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H U M A N - R O B O T  I N T E R A C T I O N

Observing a robot peer’s failures facilitates students’ 
classroom learning
Liuqing Chen1*†, Yu Cai1†, Yuyang Fang1, Ziqi Yang2, Duowei Xia1, Jiaxiang You3, Shuhong Xiao1, 
Yaxuan Song1, Lingwei Zhan1, Juanjuan Chen4, Lingyun Sun1*

According to productive failure (PF) theory, experiencing failure during problem-solving can enhance students’ 
knowledge acquisition in subsequent instruction. However, challenging students with problems beyond their 
current capabilities may strain their skills, prior knowledge, and emotional well-being. To address this, we de-
signed a social robot–assisted teaching activity in which students observed a robot’s unsuccessful problem-
solving attempts, offering a PF-like preparatory effect without requiring direct failure. We conducted two 
classroom-based studies in a middle school setting to evaluate the method’s effectiveness. In study 1 (N = 135), 
we compared three instructional methods—observing robot failure (RF), individual problem-solving failure, and 
direct instruction—in an eighth-grade mathematics lesson. Students in the RF condition showed the greatest 
gains in conceptual understanding and reported lower social pressure, although no significant differences were 
found in procedural knowledge or knowledge transfer. Follow-up study 2 (N = 110) further validated the method’s 
effectiveness in supporting knowledge acquisition after a 2-week robot-involved adaptation phase, when the 
novelty effect had largely subsided. Students confirmed their perception of the robot as a peer, and they offered 
positive evaluations of its intelligence and neutral views of its anthropomorphism. Our findings suggest that ob-
serving the robot’s failure has a comparable, or even greater, effect on knowledge acquisition than experiencing 
failure firsthand. These results underscore the value of social robots as peers in science, technology, engineering, 
and mathematics education and highlight the potential of integrating robotics with evidence-based teaching 
strategies to enhance learning outcomes.

INTRODUCTION
Educational studies emphasize the benefits of experiencing impass-
es and failures in the classroom (1), which can stimulate deep think-
ing and improve learning outcomes, often exceeding the effects of 
direct instructions from teachers (1–3). A prominent instructional 
strategy grounded in this principle is productive failure (PF) (2). 
Within the PF framework, students are encouraged to attempt solv-
ing problems before receiving formal instruction on specific knowl-
edge (4, 5). Drawing on their prior knowledge, students generate 
multiple suboptimal solutions and experience initial failure. This 
problem-solving phase prepares them for subsequent instruction, fos-
tering deeper conceptual understanding (6, 7) and facilitating knowl-
edge transfer (5, 6). However, implementing PF in classrooms presents 
substantial challenges and risks. The effectiveness of PF depends 
heavily on the variety and quality of solution attempts generated by 
individual students during the problem-solving phase (3, 8). This 
reliance places substantial demands on students’ prior knowledge 
and domain proficiency (9), potentially leading to inequalities in 
learning outcomes. Furthermore, the deliberate lack of support dur-
ing the problem-solving phase can increase frustration, anxiety, and 
cognitive load, potentially leading to negative self-assessments and 
unfavorable perceptions of the learning experience (10, 11).

Extensive research has explored the use of socially assistive robot-
ics in education, where robots provide cognitive or emotional sup-
port through social interaction (12–15), serving as peers, teachers, 

or evaluators (14, 16–19). Compared with robots in teaching roles, 
robot peers are particularly effective in supporting lower-performing 
students and are often perceived as more friendly and sociable 
(17, 20). Most robot peers are designed as knowledgeable compan-
ions who guide the learning process (16, 21, 22), whereas some are 
programmed as novice learners with abilities comparable to those of 
students (16, 20, 23). When functioning as novice learners, robots 
often adopt a learning-by-teaching model (20, 24), which enhances 
students’ confidence, task commitment, and motivation and fosters 
learning outcomes in areas such as reading and writing (24). Nota-
bly, Alemi et al. showed that a robot peer who frequently mispro-
nounced words helped reduce students’ anxiety in language learning, 
but the study did not investigate its effect on learning outcomes 
(23, 25). Nevertheless, whether observing a robot’s failure, particu-
larly during problem-solving, can positively influence knowledge 
acquisition in a manner similar to firsthand failure remains under-
explored.

Despite growing expectations that social robots can enhance 
classroom interactions by asking and answering questions on behalf 
of students, providing guidance, and fostering competition and col-
laboration (26), empirical evidence of their influence on learning 
outcomes during regular classroom instruction remains scarce. A few 
studies situated in school or classroom environments have reported 
benefits such as increased engagement and motivation (22, 27), stron-
ger peer relationships and interest in scientific topics (21), and im-
proved language proficiency (28). However, most of these studies 
were carried out during noninstructional periods (such as during 
class breaks) (21, 28) or specially designed activities that departed 
from typical lessons (such as drama-based activities) (22, 27, 29). 
Moreover, research in science, technology, engineering, and mathe-
matics (STEM) education, which involves more complex cognitive 
tasks (14, 30), is particularly rare (24, 25, 30).
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To address these challenges, we introduced the NAO social robot 
into classroom learning, positioning it as a peer to students. Instead 
of directly engaging in problem-solving and experiencing failure 
themselves, students observed the robot’s problem-solving attempts 
and failures before receiving formal instruction [referred to as robot 
failure (RF) here]. In this approach, social robots were expected to 
demonstrate the proposal of diverse, high-quality suboptimal solu-
tions and the experience of failure, aligning with the core mechanisms 
of PF theory: activating relevant prior knowledge and enhancing 
awareness of knowledge gaps (4). Additionally, we anticipated that 
using a robot peer would help shield students from directly experi-
encing failure, peer pressure, and performance anxiety (23).

Here, we conducted two empirical studies in a middle school 
mathematics classroom to evaluate the effectiveness of the RF method. 
Study 1 (N = 135) compared RF with direct instruction and stan-
dard PF (5, 31) in a lesson on standard deviation, examining effects 
on knowledge acquisition, classroom experience, and underlying 
mechanisms. Study 2 (N = 110) included a 2-week adaptation phase 
and a lesson on derivatives to determine whether the benefits of RF 
persisted beyond the novelty effect—the tendency for initial psycho-
logical responses to social robots to differ from long-term patterns 
(32, 33)—and to investigate students’ perceptions of the robot’s so-
cial role, problem-solving performance, and human-robot interaction 
over time. Our results show that the RF method enhances conceptual 
knowledge acquisition and knowledge transfer, with effects lasting 
beyond the initial novelty phase and across different instructional 
topics. Compared with traditional PF, RF reduces classroom pres-
sure but still leads to lower perceived competence and mental effort. 
These findings highlight the potential of integrating social robots as 
peers with evidence-based instructional strategies to improve learn-
ing outcomes while minimizing emotional costs, an important fac-
tor for sustainable classroom implementation. This study makes two 
key contributions to educational robotics: It validates the transfer-
ability of PF, traditionally centered on interpersonal interactions, to 
human-robot interaction contexts and provides one of the few em-
pirical studies demonstrating the positive effects of social robots on 
STEM knowledge acquisition in real classroom settings.

RESULTS
Using robots to perform problem-solving processes
We used four NAO robots as peers to participate in preinstructional 
problem-solving activities, enabling students to prepare for instruc-
tion by observing the robots’ problem-solving processes. The robots’ 
interaction procedure for the problem-solving activity was designed 
on the basis of the PF framework (31). Each robot, accompanied by 
a monitor, was positioned next to a group of six to eight students.

The procedure began with the teacher introducing a mathemati-
cal problem related to the intended instructional content (standard 
deviation in study 1, derivatives in study 2), deliberately set beyond 
the students’ current knowledge. The teacher then invited the robot 
peers to attempt to solve the problem, asking them to generate as 
many solutions as possible and present their thought processes to 
the group of students (10).

In response, the robot peers were programmed to present six sub-
optimal solutions to the problem, tailored to students’ prior knowl-
edge (see the Supplementary Materials). These solutions were derived 
from previous research (7, 34), the pretest, and consultations with 
middle school teachers to ensure their representativeness. Each 

solution was presented in 1 to 2 min, following a structured format: 
The robot introduced the solution’s initial intention, explained the 
calculation steps, presented the results, and reflected on its limita-
tions. This narrative structure aimed to emphasize the key charac-
teristics of the suboptimal solutions (10), enhance awareness of 
knowledge gaps, and foster a focus on deeper patterns (4, 31), which 
are central mechanisms of PF theory.

The robots used voice and body movements for anthropomor-
phic demonstrations, with the calculation steps displayed on the mon-
itor screen (see Figs. 1 and 2B and Movie 1; all images in the main 
text have been edited to display translated English text; the original 
Chinese versions are available in the Supplementary Materials). In 
addition to presenting suboptimal solutions, the robots simulated 
common social behaviors, such as indicating thought (Fig. 2A), re-
engaging attention (Fig. 2C), expressing confusion and frustration 
(Fig. 2D), and inspiring thinking (for example, “What other ideas 
do you have?”). The robots were designed to autonomously organize 
these behaviors within a predefined narrative structure (Fig. 3B). 
We predesigned multiple variations for each type of behavior, incor-
porating subtle differences in speech and actions. This enabled the 
robot to randomly select from these variations, ensuring the inter-
actions remained dynamic and natural. The experimenter retained 
the ability to adjust the robot’s behavior in real time on the basis of 
student interactions, ensuring contextually appropriate engagement 
in the dynamic classroom environment. The robots then spent 15 min 
presenting the solutions. Afterward, the teacher reviewed and criti-
cally evaluated the robots’ solutions and then introduced the defini-
tions and calculation methods of the intended instructional content.

Study 1: Field test of PF with robots
Study 1 primarily investigates whether observing the problem-solving 
process and failures of a robot peer can enhance students’ learning 
outcomes and experiences and whether the underlying mechanisms 
align with those of PF theory. In the middle of the fall semester, we 
invited eighth-grade students from six classes at a regular public 
middle school in Southeast China to participate in a 45-min math 
lesson on standard deviation, a topic commonly explored in PF re-
search (5, 7, 10). The six classes were randomly assigned to one of 

Fig. 1. Students observing the robot peer’s problem-solving attempts before 
instruction. The teacher presented the introductory problem to the class and in-
vited the robot to solve it. The robot presented six predetermined unsuccessful 
solutions, articulating its thought process, steps, and reflections aloud. Students 
left their seats to observe the robot peer’s problem-solving process.
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three experimental conditions, with two classes in each condition 
(Fig. 3A): RF; standard PF; and direct instruction (DI), which served 
as the control condition. In total, the study collected valid data from 

135 students (72 males and 63 females; mean 
age of 13.6 years, SD of 0.3 years; DI, n =  
44; PF, n = 45; RF, n = 46). The gender 
distribution in these conditions was rough-
ly balanced, and there were no significant 
age differences across the conditions.

We used a mixed-methods approach 
to assess students’ learning outcomes and 
emotional experiences. Before the lesson, 
students completed a pretest measuring 
prior knowledge, including concepts such 
as mean, median, mode, and standard de-
viation (7). During the 45-min lesson, stu-
dents completed questionnaires reporting 
their engagement, mental effort (7, 8), 
awareness of knowledge gaps (11), perceived 
competence (10), and emotional responses 
(35). At the end of the day, students took a 
30-min math quiz to evaluate their knowl-
edge acquisition on standard deviation. 
This quiz evaluated students’ understanding 
of standard deviation concepts (conceptual 
knowledge), their ability to perform calcula-
tion procedures (procedural knowledge), 
and their capacity to apply this knowl-

edge in new contexts (knowledge transfer) (10). Additionally, stu-
dents wrote down their subjective impressions of the instructional 
method on the posttest answer sheet.

Fig. 2. Robot behaviors in problem-solving and social interactions. (A) Thinking, typically before proposing a suboptimal solution. (B) Problem-solving steps, with the 
robot pointing to specific locations on the display screen. (C) Mild annoyance and requesting a quiet audience to refocus students’ attention. (D) Disappointment and 
confusion, usually when reflecting on the shortcomings of a suboptimal solution.

Movie 1. Overview of the RF method and key findings. 
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Study 2: Validation of novelty effect and social perception
Qualitative feedback from study 1 revealed students’ mixed attitudes 
toward the robot peer, prompting further investigation into students’ 
perceptions of the robot’s abilities and social roles (for instance, 
whether it was viewed as a peer or demonstration tool). Additionally, 
a key question in social robot-assisted instruction is whether the 
positive effect on learning outcomes persists after the novelty effect 
subsides and whether this effect can be generalized across various 
instructional content.

To address these questions, we conducted study 2, a 15-day class-
room experiment, 5 months later at the same school. Students from 
the four classes in the DI and RF conditions from study 1 were rein-
vited to participate in study 2 and were assigned to their original 
conditions, with two classes in each condition. In total, study 2 col-
lected valid data from 110 students (61 males and 49 females; mean 
age of 14.0 years, SD of 0.3 years; DI, n = 53; RF, n = 57). Compared 
with study 1 (DI, n = 44; RF, n = 46), more students from these 
original DI and RF classes provided complete data. Given that study 
2 no longer focused on the mechanisms influencing learning out-
comes, the PF condition was not included.

The study began with a 2-week adaptation phase, during which 
the robot peer participated daily in mathematics lessons and was 
occasionally called upon by the teacher to answer questions and 

present problem-solving steps (Fig. 4). This phase allowed students 
to become familiar with the robot’s abilities and social presence, 
gradually diminishing the novelty effect. After the adaptation phase, 
the instructional experiment was conducted, with content focused 
on derivatives. The instructional procedures for the RF and DI con-
ditions were identical to those in study 1. Pre- and posttests on de-
rivatives were administered 3 school days before and on the evening 
of the instructional experiment, respectively. After the instructional 
experiment, students completed questionnaires on their percep-
tions of the robot’s social roles, robot-peer likeness, intelligence, and 
anthropomorphism. Additionally, written qualitative feedback was 
collected to capture students’ attitudes toward the robot and how 
their perceptions evolved over time.

Analysis of study 1
Knowledge acquisition
We conducted an analysis of covariance (ANCOVA) with prior 
knowledge, engagement (6–8), and students’ birth month, common 
individual difference factors that might influence students’ learning 
outcomes, as covariates to examine the effects of experimental condi-
tions on students’ knowledge acquisition (Fig. 5, A to C). A signifi-
cant effect of experimental condition was found for both conceptual 
knowledge (F2,129 = 3.447, P = 0.035, effect size partial η2 = 0.051) and 

Fig. 3. Experimental procedures of study 1. (A) The specific procedures for each condition, consisting of a pretest, problem-solving phase, intermediate test, instruction 
phase, and posttest. (B) The narrative structure used by the robot peer to introduce each suboptimal solution. (C) The teacher’s explanation steps for standard deviation 
during the instruction phase.
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Fig. 4. Experimental procedure of study 2. The procedure included a 2-week adaptation phase, a pretest, and an instructional experiment on day 15. The instructional 
experiment comprised a problem-solving phase, an instruction phase, postlesson questionnaires, and a posttest.

Fig. 5. Quantitative results of study 1 (N = 135). Students’ postlesson knowledge acquisition was divided into three components: (A) conceptual knowledge, (B) proce-
dural knowledge, and (C) knowledge transfer. Students’ self-reported learning experiences included (D) mental effort, (E) awareness of knowledge gaps, (F) perceived 
competence, and (G) emotional responses toward their own experiences (in PF and DI) or the robot peer (in RF) after the problem-solving phase. *P < 0.05; **P < 0.01; 
***P < 0.001; n.s., not significant. Bar heights represent EMMs from ANCOVA or MANOVA, with error bars showing model-derived SEs based on valid participant data after 
exclusion (DI, n = 44; PF, n = 45; RF, n = 46).
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procedural knowledge (F2,129 = 7.471, P = 0.001, partial η2 = 0.104), 
but not for knowledge transfer. Students in the RF condition dem-
onstrated significantly greater conceptual knowledge than those in 
the DI condition (P = 0.034). For procedural knowledge, students 
in the PF condition scored significantly lower than those in both the 
RF (P = 0.002) and DI conditions (P = 0.011).

Among the covariates, only prior knowledge showed a signifi-
cant effect on conceptual knowledge (F2,129 = 19.422, P < 0.001, partial 
η2 =  0.131). No other covariates or the interaction between co-
variates and experimental conditions showed significant effects on 
the three knowledge acquisition variables.
Classroom performance and experiences
A multivariate analysis of variance (MANOVA) showed a signifi-
cant difference in mental effort among the three instructional condi-
tions (F2,126 = 7.568, P = 0.001, partial η2 = 0.107). Students in the 
RF condition reported significantly lower mental effort than those 
in the DI condition (P < 0.001; Fig. 5D). Instructional condition also 
significantly affected students’ awareness of knowledge gaps, a key 
mechanism in PF theory (F2,126 = 21.098, P < 0.001, partial η2 = 0.251), 
with both the RF and PF conditions leading to significantly higher 
awareness than the DI condition (P < 0.001; Fig. 5E). A similar pattern 
was observed for perceived competence (F2,126 = 13.339, P < 0.001, 
partial η2 = 0.175), with students in the RF and PF conditions reporting 

lower perceived competence than those in the DI condition (RF versus 
DI, P < 0.001; PF versus DI, P = 0.007; Fig. 5F). No significant differ-
ences were found in students’ emotional responses toward themselves 
or the robot peer after the problem-solving phase (Fig. 5G). We also 
recorded the number of suboptimal solutions generated by students 
in the PF condition during the problem-solving phase, with an aver-
age of 1.32 suboptimal solutions per student (SD = 0.83).
Qualitative feedback
Students’ qualitative feedback in study 1 is organized into six themes 
(for example, theme S1-3 refers to the third theme identified in the 
study 1 feedback). Themes S1-1, S1-2, and S1-3 (Fig. 6A) highlight 
differences in experiences shared across the three instructional con-
ditions. Theme S1-4 (Fig. 6B) reflects students’ preferences for the 
different instructional methods. Themes S1-5 and S1-6 focus on stu-
dents’ perceptions of the robot peers, which are explored further in 
study 2. Participant quotes are identified by group designation and 
within-group ID (for example, RF-7 or DI-12). Further details 
on the codebook and frequency of each code are provided in 
tables S2 and S4.

Classroom engagement and interaction (theme S1-1). Across all 
conditions, students reported on their active engagement in the 
classroom, with approximately one-third explicitly reflecting on their 
participation. Feelings of pressure and anxiety, often stemming from 

Fig. 6.  Thematic analysis of qualitative feedback from study 1 and study 2, organized by themes and codes.  (A) Three of the six themes from study 1 (themes S1-1, 
S1-2, and S1-3), comparing students’ classroom experiences across different instructional methods. (B) Student preferences for instructional methods (theme S1-4). 
(C) Three themes from study 2 (themes S2-1, S2-2, and S2-3), describing students’ attitudes toward the robot. The numbers in the figure represent the number of partici-
pants who mentioned each code under the respective experimental condition.
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peer comparison or self-evaluation, were more frequently reported in 
the PF condition by 10 students. For instance, PF-18 wrote, “Because 
everyone else already had ideas and were writing, I didn’t know how 
to do it and felt a little awkward.” Similar concerns were mentioned 
by only two students in the RF condition. In contrast, 16 students in 
the RF condition noted that the robot helped reduce stress and ten-
sion, with many expressing relief at not having to solve the problem 
themselves.

Self-evaluation and learning outcomes (themes S1-2 and S1-3). In 
each condition, 13 to 19 students reflected on their problem-solving 
approaches. For example, PF-10 noted, “My method is more conven-
ient compared to the method in class, but it’s not accurate.” In the RF 
condition, 17 students mentioned that the robot’s solutions inspired 
their thinking: “His thinking indeed went from shallow to deep, and 
it was very enlightening” (RF-16). Additionally, students reflected 
on their limitations, such as challenges with mathematical skills (10 
students in RF and 8 in PF) and gaps in background knowledge (25 
in RF and 20 in PF).

Students also compared the experimental instructional methods 
with their usual classroom experiences (theme S1-4). In the RF con-
dition, 22 students preferred the experimental method over their 
usual activities (eight students). In the PF and DI conditions, the ra-
tios were 10 to 6 and 17 to 13, respectively. Students in the RF condi-
tion commented, “(Prefer) having a robot involved in the teaching 
because it is more interesting” (RF-03), and “My thinking keeps up-
dating and evolving along with the robot’s… (This) helps me realize 
my knowledge gaps in time, making the classroom rhythm very 
‘pleasant’ (for me)” (RF-14).

In addition to the above themes, students expressed curiosity, 
novelty, and mixed attitudes toward the robot’s capabilities (themes 
S1-5 and S1-6). Although 29 students felt the robot performed well, 
13 others noted that the robot’s problem-solving approach was simplis-
tic and limited, expressing impatience and frustration with its repeated 
failures and self-critical responses. For instance, RF-08 commented, 
“The robot classmate is a bit silly. It doesn’t need to think about the 
content that’s obviously unreasonable.” These observations prompted 
further exploration of students’ perceptions of the robot peers, which 
became the focus of study 2.

Analysis of study 2
Perception changes regarding the robot during the 
adaptation phase
During the 2-week adaptation phase, students’ familiarity with the 
robot peer initially increased and then gradually stabilized (Fig. 7D) 
(F4,314 = 4.841, P = 0.001, partial η2 = 0.058). Post hoc tests revealed 
that only the familiarity score from the first measurement (day 2) 
differed significantly from subsequent measurements. Additionally, 
teachers reported that between day 2 and day 4, students from vari-
ous classes began initiating more diverse interactions with the robot, 
such as requesting assistance when answering questions. These ob-
servations suggest, both directly and indirectly, that students quickly 
became familiar with the robot’s capabilities.

The students’ qualitative feedback reflected changes in their per-
ceptions of the robot (theme S2-1 in Fig. 6C). Twenty-two students 
reported an initial impression of curiosity or interest, whereas 12 
students expressed unfamiliarity or indifference. After the adapta-
tion phase, students noted positive shifts in their perceptions of the 
robot’s familiarity and intelligence, with 17 and 13 students men-
tioning these aspects, respectively. RF-20 explained that “As time went 

by, its appearance made me more familiar with it, and I already got 
used to its presence.” RF-06 remarked that “As the class went deeper, 
I found that its interaction ability was way better than I expected—it 
could also explain questions in real time based on what students and 
teachers asked.”
Knowledge acquisition
An ANCOVA controlling for prior knowledge, classroom engage-
ment, and students’ birth month revealed that students in the RF 
condition scored significantly higher than those in the DI condition 
on both conceptual knowledge (F1,105  =  4.329, P  =  0.040, partial 
η2 = 0.040) and knowledge transfer (F1,105 = 19.421, P < 0.001, par-
tial η2 = 0.156) in the posttest. No significant difference was found 
between the conditions for procedural knowledge (Fig. 7, A to C).

As a covariate, prior knowledge had a significant positive effect on 
conceptual knowledge (F1,105 = 31.033, P < 0.001, partial η2 = 0.228), 
procedural knowledge (F1,105 = 27.509, P < 0.001, partial η2 = 0.208), 
and knowledge transfer (F1,105 = 7.325, P = 0.008, partial η2 = 0.065). 
These results indicate that students with stronger prior knowledge 
generally achieved better learning outcomes. Neither engagement 
nor birth month significantly affected these knowledge acquisition 
variables. Consistent with study 1, no significant interactions were 
found between experimental condition and any of the covariates, 
including prior knowledge, birth month, or engagement, on any of 
the three knowledge acquisition variables.
Students’ perceptions of the robot’s social roles and 
performance
We used a paired comparison method (36) to ask students which 
social role they viewed the robot as in the classroom—teacher, peer 
or classmate, demonstration tool, or care receiver (Fig. 7E) (16, 37). 
The results confirmed that students predominantly perceived the ro-
bot as a peer or classmate, although some still regarded it as a more 
dynamic demonstration tool. Furthermore, students gave positive 
evaluations of whether the robot’s behavior resembled that of their 
peers, significantly surpassing the midpoint (t = 4.482, P < 0.001, 
Cohen’s d = 0.594) (Fig. 7F). Specifically, 25 of the 57 students 
agreed that the robot resembled their classmate, and 37 students be-
lieved that the robot’s responses were generated autonomously.

Students rated the robot as highly intelligent (Fig. 7F), with per-
ceived intelligence scores significantly exceeding the scale’s mid-
point (t = 7.920, P < 0.001, Cohen’s d = 1.040). In contrast, students’ 
perceptions of the robot’s anthropomorphism were largely neutral 
(Fig. 7F; t = −0.212, P = 0.833).

In the qualitative feedback, half of the students (29 of 57) expressed 
a tendency to perceive the robot as a peer or classmate, primarily 
attributing this to its student-like behavior (theme S2-2 in Fig. 6C). 
RF-32 said, “Once or twice, I saw that after the teacher asked a ques-
tion, it even raised its hand to show it wanted to answer, just like 
us who were listening carefully in class”; RF-09 said, “It was like a 
learner just like us, having a thinking process similar to ours.” Stu-
dents also shared their expectations for improvement, including the 
robot’s physical movement, interaction abilities, language naturalness, 
and preference for slower-paced communication to allow more time 
for reflection (theme S2-3).

DISCUSSION
Preparatory effects of RF for instruction
Our study found that the RF condition significantly enhanced stu-
dents’ knowledge acquisition compared with the DI condition. In 
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study 1, students in the RF condition showed significant gains in 
conceptual knowledge, whereas study 2 revealed improvements in 
both conceptual knowledge and knowledge transfer. These findings 
are consistent with previous PF research, which similarly reported 
significant gains in conceptual knowledge, occasional improve-
ments in knowledge transfer, and minimal changes in procedural 
knowledge (5, 10, 38). In study 2, the positive effect of the RF meth-
od on knowledge acquisition was sustained after students’ familiar-
ity with the robot peer increased and stabilized during the adaptation 
phase. This further supports the idea that the positive preparatory 
effects of the RF method may not be attributable to the social robot’s 
novelty effect but rather to its potential long-term effectiveness. Fur-
thermore, studies 1 and 2 collectively demonstrate the generalizabil-
ity of the RF method to different instructional content, highlighting 
its potential for broader application in classroom settings.

Key factors in PF theory, such as awareness of knowledge gaps, 
engagement, and prior knowledge, were assessed to determine 
whether the mechanisms underlying the RF method’s preparatory 
effect align with the PF framework (6, 7, 10, 11). In study 1, both the 
PF and RF conditions increased students’ awareness of knowledge 
gaps, a key mechanism through which PF helps students identify the 
deeper features of the correct problem-solving approach, ultimately 
fostering positive learning outcomes (4, 31). Consistent with previ-
ous PF literature, both study 1 and study 2 found no interaction effect 

between instructional methods and prior knowledge on knowledge 
acquisition, aside from the main effect of prior knowledge itself (6). 
This supports the idea that, similar to traditional PF methods, our 
approach produces positive effects across students with varying lev-
els of prior knowledge (4, 6). This finding also aligns with another 
key mechanism in PF theory: the activation of prior knowledge 
through preinstructional problem-solving (4). These results suggest 
that the mechanisms driving knowledge acquisition in both the PF 
and RF conditions may not differ substantially.

In study 1, we observed a stronger preparatory effect in the RF 
condition compared with PF. This advantage may be attributed to 
the robot peer’s superior problem-solving and presentation perfor-
mance compared with that of human students. Previous research 
has shown that both the quantity and quality of suboptimal solu-
tions are key factors in determining whether PF can produce posi-
tive effects (3, 8). In study 1, PF students generated an average of 
1.32 solutions, notably fewer than the three or four solutions typi-
cally reported in prior PF studies (8, 34) and the six solutions pre-
sented in the RF condition, possibly explaining the weaker learning 
outcomes in the PF condition despite following a similar trend 
(7, 34). By providing a broader range of strategies and a more struc-
tured presentation (39), the RF method more effectively activates 
prior knowledge and enhances students’ understanding of the key 
features of correct solutions, particularly benefiting low-performing 

Fig. 7.  Quantitative results of study 2 (N = 110).  Students’ knowledge acquisition in (A) conceptual knowledge, (B) procedural knowledge, and (C) knowledge transfer 
ability. (D) The change in students’ familiarity with the robot peer throughout the adaptation phase. Additionally, students reported their perceptions of (E) the robot’s 
social roles within the classroom context and evaluations of the robot’s (F) robot-peer likeness (RPL), intelligence (Intel.), and anthropomorphism (Anthro.). *P < 0.05; **P 
< 0.01; ***P < 0.001; n.s., not significant. Bar heights represent EMMs from ANCOVA or means from t tests, with error bars showing model-derived SEs (DI, n = 53; RF, n = 
57; after exclusions).
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students and time-constrained instructional scenarios. Further sup-
port, although indirect, comes from study 2, where the RF method 
produced even greater improvements in knowledge transfer when 
addressing more advanced and abstract concepts such as derivatives, 
by preventing students from stagnating during problem-solving.

Another explanation for RF’s advantage lies in its observational 
perspective, allowing students to focus on critically evaluating solu-
tions without spending time recovering from pressure or confusion 
(theme S1-1). This advantage also relates to vicarious failure, an in-
structional method within the PF framework (11), where students 
observe their peers’ unsuccessful problem-solving attempts. Al-
though vicarious failure typically supports conceptual knowledge 
acquisition, it is generally less effective than PF (8) because students 
often struggle to fully grasp peers’ cognitive processes, such as in-
tentions, conclusions, and reflections (10, 11), aspects a robot peer 
effectively conveys.

Students’ perceptions of the RF method and the robot peer
One motivation for our study was to use robots to replace human 
students in preinstructional problem-solving, thereby reducing stu-
dents’ performance anxiety and social pressure (23). In study 1, stu-
dents in the RF condition reported experiencing less pressure and 
fewer negative emotions (theme S1-1). In the PF condition, social 
comparisons often arose from classmates’ problem-solving discus-
sions and achievements, leading to peer pressure. These compari-
sons were largely reduced when the problem-solver was a robot, 
allowing students to easily separate the robot’s failure from their own 
abilities or talents. However, students in the RF condition still report-
ed decreases in perceived competence and mental effort, like those in 
the PF condition. The decrease in perceived competence was closely 
related to the students’ increased awareness of knowledge gaps, 
whereas the reduction in mental effort was largely due to the robot 
taking over the problem-solving process, thus lessening the students’ 
cognitive effort and struggles.

Another issue is whether students perceive the robot as a true 
peer. Study 1 found no significant differences in emotional responses 
between the PF and RF conditions, which may indicate some level of 
human-robot empathy. In study 2, according to the robot-peer like-
ness questionnaire and paired comparison of social roles, students 
were more likely to perceive the robot as a peer or classmate rather 
than as a demonstration tool or teacher. This perception was pri-
marily shaped by the robot’s interactions with the teacher and stu-
dents (theme S2-1). Qualitative feedback revealed that interactions 
such as “being called on by the teacher to answer questions like us” 
and “sitting with us” in the teacher-student-robot dynamic, along 
with the robot’s hesitation and overreflection during problem-solving, 
led students to view the robot as an equal classmate. Students’ posi-
tive perception of the robot-peer likeness did not coincide with a 
positive evaluation of its anthropomorphism. The neutral percep-
tion of anthropomorphism may be attributed to our use of text- 
to-speech–generated voice materials, rather than the prerecorded hu-
man voices commonly used in previous studies (40) (theme S2-3). This 
restrained approach to anthropomorphism aimed to prevent distrac-
tions from the robot’s social elements, which could negatively influ-
ence learning outcomes (17), and to avoid students perceiving the 
robot as overly preprogrammed, potentially viewing it as a teacher or 
authority figure (41).

We observed an evolution in students’ perceptions of the robot 
peer over time, with the most notable change occurring in their 

evaluation of the robot’s intelligence. In study 1, students often criti-
cized the robot for repeatedly presenting incorrect solutions, even 
labeling it as unintelligent or “stupid.” These negative judgments may 
reflect students’ perceptions of their human peers’ mathematical 
performances and the social pressure such judgments may create, 
given that the robot’s performance matched or even exceeded that of 
real students. Unlike with human peers, students appeared to feel 
no obligation to suppress such negative comments or offer social-
emotional support to the robot, as noted in previous studies (20). 
From a PF perspective, this critical viewpoint and the freedom of 
expression could potentially promote critical thinking. However, a 
concern remains regarding whether such negative judgments would 
persist and extend to human peers. Throughout study 2, students’ 
perceptions of the robot’s abilities shifted positively. They rated its 
intelligence more favorably, with 13 students noting that they gradu-
ally recognized its intelligence (theme S2-1). Although students 
continued to point out the robot’s mistakes when it failed, this feed-
back was generally nonaggressive. This suggests that, after the adapta-
tion phase, students recognized the robot’s problem-solving abilities 
and restored a more friendly human-robot social interaction.

Reflections on design and implementation of educational 
social robots
Although our study makes an important contribution to the appli-
cation of robots in classroom education, several limitations should 
be noted. Social robots in educational settings can produce novelty 
effects that last from hours to months (28, 42, 43), temporarily 
boosting engagement and learning outcomes (32, 33). To evaluate 
whether the positive effects of the RF method persist after the nov-
elty effect has subsided, we implemented a 2-week adaptation phase, 
with one 45-min session per school day, consistent with prior social 
robot studies and some long-term research (28, 44). Although stu-
dents’ self-reported familiarity, qualitative feedback, and behavior 
generally suggest that the novelty effect has substantially diminished 
(45), certain measures, such as eye-tracking and interaction fre-
quency (45, 46), remain difficult to collect or lack sufficient statisti-
cal value in large-scale classroom settings.

In our study, students were seated in random groups to facilitate 
classroom management, in line with previous PF research (2, 6, 8, 47). 
Given that student discussions were not prohibited (mainly in the 
PF condition) (2, 6), there may have been a subtle correlation be-
tween students’ performance and their seating groups. However, 
because of the voluntary participation principle, fewer than two-
thirds of the students in each group provided complete data for the 
final analysis, limiting our ability to model the effect of seating 
group through hierarchical or nested analysis. Additionally, previ-
ous PF research suggests that seating groups and related discussions 
typically have minimal effect on learning outcomes, with individual 
differences in prior knowledge being far more influential (2). Thus, 
we treated all students as independent data points when comparing 
instructional methods.

Autonomy is another crucial aspect of applying robots in class-
room education (48). In the RF condition, our robot was designed to 
autonomously perform preset actions within a predefined framework 
(Fig. 3B). Researchers supervised the robot and reordered the inter-
actions when student feedback conflicted with the robot’s planned 
sequence. This represents a medium level of autonomy (49) and led 
most students to believe the robot “came up with the solutions on its 
own,” according to the robot-peer likeness questionnaire. However, 
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a greater challenge is whether robots should have autonomy over 
teaching content (50), given that suboptimal solutions in the RF 
method must be carefully designed to fit middle school teaching scaf-
folding and avoid introducing unintended alternatives (31). For ex-
ample, teachers typically avoid introducing mean absolute deviation 
when teaching standard deviation, because justifying the preference 
for standard deviation exceeds the scope of middle school knowl-
edge. Highly autonomous robots may struggle to adapt to the vary-
ing prior knowledge levels of middle school students, potentially 
diverting the students from the intended instructional progression. 
Therefore, educators should remain closely involved in the design of 
robot- or artificial intelligence (AI)–generated materials to ensure 
proper control over the learning process.

The preparation workload for teachers is a key consideration in 
the practical implementation of the RF method. Teachers can easily 
compile the suboptimal solutions for the robot on the basis of mis-
takes made by previous same-grade students. They then need to prepare 
the robot’s 10- to 15-min problem-solving slides and text-to-speech– 
generated audio files. This process is efficient when existing course 
materials are available. No additional programming of the robot is 
required. Instead, teachers only need to arrange preset actions (Fig. 2) 
by creating a timestamped file specifying when to switch slides and 
trigger specific actions. Once teachers are familiar with the robot’s 
interaction program, preparation can be completed within 1 to 
2 days. Although the workload may still be demanding for an individu-
al teacher, it would be manageable for a middle school teaching team.

Despite these limitations, our study offers strong evidence that, 
when integrated with appropriate instructional strategies, social ro-
bots can provide sustainable and broadly effective benefits for both 
learning outcomes and classroom experiences. By implementing the 
RF method in real-world middle school lessons, we demonstrate the 
potential of social robots to serve as effective classroom peers and to 
assume roles beyond those of a conventional companion, mentor, or 
role model. Future research could further investigate adaptive and 
autonomous capabilities, enabling previously unidentified forms of 
interaction that might otherwise be constrained by social norms or 
traditional classroom structures. Looking ahead, we envision educa-
tional social robots not merely as novel media for content delivery 
but as socially and behaviorally capable partners who engage in 
shared experiences of challenge, reflection, encouragement, and 
growth alongside students and teachers.

MATERIALS AND METHODS
Objectives and experiment design of study 1
Study 1 explored whether observing a social robot’s unsuccessful 
problem-solving process before instruction positively influenced 
students’ mathematics knowledge acquisition. It compared this ap-
proach with actively engaging in problem-solving and experiencing 
failure, focusing on both the effects and underlying mechanisms. 
Additionally, the study examined how this method influenced students’ 
classroom experiences, such as pressure and perceived competence.

Eighth-grade students from six classes at a public middle school 
in Southeast China participated in a mathematics lesson on the con-
cept of standard deviation. The six classes were randomly assigned 
to three instructional conditions, with two classes in each condition. 
In the PF condition, students first attempted to solve an introduc-
tory problem related to data stability (problem-solving phase) before 
receiving teacher instruction on standard deviation (instruction 

phase) (31). In the RF condition, students observed a robot peer at-
tempting to solve the problem before the instruction phase. In the 
DI condition, the control group, students received instruction on 
standard deviation before attempting the problem (6, 7). The pretest, 
intermediate questionnaires, and posttest were administered before, 
during, and after the lesson to collect data on students’ prior knowl-
edge, classroom experience, and learning outcomes (see the Supple-
mentary Materials) (7, 8, 10).

Cases were excluded on the basis of the following criteria: prior 
knowledge of the instructional content, as indicated by the pretest, 
and submission of blank or irregular responses, such as selecting the 
same option for all items, which suggested disengagement from the 
surveys and quizzes. These exclusion criteria were applied consis-
tently in study 2. Further details on case exclusions are provided in 
the Supplementary Materials. The final sample (N = 135) provided 
sufficient power to detect a medium effect size (f = 0.27, 1 − β = 0.8, 
as estimated using G*Power).
Problem-solving phase
During the 15-min problem-solving phase, students were tasked 
with a classic introductory problem related to standard deviation: 
determining which of two athletes had a more stable performance 
(7). In the PF condition, the teacher encouraged students to propose 
as many reasonable solutions as possible to address the problem 
(Fig. 8C) (7, 10). Given that students had not yet received instruc-
tion on standard deviation, this problem was likely to lead to experi-
ences of failure during problem-solving. Students were allowed to 
discuss their ideas with each other (7, 31). At the same time, the 
teacher moved around the classroom, periodically announcing typi-
cal solutions proposed by students or recording them on the black-
board to inspire further ideas.

In the RF condition, a group of six to eight students closely ob-
served a robot peer’s problem-solving process (Fig. 8, A and B). The 
teacher pretended to read the same problem-solving requirements 
to the robot. The robot paused as if thinking, then proceeded to out-
line six classic suboptimal solutions to standard deviation (see the 
Supplementary Materials). After each solution, the robot paused for 
reflection. If a student attempted to interject during the explanation, 
then the robot expressed a preference to finish its explanation first. 
When a student suggested an alternative solution substantially dif-
ferent from the robot’s planned sequence, the researcher intervened 
backstage to adjust the order of the robot’s solutions, ensuring con-
textual alignment. Last, the robot asked students if they had better 
solutions before returning control of the class to the teacher. In the 
DI condition (Fig. 8D), problem-solving occurred after teacher in-
struction on standard deviation, with the same problem presented 
as a postinstruction exercise (7).
Instruction phase
During the 25-min instruction phase, the teacher formally intro-
duced the concept and calculation of standard deviation (Fig. 3C). 
In line with previous literature (7, 31), this process included several 
key steps: First, the teacher reviewed the limitations of suboptimal 
solutions and summarized the characteristics of a correct method 
for describing data stability. Next, the teacher introduced the con-
cept of standard deviation and provided a step-by-step guide for 
computing it (7). Last, the teacher explained the problem-solving 
process for standard deviation using two practice problems and in-
vited students to solve a third problem independently.

In the DI condition, because students had not engaged in prior 
problem-solving, the lesson began with a simplified situational 
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introduction. The teacher quickly used students’ familiar mathemati-
cal concepts (mean and mode) to address the introductory problem, 
guiding students to recognize that their prior knowledge was insuf-
ficient to resolve the issue of data stability.

Objectives and experiment design of study 2
Study 2 was conducted 5 months after study 1 at the same middle 
school. It had two main objectives: to assess whether the RF meth-
od’s positive effect on knowledge acquisition persisted after the nov-
elty effect had subsided and to explore students’ perceptions of the 
robot’s social role, perceived intelligence, and anthropomorphism. 
The same four classes from study 1’s RF and DI conditions were in-
vited to participate. The study consisted of a 2-week adaptation phase, 
followed by an instructional experiment on day 15. The final sample 
(N = 110) provided sufficient power to detect a medium effect size 
(d = 0.54, 1 − β = 0.8).
Adaptation phase
During the 2-week adaptation phase (10 school days), the robot 
peer participated daily in 45-min mathematics lessons with students 
in the RF condition. The teaching content followed the school’s reg-
ular curriculum, covering topics such as quadratic functions, paral-
lelograms, and symmetry.

Throughout the lessons, the teacher occasionally selected the ro-
bot peer to answer questions during roll call, with an average of 

three instances per lesson. This ensured that each student in the RF 
condition ideally experienced 30 interactions with the robot peer. 
The teacher informed the research team in advance of the questions 
to be asked, allowing the researchers to prepare the robot’s responses 
accordingly. These responses occasionally included incorrect an-
swers or indications of uncertainty, which accounted for approxi-
mately one-quarter of all responses. This approach helped students 
adapt to the possibility of the robot providing failed solutions. We 
specifically instructed the teacher not to ask the robot to perform 
tasks outside the scope of a peer’s role, such as summarizing answers 
from various students.

Following principles summarized in previous research (42, 45), 
we collected multiple types of evidence suggesting a decline in the 
novelty effect over the course of the study. Students completed a fa-
miliarity questionnaire every other day after the robot-involved les-
sons. In addition, teachers were asked to observe when students began 
initiating interactions beyond the designed scripts, indicating ha-
bituation to the robot’s functions (45). Qualitative feedback collected 
after the instructional experiment further reflected changes in stu-
dents’ perceptions of the robot (45, 51).
Instructional experiment
On day 15, students in both the RF and DI conditions participated 
in the instructional experiment, which focused on derivatives. The 
structure of the experiment mirrored that of study 1 (see  Fig.  4), 

Fig. 8. Student participation in classroom activities under different conditions. (A) The positions of the robot, monitor screen, students, and researcher in the RF 
condition. (B) In the RF condition, a group of six to eight students gathered around the robot peer to observe its problem-solving process. (C) In the PF condition, students 
were asked to solve the introduced problem independently but were allowed to communicate. (D) In the DI condition, the teacher directly introduced the concept of 
standard deviation and problem-solving steps to the students.
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with the introductory problem and suboptimal solutions provided 
in the Supplementary Materials. Students’ prior knowledge of de-
rivatives was assessed through a 20-min pretest conducted 3 days 
before the instructional experiment. Questionnaires regarding the 
robot’s social role, robot-peer likeness, perceived intelligence (52), 
and anthropomorphism (53) were administered immediately after 
the experiment. A 30-min posttest was given later that evening, along 
with written qualitative feedback.

Data collection
All data collection procedures were approved by the Institutional 
Review Board at Zhejiang University [approval no. (2024)095] and 
the administrative committee of the participating middle school. 
To maintain a single-blind design, only the school’s administrative 
committee was informed in advance about the experimental condi-
tions and objectives. Before the experiment, teachers informed their 
classes that students were invited to participate in a series of lessons 
aimed at evaluating different instructional methods, emphasizing 
that participation in the lessons and related surveys was entirely vol-
untary. Informed consent was obtained from all participating stu-
dents and their parents for all cases in this study. For study 1 and the 
instructional experiment in study 2, teachers reassured students that 
the involved instructional content would be formally covered later 
in the academic year, ensuring that participation would not affect 
their academic progress.

In study 1, 227 students from six classes were invited to partici-
pate. Of these, 144 students completed all experimental procedures, 
and 135 valid samples were retained after excluding participants who 
did not meet the criteria (described in the “Objectives and experi-
ment design of study 1” section). In study 2, 150 students from the 
same RF and DI classes as in study 1 were initially invited, and 124 
students completed all experimental procedures, resulting in 110 
valid samples. Among these 110 students, 74 had fully participated 
in study 1.

In both study 1 and study 2, we assessed students’ prior knowl-
edge and knowledge acquisition using pretests and posttests. The 
20-min pretest was administered during an after-school study ses-
sion 3 days before the experiment. In study 1, the pretest included 
questions on means, medians, modes, and standard deviation. In 
study 2, the pretest covered equations, linear functions, quadratic 
functions, and derivatives. On the evening after the experiment, stu-
dents completed the posttest independently under supervision, 
within a 30-min time limit. The posttest assessed three dimensions 
of knowledge acquisition: procedural knowledge, conceptual knowl-
edge, and knowledge transfer (6,  8). The test content and scoring 
criteria were developed on the basis of prior research and consulta-
tions with the middle school teaching team.

The scales measuring classroom engagement, mental effort (7, 8), 
awareness of knowledge gaps (11), perceived competence (10), and 
emotional responses (35) in study 1 and those measuring perceived 
intelligence (52) and anthropomorphism (53) in study 2 were adapt-
ed from previously validated measures. Additionally, we designed 
scales to evaluate students’ familiarity with the robot and robot-peer 
likeness and used paired comparisons (36) to assess the robot’s so-
cial role in study 2. All scales used Likert-type items with response 
options ranging from five to nine points.

We collected qualitative feedback by asking students to write 
~200 words on their subjective impressions of specific topics. Study 1 
focused on students’ evaluations and comparisons of their classroom 

experiences under different instructional methods. Study 2 explored 
students’ perceptions of the robot peer’s abilities and social attributes. 
All quiz papers, scales, qualitative feedback surveys, and related 
materials mentioned in this section are provided in the Supple-
mentary Materials.

Statistical analysis
All pretest and posttest answer sheets from studies 1 and 2 were in-
dependently scored by two researchers on the basis of predefined 
criteria developed from previous studies and consultations with the 
school’s mathematics teachers (see the Supplementary Materials). 
The final score was determined by averaging the two researchers’ 
scores. The scoring demonstrated high interrater reliability, with 
intraclass correlation coefficients of 0.972 for study 1 and 0.978 
for study 2.

Students’ qualitative feedback was recorded and anonymized by 
researchers in a digital spreadsheet. The coding process followed a 
constructivist grounded theory approach (54). Two researchers in-
dependently conducted an initial round of open coding to describe 
the content of each reflection. Given the large sample size, ran-
dom sampling was used to select 10 reflections from each experi-
mental condition (55). Once saturation was reached (typically 
seven to nine reflections per group in both studies), the research 
team collaboratively reviewed and refined the codes, ultimately pro-
ducing a codebook with several themes and codes. This codebook 
was then applied to the remaining students’ reflections. Detailed 
descriptions of the themes and codebook are provided in the Sup-
plementary Materials. Interrater reliabilities in both studies exceed-
ed the reliability threshold of κ > 0.80 (κ = 0.831 for study 1 and 
κ = 0.827 for study 2).

Each scale score was calculated as the average of its item scores. 
The scales measuring engagement (α = 0.932), awareness of knowl-
edge gaps (α = 0.722), perceived competence (α = 0.876), familiarity 
(α = 0.876), robotic-peer likeness (α = 0.724), perceived intelligence 
(α = 0.815), and anthropomorphism (α = 0.812) all demonstrated 
acceptable reliability (Cronbach’s α > 0.7). Internal consistency was 
not calculated for the mental effort, emotional response, and paired 
comparison questions regarding the robot’s social roles, because these 
scales do not consist of multiple items measuring the same construct.

To examine the effects of experimental conditions on knowledge 
acquisition, we conducted an ANCOVA, controlling for prior knowl-
edge, engagement, and students’ birth month as covariates. Other 
outcome variables were analyzed using MANOVA or t tests. Reported 
means, estimated marginal means (EMMs), SDs, and model-derived 
standard errors (SEs) were calculated for each experimental condi-
tion after excluding data on the basis of predefined criteria. In addi-
tion to the model-based estimates from ANCOVA and MANOVA, 
descriptive statistics calculated directly from the raw data are pro-
vided in tables S1 and S3. All statistical analyses were performed at 
a significance level of 0.05, using two-tailed tests, with Bonferroni 
correction applied for post hoc analyses. All assumptions required 
for these analyses were met. Any missing values identified during 
specific analyses were temporarily excluded.

Supplementary Materials
The PDF file includes:
Methods
Figs. S1 to S4
Tables S1 to S4
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Other Supplementary Material for this manuscript includes the following:
Data files S1 to S4
MDAR Reproducibility Checklist
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