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Abstract
With rapid advances in Artificial Intelligence (AI) over the last decade, schools have increasingly employed innovative tools, intelligent applications and methods that are changing the education system with the aim of improving both user experience and learning gain in the classrooms. Even though the use of AI to education is not new, it has not unleashed its full potential yet. Much of the available research looks at educational robotics and at non-intelligent robots in education. Only recently, research has sought to assess the potential of Socially Assistive Robots (SARs), including humanoids, within the domain of classroom learning, particularly in relation to learning languages. Yet, the use of this form of AI in the field of mathematics and science constitutes a notable gap in this field. This study aims to critically review the research on the use of SARs in the pre-tertiary classroom teaching of mathematics and science. Further aim is to identify the benefits and disadvantages of such technology. Databases’ search conducted between January and April 2018 yielded twenty-one studies meeting the set inclusion criteria for our systematic review. Findings were grouped into four major categories synthesising current evidence of the contribution of SARs in pre-tertiary education: learning gain, user experience, attitude, and usability of SARs within classroom settings. Overall, the use of SARs in pre-tertiary education is promising, but studies focussing on mathematics and science are significantly under-represented. Further evidence is also required around SARs’ specific contributions to learning more broadly, as well as enabling/impeding factors, such as SAR’s personalisation and appearance, or the role of families and ethical considerations. Finally, SARs potential to enhance accessibility and inclusivity of multi-cultural pre-tertiary classroom is almost unexplored. 
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1. Introduction
The use of Artificial Intelligence (AI) as a new emerging technology is infiltrating our lives, and governments around the world are setting initiatives that will address the appropriate harnessing of AI and its impact on training, lifelong learning, and education more broadly (Aoun 2017; Baker, Smith, and Anissa 2019; Tuomi 2018; UK Government 2018). From as early as the late 20th century, educational theorists, such as Papert (1980), acknowledged the potential benefit of including technology in classroom teaching. In fact, Papert’s learning theory of constructionism – along with the models of active learning, learning by design and hands-on experiential learning (e.g. building and programming a robot) – has established itself as the main pedagogical theory in the field of robotics in education (Alimisis 2013). Furthermore, Vygotsky’s kindred theory of social constructivism, with its stress on cooperative learning based on interaction (Mevarech and Kramarski 1993), is similarly widespread as robotic applications go beyond the growing robot-based learning activities (Karim, Lemaignan, and Mondada 2015; Pachidis et al. 2019) and take the form of tutors in classrooms, tools, or peer learning companions (Mubin et al. 2013). Increasingly, innovative tools, intelligent applications and methods are changing the education system with the aim of improving both user experience and learning gain in the classrooms. Even though the use of AI to education is not new (e.g. use of virtual reality into learning), it has not unleashed its full potential yet (Luckin et al. 2016).  
A form of AI in education is the use of social robots. There is a clear distinction between Socially Assistive Robots (SARs)/Socially Assistive Humanoid Robots (SAHRs) and robots. The term ‘robots’ captures any type of robotic kits, programmable robots, and robotic platforms used in education: from kits that can only be used to describe and teach a single function (e.g. reaction to sound) to robotic kits that students can build and program or to LEGO Mindstroms (Karim et al. 2015). In general, the term refers to any machine that is programmable by a computer and can carry out automatically a series of actions. In contrast, SARs/ SAHRs are robots embodied as pets, toys, or humans, and are programmed to interact with users through engaging in social interaction, with the involvement of gestures, speech, emotional expression, and other actions. SAHRs can be considered as SARs which in addition adopt the appearance of humans (Feil-Seifer and Mataric 2005; Erich, Hirokawa, and Suzuki 2017). The use of SARs sits within a growing acknowledgement of the promise of technology in the education of young people, and several governments have highlighted the potential benefits of it (Reuters 2018; Siddique 2018). In the UK, a £10 million backed strategy for the use of technology in education has set several aims, including reducing teachers’ marking workload and improving their training opportunities to promoting use of innovative technology for students with additional needs and learning disabilities (Department of Education 2019). Further recognised benefits of the use of technology in education include providing support in teaching practices, lifelong learning, and administration processes (Department of Education 2019). 
Some evidence is available in relation to the use of robots in education. Benitti (2012) and Toh and colleagues (2016) found that the use of robots as an educational tool can have positive outcomes in the areas of mathematics and science learning. For example, the use of robots can lead to an improvement in knowledge regarding mathematical concepts such as multiplication, increase student’s interest for engineering or develop their ability to understand scientific processes (Cristoforis et al. 2013; Highfield 2010; McDonald and Howell 2012; Toh et al. 2016; Varney et al. 2012). Similarly, Whittier and Robinson (2007) reported that non-English speaking students had improved their comprehension of scientific concepts as a result of using a robot and the knowledge of physics-related topics was found to been enhanced by the use of robots (Mathers et al. 2012). More broadly, the use of robots in education has demonstrated positive influence on the behaviour and development of students, especially in the areas of problem solving skills (Barak and Zadok 2009), teamwork practice (Varney et al. 2012), and collaboration (Hong, Yu, and Chen 2011), increased motivation to learn (Kubilinskiene et al. 2017), and in enhancement of participation (Rusk et al. 2008). 
Less solid is the evidence base around the use of SARs in education, due to this form of technology being emergent. A recent review focused on learning a first or second language, and found that SARs have a positive impact on students’ learning gain (van den Berghe et al. 2019). Another recent review focused on young children up to the age of eight years and found that very few studies focused on early language and literacy learning. The limited available evidence showed the positive support that social robots can have on early language learning, but the author urged for more research in the field (Neumann 2020). Similarly, there is a major gap of evidence in the use of SARs/SAHRs in the areas of maths, science and STEM with no available reviews on this topic. For this reason, this systematic review is timely and necessary in as much as it aims to map and assess the existing research about the knowledge around utility and conditions for implementation of SARs in pre-tertiary education as well as the gaps in research that may inform, motivate, and inspire future projects to address them. This study arises also from conversations that the authors had with pre-tertiary schoolteachers, administrators, and inclusion specialists in England about their interest in deploying artificially intelligent robots, such as SARs/SAHRs, in their schools, specifically for their mathematics and science classes. In fact, evidence indicates that early mathematics skills is a better predictor of math and literacy attainment in later years than early literacy skills: the Early Childhood STEM working group, for example, is advocating for the inclusion of STEM skills in early childhood education since 2016 (Bowman et al. 2017). Finally, another trigger for this study has been the current evidence on the shortages of teachers that increases the need to consider different AI solutions in classrooms (Edwards and Cheok 2018; Sibieta 2020). 
The distinct focus of the present review is the use of SARs, including SAHRs, in the pre-tertiary classroom teaching of mathematics and science. A broader aim of the review is to investigate the current state of knowledge and evidence on the contribution of SARs in pre-tertiary education and hopefully stimulate further discussion. Specific research questions include: 1. What is the current state of knowledge and evidence on the contribution of SARs to learning and teaching in pre-tertiary education? 2. How are SARs being utilized and deployed in pre-tertiary education to support learning in mathematics and science? 3. What specific contribution has/can SARs make to learning in mathematics and science? 4. What can the use of SARs contribute to the accessibility and inclusivity of students from diverse backgrounds in pre-tertiary education?

2. Material and methods
2.1 Search Strategy
A structured search strategy was created for use on various bibliographic databases with key words used according to each database’s specific requirements. Databases were searched between January and April 2018. Specific key words were included: “socially assistive robots”, “humanoid robots”, “pre-tertiary education”, “widening participation”, inclusiv*, divers*, cultur*, accept*,access*, engag*, motivat*, interest*, learn*, teach*, Math*, Scien*, “SAHR” and “SAR”. These were used in combination with Boolean expressions “AND” and “OR”. The electronic bibliographic databases searched were: Education Research Complete via EBSCO host; Education Journals Collection (Taylor and Francis); Social Sciences Citation Index; 2017 MEDLINE via OVID; Embase via OVID; Science Citation Index; IEEE Xplore digital library; PsycINFO; Google Scholar; European Commission and Eurobarometer. Additional searches were also conducted: ACM Digital Library, Computer Source Lecture Notes in Computer Science; Science Direct. The references of eligible reports and key review articles were examined for any additional relevant studies. The search was limited to the previous 15 years since the field of social robotics emerged in the beginning of the century.
All records were uploaded into RAYYAN software (Ouzzani et al. 2016), which was used by two researchers for the process of de-duplicating, and independently screening, and selecting the studies based on pre-specified inclusion criteria. Disagreements and uncertainties about eligibility of studies were discussed with a third researcher when necessary and a final decision was based on consensus. Fig. A.1 summarizes the selection of studies in accordance with PRISMA guidelines (Moher et al. 2009). 
2.2 Selection Criteria 
In view of the likely paucity of potentially eligible studies related to this specific topic, we considered experimental designs (randomised controlled trials) and other study designs (non-randomised trials, observational, cohort, case-control, and qualitative). Editorials, conference abstracts, opinion pieces, studies not published in English and studies in settings outside of pre-tertiary education were excluded. The target population included the stakeholders who were part of the procedure of implementation of SARs in pre-tertiary education (e.g. students, staff and parents). Due to the lack of a uniform definition of SAR, any study which used a social robot that assisted users in tasks through engaging in some type of social interaction was included in the study, irrespective of the appearance of the robot. Although this review has a focus on Mathematics and Science, studies looking at other subject areas such as languages were also included to address the question of the current knowledge and evidence regarding the use of SARs in pre-tertiary education. We opted for a specific search strategy (Gough and Richardson 2018) focusing on studies that used  social robots in pre-tertiary education whilst not excluding studies based on methodology. 
2.3 Assessment of Risk of Bias and Quality of Included Studies
The quality of all included studies was assessed using the Cochrane Collaboration’s tool for assessing risk of bias  (Higgins et al. 2011) and the critical appraisal for public health (Heller et al. 2008). According to Newman and Gough (2020), there are different ways in assessing quality of studies in educational research and we opted for two well established and widely used tools. Both tools were completed for each study by one researcher (Table B.1). The research team decided that two additional researchers assessed bias and quality of two studies independently in order to ensure the validity and reliability of this process. Inconsistencies were discussed and consensus decisions reached.
2.4 Data Extraction and Synthesis of Results
After an agreement between two researchers on the data extraction form, study details and outcome data were extracted by one researcher. This process was further validated through data extraction of four of the included studies by additional two researchers independently. Data extraction included the type of study/design, date of publication, main objectives, country and specific setting (i.e. primary schools), intervention (i.e. type of SAR), sample and characteristics of participants, outcome measures, primary (i.e. educational progress in mathematics and science) and secondary (i.e. learners’ engagement, learners and teachers’ satisfaction, accessibility and inclusivity) outcomes of the review. 
The heterogeneity of the studies included in this review did not enable a standard quantitative synthesis (i.e. meta-analysis) to be performed. Instead, an inductive narrative synthesis of the results was conducted and presented in the form of a summary table (Table B.2) and figure (Figure A.2). Based on the extraction forms and the summary table, studies’ results were critically discussed and weighted by three researchers following a meta-aggregative approach with the aim of identifying descriptive categories, and sub-categories, to which results could be assigned based on evident similarity (Munn, Tufanaru, and Aromataris 2014). Any uncertainties were resolved via a consensus-based decision. 
The protocol for this systematic review has been registered and published on Research Registry (ID: reviewregistry544, date of registration June 8, 2018). Ethics approval was not required for this review.  
3. Results
3.1 Search Results and Characteristics of Included Studies
The data extraction table presents the characteristics and outcomes of all of the included studies (Table B.2). The dominant theoretical and conceptual backgrounds of included studies (n=9, 43%) appear to be social interactionism and constructivism, where collaborative, active, and personalised learning are often quoted, in some cases explicitly referring to a Vygotskian framework (Study 1, 3, 4, 5, 6, 8, 9, 18, and 21 in Table B.1). Eight studies (38%) do not make explicit their theoretical framework (Study 2, 10, 11, 12, 16, 17, 19, and 20), while the remaining 4 studies adopt other specific approaches to learning (Study 7, 13, 14 and 15 in Table B.2). Post-experimental data were collected and analysed from a total of 1333 participants, most of which were students (99%, N = 1320) and the remaining few, 1%, were teachers (N = 13). Not all studies detailed the gender of participants but of the 14 studies that did, a total of 237 participants were male and 351 were female. The nationality of the total sample is as follows: 432 Japanese; 402 Taiwanese; 190 Spanish; 92 Iranian; 83 UK; 79 USA; 38 Israeli; 10 Italian; 6 Swedish. Overall mean age of participants was 8.1 years. All studies took place in a learning classroom within the respective educational institutes (i.e., kindergarten, elementary school etc.).  
3.2 Quality of studies. 
Studies graded as low quality with many studies exposed to biases associated with quasi-experimental and cross-sectional designs (Table B.1). Major issues included the lack of a comparator group and /or the lack of baseline measures (e.g., Study 4, 5, 6, 8, 9, 10, 14,15, 19 and 20 in Table B.1). Small sample sizes (e.g., Study 6, 8, 9, 15, & 18 in Table B.1 and B.2) with fewer than 20 participants and not reporting ethics information, the study protocol or fidelity checks were additional identified issues. 
3.3 Narrative Synthesis 
Largely reflecting on the primary and secondary outcomes, the evidence reviewed in this systematic review has been meta-aggregated and synthesised along the four categories of learning gain, user experience, attitude, and usability. We also found that these categories are encompassed by a transversal factor in the use of SARs in education, which is personalisation. Thirteen sub-categories have been identified and presented below under each category. Sub-categories are either highlighted in bold in the text or provided in sub-headings. For further synthesis, results of this study are visually represented as a circle made of four elements corresponding to the four categories, and relative sub-categories (Fig. A.2). The circular shape is to emphasise that categories are interconnected and mutually reinforcing, and to show how they all have the potential to be significantly and positively enhanced the more the SAR can offer personalised, tailored interaction and feedback during learning activities (Fig. A.2). Many of the studies reviewed below covered more than one, if not all, the four categories of gain, experience, attitude, and usability. Equally, sub-categories may cross one or more studies. 
3.3.1 Learning gain.
Learning gain in mathematics and science. The impact of SARs on learning gain has been explored within 10 of the 21 studies included in this review (Study 1, 3, 11, 12, 13, 14, 15, 16, 17 & 18 in Table B.2). Only 2 of these 10 studies however, considered learning gain in the domain of mathematical related concepts. Keren & Fridin (2014) reported an improvement in geometric thinking and metacognitive tasks whilst kindergarten children interacted with KindSAR, who guided them to complete some screen-supported tasks. This study suggests the positive impact of a complex, multi-sensorial interaction provided by the SAR. A similar combination of screen- and SAR-supported tasks is used in Baxter, Ashurst, Read, Kennedy, & Belpaeme, (2017) who found learning gain in the domain of mathematics, regardless of personalisation of the SAR. Only 1 of the 10 studies explored learning gain in relation to scientific topics. Jones and Castellano (2018) specifically looked at the subject of physical geography and reported evidence of learning gain, regardless of personalised support, with the SAR which introduced tasks, provided domain tutoring, and performed motions throughout the session, pointing to the importance of verbal and non-verbal communication. 
Learning gain in language ability. Learning gain in the domain of language ability was the focus for 7 of these 10 studies. The majority of studies focused on learning English and only one study on learning Mandarin, but in general the results were positive. To learn Mandarin, a group of preschool children were supported by the iRobiQ – which provided a multi-sensorial experience of verbal and non-verbal communication by broadcasting sounds, expressing human-like emotions and providing a touch screen. The intervention group improved to a greater degree in the specific areas of word recognition and story retelling ability compared to children who were supported by the tablet alone (Hsiao et al. 2015). Studies that examined learning English as a second or first language found consistent results. Mazzoni & Benvenuti (2015) reported improvement in the learning of English among preschool children and this was greater for children who interacted with the robot which provided verbal and non-verbal guidance.  Similarly, Kory-Westlund, Jeong, et al. (2017) demonstrated learning gain in the form of word learning supported by as SAR offering multi-sensorial, non-judgmental support. Minoo Alemi, Meghdari, & Ghazisaedy (2014) also reported results that strongly supported the effectiveness of using SARs to assist in the teaching of English words as a second language, as the robot group learned and retained more words whilst also learning faster. In addition, children who interacted with a SAR performed better in the specific domain of English reading compared to those who were assigned to the control group (human teaching assistant), suggesting that the non-judgmental presence of the robot help dis-inhibit children’s expression (Hong et al. 2016). Less convincing results were found in a study that examined the effect of Robovie robot which was put into student classrooms (Kanda et al. 2004). Results revealed that learning gains were modest and that children with a higher baseline of English knowledge were more successful. Another important finding was that most children reduced their interaction time with the robot within the first week, and learning gain was associated with those who maintained interaction with the robot during the second week. A study by Kory-Westlund, Dickens, et al. (2017) investigated if children’s attention to non-verbal social cues such as gaze would be influenced by the type of interlocutor (human or robot) during a word learning task. Results highlighted the impact on performance by the spatial distinctiveness of non-verbal orientation cues. 
3.3.2 User experience. 
Abundance of literature has demonstrated how enjoyment leads to greater motivation and engagement in learning (Chen, Chen, and Liu 2010; Kirikkaya, Iseri, and Vurkaya 2010). The use of SARs as learning companions can increase the enjoyability of learning activities via novel and fun modalities of interaction. Thirteen (62%) of the studies included in this review reported findings related to the experience of interacting with a SAR during learning activities (Study 2, 3, 4, 5, 6, 8, 9, 10, 11, 12, 13, 17 & 21 in Table B.2). Overall, the evidence gathered indicates that pre-tertiary students enjoy the interaction with the robot, and this enjoyment in turn positively impacts on their motivation to learn.
User experience and motivation. ‘Motivation’ is here conceived in a broad way as to encompass a number of elements that many of the studies in this review have considered, such as engagement, attention, concentration, participation, and interest. Almost the totality of studies referred to this domain, more or less explicitly, since motivation is a crucial element in learning. Evidently, in a way, fun, curiosity and connection feed into motivation, for which four studies have been found particularly relevant.
 Jones & Castellano (2018) examined whether an adaptive self-regulated learning offered by a SAR, together with a domain scaffolding, would lead to an increase in self-report of motivation. Findings suggested that both control and experimental groups significantly improved their self-regulated learning skills attitudes with no significant difference between the two groups. However, in the experimental condition (SAR) the less able students had a more significant increase than in the control. Albeit the authors of this work do not discuss in detail this finding, this seems to indicate that SAR can be particularly useful in engaging students with lower levels of learning performances. Students’ engagement was enhanced with the use of SAR and especially their interest in the science class (Hashimoto, Kato, and Kobayashi 2011), but age-dependent differences in interest, motivation, and concentration between elementary school and university students in their twenties were found. Elementary students showed greater levels of concentration and participation than their older counterpart. The younger children declared to have had a good time in the class, with a significantly different score from their older counterpart, and to want to participate again. Younger children felt also more familiar with the robot, albeit perceiving it less uncanny than the university students. Similarly, children’s learning behaviours which are indicative of motivation and engagement, such as gazing, bidirectional interaction, reading or singing, and replying to questions, were significantly more frequent in the group interacting with a SAR compared to those children working on a tablet-PC (Hsiao et al. 2015). In addition, Fridin (2014a) reported positive interaction levels by young children as measured by eye contact and an emotional factor based on facial, bodily, and vocal expressions of emotions in response to the robot’s very first appearance. The only negative experience occurred when the robot fell down and the children felt fearful. This finding is consistent with existing evidence where it is established that SARs’ technical problems are an important barrier to their implementation (Anonymous 2020). In Fridin (2014a), a correlation was found between child’s personality, and interaction and performance measures. For example, high scores on child’s activity levels and interpersonal communication, the higher the scores on level of interaction with the robot and completion of motor and cognitive tasks. These results speak, among others, to the importance of personalisation in the child-robot interaction in learning, and to the relevance of designing personalised motivation strategies tailored onto different types of personalities and in support of diverse learning styles. 
User experience and fun.  Fun – intended as playfulness, joyfulness, enjoyment, and pleasure – is particularly explored in four studies. Wei, Hung, Lee, & Chen (2011) focused on the dimension of fun, articulated in terms of joyfulness and hedonic learning atmosphere and found that almost 92% of the students felt happy, and “overall learning atmosphere was hedonic” in 100% of participants. They concluded that, along with the hands-on practicing and the appropriate feedback, joyful learning with a SAR had a positive influence on learning motivation. Friendliness was crucial to the personalised mode of the SAR in the study Baxter et al. (2017) which showed that children learnt better on certain tasks when interacting with a personalised robot. The robot’s deployed friendliness with the children added an element of pleasantness and comfort to the interaction during the learning activities. Examples of verbal interaction in personalised condition consisted in greeting the student by name, welcoming them back, providing friendly encouragement and correction. Instances of non-verbal features in the personalised condition included a socially responsive gaze, anticipatory reaction, and touchscreen-oriented movements together with life-like posture movement of head and arms. Furthermore, the robot’s pleasantness resulted in playful interactions that reduced student’s anxiety while learning (Alemi, Meghdari, and Ghazisaedy 2015). The robot-student interaction was perceived as non-judgmental, and therefore reduced the fear to make mistakes. Furthermore, in this study, the SAR precisely played the role of a student who can make mistakes, and this triggered – the authors argued – empathic feeling contributing to “inhibit affective filters” when learning a foreign language in classroom (Alemi et al. 2015). Only one study presented mixed results in regard to joyfulness (Chang and Chen 2010) where self-reported joy showed a decrease in the SAR group, but the video analysis contradicted this finding with students increasing smiling (as indicative of enjoyment) in the same group.
User experience and connection. Connection is a subtle process, difficult to observe and measure in general, and even more in children. M. Alemi et al. (2015) argued that their positive results were due to an empathetic response to the robot. Three studies elaborated further about connection and looked into children’s emotional engagement (Chen, Quadir, and Teng 2011; Fridin 2014b; Kory-Westlund, Jeong, et al. 2017). Fridin (2014b) found that children’s emotional responses were significantly correlated with the emotional content in the text of the stories as well as greater when listening to the more emotionally affecting narration. This suggests that the storytelling robot successfully promoted children’s emotional involvement in the learning process. The humanoid robot told the story, expressing emotions both verbally and bodily, and simulating a human-like shift of attention to different children. In addition, the human-like features of the robot in the study by (Chen et al. 2011) that mimicked real life interactions contributed to having the students feeling familiar and comfortable, and progressively confident to speak in English. Kory-Westlund, Jeong, et al. (2017) looked into children’s concentration, engagement, surprise, and attention during a storytelling task. In the expressive storytelling, the robot’s actively read and interacted with the children using a voice characterised by a wide range of intonation and emotion. Differently from the other two studies around storytelling (Fridin 2014b; Hsiao et al. 2015), in this work the SAR is not humanoid, rather a teddy-like robot designed for educational activities with children. Children’s facial expressions were recorded and analysed, and it was found that children in the expressive conditions showed significantly higher mean levels of concentration, engagement, and surprise, than children in the non-expressive condition and displayed more facial expressiveness throughout the whole session. The authors concluded that the children could identify more with the expressive robot. 
User experience and curiosity. Curiosity and fascination are naturally higher in children, and this can be particularly evident when placing a SAR in a classroom of pre-tertiary children. Young students seem to be attracted by a learning companion who is not fully alive, and which stands midway between being an alter ego of the teacher and a funny peer. Even though the concept of curiosity was not specifically investigated, researchers in two studies especially commented on curiosity. Chang, Lee, Chao, Wang, & Chen (2010) argued that better learning occurs because humanoid SARs ignite greater engagement and motivation because they are a source of curiosity and fantasy; facilitate comprehension due to their mimic faculties and because they can support conversation in ways perceived as non-judgmental by the children. Z.-W. Hong et al. (2016) utilised a specific tool to measure post-intervention learning motivation in their study, and of relevance is that the attention sub-scale emphasizes that an instructional material in a class must gain and sustain a learner’s curiosity, enthusiasm and interest. 
3.3.3 Attitude. 
Very few studies have explored children’s attitudes towards robots. The already covered study by M. Alemi et al. (2015) tested the use of robots in teaching English among Iranian girls, and reported the students’ positive attitudes towards the use of robot as a teaching assistant. In addition, students expressed less classroom anxiety when a robot was used in the language teaching compared to usual practice (corroborating the positive effect of a non-judgmental presence highlighted above). The students’ general attitudes were measured by a modified questionnaire originally developed by Vandewaetere & Desmet (2009), which focused on attitudes related to the effectiveness of the robot, the added value of having the robot in the classroom, and the degree of inhibition/exhibition towards the robot. The majority of students strongly agreed with the statement that they liked learning English with the help of the robot and 70% of student strongly agreed with the statement that learning with the help of the robot improved their English greatly. Hsiao et al. (2015) captured children’s attitudes towards the use of the robot on reading. Children reported that they liked more reading books with the robot (73%) than reading e-books (27%). Fernández-Llamas, Conde, Rodríguez-Lera, Rodríguez-Sedano, & García (2018) used two questionnaires to assess students’ attitudes towards robots. Firstly, they found that the majority of students did not feel nervous or strange standing next to a robot or talking to a robot, and they were not worried of the future role that robots could play in the society. However, they found differences according to children’s age (i.e. primary and secondary students). A higher percentage of secondary school students said ‘yes’ to the questions: ‘I would hate the idea that the robots could think’ or ‘I feel that if I depend on robot too much something bad might happen’. In addition, fewer secondary students said ‘yes’ when asked if they felt relaxed talking with robots compared to a higher number of younger primary students. Regarding attitudes towards communicating with the robot overall students do not seem to worry about the behaviour of the robots during interaction, but again age differences were observed with younger students worrying more than older students. Similarly, Hashimoto et al. (2011) reported age differences on robot acceptance. They found that younger students (elementary vs university) were feeling more familiar to the robot and less spookiness around. Finally, students’ perceptions were tested after having a humanoid robot available in their science class, and a positive relationship was found between their perceptions of the robot’s pleasantness and the amount of questions they asked the robot. The higher the level of perceived pleasant characteristics, the higher the interaction with the robot with perceived likability having the stronger relationship compared to perceived enjoyment, and perceived friend-likeness of the robot (Shiomi et al. 2015).
3.3.4. Usability. 
Usability refers to the practical and logistical elements of implementing the use of a SAR within a classroom. The level of usefulness can be subjectively determined, whilst objective factors, such as cost and safety, can also act as barriers or enablers to usability. Of the 21 studies included in this review, 5 addressed the usability of SARs in pre-tertiary education (Study 4, 5, 6, 19, 21 in Table B.2). Wei et al. (2011) reported that children found the robotic system both useful, in terms of facilitating learning, and easy to use. In contrast, the remaining 4 studies that commented on usability of SARs addressed barriers as opposed to the positive factors. Chang & Chen, 2010 showed that whilst effectiveness, efficiency, ease of learning, memorability, and interest were rated positively, there were concerns in the domains of usability and safety. Concerns surrounding usability were because the robot’s price was considered too expensive for elementary education budgets, and safety concerns were based around fears over the robot’s resistance, in term of children potentially damaging it, rather than the other way around. Another study that expressed concerns over the cost of implementing a SAR for English learning examined the integration of a robot with a computer and a book to create a pleasant learning environment (Chen et al. 2011). Findings suggested that this integrated system was easy to use. However, both the English teacher and principal expressed apprehension over the cost of implementing the SAR integrated system. The former also noted that the novelty of the system would decrease over time. The cost of the robot was highlighted again by a study that explored the optimal use of a SAR for promoting the teaching of language (Chang et al. 2010). Results revealed that teachers had concerns about the cost of the robots and the complexity of using them. Moreover, teachers commented on limitations of the robot which could be improved including; movement, voice variety, and lack of emotion. Despite these concerns, teachers maintained high expectations for using robots in class. Finally, one study focused entirely on the usability of a SAR in pre-tertiary education by examining a specific barrier to the implementation of SARs – breakdown in interactions between child and SAR (Serholt 2018). Results revealed four potential causes for breakdown in interaction: (a) difficulties around the robot’s initial engagement and adapting to misunderstandings; (b) robot’s use of unclear and irrelevant scaffolding; (c) lack of consistency and fairness; and (d) technical problems with the controller. Hence, this study showed that there are a number of factors that need to be considered when implementing the use of SARs within a classroom. 
4. Discussion
Findings from our review were grouped into four major categories synthesising current evidence of the contribution of SARs in pre-tertiary education: learning gain, user experience, attitude, and usability of SARs within classroom settings. Overall, the use of SARs in pre-tertiary education is promising, but studies focussing on mathematics and science are significantly under-represented. Further evidence is also required around SARs’ specific contributions to learning more broadly, as well as enabling/impeding factors, such as SAR’s personalisation and appearance, or the role of families and ethical considerations. Finally, SARs potential to enhance accessibility and inclusivity of multi-cultural pre-tertiary classroom is nearly unexplored. Below further discussion in relation to our findings is outlined 
Our review revealed that studies focussing on mathematics and science are significantly under-represented among the SAR literature. Instead, language related learning gain, primarily English, encompassed most of the studies looking at learning gain in this review. Furthermore, the only study that looked at science concepts focused on Earth sciences rather than the common science topics of physics, biology, and chemistry. This is particularly surprising considering the vast amount of previous research that has shown the positive effects of the use of machine-like robots on mathematics and science learning (Cristoforis et al. 2013; Highfield 2010; Mathers et al. 2012; McDonald and Howell 2012; Varney et al. 2012; Whittier and Robinson 2007). Moreover, in the same field of non-socially assistive robots, a review by Benitti (2012) found that 80% of the studies related to topics of mathematics or physics. Thus, there appears to be a discrepancy in the focus of subjects learnt between studies using SARs and studies using traditional, machine-like robots. From a functional perspective, this may make sense as the non-socially interactive robots may be more suited for the learning of mathematics and science, whilst social interaction and engagement may be considered more suitable for subjects such as English and humanities. For example, a SAR can influence the development of English language skills by saying and acting out particular words and commands (Chang et al., 2010). However, we suggest that the lack of studies exploring the use of SARs in terms of mathematics and science learning gain is not evidence against using SARs for this purpose. Rather it could be argued that the interactive nature of SARs could enhance the learning of mathematics and science.
Personalisation of the robot’s interaction to the user, in this case the child’s individual learning style and/or psychological profile, has been found important for maintaining child’s engagement, except in two studies (Study 3 and 13, Table B.2). Fridin (2014b) argued that it is possible for a robot to achieve what potentially is very difficult for a human, that is to provide tailored feedback to each child’s profile and learning style. There is evidence that the higher the personalisation, the higher the chances to keep students engaged (González, Toledo, and Muñoz 2016; Tsiakas, Abujelala, and Makedon 2018). Furthermore, sophisticated personalization of more and more autonomous self-learning SARs could assist in contrasting the natural decay of children attention as well as of the novelty effect. The effect of novelty of SARs in a classroom makes children curious and attracted by the robot in the first place, but tends to decline with familiarisation with its presence (Ahmad, Mubin, and Orlando 2017; Oh and Kim 2010). However, high level of personalisation requires that robots have sophisticated skills (e.g., autonomy, self-learning, complex facial and voice recognition systems, etc.). Therefore, the more AI technology progresses, the more research will be needed around tailored educational interaction responding to different personalities, special needs, and, crucially cultural backgrounds of students, all of which can address the issue of inclusivity. Significantly, the students’ cultural background was not considered nor discussed in any of the studies we reviewed. 
Roboticists have acknowledged the importance of culture and essential work is being conducted in order to better understand how culture influences the human-robot interaction (Blanchard and Allard 1AD; Endrass et al. 2013). In a recent review of the literature on humanoid robots in healthcare, evidence was found to suggest that a person’s cultural background influences many behaviours towards robots (Anonymous 2018). Culture influences the acceptance levels of robotic technology, and it also influences the user’s preferences towards robots, including the appearance of a robot (Broadbent, Stafford, and MacDonald 2009). In addition, culture has an impact on general attitudes towards the use and application of robots, and the robot’s appropriate cultural capabilities of verbal and non-verbal communication are always positively received by users (Trovato et al. 2013). Cultural differences in human-robot interaction have also been reported in studies conducted with children. Pakistani and Italian children have been found to be more expressive and sitting in close proximity when interacting with a robot compared to Dutch children who chose to sit further away from the robot (Neerincx et al. 2016; Shahid et al. 2011). Brown, Schreiber, & Barbarin (2018), in their recent chapter, highlighted the importance of teaching mathematics in a culturally appropriate way in order to engage ethnic minority children and especially African American children. They also spoke for the inclusion of the family and for viewing the child as the centre of different interconnecting systems. The influence of culture is crucial when considering the use of SARs in student classrooms and their involvement in teaching. This is reflected onto the fact that culture is increasingly considered when designing robotic technology, AI technology, and educational interventions (Cramer and Bennett 2015; Fallon, O’Keeffe, and Sugai 2012; Woolf et al. 2013). 
Human-robot interaction is influenced by the robots’ characteristics for example its appearance (eyes, arms, etc), but also the way it acts. Issues of the appearance of the robot have been identified with research suggesting, for example, a preference towards anthropomorphic humanoid robots for teaching (Belpaeme et al. 2018; Ryu, Kwak, and Kim 2007). A preference for anthropomorphism appears consistent with the dominant educational theoretical framework of the use of SARs in education (i.e. social constructivism and constructionism which are based on social interactions and collaborative, active, and personalised learning) that we found across the studies, and that others have also showed (Neumann 2020). It has been argued that children learn better in particular due to the fact that SARs: ignite greater engagement and motivation, thanks to playful interaction; are a source of curiosity and fantasy; facilitate comprehension due to their mimic faculties; and can support conversation in ways perceived at the same time as non-judgmental and lifelike (involving both verbal and bodily communication). Arguably, one of the values of SARs is that, on the one hand, they are ‘human enough’ to trigger familiarity, identification and  empathy; whereas on the other hand, they are not ‘too human’ and keep an uncanny allure in a way that children know that they are machines who cannot ‘judge’. In other words, SARs’ non-humanness is less intimidating and reduces the fear of making mistakes. This leads to the hypothesis that children’s greater naivety and fantasy enhances SARs’ ‘magic effect’, which is made of a combination of fear and attraction. More research is needed to probe into these aspects revolving around the question as to whether children are the best placed to make the most out of SARs in learning. 
The role of the family, in particular, the parents/carers of children and their perceptions on using SARs in education is of great importance, yet largely overlooked in the SARs literature. The consequences of parental disapproval of using SARs in education may limit the use of SARs within classrooms, if not completely abolish their use altogether. Despite the possibility of involving parents/carers in research looking at learning gain, usability and perception in relation to using SARs in education, this was not observed in any of the 21 studies in this review. Instead, all 21 studies focused on the perspective of students, 4 of which (study 4, 5, 6 and 11 in Table B.2) explored the perspective of a small number of teachers (N = 13). Whilst it may be argued that teachers adopt the role of the parent as they are obliged to promote the wellbeing of children as a sensible parent would (Toh et al. 2016), this should not void the opinion of parents it may differ from that of the teachers. Rather, it could be reasoned that future research has a responsibility to allow parents/carers to express their opinions on the development and the use of SARs in education, with many factors, such as digital literacy of parents (Romero 2014) potentially impacting on their perspectives. The concept of digital literacy links to one of the few studies investigating the perception of parents and carers towards using robots in education which found mixed opinions (Lin, Liu, and Huang 2012). Parents held the view that educational robots could be beneficial for students but were not confident in using the robots themselves. This demonstrates the complexity of parental perceptions and warrants further attention from research in this field.
Finally, only two studies included in the review discussed the ethical issues of implementing SARs in schools (Fridin 2014a, 2014b), despite literature identifying a range of potential ethical considerations. For example, it is via the development of emotional attachments with SARs, as research has shown, that it is possible to develop meaningful relationships with robots despite identifying them as technology (Melson et al. 2009; Stanton et al. 2008; Tanaka, Cicourel, and Movellan 2007). Fridin (2014b) offered a solution to emotional attachment by using a SAR that was programmed to express its non-human character (i.e., regularly stating that it is a robot). Sharkey (2016) discussed the ethical concerns around robot teachers in detail with a focus on privacy, attachment, and power. Privacy is of great concern, especially in the climate of the General Data Protection Regulation in Europe, and even more so when handling the data of vulnerable individuals such as school children. Thus, SARs that record and store personal information of children (Kanda, Sato, Saiwaki, & Ishiguro, 2007) come with the complication of managing this data sensitively as a means of protection. In terms of attachment, advances in technology which allow robots to recognise facial expressions, make eye contact, and respond to different levels of attention, enhanced the quality of interaction between SAR and child which could make it easier to form attachments to such devices (van den Berghe et al. 2019). However, the development of SARs that appear and behave like humans (Yamaoka et al. 2007) raises another ethical concern around the deception of portraying a robot as animate. Sharkey (2016) also noted a loss of human interaction and contact which has the potential to have negative effects on children’s relationship skills. For example, it has been noted that some children abused the SARs (Brscić et al. 2015) which did not respond to them. This could result in children learning that, being unpleasant, holds no consequence, thus reinforcing the behaviour in other human interactions. Lastly, the issue of authority and power has been discussed in terms of how much power a robot can exert responsibly and within which domains (i.e., learning and disciplinary). This immediately flags concerns around safety and whether an increase in SARs’ authority would also increase risk to children. In sum, there are a number of ethical issues to be considered when implementing SARs in education, which many of the studies in this review have not acknowledged. It is important that future research considers how SARs can be carefully implemented within ethical boundaries in order to enable the use of this technology in mainstream education. 
4.1 Limitations 
All study participants in this review belonged to high-income countries, except for Iran, which is an upper middle-income country, therefore the generalisability of the results is limited to these socio-cultural contexts. In addition, the relatively young average age of participating students (8.1 years) limits the application of the results to younger children among the pre-tertiary population. More studies are needed among older age children. The heterogeneity of research designs and the use of mixed-method, or quasi-experimental designs, combining the administration of scales, tests, with interviews and analysis of video footages reflects the methodological challenges that the field is presenting and the creativity that is needed to study the use of human-social robots interactions in education (Dautenhahn 2007).  
5. Conclusion
The number of children using technology is growing worldwide and several governments are increasingly recognising and supporting the use of technology in education. Available evidence indicates that the use of personal computers, tablets, as well as machine-like and socially assistive robots is promising, albeit concerns exist among education professionals in terms of job security, usability, and children’s development. This review has gone beyond the only other reviews our searches identified by providing an extensive overview of the current evidence on the contribution of SARs to learning and teaching in pre-tertiary education. The few studies identified and reviewed, and their general low quality, make knowledge claims necessarily preliminary and speculative. However, our study yielded positive results with respect to attitudes and benefits of using SARs with young children. The distinct focus of this review has been the specific contribution of SARs in learning mathematics and science. Results showed that the use of SARs in mathematics and science is very limited, possibly due to the assumption that SARs, by virtue of their lifelike interactional skills, are more apt in language learning. Such studies devoted greater attention to the affective dimension and the user experience, rather than the learning gain with SARs. Unfortunately, our research question around the accessibility and inclusivity of students from diverse backgrounds produced no findings, if only in terms of the benefits of a personalised child-robot interaction. SARs’ revolutionary potential for a complex tailored approach onto different learning types, special needs, and cultural backgrounds of children requires investigation. In conclusion, rigorous evidence is needed to assess SARs’ promise in mathematics and science inclusive teaching and learning. Equally, more research is also necessary around SARs’ acceptance, feasibility, and ethics to identify barriers to implementation, and overcome them. Ultimately, our findings are meant to contribute to new theories of education, beyond the state-of-the-art captured, based on the impact of AI on learning. 

References 
Ahmad, Muneeb Imtiaz, Omar Mubin, and Joanne Orlando. 2017. “Adaptive Social Robot for Sustaining Social Engagement during Long-Term Children–Robot Interaction.” International Journal of Human–Computer Interaction 33(12):943–62.
Alemi, M., A. Meghdari, and M. Ghazisaedy. 2015. “The Impact of Social Robotics on L2 Learners’ Anxiety and Attitude in English Vocabulary Acquisition.” International Journal of Social Robotics 7(4):523–35.
Alemi, Minoo, Ali Meghdari, and Maryam Ghazisaedy. 2014. “Employing Humanoid Robots for Teaching English Language in Iranian Junior High-Schools.” International Journal of Humanoid Robotics 11(03):1450022.
Alimisis, Dimitris. 2013. “Educational Robotics: Open Questions and New Challenges.” Themes in Science & Technology Education 61(1):63–71.
Aoun, Joseph E. 2017. Robot-Proof: Higher Education in the Age of Artificial Intelligence. London: MIT Press.
Baker, Toby, Laurie Smith, and Nandra Anissa. 2019. Educ-AI-Tion Rebooted? Exploring the Future of Artificial Intelligence in Schools and Colleges. London: Nesta.
Barak, Moshe, and Yair Zadok. 2009. “Robotics Projects and Learning Concepts in Science, Technology and Problem Solving.” International Journal of Technology and Design Education 19(3):289–307.
Baxter, Paul, Emily Ashurst, Robin Read, James Kennedy, and Tony Belpaeme. 2017. “Robot Education Peers in a Situated Primary School Study: Personalisation Promotes Child Learning.” PLOS ONE 12(5):e0178126.
Belpaeme, Tony, James Kennedy, Aditi Ramachandran, Brian Scassellati, and Fumihide Tanaka. 2018. “Social Robots for Education: A Review.” Science Robotics 3(21):eaat5954.
Benitti, Fabiane Barreto Vavassori. 2012. “Exploring the Educational Potential of Robotics in Schools: A Systematic Review.” Computers & Education 58(3):978–88.
van den Berghe, Rianne, Josje Verhagen, Ora Oudgenoeg-Paz, Sanne van der Ven, and Paul Leseman. 2019. “Social Robots for Language Learning: A Review.” Review of Educational Research 89(2):259–95.
Blanchard, Emmanuel G., and Danièle Allard. 1AD. Handbook of Research on Culturally-Aware Information Technology: Perspectives and Models. IGI Global.
Bowman, Barbara, Carol Brunson Day, Jie-Qi Chen, Christine Cunningham, Chip Donohue, Linda Espinosa, Martin Gartzman, Daryl Greenfield, Deborah Leslie, Susan Levine, Jennifer McCray, Leona Schauble, Elizabet Spaepen, Karen Worth, and Wheelock College. 2017. Early STEM Matters. Providing High-Quality STEM Experiences for All Young Learners. A Policy Report by the Early Childhood STEM Working Group. Early Childhood STEM Working Group.
Broadbent, E., R. Stafford, and B. MacDonald. 2009. “Acceptance of Healthcare Robots for the Older Population: Review and Future Directions.” International Journal of Social Robotics 1(4):319.
Brown, Jeffrey, Cassandra Schreiber, and Oscar Barbarin. 2018. “Culturally Competent Mathematics Instruction for African American Children.” Pp. 49–62 in Promising Practices for Engaging Families in STEM Learning, edited by M. Caspe, T. Woods, and J. L. Kennedy. Charlotte, NC, US: IAP - Information Age Publishing.
Brscić, Drazen, Hiroyuki Kidokoro, Yoshitaka Suehiro, and Takayuki Kanda. 2015. “Escaping from Children’s Abuse of Social Robots.” Pp. 59–66 in Proceedings of the Tenth Annual ACM/IEEE International Conference on Human-Robot Interaction, HRI ’15. New York, NY, USA: ACM.
Chang, Chih-Wei, and Gwo-Dong Chen. 2010. “Using a Humanoid Robot to Develop a Dialogue-Based Interactive Learning Environment for Elementary Foreign Language Classrooms.” Journal of Interactive Learning Research 21(1):55–74.
Chang, Chih-Wei, Jih-Hsien Lee, Po-Yao Chao, Chin-Yeh Wang, and Gwo-Dong Chen. 2010. “Exploring the Possibility of Using Humanoid Robots as Instructional Tools for Teaching a Second Language in Primary School.” Educational Technology & Society 13:13–24.
Chen, Liwen, Tung-Liang Chen, and Hsu-Kuan Jonathan Liu. 2010. “Perception of Young Adults on Online Games: Implications for Higher Education.” The Turkish Online Journal of Educational Technology 9(3):9.
Chen, Nian-Shing, Benazir Quadir, and Daniel C. Teng. 2011. “Integrating Book, Digital Content and Robot for Enhancing Elementary School Students’ Learning of English.” Australasian Journal of Educational Technology 27(3):546–61.
Cramer, Elizabeth D., and Kyle D. Bennett. 2015. “Implementing Culturally Responsive Positive Behavior Interventions and Supports in Middle School Classrooms.” Middle School Journal 46(3):18–24.
Cristoforis, P. De, S. Pedre, M. Nitsche, T. Fischer, F. Pessacg, and C. Di Pietro. 2013. “A Behavior-Based Approach for Educational Robotics Activities.” IEEE Transactions on Education 56(1):61–66.
Dautenhahn, Kerstin. 2007. “Methodology & Themes of Human-Robot Interaction: A Growing Research Field.” International Journal of Advanced Robotic Systems 4(1):15.
Edwards, Bosede I., and Adrian D. Cheok. 2018. “Why Not Robot Teachers: Artificial Intelligence for Addressing Teacher Shortage.” Applied Artificial Intelligence 32(4):345–60.
Endrass, Birgit, Elisabeth André, Matthias Rehm, and Yukiko Nakano. 2013. “Investigating Culture-Related Aspects of Behavior for Virtual Characters.” Autonomous Agents and Multi-Agent Systems 27(2):277–304.
Erich, Floris, Masakazu Hirokawa, and Kenji Suzuki. 2017. “A Systematic Literature Review of Experiments in Socially Assistive Robotics Using Humanoid Robots.” ArXiv:1711.05379 [Cs].
Fallon, Lindsay M., Breda V. O’Keeffe, and George Sugai. 2012. “Consideration of Culture and Context in School-Wide Positive Behavior Support: A Review of Current Literature.” Journal of Positive Behavior Interventions 14(4):209–19.
Feil-Seifer, D., and M. J. Mataric. 2005. “Defining Socially Assistive Robotics.” Pp. 465–68 in 9th International Conference on Rehabilitation Robotics, 2005. ICORR 2005.
Fernández-Llamas, Camino, Miguel A. Conde, Francisco J. Rodríguez-Lera, Francisco J. Rodríguez-Sedano, and Francisco García. 2018. “May I Teach You? Students’ Behavior When Lectured by Robotic vs. Human Teachers.” Computers in Human Behavior 80:460–69.
Fridin, Marina. 2014a. “Kindergarten Social Assistive Robot: First Meeting and Ethical Issues.” Computers in Human Behavior 30:262–72.
Fridin, Marina. 2014b. “Storytelling by a Kindergarten Social Assistive Robot: A Tool for Constructive Learning in Preschool Education.” Computers & Education 70:53–64.
González, Carina Soledad González, Pedro Toledo, and Vanesa Muñoz. 2016. “Enhancing the Engagement of Intelligent Tutorial Systems through Personalization of Gamification.” The International Journal of Engineering Education 32(1):532–41.
Gough, David, and Michelle Richardson. 2018. “Systematic Reviews.” Pp. 75–87 in Advanced Research Methods for Applied Psychology : Design, Analysis and Reporting, edited by P. Brough. London: Routledge.
Hashimoto, Takuya, Naoki Kato, and Hiroshi Kobayashi. 2011. “Development of Educational System with the Android Robot SAYA and Evaluation.” International Journal of Advanced Robotic Systems 8(3):28.
Heller, Richard F., Arpana Verma, Islay Gemmell, Roger Harrison, Judy Hart, and Richard Edwards. 2008. “Critical Appraisal for Public Health: A New Checklist.” Public Health 122(1):92–98.
Higgins, Julian P. T., Douglas G. Altman, Peter C. Gøtzsche, Peter Jüni, David Moher, Andrew D. Oxman, Jelena Savović, Kenneth F. Schulz, Laura Weeks, and Jonathan A. C. Sterne. 2011. “The Cochrane Collaboration’s Tool for Assessing Risk of Bias in Randomised Trials.” BMJ 343:d5928.
Highfield, Kate. 2010. “Robotic Toys as a Catalyst for Mathematical Problem Solving.” Australian Primary Mathematics Classroom 15(2):22–27.
Hong, Jon-Chao, Kuang-Chao Yu, and Mei-Yung Chen. 2011. “Collaborative Learning in Technological Project Design.” International Journal of Technology and Design Education 21(3):335–47.
Hong, Zeng-Wei, Yueh-Min Huang, Marie Hsu, and Wei-Wei Shen. 2016. “Authoring Robot-Assisted Instructional Materials for Improving Learning Performance and Motivation in EFL Classrooms.” Journal of Educational Technology & Society 19(1):337–49.
Hsiao, Hsien-Sheng, Cheng-Sian Chang, Chien-Yu Lin, and Hsiu-Ling Hsu. 2015. “‘IRobiQ’: The Influence of Bidirectional Interaction on Kindergarteners’ Reading Motivation, Literacy, and Behavior.” Interactive Learning Environments 23(3):269–92.
Jones, Aidan, and Ginevra Castellano. 2018. “Adaptive Robotic Tutors That Support Self-Regulated Learning: A Longer-Term Investigation with Primary School Children.” International Journal of Social Robotics 10(3):357–70.
Kanda, Takayuki, Takayuki Hirano, Daniel Eaton, and Hiroshi Ishiguro. 2004. “Interactive Robots As Social Partners and Peer Tutors for Children: A Field Trial.” Hum.-Comput. Interact. 19(1):61–84.
Kanda, Takayuki, R. Sato, N. Saiwaki, and Hiroshi Ishiguro. 2007. “A Two-Month Field Trial in an Elementary School for Long-Term Human–Robot Interaction.” IEEE Transactions on Robotics 23(5):962–71.
Karim, Mohammad Ehsanul, Séverin Lemaignan, and Francesco Mondada. 2015. “A Review: Can Robots Reshape K-12 STEM Education?” 2015 IEEE International Workshop on Advanced Robotics and Its Social Impacts (ARSO).
Keren, Guy, and Marina Fridin. 2014. “Kindergarten Social Assistive Robot (KindSAR) for Children’s Geometric Thinking and Metacognitive Development in Preschool Education: A Pilot Study.” Computers in Human Behavior 35:400–412.
Kirikkaya, Esma Bulus, Sebnem Iseri, and Gurbet Vurkaya. 2010. “A Board Game about Space and Solar System for Primary School Students.” Turkish Online Journal of Educational Technology - TOJET 9(2):1–13.
Kory-Westlund, Jacqueline M., Leah Dickens, Sooyeon Jeong, Paul L. Harris, David DeSteno, and Cynthia L. Breazeal. 2017. “Children Use Non-Verbal Cues to Learn New Words from Robots as Well as People.” International Journal of Child-Computer Interaction 13:1–9.
Kory-Westlund, Jacqueline M., Sooyeon Jeong, Hae W. Park, Samuel Ronfard, Aradhana Adhikari, Paul L. Harris, David DeSteno, and Cynthia L. Breazeal. 2017. “Flat vs. Expressive Storytelling: Young Children’s Learning and Retention of a Social Robot’s Narrative.” Frontiers in Human Neuroscience 11.
Kubilinskiene, Svetlana, Inga Zilinskiene, Valentina Dagiene, and Vytenis Sinkevičius. 2017. “Applying Robotics in School Education: A Systematic Review.” Baltic Journal of Modern Computing 5.
Lin, Chun-Hung, Eric Zhi-Feng Liu, and Yuan Yen Huang. 2012. “Exploring Parents’ Perceptions towards Educational Robots: Gender and Socio-Economic Differences.” BJET 43:31-NaN.
Luckin, Rose, Wayne Holmes, Mark Griffiths, Laurie B. Corcier, Pearson (Firm), and London University College. 2016. Intelligence Unleashed: An Argument for AI in Education. London: Pearson Education.
Mathers, Naomi, Ali Goktogen, John Rankin, and Marion Anderson. 2012. “Robotic Mission to Mars: Hands-on, Minds-on, Web-Based Learning.” Acta Astronautica 80:124–31.
Mazzoni, Elvis, and Martina Benvenuti. 2015. “A Robot-Partner for Preschool Children Learning English Using Socio-Cognitive Conflict.” Journal of Educational Technology & Society 18(4):474–85.
McDonald, Susan, and Jennifer Howell. 2012. “Watching, Creating and Achieving: Creative Technologies as a Conduit for Learning in the Early Years.” British Journal of Educational Technology 43.
Melson, Gail F., Peter H. Kahn, Alan M. Beck, and Batya Friedman. 2009. “Robotic Pets in Human Lives: Implications for the Human-Animal Bond and for Human Relationships with Personified Technologies.”
Mevarech, Z. R., and B. Kramarski. 1993. “Vygotsky and Papert: Social-Cognitive Interactions within Logo Environments.” The British Journal of Educational Psychology 63 ( Pt 1):96–109.
Moher, David, Alessandro Liberati, Jennifer Tetzlaff, Douglas G. Altman, and The PRISMA Group. 2009. “Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement.” PLOS Medicine 6(7):e1000097.
Mubin, Omar, Catherine J. Stevens, Suleman Shahid, Abdullah Al Mahmud, and Jian-Jie Dong. 2013. “A Review of the Applicability of Robots in Education.”
Munn, Zachary, Catalin Tufanaru, and Edoardo Aromataris. 2014. “JBI’s Systematic Reviews: Data Extraction and Synthesis.” AJN The American Journal of Nursing 114(7):49–54.
Neerincx, A., F. Sacchitelli, R. Kaptein, S. van der Pal, E. Oleari, and M. A. Neerincx. 2016. “Child’s Culture-Related Experiences with a Social Robot at Diabetes Camps.” Pp. 485–86 in 2016 11th ACM/IEEE International Conference on Human-Robot Interaction (HRI).
Neumann, Michelle M. 2020. “Social Robots and Young Children’s Early Language and Literacy Learning.” Early Childhood Education Journal 48(2):157–70.
Newman, Mark, and David Gough. 2020. “Systematic Reviews in Educational Research: Methodology, Perspectives and Application.” Pp. 3–22 in Systematic Reviews in Educational Research: Methodology, Perspectives and Application, edited by O. Zawacki-Richter, M. Kerres, S. Bedenlier, M. Bond, and K. Buntins. Wiesbaden: Springer Fachmedien.
Oh, Kwangmyung, and Myungsuk Kim. 2010. “Social Attributes of Robotic Products: Observations of Child-Robot Interactions in a School Environment.” International Journal of Design 4(1):45–55.
Ouzzani, Mourad, Hossam Hammady, Zbys Fedorowicz, and Ahmed Elmagarmid. 2016. “Rayyan—a Web and Mobile App for Systematic Reviews.” Systematic Reviews 5.
Pachidis, T., E. Vrochidou, V. G. Kaburlasos, S. Kostova, M. Bonković, and V. Papić. 2019. “Social Robotics in Education: State-of-the-Art and Directions.” Pp. 689–700 in Advances in Service and Industrial Robotics, Mechanisms and Machine Science, edited by N. A. Aspragathos, P. N. Koustoumpardis, and V. C. Moulianitis. Cham: Springer International Publishing.
Papert, Seymour. 1980. Mindstorms: Children, Computers, and Powerful Ideas. New York, NY, USA: Basic Books, Inc.
Romero, Margarida. 2014. “Romero, M. (2014). Digital Literacy for Parents of the 21st Century Children. Elearning Papers, 38, 32-40.” Elearning Papers 32–40.
Rusk, Natalie, Mitchel Resnick, Robbie Berg, and Margaret Pezalla-Granlund. 2008. “New Pathways into Robotics: Strategies for Broadening Participation.” Journal of Science Education and Technology 17:59–69.
Ryu, H., S. S. Kwak, and M. Kim. 2007. “A Study on External Form Design Factors for Robots as Elementary School Teaching Assistants.” Pp. 1046–51 in RO-MAN 2007 - The 16th IEEE International Symposium on Robot and Human Interactive Communication.
Serholt, Sofia. 2018. “Breakdowns in Children’s Interactions with a Robotic Tutor: A Longitudinal Study.” Computers in Human Behavior 81:250–64.
Shahid, S., E. Krahmer, M. Swerts, and O. Mubin. 2011. “Who Is More Expressive during Child-Robot Interaction: Pakistani or Dutch Children?” Pp. 247–48 in 2011 6th ACM/IEEE International Conference on Human-Robot Interaction (HRI).
Sharkey, Amanda J. C. 2016. “Should We Welcome Robot Teachers?” Ethics and Information Technology 18(4):283–97.
Shiomi, Masahiro, Takayuki Kanda, Iris Howley, Kotaro Hayashi, and Norihiro Hagita. 2015. “Can a Social Robot Stimulate Science Curiosity in Classrooms?” International Journal of Social Robotics 7(5):641–52.
Sibieta, Luke. 2020. Teacher Shortages in England: Analysis and Pay Options. London: Education Policy Institute.
Stanton, C. M., P. H. Kahn, R. L. Severson, J. H. Ruckert, and B. T. Gill. 2008. “Robotic Animals Might Aid in the Social Development of Children with Autism.” Pp. 271–78 in 2008 3rd ACM/IEEE International Conference on Human-Robot Interaction (HRI).
Tanaka, Fumihide, Aaron Cicourel, and Javier R. Movellan. 2007. “Socialization between Toddlers and Robots at an Early Childhood Education Center.” Proceedings of the National Academy of Sciences 104(46):17954–58.
Toh, Lai Poh Emily, Albert Causo, Pei-Wen Tzuo, I. Ming Chen, and Song Huat Yeo. 2016. “A Review on the Use of Robots in Education and Young Children.” Journal of Educational Technology & Society 19(2):148–63.
Trovato, Gabriele, Massimiliano Zecca, Salvatore Sessa, Lorenzo Jamone, Jaap Ham, Kenji Hashimoto, and Atsuo Takanishi. 2013. “Cross-Cultural Study on Human-Robot Greeting Interaction: Acceptance and Discomfort by Egyptians and Japanese.” Paladyn, Journal of Behavioral Robotics 4(2):83–93.
Tsiakas, Konstantinos, Maher Abujelala, and Fillia Makedon. 2018. “Task Engagement as Personalization Feedback for Socially-Assistive Robots and Cognitive Training.” Technologies 6(2):49.
Tuomi, Ilkka. 2018. The Impact of Artificial Intelligence on Learning, Teaching, and Education. EUR 29442 EN. Luxembourg: Publications Office of the European Union.
UK Government. 2018. “Policy Paper. The Grand Challenges.”
Vandewaetere, Mieke, and Piet Desmet. 2009. “Introducing Psychometrical Validation of Questionnaires in CALL Research: The Case of Measuring Attitude towards CALL.” Computer Assisted Language Learning 22:349–80.
Varney, M. W., A. Janoudi, D. M. Aslam, and D. Graham. 2012. “Building Young Engineers: TASEM for Third Graders in Woodcreek Magnet Elementary School.” IEEE Transactions on Education 55(1):78–82.
Wei, Chun-Wang, I. Chun Hung, Ling Lee, and Nian-Shing Chen. 2011. “A Joyful Classroom Learning System with Robot Learning Companion for Children to Learn Mathematics Multiplication.” Turkish Online Journal of Educational Technology - TOJET 10(2):11–23.
Whittier, L. Elena, and Michael Robinson. 2007. “Teaching Evolution to Non-English Proficient Students by Using Lego Robotics.” American Secondary Education 35(3):19–28.
Woolf, Beverly Park, H. Chad Lane, Vinay K. Chaudhri, and Janet L. Kolodner. 2013. “AI Grand Challenges for Education.” AI Magazine 34(4):66–84.
Yamaoka, Furnitaka, Takayuki Kanda, Hiroshi Ishiguro, and Norihiro Hagita. 2007. “Interacting with a Human or a Humanoid Robot?” Pp. 2685–91 in 2007 IEEE/RSJ International Conference on Intelligent Robots and Systems.

