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Although science, technology, engineering and mathematics (STEM) education is known to
benefit students with autism spectrum disorder (ASD) and students with intellectual dis-
ability (ID), its efficacy has not been fully evaluated. This systematic review and meta-
analysis examined the (1) overall intervention, maintenance and generalisation effect sizes of
STEM learning; (2) effectiveness of intervention methods; and (3) influence of moderating
variables (age, sex, disability type, intervention setting, interventionist and intervention
duration.) Based on a Web of Science search, 40 studies published between January 2010
and July 2023 were included. This study involves two distinct groups: students with ID and
students with ASD. Within the ASD group, participants were subdivided into two subgroups
based on comorbid ID status: ASD-ID (with comorbid ID) and ASD-no ID (without ID). STEM
learning had strong overall intervention and maintenance effects on students with ID and
ASD. Disability type had a moderating effect on STEM learning outcomes, students with
ASD-ID having more severe impairments compared to students with ASD-no ID and those
with ID alone. This study has summarised interventions suitable for different fields and types
of disabilities; educators should further optimise interventions that are proven effective.
Future research should continue to focus on factors affecting the STEM learning outcomes of
students with ASD and students with ID to help them improve their learning experiences,
better understand the world and participate in social activities.
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Introduction

ntellectual Disability (ID) and Autism Spectrum Disorder

(ASD)' are among the most prevalent developmental dis-

orders (Srivastava and Schwartz, 2014). Collectively, these two
disorders affect 3-5% of the population, posing significant social
problems across all countries (Bitsko et al., 2022). Approximately
65% of children diagnosed with ASD also have ID (Strnadova
et al,, 2016; Dykens and Lense, 2011). During the last decade, the
growing trend of educating children with ASD and ID in inclusive
classrooms has led to an increased emphasis on their academic
performance and instructional approaches (Alresheed et al., 2018;
Selanikyo et al., 2017). Students with these conditions often face
challenges in executive functions (EF) (Roelofs et al, 2015)—
higher-order cognitive processes critical for adapting to new
environments (Elliott, 2003)—such as working memory deficits
impairing knowledge application and limited cognitive flexibility
hindering instructional adaptation (Corbett et al., 2009; Hill,
2004). These EF impairments significantly impact academic
performance (Benallie et al., 2021; Matson et al., 2009) and pose
challenges to school adaptation. Enriching the learning content,
establishing diversified educational models and enhancing edu-
cational effectiveness for students with ASD and students with ID
is crucial to ensuring educational equity in special education (Di
Blasi et al,, 2023). The integration of science, technology, engi-
neering and mathematics (STEM) into K-12 and higher educa-
tion curricula requires the involvement of one or more of these
four disciplines (National Academy of Engineering and National
Research Council, 2002), emphasising a student-centred
approach to foster students’ innovative thinking and scientific
spirit (Breiner et al., 2012). It provides students with ASD and
students with ID the opportunity to understand the world more
authentically (Basham et al., 2010). These findings have impor-
tant implications for special education teaching and rehabilitation
training. Therefore, educators need to ask, ‘What can STEM
learning bring to students with ASD and students with ID and
how effective is it?” This study carried out a meta-analysis to
answer this question.

The Benefits of STEM learning for students with ASD and
students with ID. First, the structured learning environment
provided by STEM aligns with the cognitive characteristics of
students with ASD and students with ID (Schreffler et al., 2019).
For example, offering specific topics, clear objectives and learning
content matched to students’ abilities meets the learning pre-
ferences of these students regarding predictability and reduced
uncertainty (Murthi et al., 2024). The interdisciplinary nature of
STEM allows these students to explore and learn in various ways
and better understand complex concepts (Hwang and Taylor,
2016). Such authentic experiences promote students’ participa-
tion in learning rather than acquiring knowledge through isolated
facts. Spooner et al. (2011) highlight the significance of discovery-
based learning and naturalistic enquiry as critical components of
STEM learning for students with ASD and students with ID.
Engaging in enquiry behaviour and problem-solving encourages
students to think actively through prediction, reasoning and
questioning.

Furthermore, STEM learning also meets the social and
emotional requirements of students with ASD and students with
ID (Hughes et al., 2022), enhancing their emotional expression,
emotional interpretation and conflict mediation skills (Hughes
et al, 2022) and strengthening their academic self-concept
(Ozkan and Kettler, 2022). Lastly, STEM learning has expanded
employment opportunities for students with ASD and students
with ID. STEM education involves all learners (National Research
Council et al., 2000) and its interdisciplinary practices enable
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students to acquire transferable skills, which are crucial for their
employment preparation (Nachman et al.,, 2024; Zollman, 2012).

The practical application of intervention methods in STEM
learning on students with ASD and students with ID. Over the
past few years, research on STEM education for students with
ASD and students with ID has largely been related to the appli-
cation of teaching methods. Research indicates that a hands-on,
applied and authentic approach to STEM instruction could
benefit ASD or ID students (Israel et al., 2013). STEM educators
have adopted innovative and engaging methods with practical
implications in various real-world contexts. For example, to
address students’ EF deficits, educators have adopted structured
teaching strategies. By transforming complex STEM skills into
actionable steps through the ‘problem-posing-hypothesis-
testing—conclusion-evaluation” process (Wright et al., 2020), the
cognitive load on ASD students is reduced.

Meanwhile, explicit instruction and systematic teaching
procedures can assist ID students in breaking down tasks and
by utilising tools such as visual flowcharts and operational
checklists, the burden on working memory is alleviated, enabling
them to effectively master STEM skills (Taylor, 2018). In
addition, some researchers have adopted cooperative learning
strategies to meet these students’ social development needs. For
example, robotics projects based on peer-mediated groups
positively impact the STEM learning motivation of children are
ASD, ID and other disabilities (Lindsay et al.,, 2019) and could
promote peer relationships. Educators can employ a single
intervention method, such as using prompts and video demon-
strations when teaching mathematics and science to students with
ASD (Hart and Whalon, 2008). Additionally, practitioners can
also combine explicit instruction, time delay and technology-
based interventions (Ehsan et al., 2018; Wright et al., 2020).

Research gaps. Although previous research has emphasised
STEM learning benefits, students with ASD and students with ID
still face challenges. Owing to struggles in both comprehension
and articulation of information, as well as issues with executive
function, students require adaptations when receiving instruction
(Fleury et al., 2014). Notably, the heterogeneity among students
with ASD, such as whether they have co-occurring ID, can lead to
varying learning outcomes (Verté et al, 2006). However, some
researchers focus only on ‘pure autism’ or idiopathic, primary, or
non-syndromic autism without ID, leading to insufficient practice
and research for individuals with ASD and co-occurring ID
(Amaral et al., 2011; Vivanti et al.,, 2013). Therefore, the effec-
tiveness of teaching STEM to students with different types of
disabilities as well as the maintenance and generalisation of
interventions need to be evaluated to understand their long-term
effects (Iatraki and Soulis, 2021). Additionally, Knight et al.
(2013a; 2013b) noted that, compared to areas like literacy, the
absence of research-based interventions results in practitioners
lacking confidence in teaching science and mathematics to stu-
dents with ASD and students with ID, leading to a gap in the field
of engineering education. To assist educators in better teaching
STEM to this population, it is essential to compile applicable
intervention methods and teaching strategies (Ayeni et al., 2024).
Given the diverse nature of students with ASD and students with
ID, many studies have focused on single-case designs (SCDs) to
assess the effects of STEM learning. The number of meta-analyses
of such studies is limited and it remains unclear which variables
affect the effectiveness of STEM interventions. Therefore, this
study assesses single-case studies of STEM learning that involve
students with ID and ASD, with the ASD group further divided
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into two subgroups based on whether there is comorbid ID.
Therefore, the disability types included ID, ASD without ID
(ASD-no ID) and ASD with ID (ASD-ID) to enable a holistic
evaluation of individual study effects and the connections
between distinct study attributes and their outcomes. Subse-
quently, the research questions (RQs) were as follows:

(1) What are the overall interventions, maintenance and
generalisation effects of STEM learning on students of
ASD and ID?

(2) What are the effective intervention methods available for
STEM teaching for students with ASD and students with
ID, and what impact do they have on learning outcomes?

(3) What are the potential moderating effects of participant
and intervention process characteristics on STEM learning
outcomes for students with ASD and students with ID?

Methods

Data source. This study investigates SCD studies in interventions
for students with ASD and students with ID. This method is ideal
for establishing causal relationships in behavioural interventions
through within-subject comparisons (Horner et al., 2005; Wolery
and Dunlap, 2001). Nonparametric tests in SCDs can be used for
meta-analysis of intervention measures (Parker and Vannest,
2009). Guided by the PRISMA-ScR checklist (Page et al., 2021),
we made specific adaptations for SCDs, especially regarding
standardised effect size calculations and moderator analyses of
intervention processes and participant characteristics. These steps
enhanced methodological transparency and result credibility in
our single-case meta-analysis. The procedure involved:

(a) formulating the RQs following the population, exposure,
comparison, outcome and time format;

(b) identifying relevant search terms and data sources;

(c) establishing study eligibility criteria that included inclusion
and exclusion stipulations and

(d) performing a data extraction and analysis using the selected
studies.

The protocol was registered in the International Prospective
Register of Systematic Review Protocols (PROSPERO number:
CRD42024559772). Studies were searched for and obtained from
the Web of Science (WOS) database.

Search strategy. This study used the WOS core collection as the
data source. Journals here are filtered by impact factors and
peer reviews, aligning with the study’s focus on high-quality
single-case experimental design literature. The search strategy
involved: First, three keyword groups ‘(ID* OR autism*)’
(target population), ‘(STEM OR STEAM) (domain) and
‘(learning)’ (context)—were combined using Boolean operators
(AND), yielding 134 initial studies. Second, we expanded and
refined applied semantics. STEM was decomposed into subfields
‘Science®’, ‘Technology™, ‘Engineer®, ‘Math™ and terms such
as ‘STEM education’ and ‘STEAM education’ were added.
Educational context keywords were expanded to include syno-
nyms like ‘instruction’. By setting the publication date from
January 1, 2010, to July 31, 2023 and selecting articles, we
obtained 1225 studies. Additionally, a reference search was
conducted for review articles relevant to the topic, adding five
articles totalling 1230.

Eligibility criteria. Articles were included if they (Fig. 1)

(a) were published in English in peer-reviewed articles;
(b) had an experimental design;
(c) had a single-case research design;

(d) had participants diagnosed with ASD or who received
special education classification for autism (i.e. ASD,
pervasive developmental disorder, Asperger’s syndrome)
or ID (i.e. mental retardation; Prader-Willi, Down’s,
Williams, or Rett syndromes).

(e) had participants aged five to 22 years within the K12
educational system, including those enroled in public or
private schools (i.e. elementary, middle, or high school, or
transition programmes funded by schools), with the oldest
age (22 years) being for students in transition programmes
funded by schools or the government;

(f) focused on at least one STEM-related skill or content as a
dependent variable (including research that investigated
comprehension skills or vocabulary within a STEM field,
e.g. understanding scientific texts).

(g) included specific RQs, research methods, detailed interven-
tion processes, systematic data collection and analysis,
conclusions and

(h) provided adequate information to calculate the effect sizes.

Data extraction and descriptive coding

Independent variables. In this study, the independent variable was
a STEM teaching intervention method (Table 1). Based on the
screening results, this study coded this using task analysis, which
used self-monitoring checklists and general terms for enquiry-
based tasks. The coding results were as follows: computer-assisted
instruction (CAI), systematic instruction combined with other
strategies, simultaneous prompting (SP), video prompting (VP),
explicit instruction combined with other strategies, modified
schema-based instruction, schema-based instruction, video
modelling (VM), video self-modelling (VSM), constant time
delay, cognitive and metacognitive and virtual abstract instruc-
tional sequence (VA).

Dependent variables. First, this study categorised STEM inter-
vention goals into four domains: science, technology, mathe-
matics and STEM interdisciplinary areas (Table 1). Due to the
absence of relevant studies in the engineering domain, variables
related to the engineering field were excluded from the analysis.

Second, this study classified STEM intervention goals into five
categories:

(1) science ideas and core knowledge,

(2) science enquiry skills,

(3) computer programming skills,

(4) mathematics problem-solving skills and
(5) STEM skills.

Prior research has classified understanding of science texts
(Williams et al., 2009), science vocabulary (Jimenez et al., 2009),
science content knowledge (Knight et al., 2012) and other skills as
science concepts and core knowledge within the science field.
Science enquiry involves hands-on practice and problem-solving
skills (National Research Council, 1996). Therefore, this study
categorised scientific content and problem-solving as science
enquiry skills. As computer science and technology include
computer and coding programming (Karp and Maloney, 2013),
this study included programming skills in the technology field.
Mathematics knowledge comprises conceptual understanding
and procedural skills (Rittle-Johnson, 2017), where conceptual
understanding describes students’ comprehension of the under-
lying mathematical principles or relationships within the learned
concepts. Procedural understanding or skills pertain to the
methodical undertaking of projected procedures and accomplish-
ing the essential steps for computation (Rittle-Johnson and
Schneider, 2014). Hence, this study involved measuring ideas and
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Fig. 1 This study’s flow diagram based on PRISMA 2020. *When feasible, this study reported the number of records identified from each database or
register searched (rather than the total number across all databases or registers.) **If automation tools were used, this study indicated how many records
were excluded by a human and automation tool, respectively (Page et al., 2021).

Table 1 Examples of variables.

Name Type

Operational
Definition

STEM teaching intervention methods Independent variables

STEM intervention goals Dependent variables

Participants’ characteristics and Moderating variables

intervention processes

Methods used in implementing STEM teaching for students with ASD and students
with ID (e.g. CAl, VM/VSM, VP).

The intervention goals in the four STEM domains are classified into five categories:
science ideas and core knowledge, science enquiry skills, computer programming
skills, mathematics problem-solving skills and STEM skills.

Participants' characteristics included sex, age and disability type. Intervention
processes included the interventionists, settings and duration.

STEM science, technology, engineering and mathematics, CAl computer-assisted instruction, VM/VSM video modelling/video self-modelling, VP video prompting.

identifying geometric shapes as mathematical concepts and core
knowledge skills and categorised price comparison, addition,
subtraction, fractions and other calculation-related problem-
solving abilities as computational problem-solving skills (Jitendra
et al,, 2016). These studies refer to a collective term for skills
involving interdisciplinary knowledge in science, technology and
mathematics (National Science Foundation: Division of Science
Resources Statistics, 2004).

Moderating variables. First, participants’ characteristics included
sex, age and disability type (Table 1). The participants were
students in public or private schools (i.e. elementary, middle, high
schools, or transition programmes funded by schools and the
government.) Our study focuses on K-12 students (ages 5-22),
including those in transition programmes (19+), as mandated by
the U.S. Individuals with Disabilities Education Act requiring

4

special education support through Individualized Education
Programmes (IEPs). Extended schooling under IEPs accom-
modates diverse cognitive needs, with interventions primarily
within K-12. Age was divided into the following groups: 5-6 years
(early childhood), 7-12 years (childhood), 13-18 years (adoles-
cence) and 19-22 years (adulthood). The participants included ID
and ASD, with the ASD group further divided into two subgroups
based on whether there is comorbid ID. Therefore, the disability
types included ID, ASD without ID (ASD-no ID) and ASD with
ID (ASD-ID).

Second, the intervention processes included the interventionists,
settings and duration. Intervention frequency was not a moderating
variable because of differences across STEM areas. Interventionists
referred to personnel who implemented the intervention processes,
including special education and general teachers, parents, profes-
sionals and multi-person collaborations. The intervention settings
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included special education classrooms, inclusive and general
classrooms, resource rooms and centres and homes (refers explicitly
to the use of summer vacation, afterschool hours, or other free time
by students in public or private schools to receive interventions in a
home setting), other locations (e.g. libraries and therapy rooms) and
common school areas.

Quality rating of the studies. This study used What Works
Clearinghouse design standards and Reichow et al.’s (2008) eva-
luation criteria to examine the methodological rigour and overall
quality of the included studies, the robustness of evidence for
specific interventions and whether they qualified as evidence-
based practices for individuals with ASD and ID. This approach
evaluated the studies based on 12 quality indicators comprising
six primary factors (participant characteristics, independent
variables, baseline conditions, dependent variables, visual analysis
and experimental controls) and six secondary factors (inter-
observer agreement [IOA], kappa, blind raters, fidelity, follow-up
conditions and social validity.)

The studies were evaluated using the primary quality indicators
and categorised as ‘high’, ‘acceptable’, or ‘unacceptable’. Then,
this study considered the presence of the secondary quality
indicators, with the studies being classified based on whether
there was ‘evidence’ or ‘no evidence’ for these aspects. Based on
WWC standards and Reichow et al.’s (2008) evaluation criteria, a
study was categorised as strongly rigorous if it achieved high
scores for all primary factors and presented evidence of three or
more secondary quality factors. Adequate rigour was assigned to a
study if it scored highly on a minimum of four of the six primary
factors, had no unacceptable ratings and demonstrated at least
two secondary quality factors. Weak rigour was assigned if a
study scored highly on fewer than four primary quality factors or
received unacceptable ratings. Among the 40 included studies, 17,
21 and 2 had strong, adequate and weak rigour, respectively.
Rockwell et al. (2011) and Kasap and Ergenekon (2017) were
downgraded due to insufficient high-scoring core criteria (2/6, 3/
6) and failure to meet the strong rigour (>4 high-scoring criteria).
Despite limited explanatory power, these studies remain repre-
sentative in the field. To ensure comprehensive evidence, all
40 studies were included in the final analysis.

Single-case risk of bias tool. This study used the single-case risk of
bias (SCRoB) tool to identify potential bias sources that could
result in overestimation or underestimation of intervention
effects. It codes for nine categories (Reichow et al, 2018):
sequence generation, participant selection, blinding participants
and personnel, procedural fidelity, blinding outcome assessors,
selective outcome reporting, dependent variable reliability, data
sampling and other sources of potential bias. Each study was
reviewed and categorised as having a high, low, or unclear risk of
bias under four broad categories: selection, performance, detec-
tion and other sources. Two primary authors independently
evaluated all studies through dual-blind coding based on opera-
tional definitions of SCRoB’s nine domains and criteria for risk
classification. A pilot assessment of 5 studies ensured criterion
alignment prior to formal evaluation. Discrepancies were resolved
through consensus discussions, with unresolved cases arbitrated
by a third author.

Coding reliability. This study reviewed and assigned codes to each
included study in the following areas: (a) participant demo-
graphics, including sex, age and grade level; (b) intervention
process details (e.g. setting, intervention and duration); (c)
STEM-related skills; (d) intervention methodology; (e) research
design; (f) procedural fidelity; (g) efficacy; and (h) social validity.
Unclear, missing, or unreported information in each study was

identified and coded. The first, second and third authors inde-
pendently assessed all the randomly selected studies (100%). A
total of 560 items (14 coding items across 40 studies) were used to
code the variables for each study. The authors determined inter-
rater reliability by comparing the agreements and disagreements
between the coders. The process entailed dividing the exact
agreements by the total count of agreements and disagreements
and multiplying the result by 100. Prior to formal coding, the
researchers validated the coding framework through pilot coding
of 5 preliminary studies (pre-test IOA = 91.4%). The final coding
phase achieved an overall IOA of 93.57%, ranging from 90.04% to
97.1%. All discrepancies were resolved using a consensus-based
approach, where the three coders discussed and reconciled dif-
ferences until unanimous agreement was reached for subsequent
analyses (Supplementary Tables S1 and S2).

Statistical analyses. A nonoverlapping Tau-U calculator (Parker
et al,, 2011) was used to compute each study’s effect size calcu-
lations and confidence interval (CI) estimates. Tau and Ta-U have
stronger statistical power than other nonoverlapping indices and
could control for the influence of baseline and intervention period
trends on the results. The Tau and Ta-U values ranged from —1
to 1, with values of 0.93> indicating strong -effectiveness,
0.82-0.92 indicating high effectiveness, 0.66-0.81 indicating
moderate effectiveness, 0.48-0.65 indicating weak effectiveness
and <0.47 indicating no effectiveness. Based on existing meta-
analyses, the overall generalisation and maintenance effect sizes
used a 95% CI (Hong et al., 2016; Pan et al., 2023). This study
independently coded the included studies and calculated the
effect sizes; the Tau and Ta-U consistencies were 91.57%.

Most meta-analyses exclude SCDs (Allison and Gorman,
1993). A meta-analysis of 375 studies examined the outcomes
of psychological therapy. It only included studies with at least one
treatment group compared to a control group (Smith and Glass,
1977). Single-case studies are often excluded from meta-analyses,
although they show meaningful variations. Therefore, this study
searched the literature and summarised the methods for meta-
analyses applicable to SCDs to ensure statistical significance.
Schenker and Gentleman (2001) pointed out that judging the
significance of differences by examining the overlap of 95%
confidence intervals (Cls) leads to an overly low Type I error rate.
Knol et al. (2011) validated this conclusion, finding that the actual
error rate of the overlap test using 95% Cls was only 0.0056, far
below the conventionally expected 0.05. Payton et al. (2003)
further demonstrated that using 95% Cls yields overly con-
servative results and when standard errors are approximately
equal, closer to 84% size for the intervals would give an
approximate « =0.05 test. Subsequent studies, such as Ninci
et al. (2020), adopted 95% Cls to evaluate main effects in a meta-
analysis of single-case research on embedding interests for
individuals with ASD, while using 83.4% ClIs to interpret non-
overlapping effects in forest plots for moderator analyses. Huang
et al. (2023) and Tang et al. (2023), in single-case meta-analyses,
utilised 85% CIs to balance statistical rigour and sensitivity.
Building on these approaches, this study retains 95% CIs for
overall effect evaluations and employs 85% Cls for nonoverlap-
ping tests of moderator variables, thereby balancing Type I error
control with the nonparametric nature of single-case data. As the
Tau-U values had nonparametric properties, to ensure the
statistical significance of the results, a lack of overlap in the
85% CI of the moderating variables indicated a difference. This
study used a one-way analysis of variance and the Kruskal-Wallis
test (Kruskal and Wallis, 1952) using the SPSS software.
Following this, inter-group differences were integrated to
interpret the moderating effects of variables.
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Results

Study characteristics. This meta-analysis included 40 studies,
with 138 intervention effect sizes, 46 generalisation effect sizes
and 103 maintenance effect sizes. Regarding the experimental
design paradigms, all 40 studies used SCD. These included
multiple probes across participants; behaviours, skills and units
(n = 30); multiple baselines across participants (n = 5); an alter-
nating treatment design (n=1); a changing criterion design
(n=1); and a reversal design (n = 3). Concerning the reliability
and validity of the studies, 38 reported an IOA score above 85%,
37 reported a fidelity of intervention implementation score above
90% and 28 reported a high social validity of the research through
feedback from participants and stakeholders (Supplementary
Table S1).

Overall effect sizes. The overall intervention effect size (Table 2)
for the 40 studies was 0.928, indicating an impact. Thirty studies
reported extremely robust results. Notably, the effect size of the
18 studies was one. In addition, four studies had high effects, four
had medium effects, one had a weak effect and one had no effect.
All 40 included studies contained intervention effect data and
were included in subsequent analyses, with no studies excluded.

Regarding the maintenance effect size (Table 2), the overall
score across 29 studies was 0.901, indicating a strong overall
effect. Specifically, 23 studies demonstrated strong effects, with
20 studies having a maintenance effect score of one, two (highly
effective), three (moderately effective) and one (showing no
effect).

Regarding the generalisation effect size (Table 2), the score
across 14 studies was 0.787, suggesting a medium overall effect.
Notably, five studies displayed strong effects, two had an effect
value of one, five showed moderate effects, five demonstrated
weak effects and one showed no effect. In summary, STEM
learning for students with ID and ASD showed high overall
intervention effects, highly effective maintenance effects and
moderate generalisation effects (Table 2).

Among STEM disciplines (Fig. 2), mathematics studies had the
highest representation, followed by science. In contrast, technol-
ogy and interdisciplinary studies had less representation, whereas
engineering had no representation. The STEM domains had
strong to extremely strong intervention effects, with the
technology domain showing the highest score (1), followed by
scientific enquiry skills (strong: 0.98), solving computation-
related problems (strong: 0.959), mathematics (0.95), mathema-
tical concepts and core knowledge (high: 0.903) and science

Table 2 Overall effect sizes.

K TAU P Cl 95%
Intervention 138 0.928 <0.001 [0.897, 0.959]
Generalisation 47 0.787 <0.001 [0.706, 0.869]
Maintenance 92 0.901 <0.001 [0.830, 0.971]

Cl confidence interval, K number of effect sizes.

STEM area (K)

Science (50)

Technology (8)

Math (77)

Interdisciplinary (3) '

0.6 0.7 0.8

concepts and core knowledge (high: 0.858). The interdisciplinary
STEM domain had a high intervention effect (0.878).

Effect size analysis of the STEM intervention methods. The
meta-analysis included 138 independent intervention effect sizes.
Table 3 shows that the effect sizes of STEM intervention methods
ranged from medium to extraordinarily strong. Specifically, stu-
dies adopting enquiry-based task analyses in the science domain
showed a robust effect score (0.982) and no overlap in the 85% CI
compared with the CAI, SP and systematic teaching intervention
methods. In the technology domain, the combined use of VP and
explicit teaching demonstrated the most significant effect (effect
score of one). Similarly, in mathematics, studies combining
explicit instruction with other strategies and cognitive and
metacognitive approaches showed the most substantial impact
(effect score of one). Notably, the effect size of systematic
teaching did not overlap with that of the VM or VSM approaches
(85% CI). Finally, in interdisciplinary STEM areas, SP prompting
had a substantial effect size (0.878).

Some intervention methods show slightly different effects
among students with different types of disabilities (Fig. 3).
Explicit instruction, MSBI/SBI and VM/VSM have been used in
students with the three types of disabilities, producing extremely
strong intervention effects. Task analysis demonstrates extremely
strong intervention effects in ASD-no ID and ID students. The
use of CAI in students with ASD-no ID shows extremely strong
intervention effects (effect size of 1), but the effectiveness is
moderate in students with ASD-ID (effect size of 0.688). VP
demonstrates extremely strong effect sizes in both ASD-no ID
and ID students (0.973; 0.980), but the intervention effect is
moderate in students with ASD-ID (effect size of 0.708).

Effect analysis of the moderating variables. The moderating
variables comprised the participants’ characteristics and STEM
intervention processes (Fig. 4). Due to the absence of information
from certain studies, the overall number of moderating variables
fell short of the total independent effect sizes.

Participants’ characteristics. The meta-analysis results (Fig. 4)
revealed that sex did not affect STEM intervention outcomes;
over half of the participants were male. Overall, the interventions
were effective, with a particularly strong effect on females.
Interventions were effective for those aged 5-6, 13-18 and 19
years and older and highly effective for those aged seven to 12.
There were no substantial differences in the effectiveness among
the different age groups. The three disability types showed dis-
tinct differences, as evidenced by the nonoverlapping 85% CI and
p-value (0.002) in the Kruskal-Wallis test. This review suggested
that the disability type moderated the efficacy of STEM inter-
ventions. The inter-group comparison results showed differences
between ID and ASD-ID (p =0.026) and between ASD-no ID
and ASD-ID (p <0.001). The science domain showed no overlap
in the 85% CI between the ASD-no ID and the ASD-ID groups.
The interventions were strongly effective for ASD-no ID and ID
in mathematics and highly effective in ASD-ID. The technology

Effect size (Tau-U) 85%CI

—— 0.885[0.848,0.921]
4 1[0.859,1]
——  0.950[0.917,0.982]
* | 0.878[0.662,1]
0.9 1

Fig. 2 Forest plot of intervention efficacy in the STEM domains. C| confidence interval, K number of effect sizes.
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85% CI
[0.662, 1]

TAU
0.878

Interdisciplinary

3

85% CI
[0.815,
0.928]
[0.679,
1.036]
[0.846, 1]
[0.980, 1]
[0.987,
0.999]

TAU

0.872
0.857
0.990

Mathematics

K
10
14
3
26
17

85% CI
[0.788, 1]
[0.816, 1]

TAU

Technology

85% CI
[0.977,
0.993]
[0.692,
0.940]
[0.820,
0.928]
[0.764,
0.900]

TAU
0.982
0.816
0.874
0.832

Science

17
10

Table 3 Effect sizes of the science, technology, engineering and mathematical intervention methods.
16

Intervention method
Systematic instruction

Task analysis

CAl

Explicit instruction
MSBI/SBI

SP
VP

domain showed an effect size of one for all three disability types
and only students with ID participated in the interdisciplinary
STEM aspect (Table 4).

Setting and interventionist characteristics. The intervention
settings, interventionists and intervention duration results (Fig. 4)
showed no differences. The classroom and centre (setting)
intervention results were effective. In contrast, interventions that
occurred in other settings were effective, with no differences
between the different intervention settings. About half of the
interventionists were professional researchers with an extremely
strong effect. Collaborative interventions between special educa-
tion teachers, general and special education teachers and parents
were highly effective; there were no differences among the dif-
ferent interventionists. The intervention duration results
demonstrated high to extremely strong effectiveness with no
differences.

[0.718, 1]
[0.691, 1]

Risk of bias. Supplementary Table S2 presents the bias risk
assessment outcomes for the studies. All included single-case
studies demonstrated substantial bias levels for two subcategories:
blinding participants and personnel and blinding outcome
assessors. This type of bias is common in SCD due to the nature
of these studies, which often involve small sample sizes and
flexible experimental designs (Reichow et al., 2018). The lack of
blinding can introduce performance bias and detection bias,
potentially affecting the internal validity of the results. The
dependent variable reliability category showed low bias in all
studies. For procedural fidelity and selective outcome-reporting
categories, 32 of the 40 studies exhibited low bias for procedural
fidelity and selective outcome-reporting categories. The other
sources of bias showed considerable variability, presenting high,
unclear and low bias risks across the studies.

0.993
0.942

Discussion

Effectiveness of STEM learning. This study analysed the overall
intervention, maintenance and generalisation effects of STEM
learning on students with ASD and students with ID (RQ1). The
results showed that the overall intervention and maintenance
effects were extremely strong, which aligned with Wright’s (2020)
results. None of the included studies demonstrated a high risk of
bias in participant sampling, dependent variable reliability, pro-
cedural fidelity, or data collection factors. Each factor belonged to
the single-case research domain directly associated with con-
temporary single-case research design standards. However, the
generalisation effect was moderate, which could be due to diffi-
culties in the cognitive and EF of individuals with ID and ASD
(Gunning et al., 2019). Cognitive flexibility deficits, a core feature
of executive dysfunction, may impede cross-situational skill
transfer (Benallie et al. 2021). In this study, two interventions—
CAI and VSM—demonstrated optimal generalisation efficacy
(Tau-U = 1). Multisensory inputs (visual, auditory and tactile)
augmented information encoding efficiency by activating dis-
tributed neural regions, including the visual cortex and PFC
(Shams and Seitz, 2008). Real-time feedback mechanisms (e.g.
VSM’s self-review and CAI’s error correction) combined with
task variability prevented rote memorisation. Structured supports
(e.g. visual cues and procedural scaffolding) mitigated cognitive
flexibility deficits in ASD and ID learners while reducing working
memory load (Leung and Zakzanis, 2014). By simulating real-
world scenarios (VSM) and embedding lifelike problem-solving
(CAI), these methods improve skill transfer through contextual
variety. These mechanisms likely underlie the superior general-
isation effects observed. Educators need to conduct longitudinal
studies to examine the long-term effects of STEM learning and

CAl computer-assisted instruction, Cl confidence interval, MSBI/SBI modified schema-based instruction/schema-based instruction, K number of effect sizes, STEM science, technology, engineering and mathematics, SP simultaneous prompting, VM/VSM video modelling/video

self-modelling, VP video prompting, VA virtual-abstract instructional sequence.

Cognitive and meta-

cognitive

VM/VSM

<
>
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Fig. 3 Heatmap of effect sizes of disability type and intervention methods. ASD autism spectrum disorder, ID intellectual disability, ASD-ID ASD with ID,

ASD-no ID ASD without ID.

Moderator (K) Effect size (Tau-U) 85% CI
Sex
Male (98) —— 0.914[0.879,0.949]
Female (40) —— 0.961[0.939,0.983]
Age (years)
5-6 (8) - 0.981[0.968,0.993]
7-12 (50) —— 0.909[0.873,0.945]
13-18 (70) —— 0.931[0.894,0.967]
>19 (10) —— 0.959[0.924,0.994]
Type of disability
1D (56) —— 0.942[0.924,0.959]
ASD-no ID (47) L 4 0.984[0.977,0.992]
ASD-ID (35) —————— 0.829[0.747,0.911]
Intervention setting
Special education classroom (38) —— 0.948[0.917,0.979]
Home and others (13) —— 0.962[0.936,0.988]
Inclusive and general classroom (31) —— 0.948[0.926,0.970]
Resource classroom/center (45) e 0.884[0.821,0.946]
School common area (11) —— 0.940[0.898,0.983]
Interventionist
Special education teacher (58) —— 0.915[0.883,0.947]
Researcher (66) —— 0.94410.906,0.982]
Multi-person collaboration (11) —— 0.905[0.858,0.952]
Parents (3) L 2 0.898[0.713,1]
Intervention duration
<10 times (3) * 1[0.626,1]
11-20 times (38) ——— 0.934[0.895,0.973]
21-30 times (42) — 0.888[0.828,0.948]
31-40 times (32) —— 0.964[0.946,0.982]
>40 times (23) ——— 0.928[0.881,0.975]
0.6 0.7 0.8 09 1

Fig. 4 Forest plot of moderating variables. C| confidence interval, K number of effect sizes, ASD autism spectrum disorder, ID intellectual disability, ASD-

ID ASD with comorbid ID, ASD-no ID ASD without ID.
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Table 4 Effect sizes of disability type.

Disability type Science Technology Mathematics Interdisciplinary Sig.
K TAU 85%ClI K TAU 85%CI K TAU 85% Cl K TAU 85% CI
ID 20 0927 [0.896,09571] 2 1 [0.691,1] 31 0954 [0.931,0977] 3 0878 [0.662, 1 P=0.002
ASD-no ID 14 0969 [0.948,0990] 3 1 [0.796,1] 30 0.990 [0.983,0.996] - - -
ASD-ID 16 0759 [0.664,0.854] 3 1 [0.788,1] 16 0.867 [0.712,1.023] - - -

ASD autism spectrum disorder, ID intellectual disability, ASD-ID ASD comorbid with ID, ASD-no ID ASD without ID, K number of effect sizes.

continue to explore effective ways to enhance the generalisation
skills of ASD and ID students.

Existing meta-analyses demonstrate that STEM interventions
for K12 students (non-ASD/ID students) typically exhibit
moderate-to-large effect sizes based on parametric measures such
as Hedges’ g, with interdisciplinary approaches showing sig-
nificantly greater efficacy than single-discipline interventions
(Zhou et al.,, 2024). Utilising Tau-U nonparametric effect sizes,
this study reveals distinct learning outcome patterns in students
with ASD and students with ID: the technology had the best effect
size, science and interdisciplinary domains had high effect sizes
and mathematics had an extremely high effect size. Notably, all
studies in the technology domain predominantly employed
robotics as instructional tools, demonstrating unique advantages.
For instance, Diehl et al. (2012) observed that children with ASD
exhibit heightened reliance on robotic platforms due to their
repetitive and predictable learning environments, which mitigate
social communication barriers. Yuen et al. (2014) further
demonstrated that robot-assisted STEM group activities, through
structured task decomposition and predictable procedural
behaviours, effectively compensate for deficits in executive
functioning and working memory, thereby enhancing exploratory
behaviours, collaborative skills and programming competencies
in ASD learners. Thus, the structured, low-social-pressure
pedagogical approaches mediated by robotics appear to align
with the cognitive and behavioural profiles of ASD or ID students
(Kotsi et al, 2025), addressing learning barriers inherent in
conventional settings. However, there are few studies in this field
and the robustness of the intervention effect requires further
verification. Future efforts should explore integrating multimodal
affective recognition and natural language processing technolo-
gies (Pérez et al., 2024) to enhance robotic adaptability for ASD
and ID learners. Additionally, the engineering domain has not yet
generated quantifiable evidence. This disciplinary imbalance
suggests that future research should explore engineering practices
tailored to students with ASD and students with ID.

Among STEM-related skills, coding skills had the best
intervention effect, with an effect size score of one. In addition,
the intervention effects on science enquiry and mathematics
problem-solving skills were extremely strong. Scientific enquiry
helps students solve scientific problems and fosters a scientific
spirit. Brigham et al. (2011) and Simpkins et al. (2009) affirm this
view by stating that cooperative scientific enquiry activities could
enhance students’ engagement with learning difficulties and
facilitate their conceptual understanding and academic achieve-
ment progress. In addition, enquiry-based learning helps cultivate
the scientific spirit of students with ID (Al-Ahmadi and Oraif,
2009). In mathematics, developing problem-solving skills can
enable students to address calculation-related challenges more
effectively (e.g. addition and subtraction, price comparisons and
fractions.) Studies have shown that developing and applying
problem-solving skills could help students with ID and ASD to
understand academic knowledge principles (Jitendra et al., 2016).
In addition, Archer and Hughes (2011) believe that problem-

solving skills could help students generalise and apply mathema-
tical skills to the real world. These results aligned with the current
study and indicated that enquiry and problem-solving skills were
the core features of STEM education and effective learning
approaches. Based on these findings, we suggest that teachers can
design cooperative enquiry activities to not only enhance the
interdisciplinary knowledge understanding of students with ASD
and students with ID but also cultivate their problem-solving
skills and foster a scientific spirit.

Effectiveness of STEM intervention methods

Science domain: interventions using step-process-task enquiry
methods. This study reviewed and evaluated the effectiveness of
STEM intervention methods (RQ2). Interventions using step-
process-task enquiry methods were the most effective. These
methods provide students with checklists containing task steps or
processes to reduce their cognitive load, better guide them in
understanding science content through enquiry activities (Miller,
2012) and enhance their problem-solving, self-determination and
communication skills (Wehmeyer et al., 2000). For example,
students could use self-monitoring checklists for science enquiry
activities (Miller, 2015) and verbally express their steps to com-
plete self-assessments. This study’s results indicated that students
with moderate ID not only generalised the steps of enquiry-based
problem-solving to use in everyday problem-solving situations
but also showed improved independence in problem-solving.
Therefore, designing task analysis lists is particularly important
for the smooth completion of scientific enquiry. In practical
teaching, teachers first need to break down activities into operable
steps and provide students with judgement options, such as
observing whether an experiment is complete and what should
follow. This approach helps students better understand what they
are currently doing and what tasks they are about to complete,
allowing them to progress systematically. Furthermore, instruc-
tions should be clear to ensure they do not increase the students’
reading load.

Technology domain: VP and explicit instruction integrated with
other strategies. The results revealed that the optimal intervention
methods were VP and explicit instruction, integrated with other
strategies. However, there are only three studies in the technical
domain, with limited intervention methods identified and the
robustness of these interventions requires further exploration.
The VP method breaks down a task or skill into individual steps,
where participants watch video demonstrations to complete
operational steps, similar to the task analysis nature of STEM
activities (Banda and Dogoe, 2011). Wright et al. (2021) used the
VP method to teach coding skills to students with ASD, where the
teachers pre-recorded example videos and the participants com-
pleted tasks on iPads after watching them. This study’s results
indicated that the VP intervention method helped students with
ASD generalise new skills. Although the current study did not
track the long-term effects of skill generalisation. Given the
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differences among students with ASD and students with ID,
varying reinforcement frequencies and video types may be
necessary to maintain skill stability and generalisation, which
should be a key focus of future research. The study’s findings offer
valuable insights for teachers in STEM instruction. The demand
for producing high-quality videos may heighten teachers’ tech-
nophobia (Knight et al., 2018). To address this, schools can
expand video resource libraries by having technical staff and
researchers collaborate with special education teachers. They can
prepare video models in advance based on students’ IEP needs,
reducing teachers’ technical burden. Also, schools should
strengthen technical training for educators, such as Al-assisted
video production (generating task scripts of proper length, mul-
timodal conversion with text or images) and video editing skills.
VP implementation should integrate evidence-based practices
(e.g. gestural cues, verbal prompts, behaviour reinforcement.)
Such multimodal interactions improve student engagement and
offer actionable STEM teaching frameworks for special educators,
ensuring intervention feasibility and sustainability.

Explicit instruction combines direct instruction with scaffold-
ing and feedback from students and teachers (Doabler and Fien,
2013). These instructions could help students with ID acquire
self-determination and problem-solving skills related to the
STEM curriculum through the coding process (Bers et al,
2014). For example, interventionists could use blocks with images
or colours to demonstrate the coding processes to students (e.g. a
forward arrow indicating forward movement or a red arrow
indicating stopping.) Teachers use visual supports and provide
detailed explanations during demonstrations, followed by guided
practice for students, asking questions and offering immediate
feedback. This method may include allowing students to write
simple code under the teacher’s guidance and gradually
increasing the difficulty. As students gain proficiency with basic
coding, support is gradually reduced, allowing students to attempt
to write and test code independently. The results showed that this
modified constructionist approach has achieved significant results
in programming education for students with ID, effectively
demonstrating the shift from teacher-led to student-centred
learning. Teachers maintain students’ learning flow by adjusting
the difficulty level, promoting optimal engagement and active
participation. Future explicit instruction can expand STEM
applications via Al-driven adaptive systems and AR. AI systems
analyse learning data in real-time, adjusting task difficulty and
offering instant feedback, aligning with the ‘fading guidance’
principle (Veinott, 2022). AR reduces cognitive load with visual
scaffolds, aiding intuitive understanding of abstract concepts
(Suzuki et al., 2024). Al-integrated systems auto-detect knowledge
gaps and optimise feedback (Guo et al., 2024). Future hybrid
models combining explicit instruction with AR simulations for
coding practice with Al-generated hints and error reports show
promise. These technologies preserve explicit instruction’s core
advantages and offer new applications, better meeting the needs
of students with ASD and students with ID to enhance their
STEM learning outcomes.

Mathematics domain: cognitive and meta-cognitive approach and
explicit instruction integrated with other strategies. The results
showed that the optimal intervention methods integrated cogni-
tive and metacognitive approaches and explicit instructions with
other pedagogical approaches. Cognitive and metacognitive tac-
tics assist students in executing physical tasks and cognitive
processes (e.g. planning, memorising and self-assessing.) Schaefer
Whitby (2013) exemplified this method by implementing the
‘Solve it!" programme that provided tailored instructional mate-
rials for students with executive function impairments to enhance
their attention, memory, sequencing and organisational skills

10

using mathematical word problems. The specific procedure
involves the teacher presenting pre-recorded videos to the stu-
dents, who practice according to the K-N-W-S (Know-Need-
How-Strategy) approach. Meanwhile, the teacher moves around
to answer questions, provide feedback, correct misunderstandings
and manage behaviour. After a period, the students cease
watching the videos and independently solve problems using the
above method. This structured teaching method has successfully
transformed video scaffolding into internal mental tools, which
align with the executive function deficits of students with ASD
and students with ID. It reduces students’ cognitive load and
provides a generalisable methodology for students to solve pro-
blems independently. In practical teaching, teachers should also
be proficient in the methods of producing and using learning
materials.

This study’s explicit instruction comprised three phases: skill
modelling, guided practice and independent skill assessment. This
method is similar to Liu et al. (2023), who combined explicit
instruction and VM to facilitate students’ task analysis on tablet
devices, thus elucidating the problem-solving procedure. Mean-
while, if students with ASD and students with ID faced
uncertainty during the tasks, the facilitators sequentially provided
verbal cues, specific prompts and model demonstrations. This
approach was in line with the cognitive traits of ASD students; it
eased their load on perceptual reasoning and working memory
(Oswald et al.,, 2016) and facilitated their independent compre-
hension of measurement concepts. This method embodies the
integration of structured teaching and personalised learning. AR
technology vividly demonstrates the process of solving mathe-
matical problems, including analysing the problem, demonstrat-
ing solution steps, deriving the final answer and enhancing
students’ learning experience. As students master the strategies,
teachers gradually reduce guidance, allowing students to attempt
to solve problems independently, promoting the generalisation
and maintenance of skills. This approach requires teachers to be
proficient in the use of digital technology and learn to create rich,
interactive teaching scenarios that make abstract concepts more
intuitive and understandable. In addition, teachers can also utilise
intelligent teaching systems to provide personalised resources and
feedback based on students’ progress and needs, thereby
enhancing teaching effectiveness.

Interdisciplinary domain: cooperative learning combined with SP.
Only one study combined a cooperative learning strategy with the
SP procedure to instruct students with moderate ID on STEM
interdisciplinary content and chained tasks. The SP method
simultaneously presents attention and controlling prompts to
determine whether students have mastered the target skill.
Heinrich et al. (2016) focused on using technological interven-
tions to execute discrete tasks, including gaining knowledge about
online publishing and sequential tasks (e.g. Internet searches).
The special education teacher provided students with a folder
containing their daily assignments, including worksheets for
chained tasks and index cards for discrete tasks. When teaching a
discrete skill, the instructor presented an attention cue, waited for
the students’ response and then presented the task directions,
followed by a controlling prompt, similar to a verbal model.
Aykut et al. (2012) suggested that the SP procedure was a brief yet
effective instructional strategy to maintain students’ attention and
ensure more efficient mastery of STEM skills. In addition to
academic skills, interdisciplinary learning content can extend to
the humanities. Future attention can also be given to developing
social domains, such as cooperation, communication, respect for
others’ ideas and other social skills. These skills are crucial for
students with ASD and students with ID in terms of social
adaptation and relationship building. In the interdisciplinary
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field, educators can explore other interdisciplinary approaches to
integrate knowledge and skills from different subjects into
teaching, providing a more comprehensive learning experience
for those individuals. Moreover, educators can also try to com-
bine peer cooperation with other teaching strategies to enhance
students’ social interaction and collaboration skills. When stu-
dents collaborate independently, teachers should promptly rein-
force positive behaviours, teach them to express their needs
correctly using language and use appropriate behaviours to help
peers and initiate and maintain conversations.

The results indicate that explicit instruction, MSBI/SBI and
VM/VSM demonstrate extremely strong application effects across
the three types of disabilities and task analysis is suitable for
students with ASD and students with ID. Some intervention
methods demonstrate varying effects on students with different
types of disabilities. For example, CAI has different performances,
possibly because students with ASD may have a stronger response
to visual media, making CAI a promising teaching method
(Sansosti et al., 2015). Compared to students with only ASD,
students with ASD-ID typically exhibit more pronounced
impairments in attention, visual perception and EF (Lin et al.,
2024), which may affect the effectiveness of CAI. The interven-
tion effects of VP in students with ASD-no ID and ID can reach a
very high level, but the effects in students with ASD-ID are
moderate.

Similarly, Video-Based Intervention (VBI) methods like VM/
VSM can achieve extremely high levels of intervention for
students with all three types of disabilities. This outcome may be
because VP is often used as a direct prompting tool, playing
videos of specific behaviours to guide learners to imitate them,
focusing more on prompting and guidance (Park et al., 2019).
Subsequently, VM/VSM is a more comprehensive learning
strategy, emphasising the learning process (Delano, 2007). VM
not only demonstrates behaviours but also includes learning time.
Video models can be peers, learners, or adults, helping learners
better understand and practice target behaviours (Stierle et al.,
2023). Studies have demonstrated that when intervening with
students with ASD and students with ID, using VM results in
fewer errors in target skills, better generalisation, easier transfer to
new environments and longer-lasting behaviour compared to VP
(Thomas et al., 2020). The effectiveness of STEM intervention
methods varies due to the diversity of disabilities. The cognitive
characteristics and learning needs are different, especially for
students with ASD-ID who face the challenges of both types of
disorders. Given this, in future STEM teaching, educators should
deeply understand the individual characteristics and learning
needs of each student, choose intervention methods that match
them and further promote and optimise the better-performing
interventions to seek greater teaching benefits.

In addition, peer collaboration might increase students’ social
contact across various activities and inclusive settings and provide
them with heightened social support behaviours, broader friend-
ship networks and more enduring peer relationships (Kennedy
et al., 1997). However, owing to the limited number of available
studies, the resilience of the intervention examined in this study
requires further validation.

Impact of the moderating variables on STEM learning effec-
tiveness. The RQ3 study amalgamated the overlapping CIs with
Kruskal-Wallis test results to probe the effects of moderating
variables (sex, age, type of disability, intervention settings, inter-
ventionists and intervention duration) on STEM education.

Disability type. Overall, this study found that students with ASD-
ID were likely to encounter increased difficulty in their

educational pursuits, which might have contributed to the var-
iations in intervention levels among the three disability types. The
intervention effect for children aged five to six years was extre-
mely strong. Yet their confidence intervals overlapped with other
age groups, indicating no significant differences in efficacy across
K-12 students. This aligns with Kazu and Yalcin (2021), whose
meta-analysis found no statistically significant variation in STEM
learning outcomes by educational level (age group), emphasising
STEM’s consistent academic benefits regardless of student stage.
Future research should focus on tailoring age-specific instruc-
tional strategies to further enhance learning outcomes within this
universal effectiveness. The results showed that disability type had
a moderating effect. Owing to the many overlapping clinical
features between ID and ASD, especially regarding social com-
munication, imagination and repetitive, stereotyped behaviours,
individuals with comorbid ID and ASD often had more severe
impairments than those with ID alone (Cen et al,, 2017). Other
studies have indicated that population with comorbid ID and
ASD exhibit a higher incidence of maladaptive behaviours, psy-
chopathology and emotional difficulties than those without ASD
(Brereton et al., 2006). Overall, students with co-occurring ASD
and ID have lower abilities in STEM-related areas than those with
other single disability types (Martin et al., 2020) and might have
more cognitive difficulties, which could make it challenging for
them to apply the skills or behaviours learned in specific envir-
onments to other settings. This might affect the maintenance and
generalisation of intervention effects (Sigafoos et al. 2008). When
teachers carry out STEM teaching, they should consider the
practical needs of different types of disabilities. Since sex and age
have no moderating effect, we believe that STEM education is
suitable for all age groups and genders. Research has shown that
exposing young children to STEM is crucial for fostering their
learning interest and enhancing their academic and employment
achievements (Noonan, 2017). Moreover, Brigham et al. (2011)
believed that the earlier students were exposed to STEM educa-
tion, the better they understood STEM content. Frontline
teaching practices can pay more attention to this group.

Intervention processes. The results revealed no moderating effects
of intervention settings, interventionists, or intervention duration.
Research indicates that the interdisciplinary nature of STEM
enables it to function in various intervention settings (Borda et al.,
2020). Considering the increasing number of students receiving
inclusive education and their desire to participate in society
(Fleury et al., 2014), more research can focus on conducting
studies in inclusive classrooms and communities to enhance
students’ social adaptability. About half of the studies included
interventions implemented by professional researchers and the
effects were extremely strong. Professionals could use specialised
assessment tools and resources to design and implement effective
intervention plans based on students’ situations and objectively
assess their condition and progress (Kasari et al., 2012). Israel
et al. (2013) suggested that selecting interventionists in STEM
education depended on the grade levels of students with ID and
ASD, STEM areas, teaching settings and teachers’ familiarity with
the STEM content. Future efforts should be committed to pro-
moting interdisciplinary teacher collaboration, integrating general
education teachers, special education teachers and researchers to
form interdisciplinary teaching teams. These teams will jointly
conduct joint lesson preparation, teaching behaviour analysis and
carry out research on practical problems in teaching to enhance
STEM education quality (Wu, 2022). This study’s results revealed
that the best interventions were performed less than ten times,
with an effect size of one; in addition, other durations showed
strong-to-extremely strong effects. The reason may be attributed
to the unique characteristics of students with ASD and students
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with ID, resulting in a higher prevalence of SCD currently being
conducted(Tatraki and Soulis, 2021), with significant variations in
experimental designs among these studies and intervention pro-
cedures for different skills across various STEM domains not
being uniform. However, the number of interventions with a
duration of less than ten sessions was limited; therefore, further
validation is required to ensure the robustness of this result.
Future studies can also longitudinally analyse the impact of
intervention frequency on outcomes and explore the relationships
between moderating variables. Research indicates that teaching
STEM to those individuals were not restricted by the settings,
interventionists, or intervention duration. This finding not only
demonstrates their potential to participate in and benefit from
STEM learning but also reflects the flexibility and adaptability of
the STEM approach. More importantly, this finding emphasises
the necessity of providing equal STEM learning opportunities for
students with ASD and students with ID.

Limitations and future directions. This study had several lim-
itations. First, studies on teaching STEM education to ID and
ASD students have focused on the mathematics, science and
technology domains; as such, there was a lack of research in
engineering and interdisciplinary STEM areas. Therefore, future
STEM education should continue to enrich research in these
areas. Additionally, future longitudinal studies on students with
ASD and students with ID are also needed. Educators can observe
the generalisation effects over time to better understand the
developmental process of STEM skills in this population and
assess the long-term trends in STEM education.

Second, although WOS provides extensive literature resources,
its coverage is biased and excludes other databases and grey
literature, potentially affecting the study’s comprehensiveness.
Our systematic review and meta-analysis may not fully represent
the research. Future research should integrate other databases
such as Scopus, ERIC, PubMed, Springer and Elsevier databases
and grey literature to provide a more comprehensive review and
reduce potential publication bias.

Third, this study excluded randomised controlled experiments
and qualitative studies and concentrated solely on single-case
studies. This limitation restricted the interpretation of the
findings and introduced a potential risk of bias. Although a
meta-analysis was valuable for summarising the effects of STEM
interventions in individuals with ID and ASD, future reviews
could use other methods (e.g. systematic reviews, RCTs, mixed-
methods approaches).

Fourth, this study did not examine the impact of disability
severity on STEM intervention effectiveness and included few
participants with severe ID. This results in insufficient attention
to students with high support needs, who are key targets for
assistive technologies (e.g. brain-computer interfaces, neurofeed-
back). Future research should thoroughly investigate the impact
of disability severity (e.g. from mild to severe) on STEM teaching
effectiveness, focus on developing adaptive STEM teaching
programmes based on cognitive ability stratification and evaluate
the effectiveness of various assistive technologies.

Implications for research and practice. The research indicates
that STEM interventions are effective for students with ASD and
students with ID, demonstrating that STEM can provide rich
learning experiences, ameliorate academic difficulties and facil-
itate better engagement in learning activities for this population,
enhancing their understanding of the world. In addition to aca-
demic abilities, it promotes students’ enquiry skills, problem-
solving capabilities and social competencies (Hutchison et al.,
2024; De Loof et al, 2022). While the study highlights
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maintenance and generalisation effectiveness, research remains
concentrated in mathematics, science and technology, with gaps
in engineering and limited interdisciplinary studies, and a lack of
long-term outcome validation. Accordingly, we propose dual
recommendations: policymakers should prioritise the develop-
ment of engineering-focused educational programmes and
establish a ‘STEM + Humanities and Arts’ integrated framework,
such as expanding interdisciplinary approaches in the arts (i.e.
dance, music, theatre, visual arts and media arts) (Hwang and
Taylor, 2016; Perignat and Katz-Buonincontro, 2019) and social
sciences to enhance students’ holistic competencies. Additionally,
implement legislation to improve in transparency special educa-
tion budget allocation. Researchers should use longitudinal
designs to investigate the long-term effects of STEM learning,
focusing on core indicators such as skill retention, transfer effi-
cacy in community settings, vocational training completion rates
and higher education enrolment/attrition rates. Furthermore,
explore the mechanisms through which school support systems
influence STEM achievement for students with disabilities.

This study summarises optimal STEM interventions across
domains and highlights diversified teaching strategies for students
with varying disabilities. To effectively implement STEM
interventions, we propose a ‘Teacher Development System for
Inclusive STEM Practice’. First, differentiated instructional design
involves creating adaptive teaching frameworks with tiered
interventions tailored to students’ diverse needs. By integrating
interdisciplinary approaches (e.g. integrating art into mathe-
matics, combining science with engineering, or using robotics for
social skill training), reducing learning gaps for ASD/ID students
while enhancing teachers’ interdisciplinary teaching skills.
Second, training in emerging assistive technologies equips
educators to utilise adaptive learning platforms, VM, Al feedback
and AR/VR simulations to support students’ executive function
development (Ayeni et al., 2024). Real-time analytics should be
used to monitor participation in STEM activities, enabling
dynamic assessments and adjustments to support levels, task
difficulty and technical assistance intensity (Nuangchalerm and
Prachagool, 2023). Third, establish cross-departmental partner-
ships between special education and STEM teachers to co-design
STEM + X thematic modules (e.g. ’Eco-Engineering Community
Solutions’) using universal design principles. Develop localised
resource libraries, including adaptive technology toolkits and
differentiated assessment plans, to help teachers optimise
instruction by accessing intervention components in real-time.

This study also explored the variables that affect the
effectiveness of STEM learning and the results indicated that
different types of disabilities significantly impact learning
outcomes. In particular, most studies have overlooked the
academic performance of students with ASD-ID (Russell et al.,
2019). This study fills that gap. Future studies should delve deeper
into how cultural and socioeconomic backgrounds shape STEM
learning experiences for students with ID and ASD. For instance,
cross-cultural comparisons could uncover how cultural scripts
influence STEM motivation and engagement for these students,
revealing how educational philosophies and methods in diverse
cultural contexts affect learning outcomes. Additionally, research
should investigate socioeconomic factors such as family income,
accessibility of educational resources and the strength of
community support systems, as these elements can influence
STEM learning opportunities and effectiveness. By considering
these variables comprehensively, we can provide more targeted
and effective educational support for students with ASD and
students with ID, helping them integrate into society and enhance
their quality of life.

Overall, this systematic review and meta-analysis offer
comprehensive insights into the effectiveness of STEM teaching
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for students with ASD and students with ID, the prospects of
enhancing STEM skills and the influence of moderating variables
on STEM learning outcomes. These findings could inform
instructors, educational practitioners and policymakers in
identifying potential challenges and promoting the development
of STEM education.
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1 ID and ASD mentioned in this study can be found in The Diagnostic and Statistical
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