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Appendix S1. Previous Meta-Analyses of the Effect of VR on L2 learners’ Socio-Emotional Variables
	Study
	Years covered
	Type of VR
	Affective outcomes
	k
	Effect size 
	95% CI

	Wang et al. (2019)
	2008 - 2019
	LiVR (n = 4)
	Attitude
Self-efficacy
	5
12
	d = 0.49
d = 0.60

	[0.14, 0.84]
[0.40, 0.81]

	
	
	
	
	
	
	

	Chen et al. (2022)
	2010 - 2021
	LiVR (n = 9)
HiVR (n = 12)
	Affective gains 
	8
	g = 0.57
	[0.31, 0.83]

	
	
	
	
	
	
	

	Yu and Duan (2024)
	2008 - 2021
	LiVR (n = 33) HiVR (n = 4)
	Anxiety
Motivation
Satisfaction
Self-efficacy
	6
6
4
5
	d = -0.24
d = 0.46
d = 0.48
d = 0.22
	[-0.42, -0.05]
[0.32, 0.59]
[0.25, 0.70]
[0.02, 0.41]

	
	
	
	
	
	
	

	Qiu et al. (2024)
	2015 - 2021
	LiVR (n = 3)
HiVR (n = 20)
	Anxiety
Motivation
	6
4
	g = 0.01
g = 0.62
	[-0.40, 0.43]
[0.32, 0.92]


Note. n = total number of primary studies, k = number of effect sizes for affective outcomes.


References
Chen, B., Wang, Y., & Wang, L. (2022). The effects of virtual reality-assisted language learning: A meta-analysis. Sustainability, 14(6), 1–18. https://doi.org/10.3390/su14063147
Qiu, X. B., Shan, C., Yao, J., & Fu, Q. K. (2024). The effects of virtual reality on EFL learning: A meta-analysis. Education and Information Technologies, 29(2), 1379–1405. https://doi-org.uc.idm.oclc.org/10.1007/s10639-023-11738-0
Wang, C. P., Lan, Y. J., Tseng, W. T., Lin, Y. T. R., & Gupta, K. C. L. (2019). On the effects of 3D virtual worlds in language learning: A meta-analysis. Computer Assisted Language Learning, 33(8), 891–915. https://doi.org/10.1080/09588221.2019.1598444
Yu, Z., & Duan, P. (2024). Meta‐analyses of anxiety, motivation, performance, satisfaction, and self‐efficacy in virtual reality‐assisted language education. Foreign Language Annals, 57(2), 550–580. https://doi-org.uc.idm.oclc.org/10.1111/flan.12748


Appendix S2. List of Journals
	Journal Strand
	Journal Name

	Applied linguistics
(n = 6)
	Applied Linguistics, Language Learning, The Modern Language Journal, System, Studies in Second Language Acquisition, TESOL Quarterly


	Technology-Enhanced Language Learning
(n = 7)
	Computer Assisted Language Instruction Consortium Journal, Computer Assisted Language Learning, International Journal of Computer-Assisted Language Learning and Teaching, Journal of Computer Assisted Learning, Language, Learning and Technology, Journal of Computer Assisted Learning, ReCALL


	Educational Technology
(n = 10)
	Australasian Journal of Educational Technology, Australasian Journal of Educational Technology, British Journal of Educational Technology, Computers & Education, Educational Technology Research and Development, IEEE Transactions on Learning Technologies, International Journal of Computer-Supported Collaborative Learning, Journal of Learning Analytics and Knowledge, The International Review of Research in Open and Distributed Learning, The Internet and Higher Education
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A total of 55 studies were evaluated for eligibility, out of which 22 met the criteria. Seven of them did not report sufficient descriptive statistics (mean and standard deviation) to calculate effect sizes. We contacted the authors of these articles asking them to share the missing statistical data. Authors of three articles shared the requested information (i.e., Hung et al., 2023; Papin & Kaplan-Rakowski, 2024; Kaplan-Rakowski & Gruber, 2023). Therefore, four studies were excluded due to the lack of descriptive statistics.


References
Hung, C. Y., Lin, Y. T., Yu, S. J., & Sun, J. C. Y. (2023). Effects of AR‐and VR‐based wearables in teaching English: The application of an ARCS model‐based learning design to improve elementary school students’ learning motivation and performance. Journal of Computer Assisted Learning, 39(5), 1510–1527. https://doi-org.uc.idm.oclc.org/10.1111/jcal.12814
Papin, K., & Kaplan-Rakowski, R. (2024). A study of vocabulary learning using annotated 360 pictures. Computer Assisted Language Learning, 37(5-6), 1108-1135. https://doi.org/10.1080/09588221.2022.2068613
Kaplan-Rakowski, R., & Gruber, A. (2023). The impact of high-immersion virtual reality on foreign language anxiety. Smart Learning Environments, 10(46), 1–18. https://doi-org.uc.idm.oclc.org/10.1186/s40561-023-00263-9


Appendix S4. Studies Included in This Meta-analysis (n = 18)
Chen, C. H., Hung, H. T., & Yeh, H. C. (2021). Virtual reality in problem‐based learning contexts: Effects on the problem‐solving performance, vocabulary acquisition, and motivation of English language learners. Journal of Computer Assisted Learning, 37(3), 851–860. https://doi-org.uc.idm.oclc.org/10.1111/jcal.12528
Chen, H. L., & Liao, Y. C. (2022). Effects of panoramic image virtual reality on the workplace English learning performance of vocational high school students. Journal of Educational Computing Research, 59(8), 1601–1622. https://doi.org/10.1177/073563312199985
Chen, Y. C. (2022). Effects of technology-enhanced language learning on reducing EFL learners’ public speaking anxiety. Computer Assisted Language Learning, 37(4), 789–813. https://doi.org/10.1080/09588221.2022.2055083
Ding, M. (2024). The impact of high-immersion virtual reality on EFL learners’ foreign language speaking anxiety: A mixed-method approach. ReCALL, 36(3), 287–305. https://doi:10.1017/S0958344024000156
Huang, H. L., Hwang, G. J., & Chang, C. Y. (2020). Learning to be a writer: A spherical video‐based virtual reality approach to supporting descriptive article writing in high school Chinese courses. British Journal of Educational Technology, 51(4), 1386–1405. https://doi.org/10.1111/bjet.12893
Hung, C. Y., Lin, Y. T., Yu, S. J., & Sun, J. C. Y. (2023). Effects of AR‐and VR‐based wearables in teaching English: The application of an ARCS model‐based learning design to improve elementary school students’ learning motivation and performance. Journal of Computer Assisted Learning, 39(5), 1510–1527. https://doi-org.uc.idm.oclc.org/10.1111/jcal.12814
Hung, S. T. A., Chen, W. J., & Chien, S. Y. (2023). Virtual reality is not always a cure-all: Evidences from a quasi-experiment of EFL business speaking courses. Interactive Learning Environments, 32(8), 4426–4442. https://doi.org/10.1080/10494820.2023.2200811
Johnson, E. K., Giroux, A. L., Merritt, D., Vitanova, G., & Sousa, S. (2020). Assessing the impact of game modalities in second language acquisition: ELLE the EndLess LEarner. Journal of Universal Computer Science, 26(8), 880–-903.
Kaplan‐Rakowski, R., & Gruber, A. (2023a). An experimental study on reading in high‐immersion virtual reality. British Journal of Educational Technology, 55(2), 541–559. https://doi.org/10.1111/bjet.13392
Kaplan-Rakowski, R., & Gruber, A. (2023b). The impact of high-immersion virtual reality on foreign language anxiety. Smart Learning Environments, 10(46), 1–18. https://doi-org.uc.idm.oclc.org/10.1186/s40561-023-00263-9
Li, Y., Ying, S., Chen, Q., & Guan, J. (2022). An experiential learning-based virtual reality approach to foster students’ vocabulary acquisition and learning engagement in English for geography. Sustainability, 14(22), 1–14. https://doi.org/10.3390/su142215359
Nicolaidou, I., Pissas, P., & Boglou, D. (2023). Comparing immersive virtual reality to mobile applications in foreign language learning in higher education: A quasi-experiment. Interactive Learning Environments, 31(4), 2001–2015. https://doi.org/10.1080/10494820.2020.1870504
Papin, K., & Kaplan-Rakowski, R. (2024). A study of vocabulary learning using annotated 360 pictures. Computer Assisted Language Learning, 37(5-6), 1108–1135. https://doi.org/10.1080/09588221.2022.2068613
Wang, Y., Luo, X., Liu, C. C., Tu, Y. F., & Wang, N. (2022). An integrated automatic writing evaluation and SVVR approach to improve students’ EFL writing performance. Sustainability, 14(18), 1–19. https://doi.org/10.3390/su141811586
Wang, Z., Guo, Y., Wang, Y., Tu, Y. F., & Liu, C. (2021). Technological solutions for sustainable development: Effects of a visual prompt scaffolding-based virtual reality approach on EFL learners’ reading comprehension, learning attitude, motivation, and anxiety. Sustainability, 13(24), 1–15. https://doi.org/10.3390/su132413977
Wu, S. Y. H., & Hung, S.-T. A. (2022). The effects of virtual reality infused instruction on elementary school students’ English-speaking performance, willingness to communicate, and learning autonomy. Journal of Educational Computing Research, 60(6), 1558–1587. https://doi.org/10.1177/07356331211068207
Ye, Y., & Kaplan‐Rakowski, R. (2024). An exploratory study on practicing listening comprehension skills in high‐immersion virtual reality. British Journal of Educational Technology, 55(4), 1651–1672. https://doi.org/10.1111/bjet.13481
Zhao, J. H., & Yang, Q. F. (2023). Promoting international high‐school students’ Chinese language learning achievements and perceptions: A mind mapping‐based spherical video‐based virtual reality learning system in Chinese language courses. Journal of Computer Assisted Learning, 39(3), 1002–1016. https://doi-org.uc.idm.oclc.org/10.1111/jcal.12782


Appendix S5. Descriptive Overview of the Included Studies
Learner Characteristics
The combined total number of participants across the selected 18 independent studies was 996. The average number of participants was 27.78 (N = 500, SD = 10.67, range = 11-53) in an experimental group and 27.56 (N = 496, SD = 12.95, range = 8-53) in a control group. Participants’ mean age was 18.61 (SD = 3.12, range = 11-23). However, 39% of the studies (n = 7) either did not report the age of their participants or reported a wide age range, such as “18-56” in Johnson et al. (2020). More than half of the studies were conducted in a university setting (n = 12, 67%), whereas the remaining studies took place in high school (n = 4, 22%) and elementary school (n = 2, 11%) contexts. Two studies (11%) reported participants’ proficiency level as beginner, three studies (16.5%) focused on intermediate-level participants, and three (16.5%) studies included mixed-level learner population. However, more than half of the selected studies provided no information on participants’ proficiency level (n = 10, 56%). Additionally, the type of proficiency measure was not reported in half of the primary studies (n = 9, 50%). Table S1 illustrates learner characteristics across the included studies.


Table S1
Included Studies by Learner Characteristics
	Age (years)
	n (%)
	L1
	n (%)
	L2
	n (%)

	11-17
	3 (17%)
	Chinese
	2 (11%)
	Chinese
	2 (11%)

	
18-23
	8 (44%)
	Greek
	1 (6%)
	English
	13 (72.2%)

	Not reported/Range
	7 (39%)
	Mixed
	2 (11%)
	French
	1 (5.6%)

	
	
	Not reported
	13 (72%)
	Portuguese
	1 (5.6%)

	
	
	
	
	Italian
	1 (5.6%)

	L2 proficiency
	n (%)
	Proficiency measure
	n (%)
	Educational level
	n (%)

	Beginner
	2 (11%)
	Standardized
	1 (5.5%)
	Elementary school
	2 (11%)

	Intermediate
	3 (16.5%)
	Self-reported
	2 (11%)
	High school
	4 (22%)

	Mixed
	3 (16.5%)
	Institutional level
	1 (5.5%)
	University
	12 (67%)

	Not reported
	10 (56%)
	Other
	3 (17%)
	
	

	
	
	Mixed
	2 (11%)
	
	

	
	
	Not reported
	9 (50%)
	
	


Note. n = number of primary studies.
Methodological Features
Most of the studies (n = 17, 94%) included in this meta-analysis were conducted in a foreign language context, with one study being conducted in a second language setting. Fifty-six percent (n = 10) of them occurred in a classroom-based environment. However, seven studies (39%) in the sample did not provide any information on an instructional setting. Additionally, the most frequently used HMD hardware was smartphone-based headsets (n = 7, 39%), followed by standalone headsets (n = 5, 27%), and PC-powered headsets (n = 3, 17%). However, three studies (17%) did not specify the type of VR headset used. Regarding length of intervention, the average total duration of VR treatment was 111.42 minutes with considerable variation (SD = 155.78, range = 6-500 minutes). On average, participants were exposed to 2.85 HiVR sessions (SD = 3.10, Range = 1-10), with each session lasting 24.50 minutes (SD = 16.87, Range = 4-60 minutes). However, six of the 16 studies (33%) did not report information on the total duration of HiVR treatment, five studies (28%) did not provide information on the total number of HiVR sessions, and eight studies (44%) did not report the length of each HiVR treatment session. Table S2 provides information on the research characteristics of the studies included in the sample.
Table S2
Included Studies by Research Characteristics
	Region
	n (%)
	Setting
	n (%)
	Control treatment
	n (%)

	Canada 
	1 (5.5%)
	Classroom
	10 (55.5%)
	Multimedia
	14 (78%)

	China
	3 (17%)
	Lab 
	1 (5.5%)
	Traditional
	4 (22%)

	Germany
	2 (11%)
	Not reported
	7 (39%)
	
	

	Taiwan
	7 (39%)
	
	
	
	

	Thailand
	1 (5.5%)
	
	
	
	

	USA
	2 (11%)
	
	
	
	

	Not reported
	2 (11%)
	
	
	
	


Note. n = number of primary studies.


Appendix S6. Coding Scheme
	Variable
	Definition
	Code

	
	
	

	Bibliographic information
	
	

	
	
	

	Author(s)
	Researchers who conducted and published the study 
	Open

	Title of publication
	The title of the study 
	Open

	Year of publication
	Year in which the study was published
	Open

	Type of publication
	Journal article or dissertation

	1 = journal article
2 = dissertation/thesis
3 = book chapter
4 = conference paper/poster
5 = other

	Title of publication venue
	Journal in which the study was published 
	Open

	
	
	

	Study design
	
	

	
	
	

	
	
	

	Study design
	Type of research design used in the study
	1 = between-group, experimental (participants are divided into experimental and control groups that receive different treatments)

2 = within-group, quasi-experimental (pretest-post-test design)

	
	
	

	Methodology
	Type of methodology used in the study
	1 = quantitative
2 = mixed (quantitative + qualitative)

	
	
	

	Learning context
	Environment in which language learning takes place
	1 = second language 
2 = foreign language
0 = not reported


	Region
	Region/country in which the research was conducted
	Open
0 = not reported

	
	
	

	Learner variables
	
	

	
	
	

	Participants’ age
	Mean age or age range of the participants
	Open
0 = not reported

	
	
	

	Participants’ L1
	First language of the participants
	Open

	
	
	0 = not reported
1 = mixed

	
	
	

	Participants’ L2 (target language)
	Language in which outcome measures were elicited
	Open

	
Participants’ educational level
	
Educational level of participants
	
1 = elementary/primary school
2 = middle school
3 = high school
4 = college/university
5 = not classroom learners
6 = mixed
0 = not reported


	Participants’ sample size (total)
	Number of participants in the study
	Open



	Experimental group N (Experimental_N)
	Number of participants in the experimental group
	Open



	Control group N (Control_N)
	Number of participants in the control group (if any)
	Open



	L2 proficiency level
	Participants’ L2 proficiency level
	1 = beginner
2 = intermediate
3 = advanced
4 = mixed
0 = not reported/not specified

	
	
	

	L2 proficiency justification
	
	0 = not reported
1 = assumed from institutional level
2 = standardized proficiency test (commercially available and developed by testing agencies)
3 = self-reported
4 = other


	Participants’ language learning experience
	Time that participants had been learning the target language (range, mean)
	Open
0 = not reported



	Sampling
	Process of selecting participants
	1 = random sampling (each member of the population has an equal chance of being selected)
2 = convenience sampling (non-probability sampling where participants are selected based on their availability and willingness to take part in the study)
3 = purposeful sampling (non-probability sampling in which participants are selected based on specific characteristics determined by the researcher)
0 = not reported

	
	
	

	Treatment variables
	
	

	
HiVR treatment setting
	
Type of environment in which VR tools have been used
	
1 = classroom
2 = lab
3 = naturalistic (museum, workplace, etc.)
0 = not reported

	
	
	

	HMD type
	Type of VR headset used in the study 
	1 = PC-powered VR device (e.g., Oculus Rift, HTC Vive, HTC Vive Pro2)
2 = smartphone-based VR device (e.g., Google Cardboard, Samsung Gear, VR Box, VR Box 2.0)
3 = standalone VR device (e.g., Oculus Go, Oculus Quest, Oculust Quest 2, HTC Vive Focus Plus, DPVR M2 Pro)
0 = not reported

	
	
	

	HiVR content type
	Type of VR content used in the study
	1 = computer-generated (CG) 3D content
2 = 360° videos
3 = 360° videos and computer-generated (CG) 3D content combined
4 = 360° images
5 = 360° images and computer-generated (CG) 3D content combined
0 = not reported

	
	
	

	HiVR software
	Type of VR application used in the study 
	1 = previously existing VR content adapted for language learning (e.g., Google Expeditions, Google Tour Creator, EduVenture, Edmersive, CoSpaces, 360° panoramic videos on YouTube)
2 = off-the-shelf VR applications created for second/foreign language learning (e.g., Mondly VR, House of Languages, ImmerseMe)
3 = custom-made/self-designed VR product (e.g., Unity, Wonda VR, Uptale)
0 = not reported

	
	
	

	HiVR learning activities
	Type of VR instruction used in the study 
	1 = personal/self-directed learning (teacher/researcher do not implement specific teaching scenarios for students to follow)
2 = teacher-centered learning (teacher guided students throughout the learning process)
3 = cooperative learning (students are divided into pairs or groups and completed language learning tasks collaboratively)
4 = mixed
0 = not reported

	
	
	

	HiVR treatment length (total)
	Duration of virtual reality activities
	Open
0 = not reported

	
	
	

	Number of HiVR treatment sessions

	
	1 = one session
2 = two sessions
3 = three sessions
4 = four sessions
5 = five sessions
6 = six sessions
7 = seven sessions
8 = eight sessions
9 = nine session
0 = not reported

	Length of each HiVR treatment session
	
	Open
0 = not reported


	HiVR treatment provider
	
	1 = teacher
2 = researcher
3 = teacher/researcher
4 = learner (learner-created VR materials)
5 =mixed
0 = not reported

	
	
	

	Control treatment
	Type of treatment used in a control group
	1 = traditional pedagogical tools, such as textbooks, handouts.
2 = multimedia, which refers to educational materials accessed using videos, images, and/or animation
0 = not reported

	
	
	

	Learning outcomes
	
	

	Linguistic outcomes
	Participants’ linguistic gains 
	1 = vocabulary
2 = reading
3 = listening
4 = writing
5 = speaking
6 = grammar
7 = pronunciation
8 = pragmatics
9 = mixed
0 = not reported

	
	
	

	Socio-emotional outcomes
	Participants’ affective outcomes (e.g., anxiety, motivation, self-efficacy, autonomy, attitude, engagement, enjoyment, ideal L2 self, etc.)
	Open

	
	
	

	Statistical reporting
	
	

	
	
	

	Mean (experimental group, pretest)
	
	(numerical input)



	SD (experimental group, pretest)
	
	(numerical input)



	Mean (experimental group, posttest)
	
	(numerical input)



	SD (experimental group, posttest)
	
	(numerical input)



	Mean (control group, pretest)
	
	(numerical input)


	SD (control group, pretest)
	
	(numerical input)


	Mean (control group, posttest)
	
	(numerical input)


	SD (control group, posttest)
	
	(numerical input)

	
	
	

	Effect sizes reported 
	
	0 = no
1 = yes

	
	
	

	Effect size type
	
	1 = Cohen’s d
2 = Hedge’s g
3 = eta-squared
4 = partial eta-squared

	
	
	

	Effect size value
	
	(numerical input)



Note. Variables without values are continuous, non-categorical, or open-ended.


Appendix S7. Moderator Variables
The following fifteen variables were chosen to be moderator variables:
(1) Learning context. Context was coded as second language or foreign language.
(2) Region. Region was coded as countries, including Canada, China, Taiwan, Thailand, Germany, and USA.
(3) Learners’ age. For studies that reported participants’ mean age, the original information was recorded. For studies that reported a narrow age range such as “17-19” (e.g., Zhao & Yang, 2023), the median age (18) was taken as the average age. Studies that did not report mean age or provided a wide range such as “18-56” (e.g., Johnson et al., 2020) were coded as ‘Not reported/Range’.
(4) Educational level. Selected studies were coded based on participants’ educational level, including elementary school, middle school, high school, university, mixed, or not reported.
(5) Participants’ L2. Participants’ target language was coded as Chinese, English, French, Italian, Portuguese, or mixed.
(6) L2 proficiency level. If reported in the study, participants’ proficiency level was coded as beginner, intermediate, advanced, or mixed.
(7) HiVR content type. Following Dhimolea et al. (2022), different types of VR content included 1) computer-generated (CG) 3D content, 2) 360° videos, 3) 360° images, 4) 360° videos and 3D content combined if videos were combined with 3D elements such as pop-up text, image, or video, 5) 360° images and CG (3D) content if images were combined with 3D elements such as pop-up text, image, or video.
(8) HiVR software. As in Dhimolea et al. (2022), type of HiVR software was coded as 1) VR adapted for language learning if general-purpose VR software that already existed in the market and was not specifically designed for language learning was used in the study (e.g., EduVenture); 2) off-the-shelf VR application if VR software designed specifically for second/foreign language learning was employed in the study (e.g., ImmerseMe); and 3) custom-made VR application if the VR experience was designed using platforms for creating and sharing immersive learning experiences (e.g., Uptale).
(9) HiVR learning activities. Following Chen et al. (2020, 2022) and Qiu et al. (2024), learning activities were categorized into those adopting 1) the self-directed learning if students used VR software for self-paced learning and teachers/researchers did not implement specific teaching scenarios for students to follow (e.g., Chen, 2022), 2) a teacher-centered instruction if teachers/researchers guided students throughout the learning process (e.g., Wang et al., 2021), or 3) cooperative learning if students were divided into pairs or groups to complete language learning tasks collaboratively (e.g., Chen & Liao, 2022), and 4) mixed if a combination of the above mentioned approaches was used in the study.
(10) HMD type. In line with Dhimolea et al. (2022), HMDs used in the study were categorized into three types: 1) a PC-powered headset (e.g., HTC Vive), 2) a smartphone-based headset (e.g., Google Cardboard), and 3) a standalone headset (e.g., Oculus Quest).
(11) Number of HiVR sessions. The total number of times participants were immersed in VR environment was coded as a numerical variable.
(12)  Length of a HiVR session. For studies that reported the length of each VR session, the original information in minutes was recorded. If studies reported a range such as “30-45” (Ding, 2024), the median (37.5) was taken as the length of a VR session. If studies did not report the length of a VR session, they were coded as ‘Not reported’.
(13)  Length of HiVR treatment. HiVR treatment duration was operationalized as the total number of minutes participants spent in a VR environment and was coded as a numerical variable. If studies did not report the total number of minutes participants spent in a VR environment or the number and/or length of each VR session, they were coded as ‘Not reported’. If studies provided information about the number of VR sessions and the length of each VR session but did not report the total length of VR treatment, the length of VR treatment was calculated by multiplying the number of VR sessions by the length of each VR session.
(14) Control treatment. Following Chen et al. (2022), control group treatments were categorized into two types: (1) traditional, which refers to traditional pedagogical tools and paper-based materials, such as textbooks and handouts, and (2) multimedia, which includes educational materials, such as videos, images, and PowerPoint presentations, accessed through electronic devices like computers, tablets, mobile phones, or projectors.
(15)  Socio-emotional outcomes: Socio-emotional variables included sense of presence, motivation, anxiety, enjoyment, engagement, willingness to communicate, self-efficacy, affect, learning autonomy, and attitude.
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Appendix S8. Definitions of Socio-emotional Variables Included in the Moderator Analysis
Anxiety. Foreign language anxiety is one of the most extensively researched emotions in SLA. It has been defined as “a distinct complex of self-perceptions, beliefs, feelings, and behaviors related to classroom language learning arising from the uniqueness of the language learning process” (Horwitz et al., 1986, p. 128). Anxiety has been shown to negatively affect L2 achievement (Teimouri et al., 2019; Zhang, 2019), cognitive processing (e.g., MacIntryre & Gardner, 1994), willingness to communicate (e.g., Khajavy et al., 2018), L2 self-efficacy (Mills et al., 2007), and motivation (e.g., Papi & Teimouri, 2014). It has been found that low-immersive VR environments can reduce foreign language anxiety (Melchor-Couto, 2017; Reinders & Wattana, 2014; Ziegler, 2016). More recently, studies have also found that high-immersive VR environments have a potential to alleviate L2 learners’ anxiety (Kaplan-Rakowski & Gruber, 2023b; Thrasher, 2022; York et al., 202).
Engagement, defined as “the amount (quantity) and type (quality) of learners’ active participation and involvement in a language learning task or activity” (Hiver et al., 2024, p. 202), has been found to be positively correlated with L2 learning. Prior research suggests that language learning with VR can enhance L2 learners’ engagement, which in turn can result in improved L2 motivation and self-efficacy (Lee et al., 2024; Li et al., 2022; Shi et al., 2024).
Motivation has been recognized as one of the key psychological constructs that influence the rate and success of second language learning. It refers to a combination of both internal and external forces that fuel one’s desire to learn a second language (Dörnyei, 2019; Dörnyei & Ushioda, 2013). Past experimental and meta-analytic research has shown that L2 motivation is positively linked to L2 intended effort (Al-Hoorie, 2018), L2 grit (Teimouri et al., 2022), L2 attention (Trembley & Gardner, 1995), and L2 achievement (Masgoret & Gardner, 2003; Saito et al., 2018). Several studies have investigated the effectiveness of VR-assisted instruction in improving L2 learners’ motivation compared to low immersive instructional methods (Chen et al., 2021; Zhao & Yang, 2023). However, this line of research has yielded conflicting findings – some studies reported a negative effect (e.g., Hung et al., 2023), while others demonstrated a positive effect (Kaplan-Rakowski & Gruber, 2023a). These discrepancies may stem from differences in motivational measures, target languages, and educational levels.
Self-efficacy has been defined as a person’s belief or expectation to complete certain tasks or achieve specific goal (Bandura, 1997). Several studies have found that HiVR-based instruction positively contributes to L2 learners’ writing performance, promotes student’ creative thinking, and increases their beliefs of self-efficacy in L2 writing (Huang et al., 2020; Wang et al., 2022; Zhao & Yang, 2023).
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Appendix S9. Publication Bias
There is evidence that studies with larger effect sizes are more likely to be published than the ones with lower effect sizes (Borenstein et al., 2009). Since only published studies were included in this meta-analysis, there is a risk that true effect size may be overestimated. To explore for the possibility of publication bias, we used a funnel plot which is a scatter plot of effect sizes for each study against a measure of study precision measured by the inverse of the standard error or 1/standard error (Borenstein et al., 2009). In the absence of publication bias, the studies are symmetrically distributed around the mean effect size. If publication bias is present, the funnel plot is asymmetrical with studies concentrating on either side of the mean in the middle or bottom part of the plot (Borenstein et al., 2009; Duval & Tweedie, 2000). Figure S1 shows that the effect sizes (represented by the open dots) are approximately equally distributed around the mean effect size (represented by the open diamond) in the middle part of the plot, suggesting no substantial influence of publication bias on the findings of this study.


Figure S1
Funnel Plot with Imputed Effect Sizes
[image: ]Note. Open dots represent the observed studies; an open diamond represents the observed effect size.

In addition to the visual examination of the funnel plot, three tests were conducted to assess the presence of publication bias: the Classic fail-safe N method (Rosenthal, 1979), Egger’s regression test (Egger et al., 1997), and the trim-and-fill technique (Duval & Tweedie, 2000).
First, the Classic fail-safe N test was used to calculate the number of missing studies with the mean effect size of zero needed to nullify the observed effect size. The results of the test showed that 776 additional studies with a mean effect size of zero would be needed to bring the overall effect size obtained in this study to a non-significant level (α = .05). Given that this number is larger than the 5k (k = 31 in this meta-analysis) + 10 threshold recommended by Rosenthal (1995), the results of this test suggested the absence of publication bias.
Second, Egger’s test indicated no significant asymmetry, with an intercept of 2.50, SE = 1.49, 95% CI [−0.55, 5.54], t(31) = 1.68, df = 29, p = 0.10 (2-tailed). This result indicates no substantial evidence of publication bias in the present study.
Finally, the trim-and-fill analysis was conducted to impute the values of potentially missing studies in the sample and add them to the model to estimate the unbiased effect size. The left-side imputation resulted in zero imputed effects under the random-effect model. However, under the fixed-effects model, four studies were imputed on the left side of the plot (represented by the filled dots in Figure S2), and adding these values changed the observed mean effect size from 0.42 (95% CI = 0.33, 0.50) to 0.29 (95% CI = 0.21, 0.37). Consequently, although some minimal publication bias was detected, the results suggest at least a small effect of HiVR-based instruction on L2 learners’ socio-emotional responses.
Figure S2
Funnel Plot with Imputed Effect Sizes
[image: ]Note. Open dots represent the observed studies; an open diamond represents the observed effect size; filled dots represent imputed studies; a filled diamond represents the imputed effect size

Taken together, the results from these three analyses indicate that while minimal publication bias may be present, it is unlikely to fully account for the observed effect, supporting the positive effect of HiVR-based instruction on L2 learners’ socio-emotional variables.
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Appendix S10. Calculation of Combined Effect Sizes and Variance for Studies that Reported Multiple Outcomes for the Same Construct
Following Borenstein et al. (2009), a combined effect size and the variance of their sum were computed for four studies that included multiple outcomes that tapped into the same construct. For example, a combined effect size was calculated for motivation, which was measured using four motivational variables in Hung, Ling et al. (2023): attention, relevance, confidence, and satisfaction. We used the following procedures to compute a combined effect size and variance. First, pre-/post-test descriptive statistics (sample size, mean, SD) for Hung, Lin et al. (2023) and post-test descriptive data for Chen et al. (2021), Hung, Chen et al. (2023), and Li et al. (2022) were entered into the CMA program (Borenstein et al., 2022) to calculate the effect size for each individual variable measured in the study and their variance. Next, to compute a combined effect size, individual effect sizes were averaged in an Excel spreadsheet (see Table S3) using this equation from Borenstein et al. (2009):

where Ȳ represents the effect sizes from different outcomes and m is the number of outcomes within a study.
The variance of the sum of several correlated variables was calculated using the equation (Borenstein et al., 2009):

where r is the correlation coefficient that describes the extent to which effect sizes co-vary.
Since correlation coefficients between each pair of effect sizes were not reported in most of the selected studies (except for Hung, Lin et al., 2023), r coefficients from previous studies in the field of education were used to calculate the variance between multiple effect sizes in this meta-analysis. Table S3 provides information about the studies for which a combined effect size and variance were calculated, the correlation coefficients reported in the previous studies, and the computed combined effect size and variance. Finally, the combined effect size and variance for each study were entered into the CMA program (Borenstein et al., 2022) to compute an overall effect size.
Table S3
Calculation of Combined Effect Sizes Across Multiple Outcomes of the Same Construct
	Study included in this meta-analysis
	Socio-emotional variable(s)
measured in this study
	Socio-emotional variable(s) included in this study
	Inter-variable correlation
	r
	Study in which the correlation coefficient was reported
	g
	Variance

	Chen et al. (2021)
	Ideal L2 Self
	







Motivation
	Ideal L2 Self - Ought-to-L2 Self
	0.07
	Taguchi et al. (2009)
	0.39
	0.02

	
	Ought-to L2 Self
	
	Ideal L2 Self - Promotion-instrumentality
	0.46
	
	
	

	
	Promotion-instrumentality
	
	Ideal L2 Self - Prevention-instrumentality
	-0.13
	
	
	

	
	Prevention-instrumentality
	
	Ought-to-L2 Self - Promotion-instrumentality
	0.46
	
	
	

	
	
	
	Ought-to-L2 Self - Prevention -instrumentality
	0.68
	
	
	

	
	
	
	Promotion-instrumentality - Prevention-instrumentality
	0.26
	
	
	

	Hung, Lin et al. (2023)
	Attention (A)
	


Motivation
	A - R
	0.53
	Hung, Lin et al. (2023)
	-0.07
	0.02

	
	Relevance (R)
	
	A - C
	0.39
	
	
	

	
	Confidence (C)
	
	A - S
	0.56
	
	
	

	
	Satisfaction (S)
	
	R - C
	0.47
	
	
	

	
	
	
	R - S
	0.72
	
	
	

	
	
	
	S - C
	0.31
	
	
	

	
Hung, Chen et al. (2023)
	
Positive emotions
	

Affect
	
Positive affect - Negative affect

	
-0.41
	
Wróbel et al. (2019)
	
-0.23
	
0.03

	
	Negative emotions
	
	
	
	
	
	

	Li et al. (2022)
	Emotional engagement (EE)

	





Engagement
	EE - CE
	0.57
	Albakri et al. (2023)

	0.56
	0.05

	
	Cognitive engagement (CE)

	
	EE - SE
	0.62
	
	
	

	
	Social engagement (SE)

	
	EE - BE
	0.63
	
	
	

	
	Behavioral engagement (BE)
	
	CE - SE
	0.49
	
	
	

	
	
	
	CE - BE
	0.58
	
	
	

	
	
	
	EE - CE
	0.57
	
	
	

	
	
	
	SE - BE
	0.56
	
	
	


Note: r = Pearson correlation coefficient, g = Hedges’s g effect size (averaged).
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Appendix S11. Results of Moderator Analysis for ‘HiVR Software’
Table S4 shows a medium effect for the studies that used general-purpose HiVR software and adopted it for second/foreign language learning (g = 0.67, p < 0.001). However, no statistically significant effect was observed for the studies that employed off-the-shelf (g = 0.37, p = 0.09) and custom-made (g = 0.26, p = 0.13) HiVR applications. The Qb value was not significant, suggesting that there was no statistically significant difference between the effect sizes of different HiVR software types (Qb = 3.13, p = 0.37).
Table S4
Results of Moderator Analyses for ‘HiVR Software’
	Moderator variable
	k
	g
	95% CI
	p
	Qb
	df
	p

	
	
	
	Lower
	Upper
	
	
	
	

	HiVR software
	
	
	
	
	
	3.13
	3
	0.37

	  HiVR adapted for LL
	16
	0.67
	0.35
	0.99
	0.00
	
	
	

	  Off-the-shelf HiVR
	2
	0.37
	-0.06
	0.81
	0.09
	
	
	

	  Custom-made HiVR
	10
	0.26
	-0.08
	0.60
	0.13
	
	
	

	  Not reported
	3
	0.46
	-0.12
	1.05
	0.12
	
	
	


Note. k = number of effect sizes, g = Hedges’s g effect size, CI = confidence interval, Qb = between-group homogeneity.
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