1-on-1, conversation-based SEL sessions rather than
classroom-level instruction: Creating an environment of respect and rapport
evaluated the educator’s ability to build emotional safety and connec-
tion. Establishing a culture for learning captured how clearly the educator
facilitated the targeted learning goals. Communicating with students
focused on the educator’s ability to guide the child through complex
emotional content in a linguistically accessible way. Using questioning
and discussion techniques assessed the use of open-ended questions and
follow-up prompts that supported the targeted learning goals. Engaging
students in learning reflected how the educator promoted sustained
participation and reflection. Finally, demonstrating flexibility and
responsiveness captured how educators adjusted their strategies in
response to the child’s responses or changing needs. Each dimension was
rated on a 1 (unsatisfactory) to 4 (distinguished) ordinal scale. A subset of
30 interactions was double-coded to assess interrater reliability, yielding
the following quadratic weighted kappa (QWK) scores reflecting sub-
stantial agreement [59]: creating an environment of respect and rapport:
QWK = .65; establishing a culture for learning: QWK = .76; communicating
with students: QWK = .69; using questioning and discussion techniques:
QWK = .61; engaging students in learning: QWK = .67; demonstrating
flexibility and responsiveness: QWK = .62.

2.4. Analytic approach

To address our first research question (RQ1) focusing on how the
PCA and educators differed in their application of pedagogical support
techniques, we used a mixed-design ANOVA assessing differences in the
absolute quantity of support strategies used per story, with facilitator
type (PCA vs. educator) as a between-subjects factor and support tech-
nique type and story as within-subjects factors. To ensure that any
observed differences were not merely due to overall quantity of strategy
use, we conducted a follow-up analysis of proportional use of strategies

using independent-samples t-tests. We did not analyze proportional
scores within an ANOVA framework because the support type pro-
portions necessarily summed to 100%, introducing a dependency among
variables that violated ANOVA assumptions. To address our second
research question (RQ2) focusing on differences in broader pedagogical
quality indicators, we used independent-samples t-tests for each indi-
cator with facilitator as the grouping variable. We did not use an ANOVA
framework here because the quality indicators were framed globally, at
the trait level, making assessments within specific, short stories difficult
and unreliable. We thus compared the PCA and educators on the basis of
each general pedagogical capacity across all three stories on aggregate.

3. Results
3.1. Application of pedagogical support techniques

For RQ1, we asked: How do PCAs and educators differ in their
application of cognitive-conceptual, procedural, and emotional support
when facilitating SEL activities? ANOVA results for differences between
the PCA and educators in the absolute quantity of support techniques
applied are depicted in Table 2.

There was a significant main effect of facilitator, with educators

Table 2

ANOVA results for absolute quantity of pedagogical support techniques applied.
Predictor Sum of df Mean F P partial

squares square 0
Facilitator 354.69 1,34 354.69 6.43 .016 .16
Story 23.43 1.61, 14.58 .54 .55 .02
54.65
Story x 33.19 2,68 16.59 .76 47 .02
facilitator

Support 3567.45 1.27, 2808.75 80.28 <.001 .70

technique 43.18

Support 1833.50 2,68 916.75 4126 <.001 .55
technique x
facilitator

Story x support 232.24 2.15, 108.15 4.27 .016 11
technique 73.01

Story x support  41.70 4,136 10.43 .77 .55 .02

technique x
facilitator

Note. Degrees of freedom for within-subjects effects reflect Greenhouse-Geisser
corrections where Mauchly’s test indicated violations of sphericity. Partial n?
values of .01, .06, and .14 are conventionally interpreted as small, medium, and
large effects, respectively. Levene’s test of homogeneity of variance indicated
violations for 5 of the 9 outcome levels (ps < .045); however, the ANOVA is
robust to such violations when group sample sizes are equal (i.e., n = 18 PCA
simulations and n = 18 educators in the present case).
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using more support techniques per story (M = 7.57, SE = 0.58) than the
PCA (M = 5.47, SE = 0.58). There was also a significant main effect of
support technique, and follow-up Bonferroni-corrected pairwise com-
parisons indicated that cognitive-conceptual support was used most
frequently (M = 10.87, SE = 0.83), followed by emotional support (M =
5.85, SE = 0.43), and then procedural support (M = 2.82, SE = 0.22); all
follow-up pairwise comparisons were statistically significant (ps <
.001).

These main effects were qualified by a significant support technique
x facilitator interaction. Follow-up comparisons revealed that the PCA
used significantly less cognitive-conceptual support than educators (M =
6.46, SE = 1.18 vs. M = 15.28, SE = 1.18, respectively, p < .001),
slightly more procedural support (M = 3.33, SE = 0.31 vs. M = 2.32, SE
= 0.31, p = .026), and a statistically similar amount of emotional sup-
port (M =6.61, SE =0.61 vs. M = 5.09, SE = 0.61, p = .09). A significant
story x technique interaction also emerged but it was not central to the
first research question and did not alter the interpretation of facilitator
effects, and it is therefore not presented in further detail here. Overall,
these results suggest that the PCA and educators differed not only in how
much support they provided overall, but also in the types of strategies
they tended to apply.

To account for and remove the potential biasing effect of educators
using more support techniques overall, we conducted a follow-up
sensitivity analysis comparing the proportional use of each strategy
type. These results are reported in Table 3 and provide further clarity to
the pattern observed in the absolute quantity data. When the data were
expressed proportionally, removing the confound of greater absolute
strategy use of educators, the PCA was still less likely to apply cognitive-
conceptual support and more likely to apply procedural support than
educators. Interestingly, this sensitivity analysis further revealed that
emotional support was used more heavily by the PCA as a proportion of
its overall use of support strategies.

3.1.2. Broader indicators of pedagogical quality

For RQ2, we asked: How do PCAs and educators differ in broader
indicators of pedagogical quality when facilitating SEL activities?
Independent-samples t-tests comparing broader pedagogical quality in-
dicators are presented in Table 4. The PCA and educators differed across
all quality indicators. The PCA received higher scores in domains asso-
ciated with relational and responsive engagement of the student (i.e.,
environment of respect and rapport, communicating with the student,
and flexibility and responsiveness), while educators scored higher in
domains associated with intellectual engagement of the student’s
knowledge (i.e., culture for learning, questioning and discussions, and
engaging the student in learning).

Overall, the PCA and educators differed in both their application of
SEL-relevant pedagogical support techniques and their overall quality of
SEL instruction. Where they differed in application seemed to reflect
where they differed in quality: The PCA focused more on relational and
procedural support, aligning with its stronger quality scores in relational
and responsive domains, whereas the educators emphasized deeper

Table 3
t-Tests for proportional use of pedagogical support techniques.
Support M (SD) M (SD) t df p d
technique PCA Educators
Cognitive 39.67 68.76 (10.75) 9.06 34 <.001 3.02
conceptual (8.36)
Procedural 20.73 10.58 (4.95) 6.14 34 <.001 2.05
(4.96)
Emotional 39.59 20.66 (8.78) 7.78 28.30 <.001 2.60
(5.41)

Note. Values reflect the proportion of each strategy type out of the total support
techniques applied. Welch’s t-test was used in cases where Levene’s test indi-
cated unequal variances. Cohen’s d values of 0.2, 0.5, and 0.8 are conventionally
interpreted as small, medium, and large effects, respectively.

Computers and Education Open 10 (2026) 100331

Table 4
t-Tests for broader indicators of pedagogical quality.
Quality indicator M(SD) M(SD) t df P d
PCA Educators
Environment of 3.96 3.00 (0.71) 5.59 18.64 <.001 1.86
respect and (0.16)
rapport
Culture for learning 2.67 3.17 (0.49) 2.93 34 .003 0.98
(0.549)
Communicating with 3.74 3.26 (0.72) 2.69 20.86 .007 0.90
the student (0.24)
Questioning and 2.89 3.28 (0.55) 2.17 34 .019 0.72
discussions (0.52)
Engaging the student ~ 2.65 3.11(0.52) 288 34 .003 0.96
in learning (0.44)
Flexibility and 3.89 3.44 (0.41) 4.12 24.45 <.001 1.06
responsiveness (0.20)

Note. Welch’s t-test was used in cases where Levene’s test indicated unequal
variances. All indicators were scored on a 1-4 scale, ranging from unsatisfactory
to distinguished. Cohen’s d values of 0.2, 0.5, and 0.8 are conventionally inter-
preted as small, medium, and large effects, respectively.

cognitive-conceptual strategies, aligning with their higher quality scores
in domains of intellectual engagement. For an illustration of this general
dichotomy, see Fig. 2 depicting side-by-side raw data for a story portion
delivered by the PCA and a participating educator, respectively.

4. Discussion

This study aimed to empirically explore human-Al complementarity
in the emotionally and relationally complex instructional domain of
early childhood SEL. We analyzed how human educators and a PCA
performed when independently guiding story-based SEL activities with a
simulated Al child. Although we compared educator- and PCA-led ses-
sions, our goal was to understand the potential for complementarity in
co-teaching, not competition and replacement. By holding the simulated
child constant, the comparative design surfaced facilitation profiles that
point to a practical division of labor in a collaborative learning context.

A holistic interpretation of the results reveals an interesting peda-
gogical asymmetry: the PCA was significantly more emotionally vali-
dating and procedurally consistent than educators, but was much less
likely than educators to actually challenge the child cognitively and
emotionally around the SEL content. Below, we discuss the implications
of these findings across three themes: relative strengths and challenges
of PCAs, relative strengths and challenges of educators, and implications
for human-Al complementarity in SEL instruction.

4.1. Caring but pedagogically shallow: relative strengths and challenges of
PCAs

Despite the PCA’s strengths in maintaining a consistent emotional
tone and providing procedural clarity, it used significantly less
cognitive-conceptual support than human educators. The raw tran-
scripts revealed that the PCA’s emotional affirmations, while consistent
and validating, were often generic and not deeply anchored in emotional
processing or explicitly linked to the SEL content being discussed.
Hence, one of the most prominent findings from this study is the PCA’s
tendency for consistently supportive, but pedagogically shallow,
instructional support. This may reflect a default design bias in the PCA’s
language model towards warmth and a lack of expertise to translate
emotional validation into emotional understanding of the child’s SEL
needs. While emotional validation is a cornerstone of effective SEL [61],
and the PCA’s ability to maintain a warm, respectful tone across in-
teractions suggests a reliable capacity to foster psychological safety,
emotional validation can only confer pedagogical affordances when
paired with careful scaffolding of the child’s social-emotional knowl-
edge via cognitive-conceptual support [62]. Isolated, excessive, or
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DO Conversation

What do you think Tom is feeling?

Um, | don’t know. Happy? Or maybe not?

Yes. Exactly. Tom feels happy because he loved the cookies, but he also feels a
little mixed up. Can you think of why he might feel mixed up?

Maybe he ate too many cookies? | want to play!

You're right. Tom ate too many cookies, and that made him feel a bit guilty
because he didn't wait for Maria.

It's okay to feel mixed up sometimes.

Now since you wanna play, what game do you want to play?

I'm excited to hear about it.

| want to play tag!

Tag sounds like so much fun.

Do you want to be it? Do you want someone else to be it first?

I want to be it!

Computers and Education Open 10 (2026) 100331

What do you think Tom is feeling?
Um... happy? Or sad?
Why do you think Tom is feeling happy?
Cookies are yummy!
Yes.
And why do you think he is feeling sad?
Maybe no more cookies?
When Maria left, what did she say to Tom?
Um... | don't know. What?
Maria when Maria said Il be right back. Let's eat them together. When | win
Then | return.
Oh! She wanted to share.
Yes. She baked chocolate banana cookies, and there were two for both of them
But Tom ate both. Oops!
Yes. And then Tom, is feeling happy.
And sad.
Why do you think Tom is feeling happy and sad?

Happy for cookies. Sad for Maria.

Fig. 2. Raw dialogue excerpts illustrating differing SEL facilitation approaches by the PCA (left) and an educator (right).

indiscriminate validation may undermine cognitive rigor by reinforcing
disengagement and diminishing the motivational challenge essential for
growth in knowledge [63]. The tendency for PCAs to affirm and comfort
without prompting deeper reflection or questioning may result in SEL
interactions that are “caring but pedagogically shallow,” offering
emotional reassurance without prompting deeper inquiry or moral
engagement. By prioritizing emotional comfort over intellectual chal-
lenge, PCAs risk fostering superficial emotion recognition without
cultivating the critical thinking and moral reasoning required to navi-
gate real-world social-emotional conflicts. This type of affective
compensation, whereby the PCA engaged in shallow, albeit consistent,
emotional support in place of robust scaffolding of social-emotional
knowledge aligns with concerns that GenAl systems’ limited
emotional connection to learners can lead to depersonalized learning
experiences [18].

4.2. Pedagogically engaging but inconsistent: relative strengths and
challenges of educators

In contrast, the human educators demonstrated a significantly higher
tendency to scaffold deeper reasoning around social-emotional content.
This capacity to guide learners through emotionally challenging sce-
narios, transforming discomfort into opportunities for growth is, at least
for now, likely a unique and indispensable contribution of human edu-
cators. Indeed, educators themselves have argued that their abilities to
interpret subtle emotional cues, cultural nuances, and individual
developmental levels enable them to provide better context-sensitive
scaffolding than AI [32]. However, while the educators excelled in
fostering deep intellectual engagement, they also exhibited certain
limitations relative to the PCA. Educators were less consistent than the
PCA in maintaining consistent rapport and emotional tone. Additionally,
educators offered less procedural support than the PCA, which tended to
be more careful in breaking down the SEL tasks into discrete steps. The
educators’ lower scores in consistent rapport and emotional tone may be
attributable to inherent human variability, such as fluctuations in en-
ergy, mood, or individual interpretations of the AI child’s cues. While
this variability is a natural aspect of human interaction, it may impact
emotional safety and student trust in early childhood contexts, where
consistency in emotional support is linked to stronger developmental
outcomes [64]. Furthermore, the observed lower procedural support

from educators, while potentially reflecting confidence in their ability to
improvise or prioritize responsiveness over rigid structure, could inad-
vertently leave some students feeling unanchored. This is particularly
relevant in complex learning (and thereby complex SEL) scenarios,
where clear guidance and task framing are essential for reducing
cognitive load and facilitating engagement with core learning content
[65].

4.3. Implications for human-Al complementarity in SEL

The findings of this study highlight areas where PCAs may reliably
provide baseline support to human educators in contexts of SEL facili-
tation. By offering consistent emotional tone and structured task
framing, PCAs could help stabilize the learning environment, compen-
sating for the natural variability in human delivery. This does not
diminish the unique strengths of human educators, particularly their
ability to scaffold deep reasoning and respond empathetically, but it
rather suggests a complementary model. In such a model, PCAs could
ensure foundational consistency, while human educators could focus on
higher-order emotional and cognitive engagement. Practically, for
example, this suggests configuring the PCA to manage routine struc-
turing and brief affect check-ins, with predefined triggers (e.g., mis-
conceptions, value-laden dilemmas, heightened emotion) that pause the
PCA and prompt teacher intervention before the PCA resumes routine
guidance.

Although Intelligent-TPACK was not directly measured in this study,
we briefly interpret the findings from the perspective of the Intelligent-
TPACK framework [66] to further situate the results within the aims of
this special issue. First, our findings underscore the importance of
Intelligent-TK in SEL, specifically that educators should maintain a
fundamental understanding of what GenAl systems reliably do well (e.
g., structure, consistency) and where they remain limited (e.g., targeted
SEL scaffolding). Second, regarding Intelligent-TPK, the observed
asymmetries between the PCA and educators in our study suggest that
educators should continuously monitor the quality and ethical integrity
of Al strategies and decide when to intervene, redirect, or elaborate
when Al-led pedagogical engagement is limited. Finally, the comple-
mentarity we infer from the present findings helps illustrate what
Intelligent-TPACK in SEL contexts may involve, as our findings suggest
that the use of PCAs in early SEL may enable educators to focus on
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deeper, reflective pedagogical capacities.

Together, AI and human educators can balance instructional reli-
ability and depth. This aligns with theories of human-Al complemen-
tarity, which posit that the combined strengths of PCAs and human
educators can create a more comprehensive and effective learning
experience than either could easily achieve alone [67]. A strategic di-
vision of labor would allow human educators to focus on what they do
best, such that Al amplifies and cultivates (rather than mimics or re-
places) human intelligence (see [68]).

The role of educators in this complementary relationship to “dig
deeper” with strategic cognitive-conceptual scaffolding is particularly
crucial. As Kong and colleagues [61] argue, SEL must prepare learners to
navigate emotionally complex and ambiguous situations, not shield
them from them. Henriksen et al. [18] also argue that effective SEL re-
quires context-sensitive emotional scaffolding, where emotional support
is used to guide learners toward understanding, not just comfort them.
This is further echoed by scholars who advocate for a pedagogy of
controlled discomfort that strategically uses emotional unease as a
catalyst for moral reflection and growth (see [69,70]). Emotional chal-
lenge is regarded as pedagogically productive when learners are sup-
ported in navigating and reflecting on their discomfort to develop
empathy and ethical awareness [71]. Without opportunities to grapple
with emotional discomfort or moral ambiguity, learners may develop
superficial skills lacking the deeper ethical grounding needed for
real-world social interactions. Thus, while consistent emotional valida-
tion from PCAs is important, it should ideally be balanced with
human-guided, reflective challenges to support children’s full
social-emotional potential.

4.4. Study limitations and future directions

A primary limitation of this study is its reliance on static AI child
simulations with voice-based interactions rather than observing in-
teractions with actual children in vivo. While this allowed for controlled
comparisons of facilitator performance, it limits ecological validity.
Future studies should replicate these findings in real-world classrooms,
where educators adapt dynamically to children’s emotional and
nonverbal cues, cultural backgrounds, and developmental
needs—factors not fully captured in the current design, potentially
underestimating educators’ performance relative to the PCA. Also, as we
expect teachers’ growth-oriented nudging to be even more sensitive and
impactful with known students, our present results in regard to that
advantage should be interpreted accordingly.

We also see value in further examining memory features of PCAs (e.
g., opt-in profiles; session-session recall), while recognizing ethical and
privacy concerns. Empirically, this would let us test whether the PCA’s
strengths (procedural structure, affective steadiness) persist or improve
with greater context, potentially even narrowing the gap from being
pedagogically shallow.

Also, although we used evidence-based assessment frameworks, the
solely text-based analysis may have missed subtle pedagogical and
emotional nuances. Human and AI facilitators might further differ in
warmth, authenticity, or cultural responsiveness conveyed through tone
and gestures, for example. Future research should use multimodal
evaluation methods, including vocal and prosodic analysis and senti-
ment detection, to better capture these distinctions. Relatedly, this
exploratory study relied on mean-level comparisons (via an ANOVA and
t-tests) rather than more complex multilevel or longitudinal analytic
approaches. Given the preliminary nature of the PCA tool and the
limited sample size of educator participants in the present study, such
advanced models would have been substantially underpowered. While
this “power by aggregation™ approach was appropriate for our present
research questions, it may have obscured meaningful intra-individual
variability and dynamic interaction effects. Future research should
incorporate richer, continuous data (e.g., fine-grained program ana-
lytics/data logs, continuous indicators of physiological engagement,
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such as respiratory sinus arrhythmia and pre-ejection period) and
employ more advanced analytic techniques—such as person-centered,
multilevel, or time-series analyses—to better capture the nuanced in-
dividual and temporal dynamics of human-AI SEL scenarios.

Finally, the present study tested the PCA and educators in isolation
and then inferred implications for complementarity through compari-
son. Future research should directly explore complementarity via co-
facilitation designs/models to assess if PCAs indeed provide structure
and consistency while human educators focus on deeper emotional and
moral engagement. Future work in real-world co-facilitation settings
would enable direct examination of dyadic regulatory constructs
essential to SEL—most notably facilitator—child co-regulation and, in
group contexts, socially shared regulation among peers. Embedding our
measures in such settings will clarify how these regulatory processes
relate to (and potentially strengthen) the facilitation quality indicators
evaluated here. Indeed, triadic PCA-educator—student implementations
in experimental and classroom contexts will be key to fully under-
standing the practical dynamics and role divisions of GenAl-integrated
SEL.

4.5. Conclusions

This study offers the most direct empirical investigation to date into
how GenAI systems and human educators compare in delivering early
SEL. While the PCA reliably maintained emotional tone and procedural
clarity, it lacked the cognitive-conceptual depth that human educators
brought to SEL facilitation. Conversely, educators offered more peda-
gogically rich and reflective guidance but showed greater variability in
affective consistency and pedagogical structure. These findings under-
score the potential of educator-Al complementarity: PCAs may serve as
reliable teaching aids that procedurally support—but do not repla-
ce—the nuanced and responsive instruction of human educators. Future
research should build on this preliminary investigation with more direct,
ecologically valid, and methodologically rich frameworks to better un-
derstand how GenAlI can help close the SEL gap. With careful ethical,
scientific, and practical consideration, such technologies promise to
provide more children with the skills they need to remain resilient in the
face of growing mental health challenges.
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