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Learning from physical and virtual 
investigation: A meta-analysis of 
conceptual knowledge acquisition
Sifra E. Muilwijk 1† and Ard W. Lazonder 2*
1 School of Pedagogical and Educational Sciences, Radboud University, Nijmegen, Netherlands, 
2 Behavioural Science Institute, Radboud University, Nijmegen, Netherlands

Should students investigate with tangible objects and apparatus or are digitally 
simulated materials and equipment an adequate or perhaps even preferred 
alternative? This question remains unanswered because empirical evidence is 
inconclusive and previous reviews are descriptive and synthesize a limited number 
of studies with small samples. This meta-analysis, therefore, assessed the relative 
effectiveness of physical versus virtual investigation in terms of conceptual 
knowledge acquisition and examined whether and how the aggregate effect size 
was moderated by substantive and methodological study features. Following a 
systematic search of Web of Science and ERIC for the period 2000–2021, 35 
studies comparing physical and virtual investigations were selected for inclusion. 
Hedges’ g effect sizes for conceptual knowledge acquisition were computed 
and analyzed using a random effects model. The results showed no overall 
advantage of either mode of investigation (g = −0.14, 95% CI [−0.33, 0.06]). 
However, moderator analysis indicated that virtual investigation is more effective 
for adults compared with adolescents and children, and when touching objects 
or equipment does not provide relevant sensory information about the concept 
under study. These results imply that STEM teachers can decide for themselves 
whether to opt for physical or virtual investigation except when teaching adult 
students or when touch sensory feedback is substantively irrelevant; in those 
cases, virtual investigation is preferable.
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1. Introduction

Technological advancements have significantly extended the opportunities to include 
investigations in courses for students of all ages. The past decade has witnessed several successful 
initiatives to grant teachers of science, technology, engineering, and mathematics (STEM) free 
access to computer simulations and online laboratories for teaching and learning in K12 
classrooms and beyond. Although designers of these technologies are optimistic about the value 
of virtual investigation for learning (Perkins et al., 2012; De Jong et al., 2014), empirical evidence 
is typically mixed. Some studies confirm that virtual investigation is more effective than physical 
investigation (e.g., Chao et al., 2016), whereas other studies found the opposite effect (e.g., 
Zacharia et al., 2012) or report no differences (e.g., Renken and Nunez, 2013). As this body of 
research has, to the best of our knowledge, not been quantitatively reviewed, the true virtue of 
virtual investigation is yet unknown. This observation sparked the idea for this meta-analysis, 
which aimed to examine the relative effectiveness of physical versus virtual investigations.
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In line with Klahr et  al. (2007), we  use the term physical 
investigation to refer to hands-on inquiries where students interact 
with tangible objects and equipment to acquire a conceptual 
understanding of the topic being studied. Although such investigations 
admittedly enable students to strengthen their research skills, learn to 
collaborate with peers, and build interest in STEM-related careers, 
these learning outcomes were outside the scope of this meta-analysis. 
Virtual investigation, then, is the digital analog of physical 
investigation in that students’ examinations involve simulated material 
and apparatus provided by a computer simulation, virtual laboratory, 
or virtual–reality application. Both definitions are fleshed out more in 
the sections below. Following a short overview of instructional 
approaches that incorporate student investigations, we zoom in on the 
unique affordances of physical and virtual investigation and 
summarize the results of previous narrative reviews that contrasted 
these modes of investigation.

2. Theoretical foundation

2.1. Learning through investigation

Preschoolers learn from play and by exploring the world 
around them. Schools respond to this investigative drive by 
engaging children in inquiry projects, for instance, to examine how 
long it takes for colored ink to dissolve in hot and cold water. High 
school students spend quite some time in the school science 
laboratory, and throughout higher education, student research 
progressively approximates authentic scientific practices. All these 
instances are rooted in the long-standing belief that the act of 
investigating is productive to learning because finding things out 
by oneself leads to more meaningful and sustainable knowledge 
than being told by a teacher (Dewey, 1900; Schneider et al., 2022; 
De Jong et al., in press).

Student investigations are integral to instructional approaches 
such as experiential learning, problem-based learning, and inquiry-
based learning. Although generally embraced by policymakers and 
field experts, some educational scientists have challenged the 
effectiveness of these approaches based on a lack of teacher guidance 
(e.g., Kirschner et al., 2006; Zhang et al., 2022). A comprehensive 
meta-analysis confirmed that learning through unguided investigation 
is less effective than explicit instruction. However, students who were 
guided during their investigation learned more than students who 
studied the same material through expository methods (Alfieri et al., 
2011). In other words, instructional approaches that include student 
investigations are effective if adequate guidance is provided.

Which type of guidance is appropriate for which types of learners 
is still debated. Contrary to the intuitive belief that young learners 
need more specific guidance than older learners do, student age does 
not moderate the influence of guidance on learning activities and 
learning outcomes (Lazonder and Harmsen, 2016). A plausible 
explanation might be that the complexity of students’ investigations 
increases with age: older students not only examine more difficult 
topics but are also exposed to more open forms of inquiry that 
necessitate specific forms of guidance (Bell et  al., 2005). As such, 
creating effective learning arrangements that include student research 
is a balancing act that becomes even more challenging if teachers can 
choose between physical and virtual investigations.

2.2. The case for the physical investigation

Imagine giving a child a set of cubes and spheres to investigate what 
determines how fast objects sink in water. While experimenting, the 
child receives sensory feedback through the eyes (e.g., spheres sink in a 
straight line whereas cubes whirl down) and ears (sound indicates when 
an object hits the bottom of the water cylinder). A unique additional 
affordance of physical investigations is that handling the spheres and 
cubes produces touch sensory feedback about their mass and surface 
not normally available in virtual investigations. [It can be mimicked by 
a haptic device, but these tools are still rare in educational settings (Luo 
et al., 2021) and were, therefore, not included in this meta-analysis].

The educational importance of touch sensory feedback is 
articulated in theories of embodied cognition, which assert that a 
person interacting with the material world creates ‘embodied’ 
knowledge of physical objects and phenomena (e.g., Gallese and 
Lakoff, 2005; Barsalou, 2008). Neuroimaging studies have provided 
evidence that conceptual understanding is stored in the sensory–
motor circuits of the brain, meaning that the brain regions involved 
in seeing, hearing, and touching objects are also activated during 
recall (Kiefer and Trumpp, 2012). If students are deprived of touch, 
conceptual knowledge becomes less rich as it is exclusively based on 
verbal and auditory stimuli (Zacharia, 2015). The child in our sinking 
objects example learns about the mass of the objects by picking them 
up and the experience of feeling the difference between, for instance, 
a 10 and 100 g cube complements mass-related information from the 
other senses.

While embodied cognition theories emphasize the storage and 
retrieval of information, the additional sensory channel theory 
addresses the encoding process. Rooted in theoretical conceptions of 
working memory (Baddeley, 2012) and cognitive load (Sweller et al., 
2019), this theory postulates that the brain has separate processing 
channels for visual, auditory, and tactile information. If multiple 
channels are used for learning a particular piece of information, the 
effective working memory capacity expands and, hence, the chance of 
better learning outcomes increases. Note that this theory merely 
applies to sensory information relevant to the concept students are 
investigating. Suppose the child in our example senses that metal 
objects feel colder than Teflon objects, then this tactile feedback will 
not lower her cognitive load when examining how the shape of an 
object influences its sink time.

2.3. The case for the virtual investigation

Proponents of virtual investigation point to the practical 
advantages of simulations and virtual laboratories. These digital 
environments require little preparation from the teacher and enable 
students to design and conduct many investigations in a short amount 
of time (De Jong et al., 2013). Virtual investigations also offer a viable 
alternative for physical investigation if material or apparatus is 
expensive or when the research site is geographically remote (Hannel 
and Cuevas, 2018)—think, for example, of a field trip to the Falkland 
telescope to have astronomy students observe distant galaxies. Similar 
advantages apply when the topic of investigation is rare (e.g., lunar 
eclipses) or dangerous (e.g., radioactivity).

The learning benefits of virtual investigation are essentially 
twofold. Contentwise, designers of digital investigation environments 

https://doi.org/10.3389/feduc.2023.1163024
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Muilwijk and Lazonder 10.3389/feduc.2023.1163024

Frontiers in Education 03 frontiersin.org

can impose productive constraints on students—for instance, by 
simplifying a phenomenon or restricting the values that can be set in 
an experiment—or provide visualizations that allow students to 
perceive what is not directly observable in the material world (De Jong 
et al., 2013; Sullivan et al., 2017). These options aim to reduce intrinsic 
cognitive load. Extraneous cognitive load can be  decreased by 
embedding instructional support features in the virtual environment, 
which is the second learning advantage. Software designers can, for 
instance, use virtual–reality technology to direct students’ attention to 
important parts of the screen at key moments during an inquiry or 
augment digital objects and processes with additional explanations 
(De Jong et al., 2013).

2.4. Previous narrative reviews

An early research overview by Ma and Nickerson (2006) found no 
significant and consistent difference between physical and virtual 
investigation. De Jong et al. (2013) reached a similar conclusion and 
speculated about possible differential effects by suggesting that young 
learners might benefit more from physical investigation because they 
tend to lack tactile experience with the objects or processes under 
study. Virtual investigation, according to De Jong et al., might be more 
advantageous in situations that align with the learning advantages 
described in the previous paragraph. Zacharia (2015) also concluded 
that touch sensory feedback from physical investigation is not a 
requirement for the acquisition of conceptual knowledge.

Related literature overviews challenge the latter conclusion by 
showing that haptic augmentation of virtual environments often 
improves the development of conceptual knowledge (Minogue and 
Jones, 2006; Zacharia, 2015) and procedural skills (Rangarajan et al., 
2020). This positive trend seems due to the fact that all haptic devices 
provided ‘force feedback’ directly relevant to the topic being studied 
(e.g., gears and lever principles). Future research could test this 
presumption by comparing physical and virtual investigation, the 
latter without haptics, in situations where touch sensory information 
helps students build an understanding of the concepts or processes 
they are investigating. Furthermore, a meta-analysis in the field of 
mathematics education strengthened the tentative conclusion 
regarding the moderating influence of learners’ age (Carbonneau 
et al., 2013). Using concrete manipulatives in math classes was found 
to be more effective for children in the concrete operational stage 
compared with children in the formal operational stage, allegedly 
because younger children rely more on physical interaction with the 
material world when constructing meaning than older children who 
are capable of formal operational reasoning.

In summary, previous research integrations converge on the 
equivalent effectiveness of physical and virtual investigation but differ 
regarding the existence of possible age-related differences as well as 
the educational affordances of touch. However, as most of these works 
descriptively synthesized a selective number of studies with small 
sample sizes, more rigorous and quantitative research integrations are 
needed to draw any definitive conclusion.

3. Research questions

This meta-analysis aimed to answer three research questions:

 1. What is the relative effectiveness of physical versus virtual 
investigation in terms of conceptual knowledge acquisition?

 2. How does this relative effectiveness depend on the substantive 
contribution of touch sensory information to the concept 
under study?

 3. How does this relative effectiveness depend on the 
students’ age?

4. Method

4.1. Search and selection of studies

The literature was searched for studies that satisfied the following 
inclusions criteria:

 1. The study examined students investigating STEM-related 
topics for learning purposes.

 2. The study compared the conceptual knowledge acquisition of 
students who did their research with physical materials to that 
of students who performed the same investigation with 
virtual materials.

 3. The study was set up to ensure that similar instructional 
regimes were implemented in both conditions.

 4. The study controlled for possible differences in prior domain 
knowledge either by randomization or analyzing pre- and post-
assessment scores.

 5. The study administered a between-subject design and reported 
data from which effect sizes can be calculated.

 6. The study was published between 2000 and 2021 and is 
available online in full text.

The search and selection processes are visualized in Figure 1. 
All searches were performed in the Web of Science Core 
Collection and the ERIC repository using the following query: 
[(physical experiment* OR physical lab* OR hands-on) AND 
(virtual experiment* OR virtual lab* OR hands-off OR 
simulation*)]. The Web of Science search, restricted to the SSCI 
and SCI Expanded citation indexes and further limited to the 
categories ‘Education Educational Research,’ ‘Education Scientific 
Disciplines,’ ‘Psychology Experimental,’ and ‘Psychology 
Multidisciplinary,’ uncovered 739 reports. The ERIC database was 
searched similarly except that all search terms were wrapped in 
quotes to perform a literal search, and the results were limited to 
publications available in full text. This search returned 87 hits. 
Next, all 826 reports were retrieved and subjected to a title and 
abstract screening. A total of 58 reports passed this initial test, 
and after one duplicate was removed, 57 reports were read in full 
to assess their eligibility for inclusion. In addition, the perusal of 
the citations in previous reviews (De Jong et al., 2013; Zacharia, 
2015) yielded eight reports that were not identified through the 
online search. These reports were retrieved and screened 
similarly, which led to the inclusion of one additional report. This 
brought the total number of included reports to 34. As one of 
these investigations presented data from two experiments with 
separate samples, the total number of studies in this meta-
analysis was 35. Their main characteristics are summarized in 
Supplementary Appendix 1.
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4.2. Coding of moderator and outcome 
variables

Students’ knowledge acquisition served as the main outcome 
measure. It was defined as the conceptual knowledge participants 
developed through either physical or virtual investigation, as indicated 
by assessments administered during or shortly after the learning 
process. The first moderator, assessment type, classified the 
measurement used as a multiple-choice test, constructed-response 
test, performance-based assessment, or a combined format.

The next two moderators served to answer this study’s research 
questions. The first one, tactile feedback, indicated whether physical 
manipulation provided touch sensory information that helps students 
build an understanding of the concepts they are investigating. The 
moderator student age gave a broad indication of the sample’s mean 
age. In keeping with Piaget’s and Erikson’s stages of cognitive 
development (Thomas, 2005), a distinction was made between 
school-age children (6–11 years), adolescents (12–18 years), and 
young adults (19–27 years). In case participants’ age was not provided, 
the age category was inferred from the students’ grade levels, 
considering the differences in educational systems across countries.

The remaining moderators provided some descriptive details of 
the included studies. Publication year was used as an approximation 
of the time when the study was conducted. As computer technology 
becomes increasingly more sophisticated, older studies using 
computer simulations might yield different results than recent 
research with highly advanced virtual investigation facilities. To 
investigate whether such a differential effect exists, studies were 

classified according to the decade of publication (2000–2010 or 2011–
2021). The research setting concerned the site where the study took 
place. Two broad categories were distinguished: research laboratory 
and regular classroom. The former indicated that data were collected 
in a researcher-controlled environment, for example, a genuine 
university research laboratory or a separate room in the school 
building. Studies that were carried out in an authentic learning 
environment (e.g., a lecture room, the school’s science laboratory, or 
a computer laboratory) were placed in the category ‘regular classroom’.

Interrater agreement was determined in case moderator coding 
required subjective interpretation by the raters. Agreement on 
‘assessment type’ (78%, Fleiss’ κ = 0.71) and ‘tactile feedback’ (86%, 
Fleiss’ κ = 0.72) was substantial according to the benchmarks 
proposed by Landis and Koch (1977). All disagreements were 
resolved through discussion. The remaining moderators were coded 
by the first author, who conferred with the second author when in 
doubt. Fisher’s exact tests were run to determine whether the five 
moderators were related. Using a Bonferroni-corrected alpha level of 
0.005, none of the comparisons turned out to be  statistically 
significant, the p-values were >0.133, which means that all moderators 
were mutually independent.

4.3. Computation of effect sizes

Standardized mean differences were computed and corrected for 
upward small-sample bias. This effect size metric, known as Hedges’ 
g, was calculated as follows:

FIGURE 1

PRISMA flow diagram of the study search and selection process.
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where N is the total sample size, M1 is the mean knowledge gain 
score of the students in the physical investigation condition, M2 is the 
mean gain of the students in the virtual investigation condition, and 
SD is the weighted standard deviation of both groups combined. If 
gain scores were not reported, the study’s effect size was calculated 
from pre- and post-assessment scores, test statistics (F, t, and χ2), or 
frequency distributions, using the conversion formulas by Lipsey and 
Wilson (2001). Note that, as per computation, a positive effect size 
indicates that students learned more from physical investigation, 
whereas a negative effect size denotes higher learning from 
virtual investigation.

Studies reporting data for multiple subgroups or multiple outcome 
measures were handled according to the guidelines proposed by 
Borenstein et al. (2009). Specifically, one study presented separate 
scores for the high and low achievers in both the physical and virtual 
investigation conditions. To reduce bias, scores of the two cohorts 
within each condition were combined to yield a summary effect. 
Other studies assessed students’ knowledge acquisition by multiple 
post-tests. As these tests were equally relevant in determining which 
concepts students had learned through investigation, their scores were 
combined to compute the study’s effect size.

4.4. Data analysis

Main analyses were conducted with Meta Essentials (Suurmond 
et  al., 2017). The random effects model was used because studies 
examining different-aged students engaged in different inquiry tasks 
with different objects and equipment are unlikely to share the same 
true effect size. Following a descriptive analysis of the studies’ effect 
sizes, the summary effect was tested for significance by a z-test. Egger’s 
regression test (Egger et al., 1997) and Orwin’s (1983) Fail-safe N were 
used to determine whether and to what extent the observed overall 
effect was subject to publication bias. Next, Q-tests based on analysis 
of variance were used to determine whether the between-study 
variation in effect sizes was attributable to the moderator variables. If 
so and where appropriate, planned comparisons (Hedges and Pigott, 
2004) were made to unveil which moderator categories differed 
significantly from one another.

5. Results

Data for this meta-analysis were extracted from 35 studies with 
3,303 participants. The effect sizes of two studies were significantly 
greater than zero (g = 1.23 and 1.63), which denotes a benefit of 
physical investigation over virtual investigation. Seven studies had a 
significant negative effect size in the range of −1.51 to −0.45, which 
indicates in favor of virtual investigation, and in 26 studies, the 
physical–virtual comparison was a tie (−0.37 < g < 0.52).

The studies’ overall mean effect size (g) was −0.14, SE = 0.09, 95% 
CI [−0.33, 0.06]. The I2 statistic indicated that 82.44% of the effect size 
variance reflects true score variation; the variance of the true effect size 
(τ2) was 0.21. As can be inferred from the confidence interval, the 

investigation mode had no significant overall effect on students’ 
knowledge acquisition, z = −1.43, p = 0.152, meaning that 
experimenting with physical and virtual materials is equally beneficial 
to concept learning. Egger’s regression test showed no sign of 
publication bias as the estimated intercept (−1.81) did not differ 
significantly from zero, t(34) = 0.73, p = 0.472. Orwin’s Fail-safe N 
indicated that 476 studies with a nil effect would be needed to turn the 
Hedges’ g to zero.

The results of the moderator analyses showed that the variation in 
effect sizes was independent of how students’ conceptual knowledge 
was assessed and in which year a study was published (see Table 1). 
However, a significant moderating effect was found for tactile 
feedback. This result indicates that physical and virtual investigations 
yield comparable knowledge gains if touching materials provide 
relevant information about the concepts to be  learned, but that  
virtual investigation is more effective when the touch experience 
is extraneous.

The participants’ age also moderated the findings. The mean effect 
size of studies conducted with children was higher than that of studies 
with adolescents and adults combined, z = 3.58, p < 0.001, and the 
difference between the latter two age groups was also significant, 
z = 2.36, p = 0.009. The confidence intervals in Table 1 further show 
that adults benefit more from virtual investigations than physical 
investigations, whereas children and adolescents benefit as much from 
either mode of investigation.

The summary effect also depended on the site where a study  
was carried out. Studies conducted under researcher-controlled 
circumstances had a significantly higher mean effect size than studies 
performed in more authentic settings such as a regular classroom. 
The direction of these effect sizes implies that students benefit more 
from virtual investigation if their research is situated in authentic 
settings guided by regular classroom teachers. But when students’ 
inquiry takes place in a quiet space under the surveillance of a 
proctor, physical investigation is more effective than virtual 
investigation. It should be  noted that the distribution of studies 
among these two categories was rather skewed and may have 
impacted the findings.

6. Discussion

The summary effect of the 35 primary studies included in this 
meta-analysis indicates that physical and virtual investigation are 
generally equally effective in promoting students’ conceptual 
knowledge of STEM-related topics. This outcome confirms the 
tentative conclusion from descriptive reviews (Ma and Nickerson, 
2006; De Jong et al., 2013; Zacharia, 2015) and implies that the true 
effect, although slightly in favor of virtual investigation, is close to 
zero. The fact that this result was independent of the year in which a 
study was published further suggests that technological advancements 
have no impact on how much knowledge students acquire from 
virtual investigation relative to physical investigation. In other words, 
computer simulations from the early 2000s are as productive to 
concept learning as contemporary virtual laboratories with highly 
realistic 3D rendering.

However, the equivalence of investigation modes does not apply 
to all learning situations. Adults, for example, benefit more from 
virtual investigation than physical investigation, while no such 
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benefit was found in adolescents and children. Whether the 
comparable effectiveness of physical and virtual investigation for 
younger learners is attributable to their developmental stage or a lack 
of experience with the objects being investigated (De Jong et  al., 
2013) cannot be  concluded from our meta-analysis. Theoretical 
evidence supports the former option, but the observed superiority of 
virtual investigation in adults supports the latter. Future research 
could resolve this discord by comparing the knowledge gains of 
children and adults in an investigation with familiar and unfamiliar 
tangible objects.

The relative effectiveness of investigation modes also depends 
on the substantive contribution of tactile feedback. Virtual 
experimentation is more effective when the focal variables in an 
investigation cannot be experienced by touch. But when tactile 
cues do provide relevant information, physical investigation is just 
as effective. This differential effect is in line with the additional 
channel theory, which assumes that information from touch is 
processed in a distinct part of the human brain and, hence, reduces 
cognitive load during learning. A direct assessment of the latter 
claim could unfortunately not be made here because none of the 
included studies measured students’ cognitive load—which is 
remarkable because quite many studies mentioned cognitive load 
reduction as one of the advantages of either physical or 
virtual investigation.

Implications for theories of embedded cognition are less 
straightforward. On the one hand, our results lend no direct support 
to the notion that physical manipulation promotes conceptual 
understanding since manipulating virtual objects on a computer 
screen was generally equally effective. On the other hand, the data do 
not disqualify the embodiment idea either because the physical 
experience of touch could have compensated for the absence of the 
affordances of virtual investigation, such as simplifying, annotating, 

and visualizing concepts and processes. The value of such features was 
demonstrated by Lee et al. (2006), who found that separated screen 
displays and optimized visual representations enhance middle school 
students’ conceptual understanding.

Virtual experimentation environments can also be augmented by 
haptic feedback. Previous reviews have shown that incorporating 
haptics can produce significant gains in students’ conceptual 
knowledge (Minogue and Jones, 2006; Zacharia, 2015), but its 
implementation in educational research and practice is still in its 
infancy (Luo et al., 2021). Of the few studies we found, none satisfied 
the inclusion criteria so the comparison between physical investigation 
with haptic-augmented virtual investigation is yet to be made. Once 
the body of research has grown, it would be interesting to replicate this 
meta-analysis and focus specifically on the facilitative role of haptic 
feedback, in particular when touch conveys information relevant to 
conceptual understanding.

Beyond contrasting physical and virtual investigations, scholars 
have started to consider how the two are best combined. The 
conclusions are still indecisive as some studies favored the physical–
virtual sequence (e.g., Winn et al., 2006), other studies the reverse 
order (e.g., Toth et al., 2014) or reported no difference between both 
sequences (Flegr et al., 2023). The results of our meta-analysis suggest 
that starting with physical investigation is preferred when students 
have an insufficient tactile experience with the concepts or materials 
being studied, which is often the case with children. When virtual 
investigation precedes physical investigation, students can benefit 
from the unique affordances of virtual investigation to efficiently 
acquire basic knowledge and then deepen and broaden this 
understanding by investigating the same concepts in more authentic 
(i.e., ‘messy’) physical contexts. Although our results provide no direct 
implications for this option, it seems appropriate for use with 
adolescents and adults.

TABLE 1 Results of the moderator analyses.

k N g 95% CI Q p I2

Assessment type 2.48 0.479 0.00

  Multiple choice 12 996 −0.20 [−0.42, 0.02]

  Constructed response 16 1,119 −0.02 [−0.37, 0.32]

  Combined 3 336 −0.04 [−0.26, 0.17]

  Performance based 4 852 −0.42 [−0.99, 0.15]

Tactile feedback 4.51 0.034 77.83

  Relevant 15 1,334 0.09 [−0.24, 0.42]

  Irrelevant 20 1969 −0.30 [−0.49, −0.11]

Student age 8.79 0.012 88.62

  Children 10 801 0.22 [−0.25, 0.69]

  Adolescents 8 639 −0.04 [−0.17, 0.08]

  Adults 17 1863 −0.38 [−0.59, −0.17]

Publication year 0.01 0.967 0.00

  2000–2010 8 556 −0.13 [−0.36, 0.10]

  2011–2021 27 2,747 −0.14 [−0.37, 0.10]

Research setting 6.18 0.013 83.82

  Research lab 4 220 0.81 [0.01, 1.61]

  Classroom 31 3,083 −0.24 [−0.39, −0.09]
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Several limitations should be considered when interpreting the 
results of our meta-analysis. One constraining factor is that the 
number of included studies was quite small and disproportional across 
STEM domains. In total, 23 of the 35 studies (66%) were carried out 
in physics classes, so the current findings do not necessarily apply to 
other domains. In a similar vein, very few included studies assessed 
learning outcomes beyond conceptual knowledge, such as students’ 
inquiry skills or their understanding of the nature of science. With a 
larger set of studies, these outcome measures could have been analyzed 
to paint a more complete picture of the relative effectiveness of 
physical and virtual investigations. On a related matter, non-cognitive 
learning outcomes such as student motivation could be examined to 
establish whether students are equally interested in doing physical and 
virtual investigations. Finally, our meta-analysis did not attend to the 
role of the teacher. This leaves questions regarding whether teachers 
guide their students equally well during physical and virtual 
investigations. Research answering questions like these could provide 
valuable explanations for the relative effectiveness of both modes 
of investigation.

To conclude, although physical and virtual investigation are 
generally equally beneficial to promote students’ conceptual 
understanding, the virtual variant is preferred when students are over 
18 and have to investigate concepts for which tactile feedback is 
substantively irrelevant. We, therefore recommend university teachers 
and adult educators to let students investigate with virtual material 
and equipment, in particular when the research is conducted in 
regular classrooms; a switch to physical investigations can 
be considered if tactile feedback provides relevant sensory information 
about the concepts being studied or when students conduct their 
investigation under well-controlled circumstances. Elementary school 
and high school teachers can decide on a case-by-case basis whether 
to opt for physical or virtual investigation. They can base their choice 
on personal preferences and pragmatic considerations while bearing 
in mind that virtual investigation is more effective when it is not 
possible to work one-on-one with individual or small groups 
of students.
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