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概要：Incorporating robots into educational settings such as e-learning platforms offers opportunities to

enhance children’s learning experiences. This study investigates how mixed-modality robots, consisting

of physically and virtually embodied robots, influence children’s learning outcomes, focus, and emotional

responses within a Math e-learning environment. We conducted a pilot study with Japanese children aged

9-10 years, comparing their interaction with autonomous multi-modal embodied agents versus voice-only,

non-embodied agents. While both conditions were perceived as helpful for maintaining focus and improv-

ing Math performance, no significant differences were observed between them. However, the embodied

agents elicited significantly more positive emotional reactions, such as excitement and smiles, whereas

the non-embodied agents resulted in negative expressions such as frowns and boredom. These findings

highlight the potential of utilizing the advantages of combining physical and virtual agents to improve

the quality of education in e-learning platforms.

1. Introduction

Academic self-esteem (ASE), defined as how well indi-

viduals perceive their performance in subjects like Math

and English, develops at age 6 and becomes difficult to

influence after age 12 [1]. Poor ASE leads to school drop-

outs, low attendance, and weak academic skills [2]. In

non-western nations emphasizing academic achievement,

children face increased pressure and low self-esteem [1].

While improving Math grades increases confidence, tech-

nologies to positively affect ASE remain under-explored.

Beyond performance gains, maintaining children’s enjoy-

ment and positive emotions is crucial for sustained ASE

enhancement. This study: 1) designs a multi-modal

robot system integrated into Math e-learning, 2) explores
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robot behaviours improving Math performance and emo-

tional expression, and 3) evaluates the technology’s effects

through a pilot study.

2. Related Work

2.1 Math E-learning and Enhancement Strate-

gies

Post-COVID-19, online learning has challenged Math

instruction [3]. Math apps produce short-term gains but

have long-term limitations such as struggling to under-

stand the material, completing tasks, and staying moti-

vated [4]. Studies show that while game-based apps en-

gage children, they often shift focus from Math concepts

to tool mechanics, inhibiting learning [4], [5]. We selected

Khan Academy (Fig.1c) for its simplicity, curricular align-

ment, and free access [6].

Breaks, defined as brief pauses to engage in different

activities, benefit high-cognitive tasks like learning [7].

Ramachandran et al. tested dynamically timed breaks:

breaks as rewards when performance improved >20%, and

breaks as rest when performance declined >20% [7]. Both

dynamic conditions significantly improved Math perfor-
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図 1: The tabletop physical CommU Robot (top left), the

virtual CommU Robot (top right) and a Math problem

displayed on the Khan Academy e-learning website (bot-

tom).

mance versus breaks given at fixed intervals of time. We

adopted this formula for triggering breaks.

Praise intrinsically motivates children, increasing task

completion and confidence [8]. Person-oriented praise at

25% frequency most effectively improves performance on

complex tasks, while 41% of children respond to non-

verbal praise [9], [10]. For high-cognitive activities, mixing

25% verbal and 75% non-verbal praise optimally improves

children’s confidence and performance.

2.2 Social Robots in Education

Social robots, whether physically or virtually embod-

ied, demonstrate advantages over human counterparts in

education [11]. As customizable tutoring agents or peer

learners, they improve cognitive outcomes, boost enjoy-

ment, and offer social-emotional support [12], [13]. Robot

modality significantly influences engagement, with physi-

cal robots offering tangible interactions, eliciting positive

social behaviours and emotions [14]. However, educa-

tional studies often find no significant learning outcome

differences between physical and virtual robots [15]. Dur-

ing e-learning, physical robots may distract, while virtual

図 2: Physical and Virtual CommU interacting with each

other following a break during learning.

robots redirect focus using pointing, gesturing, or appear-

ing beside screen content. Additionally, children are nat-

urally drawn to dynamic elements and interactive social

cues that refocus attention [16]. This hybrid approach

leverages both modalities: physical robots handle tasks re-

quiring physical interaction (encouragement, demonstra-

tions, tactile feedback), while customizable virtual agents

guide attention to digital content.

2.3 Hypotheses

In this study, we investigate differences in children’s

learning, focus, and emotions when interacting with

mixed-modality agents (physical and virtual) versus voice-

only characters (Fig.2). Two conditions are tested: (1)

“With Embodiment” - physical and virtual robot inte-

grated into an online Math platform, and (2) “Without

Embodiment” - two voice-only characters integrated into

the same platform. We propose the following hypotheses:

H1: Children in condition 1 will demonstrate improved

refocusing towards the learning material, due to the vir-

tual robot’s visual and social cues. H2: Children in con-

dition 1 will demonstrate enhanced positive emotional ex-

pressions due to the combined social presence and tangi-

bility of multi-modal agents. H3: Children in condition

1 will demonstrate greater improvements in Math perfor-

mance, due to their enhanced emotional state and better

attention refocusing.

3. Multi-modal Robot Design

We used CommU, a tabletop, non-mobile, humanoid

robot with 14 DOF [17] (Fig.1a). CommU was developed

by Osaka University researchers in collaboration with Vs-

tone Co., Ltd., Osaka [17]. We employed the physical



and virtual versions (Fig.1b), named “Aoi” and “Ren”

respectively―popular gender-neutral Japanese names to

avoid gender bias. Both conditions used autonomous pre-

scripted programs.

3.1 Physical Robot Functionality

The physical CommU provided timely praise, moti-

vation, and breaks during learning. The robot calcu-

lated correctly and incorrectly answered Math questions

in real-time using a Python script interfacing with Khan

Academy via the Selenium library, automating a web

browser (Edge) to navigate exercises and monitor but-

ton status. An HTTP-Client class controlled the physical

robot.

The material contained 10 grade-3 addition/subtraction

questions. First correct answers triggered verbal praise;

second correct answers triggered non-verbal gestures

(dance, clapping, high-five). An identical strategy ap-

plied to incorrect answers. We implemented 25% verbal

and 75% non-verbal praise frequency. For consecutive in-

correct answers, CommU switched to verbal motivation.

CommU maintained eye contact throughout, shifting gaze

when participants focused on the screen, simulating joint

examination behavior. Using the formula from [7], par-

ticipants received 0-2 breaks based on efficiency and ac-

curacy. If no break occurred by 60% completion, one was

provided. Break activities occurred in order: two-minute

deep breathing exercise, then two-minute stretching ex-

ercise. CommU demonstrated, encouraged participation,

and guided through gestures, then congratulated partic-

ipants upon completion. When breaks triggered, a grey

overlay covered the Math problem to help participants re-

lax without pressure. Upon completion, CommU thanked

participants and entered sleep mode.

3.2 Virtual Robot Functionality

Virtual CommU served as a refocusing agent. We im-

ported CommU ’s 3D model from Blender into the Godot

3D game engine to design behaviors and enable real-time

system interaction [18]. It appeared in reduced size at bot-

tom screen corners to avoid distracting from Math prob-

lems. Virtual CommU maintains the same 14 DOF as

the physical robot. Its voice was generated using text-

to-speech software, ensuring clear distinction from the

physical robot’s voice. Its position and movement were

customized for Khan Academy. Given known x-y dis-

play limits where Math problems appear, we programmed

virtual CommU ’s movements to avoid overlapping the

図 3: Virtual CommU trying to attract children’s atten-

tion to the e-learning material through various gestures.

problems. Godot’s transparent screen functionality made

virtual CommU appear screen-integrated. Communica-

tion between physical and virtual CommU s occurred via

Python script: the physical robot looped commands to

Godot’s directory.

At study start, virtual CommU appeared in the bot-

tom left corner and introduced itself. During idle periods,

it maintained eye contact with math problems through

blinking and subtle body movements. After breaks, vir-

tual CommU enlarged, appeared beside problems, and

encouraged refocusing. Following the “Monalisa effect,”

CommU was designed to appear making eye contact with

participants during interactions [19]. Animations included

appearing through an infinity door, transforming into blue

light, or using thought bubbles (Fig.3). After guiding par-

ticipants, virtual CommU briefly interacted with physical

CommU. Physical CommU responded with nods or ac-

knowledgements while tracking virtual CommU ’s move-

ments. Upon completion, virtual CommU thanked par-

ticipants and faded.

3.3 Without-Embodiment Condition

This condition maintained identical e-learning mate-

rial, encouragement formulas, break algorithms, and se-

quences. Physical and virtual CommU were replaced with

voice-only characters delivering identical dialogues in the

same voices. Two hidden speakers, positioned on either

side of the display, replicated agent positioning. A Python

script managed text-to-speech and interacted with Khan



Academy via Selenium. Two hidden speakers positioned

on either side of the display replicated the physical and

virtual agent positioning.

4. Methodology

4.1 Participants

We conducted a pilot study with 12 elementary school

children (6 girls, 6 boys) aged 9-10 from Osaka, Japan,

via convenience sampling. Six participants were assigned

to each condition. All self-reported average Math abil-

ity. The study was conducted entirely in Japanese.

Khan Academy materials and robot interactions were

also in Japanese. Standard English questionnaires were

translated to Japanese by native translators, then back-

translated for verification. The study received approval

from our university’s Institutional Ethics Committee with

written and verbal consent from participants and parents.

Confidentiality and anonymity of the data collected were

maintained throughout the study.

4.2 Measures

Math Performance: We administered a Math test

comprising 10 questions at a Japanese Grade 3 level, cov-

ering addition, subtraction, multiplication, and division

problems. Similar difficulty level tests were administered

pre-and post-intervention. We also recorded the time

taken by each participant to complete the test.

Refocusing Ability: We utilized the “Usefulness”

sub-scale from the Intrinsic Motivation Inventory (IMI)

that contained 4 items. Each item was evaluated using a

7-point Likert scale, which ranged from “not at all true”

to “very true.”

Emotional Expression: (1) We utilized the “Enjoy-

ment” sub-scale of the IMI index, which included three

items. Each item was evaluated using a 7-point Likert

scale, which ranged from “not at all true” to “very true.”

(2) We conducted a video analysis using the ELAN soft-

ware, to capture the frequency of positive and negative

facial expressions, gestures, and verbal utterances, utiliz-

ing a valence expression formula ([20], Equation (1)).

V alence = Smile+ 2× (Laughter + Excitement +

Positive V erbal)− (Startle+ Frown)− 2

× (Shrugging +Negative V erbal)

(1)

Parent Questionnaires: To assess whether participants

had any pre-existing challenges with attention, concen-

tration, hyperactivity, reading, or Math, parents were

asked to complete two questionnaires based on their

図 4: The experiment began with an introduction, fol-

lowed by a pre-test, a practice session led by a researcher

to help children familiarize themselves with the e-learning

material, the main experiment, and concluded with a

post-test.

children. (1) “Attention/Concentration” and “Read-

ing/Writing/Arithmetic” sub-scales of the 5-15R ques-

tionnaire, which comprise 9 and 13 items respectively; (2)

“Inattention” sub-scale of the Strength and Difficulties

Questionnaire (SDQ), consisting of 5 items; Both assessed

using a 3-point Likert scale ranging from “does not apply”

to “applies”.

4.3 User Study

The study was conducted inside an empty room at The

University of Osaka, Japan. Parents accompanied their

children to the venue, provided written consent, and were

seated in a nearby soundproof room to avoid influencing

their children’s behaviour. Two cameras were installed:

one near the questionnaire desk for pre- and post-test com-

pletion, and another near the experiment desk. Camera

feeds were streamed to a monitor in the soundproof room,

allowing parents to observe the session without the chil-

dren’s awareness. Children interacted with the math e-

learning material on a desktop computer using a keyboard

and mouse. Following the pre-test, a researcher conducted

a practice session to ensure familiarity with the system,

including navigation and interaction with robots and voice

characters. The researcher did not intervene during the

experiment but remained nearby to address technical is-

sues, ensuring independent engagement and minimizing

bias. Each child completed a single session (Fig.4) lasting

up to 1 hour. Parents completed questionnaires during

the session, and each child received a sticker featuring

CommU as a token of appreciation.

5. Results

All statistical analyses used a significance level of α =

0.05. Data normality was assessed using the Shapiro–Wilk



test; parametric or non-parametric tests were applied ac-

cordingly.

5.1 Parent Questionnaire Analysis

With-Embodiment: On the 5–15R Attention and

Concentration sub-scale, 4 children showed no difficulties,

1 showed a few problems, and 1 showed significant diffi-

culties. On the Reading, Writing, Arithmetic sub-scale, 5

children had no difficulties and 1 showed minor challenges.

SDQ Inattention scores indicated no issues for 5 children

and borderline hyperactivity for 1 child.

Without-Embodiment: On the 5–15R Attention and

Concentration sub-scale, 2 children showed no difficulties

and 4 showed minor problems. For Reading, Writing,

Arithmetic, 4 children had no difficulties and 2 showed

minor challenges. All children scored within the normal

range on the SDQ Inattention sub-scale.

5.2 Concentration and Refocusing Ability

Scores from the IMI usefulness sub-scale were averaged

(1–2.9 = low, 3–4.9 = moderate, 5–7 = high). Chil-

dren rated the activity as highly useful for refocusing in

both the With-Embodiment (M = 6.04, SD = 1.36) and

Without-Embodiment (M = 5.85, SD = 0.70) conditions.

A Mann–Whitney U test revealed no statistically signifi-

cant difference between conditions (U = 14.50, p = .568).

5.3 Emotional Expression

IMI enjoyment scores indicated high enjoyment in both

conditions (With-Embodiment: M = 6.28, SD = 0.70;

Without-Embodiment: M = 6.05, SD = 0.69), with

no statistically significant difference between conditions

(t(10) = 0.555, p = .591).

Video analysis of emotional expressions and verbal

interactions (Fig.5) showed significantly higher positive

emotional valence in the With-Embodiment condition

(M = 30.83, SD = 14.89) compared to the Without-

Embodiment condition, where most children exhibited

negative valence (M = 3.50, SD = 0.65). This difference

was statistically significant (t(10) = 3.109, p = .011).

5.4 Math Performance

Math Scores: In the With-Embodiment condition,

post-test scores (M = 7.83, SD = 2.32) were slightly higher

than pre-test scores (M = 7.67, SD = 1.63), but the dif-

ference was not statistically significant (t(5) = -0.542, p =

.611). Scores in the Without-Embodiment condition re-

mained unchanged (M = 8.83, SD = 2.04). No significant

図 5: A radar graph signifying the frequency of va-

lence emotions in the “With-Embodiment” and “Without-

Embodiment” conditions.

between-condition differences were found at pre-test (U =

8.50, p = .117) or post-test (U = 14.50, p = .56).

Math Efficiency: Completion time decreased statis-

tically significantly post-intervention in both the With-

Embodiment condition (t(5) = 4.609, p = .006) and the

Without-Embodiment condition (z = -2.201, p = .028).

Post-intervention completion times did not significantly

differ between conditions (With-Embodiment: M = 3.83

min, SD = 1.37; Without-Embodiment: M = 3.86 min,

SD = 1.36; t(10) = -0.034, p = .974).

6. Discussion

Refocusing Ability: Hypothesis 1 was not supported.

Both conditions were rated as highly useful for refocusing,

with no significant differences observed. This may be due

to the small sample size and the nature of the break activ-

ities, as breathing and stretching exercises may not have

been sufficiently engaging to create a strong need for refo-

cusing. Future work should explore break activities that

are both relaxing and intrinsically engaging for children.

Overall, the high ratings across conditions suggest that

the system design effectively supported sustained atten-

tion during learning.

Emotional Expression: Hypothesis 2 was supported.

Children in the With-Embodiment condition exhibited

significantly more positive emotional expressions (e.g.,

smiles and excitement), whereas boredom and nega-

tive expressions were more frequent in the Without-

Embodiment condition (Fig.6). These findings are con-



sistent with prior work showing that physically embodied

agents elicit stronger emotional responses and higher en-

gagement. The significant difference in emotional valence

highlights the role of embodiment in enhancing user ex-

perience, even in the absence of performance gains.

Math Performance: Hypothesis 3 was partially sup-

ported. Both conditions led to reduced task comple-

tion time, indicating improved efficiency. The With-

Embodiment condition showed a slight, non-significant in-

crease in accuracy, suggesting a potential benefit of em-

bodiment that was not statistically confirmed. Individual

motivation and interest may have influenced performance

outcomes, and the small sample size remains a key limi-

tation, underscoring the need for larger-scale studies.

7. Conclusion and Future Work

This paper investigated the effects of combining phys-

ical and virtual robot modalities on children’s learn-

ing outcomes, concentration, and emotional experience in

a Math e-learning environment, compared to voice-only,

non-embodied agents. We motivated the need for mixed-

modality educational systems, highlighted the benefits of

embodied agents, and described the design of physical and

virtual robot behaviours integrated with Khan Academy

Math content. A pilot study with Japanese children aged

9–10 compared two conditions: With-Embodiment and

Without-Embodiment. Results showed that both con-

ditions improved concentration and reduced Math task

completion time, with no significant differences between

them. Although the With-Embodiment condition yielded

a small, non-significant improvement in Math perfor-

mance, children interacting with embodied agents dis-

played significantly more positive emotional expressions

(e.g., smiles and excitement), whereas voice-only inter-

actions were associated with boredom and frustration.

These findings suggest that mixed-modality embodiment

primarily enhances the emotional quality of learning expe-

riences rather than immediate performance gains. Future

work will extend this research through a larger, long-term

study in India with a more diverse participant pool to

examine cultural effects on engagement with embodied

versus non-embodied agents. We also plan to refine the

system by varying break types and duration and by iso-

lating the individual effects of physical and virtual robots

on children’s learning, self-esteem, and emotional expres-

sion.

図 6: Participant interacting positively with the system in

the “With-Embodiment” condition (top) and participant

appearing distracted from the system in the “Without-

Embodiment” condition (bottom).
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