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Abstract
Laboratory work has been a common element of sci-
ence courses at university level for around two centu-
ries, but its practice has been criticised by scholars in 
the field and related stakeholders. Mainly on a ration-
ale of financial justification and educational efficacy, 
more evidence for learning has been called for. The 
aims of this systematic review were to characterise 
learning in the laboratory and substantiate learning 
outcomes associated with laboratory instructions in 
university chemistry. Analysis of 355 empirical stud-
ies revealed that students develop five clusters of 
laboratory- related competences pertaining to experi-
mental competences, disciplinary learning, higher- 
order thinking and epistemic learning, transversal 
competences as well as affective domain. These 
competences were specified into related constructs 
measured in the studies. Synthesis of published 
studies led to a substantiated view on multidimen-
sional learning in the laboratory and its implications 
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INTRODUCTION

Experimental work is an indispensable element of post- secondary science curricula. 
However, with the increasing enrolment in STEM (Science, Technology, Engineering and 
Mathematics) programmes, individual laboratory work that caters for hundreds of students 
a year has become a challenge in terms of viability, logistic and resource distribution. 
Consequently, most of the modern laboratory instruction is often verificatory (also referred 
to as traditional, expository, or loosely termed ‘cookbook’), such that more students can fit in 
a rotation system comprising several prescribed experiments for them to conduct.

Two of the pioneering reviews of laboratory education are Hofstein and Lunetta (1982, 
2003). While these reviews pertain to school science rather than higher education science, 
some of the basic distinctions and findings are relevant for and have informed the current 
review. Thus, Hofstein and Lunetta (1982) provide an operational definition of laboratory 
work, which is also employed in this review. It defines laboratory work as ‘contrived learning 
experiences in which students interact with materials to observe phenomena’ (p. 201).

for research, practice and theory are suggested. 
Representations of research areas that deserve ap-
praisals and further investigations are also proposed. 
The video abstract for this article is available at 
https://video.ku.dk/secret/76185334/73665cb96631
5601404b793ffc234a77.

K E Y W O R D S
chemistry education, goals, higher education laboratory work, 
objectives and outcomes of laboratory instruction

Context and implications

Rationale for this study

To provide comprehensive evidence for learning outcomes associated with labora-
tory work.

Why the new findings matter

Our research synthesis substantiates a multidimensional view of laboratory learning. 
There is a large scope for empirical and theoretical development in this complex setting.

Implications for researchers and practitioners

Future research should be directed towards a more comprehensive and rigorous in-
quiry into student learning that considers a more holistic view. Focus on higher- order 
competences is needed. Practice wise, laboratory curricula should better accommo-
date students' learning progression throughout their higher education. Assessment 
and feedback practices should be revisited.

https://video.ku.dk/secret/76185334/73665cb966315601404b793ffc234a77
https://video.ku.dk/secret/76185334/73665cb966315601404b793ffc234a77
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Taken together, the two reviews by Hofstein and Lunetta demonstrate the unrealised 
potentials of school laboratory work with a widespread failure in turning learning goals of 
school laboratory instruction into actual learning outcomes for students. They argue that 
in order to realise the potentials of laboratory instruction, there is a continued need for the 
examination of goals, and how specific laboratory activities and assessment formats can be 
designed to support these (Hofstein & Lunetta, 2003, p. 46). The reviews also argue that 
past research has tended to focus on a narrow conceptualisation of skills, which limited the 
application of the findings.

In terms of teacher's implementation of the curriculum, they argue that research also failed 
to substantiate teacher- student interactions in the laboratory, and how these reflected the in-
tended curricula. In the context of undergraduate science education, Bradforth et al. (2015) 
argue that excellent teachers do so by linking their pedagogy to their own research. Focusing 
on teachers' teaching practices may substantially contribute to their professional learning, 
by means of researcher- practitioner collaboration and reflective activities (Ping et al., 2018).

Some of the arguments from research mentioned above have led to curriculum reforms, 
aimed primarily at improving student learning, including learning in laboratory settings. For 
instance, in the United Kingdom, Good Practical Science was published in 2017, provid-
ing a framework for schools to develop science curricula around practical work (Gatsby 
Foundation, 2017). One of the recommendations in the reform document states that the 
‘school should have laboratory facilities such that students can carry out extended practical 
science investigations’ (p. 13). The reference to extended investigations can be interpreted 
as laboratory exercises that require a longer trajectory beyond a single period, presumably 
with a higher level of inquiry. However, students are yet to benefit from this type of labora-
tory work, as the report claims that many schools ‘are not making full use of [the available 
laboratory facilities]’ (p. 14). When they are, the extent to which students actually learn from 
laboratory work also needs to be substantiated.

A decade earlier, America's Lab Report presented similar findings (The National Academies 
of Sciences, 2006). At least in the context of school science education, their findings point to 
the lack of clarity in defining ‘the laboratory’ and ‘laboratory work’, which ‘make[s] it difficult 
to reach precise conclusions on the best approaches to laboratory teaching and learning’ (p. 
2). Informed by research and curriculum reform recommendations, efforts have been made 
to improve learning in the laboratory by designing new curricula that reflect scientific inquiry, 
incorporate more investigative elements, authenticity, or some form of problem orientation.

As mentioned, Hofstein and Lunetta's reviews were concerned with school science edu-
cation. An important article by Reid and Shah (2007) reviews some key studies of university 
chemistry education, but there is no systematic review of learning in the university teaching 
laboratories.

In higher science education, especially in physical science courses like chemistry, lab-
oratory work occupies significantly more space in the curriculum, which can amount up to 
400 h in an entire undergraduate chemistry degree (American Chemical Society, 2015). 
Accordingly, the role of laboratory in university chemistry is more structurally integrated 
within the curriculum (Reid & Shah, 2007). This prominence may indicate higher importance, 
but scholars have been very critical about assumptions and taken- for- granted practices as-
sociated with experimental work in university science (Buck et al., 2008; Hodson, 2005; 
Reid & Shah, 2007). Recent editorials on learning in the laboratory by Bretz (2019) and 
Seery (2020) point to the same concern from which we embarked on this major review. 
Both editorials assert the importance of providing comprehensive evidence for learning in 
the laboratory, particularly in its pivotal function as a place to do science. While their call 
for substantiation of learning may be read as a call for additional primary studies, we argue 
that a major secondary study will provide a timely overview of knowledge about learning 
from laboratory work. In the decades after the Hofstein and Lunetta (2003) review, digital 
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technology has become pervasive in teaching laboratories both in measurement, data col-
lection and interpretation. Virtual laboratories and simulations are becoming increasingly 
sophisticated and are used in conjunction with laboratory activities or, occasionally, replac-
ing the laboratory activities altogether. Thus, as Hofstein and Lunetta argue for school lab-
oratory instruction, Bretz and Seery argue for higher chemistry education: There is a strong 
need for research on goals of laboratory work and evidence of how teaching and learning 
activities can support student outcomes.

The present review aims to shed light on what empirical research has to say about ev-
idence for learning in the laboratory. We focus on learning outcomes, representing the at-
tained level of curriculum representations (Thijs & van den Akker, 2009). In doing so, we strive 
to consider coherence between the intended (learning goals, perceived roles of laboratory 
work), the implemented (laboratory instructions, pedagogical approaches), and the attained 
curriculum (learning outcomes, assessment results). In the discourse of curriculum devel-
opment, coherence between these levels is considered paramount to successful teaching 
and learning (Porter et al., 2011; Voogt & Roblin, 2012), by ensuring that learning goals in the 
laboratory curricula are translated into appropriate pedagogies in the laboratory, including 
pre-  and post- laboratory activities (Buck et al., 2008). But also, assessment of student learn-
ing should reflect the formulation of learning goals and mirror feedback practices in the lab-
oratory. Our focus on learning outcomes is an attempt to trace this coherence back into the 
learning goals in university laboratories, as published in previous works (Buck et al., 2008; 
Mack & Towns, 2016), and in response to the aforementioned Bretz and Seery's editorials.

Unlike previous works, the present review also attempts to provide a comprehensive 
mapping, by incorporating a systematic review methodology. Essentially, we seek to ad-
dress the following questions:

• How can learning in the laboratory be described and characterised?
• What are the learning outcomes associated with laboratory instruction at university level?

METHODS

Identification: search methods

Two electronic databases— ERIC and Web of Science— were searched using topical keyword 
searches of entire publications. The combination of ERIC and Web of Science allowed for a 
comprehensive coverage of peer reviewed English literature on the overall topic of our study. 
ERIC is widely recognised as the largest full- text database of education- related literature.1 
One possible drawback to use ERIC is the automated nature of ERIC's indexing. This can be 
offset with the parallel use of a person- curated database such as Web of Science. Deciding 
not to include more databases of course carries some limitations. Furthermore, other data-
bases may for example catalogue non- English literature, however, it was not feasible for us 
to cover non- English literature systematically in this study. Other databases may catalogue 
more general literature that would not be indexed as educational— for example, studies of 
how persons behave in psychology laboratory research settings. But we were from the begin-
ning focused on the learning potential for students in the educational setting of laboratories.

Search terms and search logic was selected to define essential elements of the object of 
the review aim. The search string for the Web of Science database search was: (TS = (labora-
tory OR lab OR laboratories OR “practical work” OR “experimental work”) AND TS = (teacher 
OR student OR education OR learning OR learn OR teach OR teaching)) AND LANGUAGE: 
(English) AND DOCUMENT TYPES: (Article OR Book OR Book Chapter) Timespan: All 
years. Indexes: SCI- EXPANDED, SSCI, A&HCI, CPCI- S, CPCI- SSH, BKCI- S, BKCI- SSH, 
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ESCI, CCR- EXPANDED, IC. The search string for the ERIC database search was: (labora-
tory OR lab OR laboratories OR “practical work” OR “experimental work”) AND (teacher OR 
student OR learning OR learn OR teach OR teaching).

Screening: inclusion and exclusion criteria

The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta- Analyses) flow 
chart of search and screening process for systematic reviews (Moher et al., 2009) acted as 
a guide for the current study. PRISMA provides an evidence- based minimal list of aspects to 
report in systematic reviews. Following PRISMA in no way ensures high fidelity, validity and 
reliability of a study; but as any widely accepted procedure, it makes it easier for readers to 
audit the decisions made in the review process.

The exclusion and inclusion of publications was a part of the so- called screening phase 
in the PRISMA statement (Moher et al., 2009)— that is, based on screening titles and 
abstracts. After these steps, in the eligibility phase, full- text readings were the basis for 
quality assessment. Publications were included if they were English language educational 
peer- reviewed research publications within the STEM disciplines that employed empiri-
cal studies to report on student learning outcomes related to chemistry education at the 
post- secondary level. Only journal papers and book chapters that were peer reviewed and 
written in English were included. This was instructed in the database searches, and so not 
a part of the screening per se. As stated above, it was not feasible to cover non- English 
literature systematically in this review. It is a limitation only to focus on English literature, 
but we do think that our vast scope in terms of time and area may offset some of the blind 
spots resulting in the narrow language coverage. Similarly, only focusing on book chapters 
and journal papers omits the substantial amount of ‘grey literature’ such as conference 
papers, white papers, government reports and so on. It was important for us to focus only 
on peer reviewed material to ensure a minimal compliance with research reporting criteria.

While the current review is particularly concerned with chemistry teaching in the university 
laboratory, we opted to include educational research within the STEM teaching gamut be-
cause it was hypothesised that a range of laboratory activities could be contextualised in the 
teaching of several STEM disciplines. Therefore, the term ‘chemistry’ was not a part of the da-
tabase search. This strategy allows the authors at a later stage also to consider a comparative 
review of educational literature on laboratory learning within the different STEM disciplines. 
This decision is discussed below. Some inclusion criteria had to be refined iteratively within 
the group of coders who excluded and included publications. In the case of all but one of the 
inclusion criteria, we calculated the interrater reliability among the individual coders on a sub-
set of the publications. The eventual list of inclusion criteria is presented in Figure 1, while the 
exclusion criteria are described with the inclusion criteria description in the following.

Regarding inclusion criterion 1, we required that the publications had to be on a topic 
within education research. This meant excluding titles such as ‘Electrocardiographic and 
blood pressure effects of the ephedra- containing TrimSpa thermogenic herbal compound 
in healthy volunteers’ (Caron et al., 2006), while retaining titles such as ‘Electrocardiogram 
interpretation training and competence assessment in emergency medicine residency pro-
grams’ (Pines et al., 2004). The coders only excluded a publication if they could rule out 
that the publication reported on a topic within education research. If the publication was 
published in an educational research journal, the coders automatically included it in the 
criterion, even if the title did not suggest it was concerned with educational research (e.g., 
‘History of hepatic bile formation: Old problems, new approaches’ [Javitt, 2014]).

Regarding inclusion criterion 2, only publications on a topic within the field of STEM 
education were retained. This excluded titles such as ‘A journey towards self- directed 
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writing: A longitudinal study of undergraduate language students writing’ (Olivier, 2016). 
The coders used a wide understanding of what constitutes STEM. Publications concerning 
areas of a more biological or chemical nature would be included, whereas publications con-
cerning other areas of health care were excluded (e.g., ‘The use of peer leadership to teach 
fundamental nursing skills’ [Bensfield et al., 2008]).

Regarding inclusion criterion 3, only publications that reported on an empirical study were 
retained. Thus, literature reviews as well as course descriptions and descriptions of labora-
tory activities without collection of evaluative data were excluded. This excluded otherwise 
interesting publications that have informed our work in other ways (e.g., ‘The role of labo-
ratory in university chemistry’ [Reid & Shah, 2007]). It also excluded detailed descriptions 
of well- made laboratory activities with little to no mention of empirical assessment, such as 
‘Peptide mass fingerprinting of egg white proteins’ (Alty & LaRiviera, 2016). Course evalua-
tions is a widespread tool for assessment of teaching and learning. In this criterion, articles 
were excluded if the course evaluation appeared to be the only assessment or data- point 
and if it appeared to constitute a minor part of the articles (e.g., ‘Community- based presen-
tations in the unit OPS laboratory’ [Mitchell & Law, 2005]). This is not to say that course 

F I G U R E  1  PRISMA (preferred reporting items for systematic reviews and meta- analyses) flow diagram 
of the search and screening process (including exclusion criteria) for the current systematic review (cf. Moher 
et al., 2009)
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evaluations were discounted as empirical data, and articles where it appeared to have a 
more prominent role were included (e.g., ‘Showing the true face of chemistry in a service- 
learning outreach course’ [LaRiviere et al., 2007]).

Regarding inclusion criterion 4, only publications that focused on student outcomes were 
retained. This meant excluding studies that focused, for example, only on teachers/educators. 
We required that the publication included an investigation of the student outcome, and that this 
investigation was a primary focal point in the publication. Student outcome was taken to be all 
cognitive, affective, psychomotor, and epistemic proxies for learning. In order to operationalise 
this criterion, we aimed to include publications that had a stated aim or a research question 
about student outcome. But in order to gauge this from the abstract and title we used as a proxy 
the following coding criterion: In the abstract, the description of the empirical study of the stu-
dent outcome gives reason for the coder to assume that the publication contains (i) a research 
question about student outcome, (ii) a sufficient description of research methods and (iii) an 
appropriate and coherent description of data analysis, regarding student outcome.

Regarding inclusion criterion 5, only publications that reported on studies that were ex-
plicitly about chemistry education were retained. This was done by searching for “chem” 
in the worksheet, excluding records that did not contain this element. Thus, the remaining 
publications containing “biochemistry” were included, but not “schema”. Regarding inclusion 
criterion 6, only publications that reported on studies about post- secondary education were 
retained, excluding papers such as ‘Secondary school students’ attitudes to practical work 
in biology, chemistry and physics in England’ (Sharpe & Abrahams, 2020), but including 
papers like ‘Helping students understand formal chemical concepts’ (Ward & Herron, 1980). 
We do believe that research on secondary level can inform the didactics and pedagogies in 
higher education, but we wanted to narrow our focus in this paper.

While it may seem ineffective to first code for the criterion about STEM- education (inclu-
sion criterion 2) and then later code for the criterion about chemistry education (inclusion 
criterion 5), we wanted to keep open the possibility that we at a later stage can make a 
comparative review of educational literature on laboratory learning within the different STEM 
disciplines. Had we included ‘chemistry’ at the level of database search, we would have to 
retrace our screening steps up to this step in order to make comparisons between the find-
ings on chemistry education and, for instance, physics education. Each screening step is 
labour intensive, so not having to retrace steps is preferable.

Eligibility: study selection

Publications identified through the Web of Science database search were exported as BibTeX 
entries and combined in a *.bib file. Publications identified through the ERIC database search 
were exported as PubMed nbib entries and imported as entries into an EndNote X9 library 
using the PubMed (NLM) filter; then the library was exported as a *.bib file. The two *.bib files 
containing all entries were converted into *.csv files using JabRef version 4 and were made to 
have uniform column titles and then subsequently combined in Excel version 16. Each entry 
was given a unique identifier on the format AXXXXXX. Many entries stemming from the ERIC 
database, were not retained in this process. Therefore a python script was made which re-
trieved the missing abstracts on the basis of the ERIC Accession Numbers of the publications.

This information (Accession Number and Abstract) was saved in a spreadsheet file and 
the data were imported into the master *.xlsx file containing all publications using Excel’s 
VLOOKUP function using the Accession Number as the lookup value. Duplicate entries in 
master *.xlsx file were identified; first by using the conditional formatting in Excel to highlight 
cells (containing the title of a publication) with duplicate values; second, additional duplicates 
were found manually by going through entries with titles that contain special characters 
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(these titles were often not found through the conditional formatting); third, in a few cases 
duplicate entries were identified in the screening phase.

For inclusion criteria 1– 4 and 6, the exclusion procedure in the screening phase consisted 
of stepwise iterations of coding attempts with interrater reliability checks. In all cases, the pro-
cess was as follows: (1) The group of coders discussed how a given criteria could be operation-
alised; this included discussing examples and finalising the formulation of the inclusion criteria. 
(2) Then the coders independently coded the same subset of randomly selected publications 
according to the criteria. (3) After all coders finished their coding, the data were compiled in 
Excel and interrater reliability score (Fleiss’s kappa) was calculated. (4a) If the interrater reliabil-
ity score was at least moderate (i.e., Fleiss’s kappa above 0.41 (Altman, 1990), all publications 
to be coded in this step (including those used for interrater reliability analysis) were randomly 
and evenly distributed among the coders. (4b) If the interrater reliability was not satisfactory, 
the procedure restarted at point (1) above with the change in iteration that examples of dis-
agreements in coding were discussed. Inclusion criterion 5 (explicitly chemistry education) was 
so closely tied to data in the database entries that no interrater reliability tests were needed. 
The interrater reliability scores for inclusion criteria 1– 4 and 6 are presented in Table 1.

Inclusion criteria 4 and 6 were coded in Abstrackr (Wallace et al., 2012) using their ma-
chine learning tool, that sorted the articles as ‘most likely to be relevant’. The coders pre-
ferred the tool, which had good search functions to highlight in green colour words that were 
indicators for inclusion, such as ‘Student outcome’, ‘Students’, ‘Undergrad’, and highlight in 
red colour words that were indicators for exclusion such as ‘K- 12’ or ‘high school’. At the end 
of the coding process, 1663 publications previously undecided because of doubts about 
whether to include or exclude were coded in a similar process to the main process. At the 
end of this screening process 475 publications remained.

Eligibility and assessment

Referring to the flowchart of systematic review as recommended by PRISMA (see Figure 1), 
the selected studies were subsequently evaluated in a two- step procedure. The first step 
of this procedure was characterisation of each study according to the following elements:

a. aims of the study, as formulated by the authors;
b. theoretical or pedagogical frameworks, which may refer to theories underlying the con-

ceptualisation of learning or pedagogical approaches used in the study;
c. overarching methodology that guides the investigation;
d. methods pertaining to the nature of data collection (quantitative, qualitative or mixed 

methods) and the strategies thereof;

TA B L E  1  Interrater reliability scores for inclusion criteria 1– 4 and 6

Inclusion criteria ncoders npapers κ 95% CI p

1. Including only educational research 3 101 0.65 [0.53, 0.76] <0.0001

2. Including only studies concerning 
science, technology, engineering and/or 
mathematics education

3 197 0.95 [0.87, 1.00] <0.0001

3. Including only empirical studies 3 268 0.79 [0.72, 0.86] <0.0001

4. Including only studies with focus on 
student outcomes

4 100 0.60 [0.49, 0.72] <0.0001

5. Including only studies related to post- 
secondary education

3 29 0.88 [0.67, 0.1.00] <0.0001
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e. research instruments to collect data, with some specification whenever available;
f. number of participants, with some specifications if there are control and treatment groups;
g. intervention, if available, with a brief specification; and
h. results, as a list of main findings, including negative findings if reported by the authors.

Thorough discussions between the reviewers consolidated the interpretation of the elements 
and corresponding findings, in order to warrant reliability. During this characterisation, several 
studies were excluded as they did not fulfil the inclusion criteria in the screening process— for 
example, the study was not conducted at post- secondary level, not related to chemistry labo-
ratory, not pertaining to student learning outcomes, not an empirical study, and there was no 
access to the full text. The exclusion of these studies brought the number of selected articles 
down to 362.

The second step of the procedure was critical appraisal of the quality of each study in 
which the following aspects were considered (Alderson, 2016; Zawacki- Richter et al., 2020):

• quality of the study design
• quality of the results of the study
• relevance and applicability in the context of our review questions.

The main purpose of this step was to identify the most important studies and interesting find-
ings for our following analysis. In this procedure, each aspect was rated on a scale from 1 to 3, 
whereby 3 was the highest rate. The quality assessment of the study design (elements a– g in 
the list above) was based on proxies such as a formulation of research questions or hypothe-
ses as well as an explicit theoretical/pedagogical framework. It was also specified whether the 
methodology and methods were appropriate to address the aims of the study. This information 
could also indicate to what extent the study was conducted in a rigorous fashion. The following 
questions guided our analysis for quantitative studies: Is the sampling representative of the 
population? Is there a control group? Is the intervention relevant to the aims? For qualitative 
studies, the guiding questions were: Are the instruments appropriate to address the aims? Are 
the numbers of participants observed/interviewed adequate?

To address the quality of the results of the studies, we focused on the aims and results of 
the study and if the results were triangulated to support the claims made by the authors. But 
most importantly, we were particularly interested in the competences related to learning in 
the laboratory that could be identified from the study. We were looking for constructs related 
to learning that were explicitly mentioned by the authors, such as problem solving, critical 
thinking, understanding of the nature of science, and the like. We use the term ‘competence’ 
instead of ‘competency’ on a rationale that the nuanced difference in defining both terms 
from a research perspective points to the former being more specific in scope than the latter, 
contrary to a generalist perspective, as argued elsewhere (Agustian, 2022).

Lastly, we assessed the extent to which each study was relevant for our research ques-
tions on the laboratory- related competences and the extent to which the findings were appli-
cable to other contexts, such as pre- university science context or other science disciplines 
that may offer laboratory courses. At the end of the second part of the critical appraisal, 355 
studies remained for subsequent analysis and synthesis.

Data extraction and analysis

The remaining studies were coded with a focus on key competences related to laboratory 
instructions. In cases where authors did not report their findings in terms of competences 
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or complex skills, we also looked at all proxies of student learning outcomes, including con-
structs pertaining to the affective or conative domains.

To capture every substantiated outcome, an inductive, bottom- up approach was applied. 
This process resulted in 424 descriptors ranging from ‘analytical skills’ to ‘environmental lit-
eracy’. These were combined, restructured and recombined in several steps to become 117 
descriptors, 85 descriptors and eventually 32 codes, ranging from ‘experimental design’ to 
‘understanding of the nature of science’.

Using these new 32 codes, all publications were coded by looking primarily at the results 
sections. Whenever necessary, other sections such as discussion and methods sections 
were also consulted for clarification. This process led to five large themes, experimental 
competences, disciplinary learning, higher- order thinking skills and epistemic learning, 
transversal competences, and affective outcomes. Each theme was associated with more 
than 100 articles, with overlaps between them. Multiple themes could be present in a single 
publication if it reported more than one aspect of student learning.

The writing of the entire analysis was based on the 32 codes and key information from the 
critical appraisal (quality and relevance). Corresponding full texts were continually consulted 
for clarification and specification. During the writing process and the analysis, the codes 
were reduced to 22.

RESULTS

Summary of included studies

The aggregate of included studies in our systematic review covers publications from 1972 
to 2019, as shown in Figure 2. The oldest record is Uricheck (1972), on using interaction 
analysis as a tool to identify patterns of laboratory instruction which differentiate effective 
and ineffective teaching. The study demonstrates that students learn most when they are 
allowed some freedom to discover and clarify the learning goals for themselves. As such, 
they grow independent of the teacher, by developing the habit of thinking through a problem 
on their own initiative. Five decades have elapsed since this early work and some of the 
issues investigated are still relevant. As Figure 2 indicates, 2016 was the year with most 
publications with 49 studies identified. These cover topics as, for instance, assessment of 
authentic research experience (Evans et al., 2016; Harsh, 2016) or investigation into the role 
of physical environment in the learning process from a perspective of basic psychological 
needs (Sjöblom et al., 2016). Several published studies from this year also provide evidence 
for the positive impact of inquiry laboratory on student learning (e.g., Brown, 2016; Goodey 
& Talgar, 2016; Ural, 2016).

The included studies were published in a wide range of journals (Figure 3), from subject- 
specific journals in chemistry education such as Chemistry Education Research and 
Practice and Biochemistry and Molecular Biology Education to those with broader scope in 
science and engineering such as International Journal of Science Education and Journal 
of Research in Science Teaching. In terms of frequency, Journal of Chemical Education 
is by far the most popular medium with 105 publications, followed by Chemistry Education 
Research and Practice with 50 publications.

A large group of studies (more than 70) were conducted as an evaluation study of a 
laboratory course or an intervention. Around 50 studies described measurements of the dif-
ference in students’ learning outcomes between participating students and a control group. 
It is also noteworthy that qualitative research methods such as phenomenology, ethnogra-
phy, and grounded theory are also represented. The majority of studies were quantitative, 
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as shown in Figure 4, mostly using questionnaires to collect data. As a whole, more than 
110,000 students participated in the 355 studies we have reviewed.

The characterisation of the empirical studies in our review demonstrates that about three- 
fourths (263 out of 355) of the published studies have been conducted with a theoretical 
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and/or pedagogical framework in mind. The extent to which the framework is stated and 
elaborated varies, but these studies have fulfilled the basic requirements for educational 
research, as widely established in science (and in particular, chemistry) education research 
(Abell & Lederman, 2007; Bunce & Cole, 2008, 2014). It is beyond the scope of this review 
to specify whether the theories or pedagogical frameworks espoused are the best choice for 
the intended research focus, but at the present level of analysis, the majority of the studies 
meet the quality criteria, from a viewpoint of this particular characteristic. The remaining 92 
articles could benefit from a theoretical/pedagogical framework, in order to ensure that other 
elements of inquiry are illuminated by the recent development in the corresponding area 
of scholarship. For instance, the framework can and should be used to formulate ‘theory- 
based [research] questions’ (Bunce, 2008).

On that note, explicit formulation of research questions was missing in 222 studies 
(62.5%). Although these studies were still conducted with aims in mind (and stated in the 
article), they may benefit from an appropriate and explicit formulation of research questions, 
as it will drive the overall study and determine the course of direction the entire investigation 
is set to take, as argued by Bunce and Cole in their work on chemistry education research 
methodology (Bunce & Cole, 2008, 2014). Interestingly, our data show that most of these 
studies (170 studies, or about 75%) were published in the last decade (since 2010 up to the 
end of the search process in 2019). This signifies a room for improvement in the framing of 
the research problems, which could benefit from a clearer positioning with regards to the ex-
tant literature. Accordingly, we have identified that 181 studies did not incorporate triangula-
tion of measurements. For instance, Hall et al. (2018) use the Course- based Undergraduate 
Research Experience (CURE) survey as the sole instrument to measure learning outcomes 
of interdisciplinary, inquiry- based medicinal chemistry laboratory.

The synthesis of 355 empirical studies on student learning outcomes associated with 
laboratory instructions is summarised in Table 2. As mentioned previously, five distinctive 
clusters have been identified, namely experimental competences, disciplinary learning, 
higher- order thinking skills and epistemic learning, transversal competences, and affective 
outcomes. Each of these clusters were further specified into related constructs that are 
mostly operationalised as research parameters measured in the studies.

F I G U R E  4  Data collection methods used in the studies
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In the following sections, we will describe their key aims, interventions and results. Studies 
which are deemed highly relevant, rigorous, representable or interesting are described in 
greater detail and additional studies are referenced throughout to give a perspective on the 
depth and breadth of the corpus.

Experimental competences

In our review, 136 articles report student outcome with regards to the procedural process 
of the laboratory experiments, either by performing laboratory techniques, handling instru-
ments, analysis and interpretation of data, or designing experiments. These constructs are 
synthesised and described as experimental competences, which we define as students' 
ability to plan, design and carry out a scientific inquiry efficiently and safely. Mastering this 
cluster of constructs requires that students understand the purpose of the investigation, are 
able to carry out relevant manipulative skills, analyse and interpret data, and understand 
criteria and arguments for evaluation of the quality of empirical data.

Practical skills

The act of doing chemistry and working in the laboratory is an important part of students' 
personal experience and development of their procedural knowledge of chemistry and ex-
perimental competences. Seung, Choi and Pestel (2016) examine 100 students' written 
argumentation for experimental procedures in laboratory reports from a process- oriented 
laboratory curriculum. In the process- oriented curriculum, experiments were progressing 
from training observation, over collecting data, synthesising findings, and employing tech-
nology to gain experimental claims. One of their major findings was that students' personal 

TA B L E  2  Student learning outcomes associated with laboratory instructions

Clusters of learning outcomes Substantiated constructs

Experimental competences • Practical skills
• Conducting experiments
• Data analysis and interpretation
• Experiment design

Disciplinary learning • Conceptual understanding
• Theory- practice connection
• Academic achievement and mastery

Higher- order thinking skills and epistemic 
learning

• Problem solving
• Critical thinking
• Argumentation
• Metacognition
• Reasoning and reflection
• Epistemic learning

Transversal competences • Collaboration
• Communication (oral and written)

Affective domain • Expectations
• Interest, enjoyment, and engagement
• Self- efficacy
• Laboratory anxiety
• Motivation
• Self- regulation
• Professional identity
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experience in practising chemical procedures helped the students to achieve epistemic 
knowledge.

The repetitive nature and ample room for practice in the laboratory are important for 
gaining valuable experiences and confidence in performing experimental work. This was 
demonstrated in a study of Warner et al. (2016) reporting that students' technical skills and 
perceived technical competences are correlated to their exposure to practical work in the 
laboratory. They surveyed the students' perceived technical competence (n = 876) com-
pared to their exposure to instruments in the laboratory over 5 years and demonstrated 
that students scored themselves higher with more hands- on and direct exposure to the 
instruments. A similar increase in student's performance and confidence was reported by 
Erdmann and March (2014) when students were completing an assignment to make a video 
of performing a laboratory technique. The students (233 participating, 509 in total) increased 
their confidence and final grade significantly. Other examples of experimental design stud-
ies with control groups showing improvements in students' experimental skills have been 
reported (Gallion, Samide, & Wilson, 2015; Hass, 2000).

Of the 136 studies, 19 document that pre- laboratory activities such as videos, mental 
practice or synopses of the laboratory session improve students' practical skills (Box et al., 
2017; Cavin & Lagowski, 1978; Jordan et al., 2016; Seery et al., 2019). For example, Beasley 
and Heikkinen (1983), compared practical preparation with mental preparation for exper-
iments. In the experimental research study, students' performance (360 participants with 
96 in control group) of specific practical skills as using the balance or a pipette were com-
pared when one group practised the procedure in the laboratory, whereas another group 
practised mentally studying one of two pictorial illustrations with written instructions. The 
outcome was that practice helped the students perform the experimental tasks, regardless 
of whether it was the mental practice or the actual laboratory performance. In another study 
on pre- laboratory activities from 2001, Rollnick et al. performed an action research study 
with two iterations by changing pre- laboratory activity from questions to synopsis writing. 
Both studies are examples of the importance of engaging in meaningful pre- laboratory activ-
ities. Students' learning outcome is poorer when engaging in laboratory work without proper 
preparation, which is prevalent in our review findings (Box et al., 2017; Cavin & Lagowski, 
1978; Darby- White, Wicker, & Diack, 2019; Jordan et al., 2016; Veiga et al., 2019).

Conducting experiments

Inquiry-  or problem- based teaching approaches seem to be particularly effective in devel-
oping students' experimental skills. In our review, 48 of the 136 articles report pedagogi-
cal or theoretical frameworks that are problem- based or inquiry- driven. Essentially, these 
studies substantiate that inquiry- based laboratory activities increase the quality of students' 
experimental work. An example is a quasi- experimental design study by Goodey and Talgar 
(2016), where they compare inquiry- based laboratory exercises with a cookbook approach 
(103 students in total, 36 in treatment group) and report that students doing the inquiry- 
based experiments performed significantly better in the Experimental Design Ability Test. 
Furthermore, inquiry- based laboratories improved students' independence and experimen-
tal competences— for example, as reported by Silva and Galembeck (2017), that increas-
ing autonomy in the laboratory exercises stimulated students' experimental planning skills; 
this was assessed through the quality of 180 students' laboratory reports. Likewise, the 
discourse in inquiry- based laboratory activities has been documented to change from mere 
expository guidance to procedural knowledge reflections. An example of this is a study 
by Xu and Talanquer (2013a, 2013b) who demonstrated that inquiry settings in the labo-
ratory prompted students to pose ideas, test hypotheses, and explore more compared to 
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non- inquiry settings through observation of 20 students. Similar findings were also reported 
by Krystyniak and Heikkinen (2007).

Awareness of safety in the laboratory is very crucial to student learning processes and 
outcomes. This may be associated with their psychomotor domain of learning (Flaherty 
et al., 2017), and we argue that this is a part of experimental competences. In our review, 
attention to safety issues as a part of learning outcomes has also been reported by, among 
others, Inguva et al. (2018) in their design and development of a chemical engineering 
course and Walters, Lawrence and Jalsa (2017), focusing on laboratory safety awareness. 
However, the latter found that although awareness among students of hazard identification, 
emergency response and waste disposal was high, they did not necessarily read safety 
documents. This was found to be a predictor of laboratory accidents, which suggests that 
safety awareness should be incorporated into laboratory curricula.

Authentic research experiences such as Course- based Undergraduate Research 
Experiences (CURE) or Undergraduate Research Experiences (URE) seem to positively 
influence the development of students' practical skills and experimental competence (Chase 
et al., 2017; Nadelson, Warner, & Brown, 2015; Williams & Reddish, 2018). In a large- scale 
mixed- methods study with 116 interviewees and 4285 survey respondents, Harsh et al. 
(2011) reported that students considered ‘exposure to genuine, authentic research expe-
rience’ most important (49%), followed by ‘building confidence to conduct research’ (16%), 
and ‘development of experimental skills’ (15%). Thus, it is evident from our review that such 
experiences increase students' understanding of the process of research and what scien-
tists actually do. In another study on 33 students in a CURE setting, the outcome, based 
on a survey and interviews, was an improved understanding of the research process and 
readiness for future research (Williams & Reddish, 2018).

Data analysis and interpretation

Data analysis and interpretation are crucial in university science. In this regard, 26 articles 
report student outcomes of laboratory learning related to data- analysis and interpretation (Díaz- 
Vázquez et al., 2012; Hall et al., 2018; Iler et al., 2012; Johanson & Watt, 2015; Kappler, Rowland, 
& Pedwell, 2017; Kowalski, Hoops, & Johnson, 2016). Two studies demonstrate that an effective 
way of developing these skills is by allowing students to encounter real and raw data, instead of 
curated or computer- simulated data (Hill & Nicholson, 2017; Witherow & Carson, 2011).

Experiment design

An important part of being a scientist is the ability to design an experiment. Twenty- one stud-
ies in our review provide evidence that students learn some form of experiment design from 
the laboratory experiences (Alneyadi, Shah, & Ashraf, 2019; Cacciatore & Sevian, 2009; 
Turner, Jr. & Hoffman, 2018; Winkelmann et al., 2017). In a project- based learning setting, 
where students followed a year- long course, where they in groups explored a new, unde-
scribed protein through five research phases, they improved their ability to design experi-
ments (Li et al., 2019). Third- party assessment scores from 0– 10 assessed the improvement 
and the involved students scored at least one point more compared to a control group at the 
same level not participating in the same learning setting.

The overall impression of the literature is that evidence for describing experimental de-
sign as a learning outcome of laboratory courses is not very strong. But at least five studies 
suggested a specific method, template or structure to scaffold the students’ understanding 
of experimental design that increased their designing skills (Anwar, Senam, & Laksono, 
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2018a; Arias, Lazo, & Cañas, 2014; Coleman, Lam, & Soowal, 2015; Goodey & Talgar, 2016; 
Willoughby, Logothetis, & Frey, 2016).

Disciplinary learning

More than 190 of the articles in this review focus on either conceptual understanding, 
theory- practice connection, academic achievement, or students' mastery of a discipline. 
These constructs include learning outcomes such as theoretical or curricular knowledge, 
understanding of the connection between the experiment and the underlying theory, higher 
grades or other improvement in assessment, and progression in their higher education. For 
this review, these articles are labelled as investigations on various aspects of disciplinary 
learning.

Conceptual understanding

Conceptual understanding in this context is defined as understanding the underlying ac-
cepted theories and methods in the experiment. Content- based assessment is the most 
common approach to measuring student learning in the laboratory, as reflected in research 
questions exploring the extent to which students ‘learned more’ as a result of an interven-
tion. Those studies are often based on course evaluations, which is generally considered 
somewhat weaker evidence, but not without merit as it can be very close to the actual con-
text, and in some cases, considerable rigour is applied in the evaluation. About a third of the 
reviewed studies mention conceptual understanding as a central student outcome from the 
laboratory work.

Implementations of a more open- ended, investigative and inquiry nature of laboratory 
experiences have shown to increase students' conceptual knowledge. For instance, Díaz- 
Vázquez et al. (2012) conducted an intervention study with 400 students by introducing inter-
disciplinary experiments and student- driven research projects. Students learned concepts 
better when the laboratory teaching was investigative, with peer- review and cooperative 
learning. Likewise, Iler et al. (2012) developed and implemented guided inquiry laboratories 
in a second semester general chemistry course with 50– 60 students. In this setup, students 
were challenged to rediscover basic theoretical principles by looking for patterns in data and 
testing their own explanations. Their course evaluation showed that students improved their 
ability to explain and correct their own misconceptions. In another course evaluation study 
based on interviews and pre-  and post- tests, Weinlander, Hall, and de Stasio (2010) as-
sessed two open- ended laboratory investigations and concluded that students could learn 
abstract concepts when the teaching incorporates real- life applications.

The benefit of problem- based learning and inquiry- driven experiments in development 
of conceptual understanding is supported by the work of Domin (2007) who used question-
naires and interviews to compare the learning experiences of 17 students in problem- based 
learning and traditional expository approaches to laboratory experiments. The findings in-
dicate that problem- based learning approaches led to students' conceptual development 
during the experiment, while the conceptual development that arose from the expository 
approach occurred after the experimental activities. From other studies, it appears that stu-
dents' conceptual understanding during the laboratory activity can be supported through 
various scaffolding interventions such as concept reinforcement (Pierce & Pierce, 2007), 
the use of analogies (Avargil et al., 2015), problem- based learning (Günter et al., 2017), or 
guided- inquiry experiment demonstration sessions (McKee et al., 2007).
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Kiste et al. (2017) investigated the implementation of four integrated lecture/laboratory 
(studio) classrooms for engineering students taking general chemistry. Students' work in 
these studios alternated between laboratory work, group discussions, problem solving, lec-
tures, computer simulations and assessment. The study was theoretically and methodolog-
ically rigorous, investigating 684 students split in treatment and control groups. The data 
were triangulated by combining content knowledge in pre-  and post- tests, learning attitude 
surveys and students' course evaluations. They found that students' content knowledge, 
measured at final exams, improved significantly compared to traditional teaching. Taken 
together, these studies tell us that interventions using active, open- ended, investigative, 
inquiry- based, or similar teaching can lead to an increase in conceptual understanding 
gained from a laboratory course.

Students' prior knowledge can determine the success of their preparation for a laboratory 
activity, as confirmed with an action research study by Rollnick et al. (2001) and with a de-
tailed mixed- methods approach by Winberg and Berg (2007). Furthermore, by interviewing 
six students three times during a semester, Emenike, Danielson and Bretz (2011) docu-
mented that students' prior knowledge has effects on how they experience and narrate their 
conceptual learning.

A very important finding is that conceptual discussions should accompany laboratory 
work, for students to reflect and refine their conceptions. By observing and interviewing 13 
students, Galloway and Bretz (2016) demonstrated that without explicit conceptual discus-
sion activities, students may develop psychomotor skills, but not cognitive skills in the labo-
ratory. The students they followed typically held off on conceptual reflections until writing of 
a report, and the first time students reflected on the conceptual parts of the laboratory activi-
ties was often in the research interview. These findings resonate with the experimental study 
of Saribas et al. (2013), which substantiates that including metacognition tasks in laboratory 
work (e.g., discussing design and implications of experiment) led to better conceptual un-
derstanding. Evidence based on the collection and analysis of 36 laboratory reports showed 
that higher levels of inquiry resulted in a higher proportion of metacognitive questions from 
students, but that there was no correlation between the level of inquiry and student reflection 
on chemical concepts (Xu & Talanquer, 2013a).

Some studies report on the use of IT for scaffolding conceptual learning. Koretsky 
et al. (2008) recommend virtual laboratories as complementary to physical laboratories, and 
interestingly found that a virtual laboratory may be more efficient for learning concepts than 
physical laboratories. This recommendation was based on development and implementa-
tion of a virtual laboratory, which they assessed in an experimental setup using a think- aloud 
data collection method with 119 students in 46 groups. However, this finding was only based 
on surveys at the end of the course. Others find no significant difference between the two 
types of learning settings (Carvalho- Knighton & Keen- Rocha, 2007; Dalgarno et al., 2009). 
Finally, one study showed that the use of interactive videos did not enable students to over-
come higher- level conceptual difficulties (Granjo & Rasteiro, 2018).

Theory- practice connection

Understanding the practices and processes of laboratory work can lead to a better under-
standing of relevant concepts and theory (Seung et al., 2016). One of the most common justi-
fications for laboratory teaching is the theory- practice connection, and more than 10 studies 
have focused on students' ability to connect theory to practice and the impact of different 
laboratory activities on this ability. Student appreciation of theory- practice connection was 
confirmed by Borrmann (2008) who showed that students appreciated linkages between 
theory and observations and valued laboratory education more if it is highly connected to 
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theory from lectures. This study included more than 370 students and accounted for biases 
in student opinions. In two studies, authors developed local teaching practices, and both 
emphasise the link between theory and practice. Chaytor, Al Mughalaq and Butler (2017) 
found that use of pre- laboratory videos facilitated students' learning of the concepts pre-
sented in an experiment (gauged with post- laboratory surveys). Warner, Brown and Shadle 
(2016) reported that students acquire more knowledge of instrumentation, when they spend 
laboratory time producing their own data as opposed to merely learning indirectly about the 
data collection (gauged with surveys and test scores).

In contrast, there are examples of rigorous studies which report negative or neutral findings 
of the theory- practice connection, all because the primary foci of the students or the interven-
tions were elsewhere. In one pre- test post- test control group study, a new learning situation 
was assessed inferior to the old one, and authors suspect that an upcoming exam interfered 
with their data collection (Liang & Gabel, 2005). In a large project converting all laboratory 
teaching in the entire study programme to context- based inquiry teaching, the researcher in-
vestigated the students' perceived skills development through a survey containing closed as 
well as open questions. The result was an increased focus on practical and transferable skills, 
but focus on theoretical understanding did not change (George- Williams, Ziebell, et al., 2018).

Academic achievement and mastery

More than 50 studies in our review investigated students' academic achievement by metrics 
as depicted in grades or scores in final exams, tests or quizzes. Academic achievement is 
of course tightly related to conceptual development, but in contrast to the studies reviewed 
in the previous section, the studies reviewed in this section predominantly foreground aca-
demic metrics about the attainment of intended learning outcomes more broadly and use 
changes in those metrics to make conclusions about the efficacy of specific approaches or 
conditions.

Grading is the simplest and most common instrument for measuring achievement, and 
students place high importance on grades as a measure of their achievements in laboratory 
course work. This was the result of a survey among students about their goals for laboratory 
work and thorough analysis of more than 600 responses (Santos- Díaz et al., 2019). Similar 
strong evidence for the importance of grades as an extrinsic motivational factor was found 
by Mazlo et al. (2002) in their experimental setup where students (n = 400) were better 
prepared for the laboratory activities when their pre- laboratory quiz scores affected their 
grades. The importance and the accessibility of grades led to many studies using grades 
and final exams as a measure of outcome, often in combination with other measures (Ferrer- 
Vinent et al., 2015; Islim & Cagiltay, 2016; Small & Morton, 1983).

Various interventions have been found to successfully improve students' academic 
achievement, such as guided inquiry (Akkuzu & Uyulgan, 2017; Ural, 2016), cooperative 
learning (Saleh, 2011), and context-  and problem- based learning (Baran & Sozbilir, 2018). 
As additional examples, academic achievement improved in studies, where they exposed 
students to a variety of interventions, such as an authentic performance project (Wilson 
& Wilson, 2017), use of a laboratory manual that promotes visual information processing 
(Dechsri et al., 1997) and use of concept maps (Ghani et al., 2017). Also, an entirely rede-
signed course that combined contextual, collaborative and inquiry- based learning in the lab-
oratory and sought to give students a sense of ownership of their education, had a positive 
impact on academic achievement (e.g., Pezzementi & Johnson, 2002).

It can be beneficial to develop laboratory teaching that includes both a physical and a 
virtual part. This may manifest in big setups with live and virtual laboratories (Goudsouzian 
et al., 2018; Johnston et al., 2014). Also, at least six studies show that multimedia, video 
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or online interactive preparation resources can positively influence student performance 
(Chaytor et al., 2017; Nadelson et al., 2015; Stieff et al., 2018; Veiga et al., 2019; Whittle & 
Bickerdike, 2015), which corresponds well with the finding that delegating some work from 
post-laboratorytopre-laboratorycanimproveperformanceatthefinalexam(Pogačnik&
Cigić,2006). In this study, theauthors changedacourse, conductedquestionnaires, in-
terviews, observations and collected exam scores from more than 200 students pre-  and 
post- intervention. Another important finding is that laboratory teaching in combination with 
lectures leads to better academic achievement compared to lectures alone, as found by 
Matz et al. (2012) and Rowe et al. (2018) when 386 students responded to their survey about 
courses with or without laboratory components.

So far, we have focused on the evidence in the literature on students' content learning. 
In addition to content learning and performance (as reflected in grades and scores), at least 
19 studies investigate more complex types of disciplinary learning. An overarching interpre-
tation of these studies as a body of research is how students develop as they get closer to 
mastering a discipline.

For students to master the discipline of scientific laboratory work, Dillner et al. (2011) 
restructured their laboratory curriculum into integrated laboratories, rather than division in 
traditional chemical sub- disciplines and found through course evaluations and focus group 
interviews, that integration facilitated students' ability to work on research- like projects. 
When Harsh (2016) developed the instrument Performance Assessment of Undergraduate 
Research Experiences (PURE), it was found that mastering a discipline entails that stu-
dents develop both laboratory skills and scientific thinking skills. Similarly, Szteinberg and 
Weaver (2013) introduced research experiences early in the laboratory course and found 
that mastering a discipline entails improvement in an array of learning outcomes. They did a 
three- year longitudinal study where they surveyed more than 500 students and interviewed 
23 students to track students' perception of laboratory courses.

When students do work that resembles the scientific process, with self- design, problem- 
solving and creativity, it strengthens their independence and growth as a scientist (Gao, 
2015). In a large mixed- methods longitudinal study with 116 interviewed individuals and 4300 
survey respondents, Harsh, Maltese and Tai (2011) found that exposure to Undergraduate 
Research Experiences (URE) was highly valued by students. This underscores the point 
that feeling competent in the laboratory and being able to work independently leads to a 
positive view of chemistry as concluded by Lyall (2010) after introducing independent work 
and a less organised environment in a course. We will return to these last examples also in 
the section on affective outcomes below.

Higher- order thinking skills and epistemic learning

The selected empirical research literature in our review demonstrates that university stu-
dents learn higher- order thinking skills through laboratory work (Díaz- Vázquez et al., 2012; 
Krystyniak & Heikkinen, 2007; Oliver- Hoyo et al., 2004). One of these studies was dedicated 
to investigating the use of an inquiry- based laboratory to foster higher- order thinking skills in 
particular (Madhuri et al., 2012). Higher- order cognition refers to a host of critical, systemic, 
creative and evaluative cognitive processes that lend themselves to more complex tasks 
such as problem solving and critical thinking. The concept is often compared to lower- order 
cognition, which refers to manual or algorithmic manipulation of cognitive process such as 
memorisation and rote learning. In our review, the following constructs have been substan-
tiated, namely problem solving, critical thinking, argumentation, metacognition, reasoning 
and reflection, and epistemic learning.
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Problem solving

According to OECD (2004), problem- solving competence refers to students' capacities to 
identify a problem and its constraints, present possible alternatives to solution, select solu-
tion strategies to solve the problem, reflect on the solutions, and communicate the results. 
In our review, at least 14 studies found that laboratory exercise facilitates the acquisition of 
problem- solving competence (Amante et al., 2011; Hill et al., 2019; Li et al., 2019). Some of 
these findings also suggest an association between problem- solving competence acquisi-
tion with undergraduate research experience (Burt, 2017; Shadle et al., 2012) and problem- 
based laboratory curriculum (Gürses et al., 2007; Lanigan, 2008; Shultz & Zemke, 2019). 
Analyses of student responses to surveys and interviews from these studies indicate that 
problem- solving competence acquisition involves an integration of many types of knowledge 
and necessitates self- regulation of learning.

Evidence from research shows that certain types of laboratory curriculum and pedagogical 
approaches such as problem- based and industrially situated laboratories (Koretsky et al., 
2011; Zoller & Pushkin, 2007) could help students think at higher cognitive levels by allowing 
them to work on authentic experimental tasks, even in a virtual setting. These studies provide 
recent evidence of the effect of problem- based laboratory instruction on student learning, in 
comparison to other non- laboratory instructional contexts such as lectures and classroom 
demonstrations. Accordingly, other studies conducted by Díaz- Vázquez et al. (2012) and 
Kaberman and Dori (2009) are particularly interesting, as they used longitudinal case studies 
and experimental design methodology involving more than 1000 students, with appropriate 
triangulation of data analysis and interpretation. They found that student learning outcomes 
pertaining to higher- order thinking skills also manifested as an increase in critical thinking, 
question posing of a more substantial and theoretical nature, and sense- making of 3D mo-
lecular models.

Critical thinking

Critical thinking has been lauded as one of the most important goals of higher education 
that can benefit students in their personal and professional life beyond university. Various 
attempts have been made to define critical thinking, among others, by categorising the con-
struct into skills and disposition (Huber & Kuncel, 2016). Others, like Moon (2007), strive to 
synthesise how learners, teachers and laypersons perceive what it means. In our review, 
15 studies have found that laboratory instruction led to critical thinking (Chase et al., 2017; 
Knutson et al., 2010; Vitek et al., 2014). Chase et al. (2017) examined 86 students taking a 
course- based authentic research experience and measured their critical thinking using the 
Critical- thinking Assessment Test (CAT). Although they used a small sample and the study 
lacked a control group, they found that students' critical thinking improved upon taking such a 
laboratory course. As a comparison, Vitek et al. (2014) developed a grading rubric to meas-
ure critical thinking of 11 students enrolled in clinical chemistry. They, too, reported learning 
gains in this higher- order cognitive skill. Both publications properly described limitations of 
their study. However, from a viewpoint of research synthesis, there is a lack of clear definition 
of what the construct ‘critical thinking’ means. In Chase et al.’s study above, they define the 
construct in terms of other constructs that we also synthesise in this review, that is, creative 
thinking, problem solving, data interpretation and analysis, and communication. In compari-
son, Stephenson and Sadler- McKnight (2016) define it as self- regulatory judgement that is 
based on evaluation of evidence, context and methodology. In most of the other that reported 
critical thinking as a learning outcome, the construct was not defined. Considering the widely 
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popular use of the construct, it is relevant to clarify what it means in the context of laboratory 
teaching and learning.

In general, critical thinking in the laboratory was acquired through research experience at 
undergraduate (Chase et al., 2017) and doctoral level (Philip et al., 2015), team- based learn-
ing approach (Belanger, 2016; Carrasco et al., 2019), problem- based curriculum (Koretsky 
et al., 2011), and science writing heuristics (Stephenson & Sadler- McKnight, 2016). In their 
analyses, researchers often report this outcome along with acquisition of other competences 
such as problem solving, scientific reasoning, self- directed learning, as well as collaboration 
and communication skills. This mirrors the development of the conceptualisation of critical 
thinking in the literature.

Argumentation

As an educational construct pertaining to higher- order cognition, argumentation is central to 
science education, as reflected in curriculum reform documents and leading science educa-
tion journals (Erduran et al., 2015; Osborne et al., 2016). It emphasises the evidence- based 
justification of knowledge claims and draws on a mix of content knowledge, procedural 
knowledge and epistemic knowledge. We have analysed at least eight studies that may 
provide evidence for learning related to argumentation in science (Kadayifci & Yalcin- Celik, 
2016; Seung et al., 2016; Walker & Sampson, 2013). Of these, Walker’s research group 
has been consistently producing empirical work of considerably high quality focusing on 
students’ ability to use the core ideas presented in the laboratory to explain a phenomenon 
and solve a problem (Walker et al., 2016), students’ difficulties with elements of argumenta-
tion (Walker et al., 2019), and students’ development of argumentative competence (Walker 
& Sampson, 2013). One of the rather striking findings from their studies is that students do 
not seem to change their reasoning even when provided with contradictory evidence. It is 
also noteworthy that the empirical findings relating to the acquisition of argumentation com-
petence may provide a support for inquiry- type experiments, as opposed to confirmatory 
experiments (Katchevich et al., 2013), as the discourse during such laboratory exercise has 
been found to be rich in arguments.

Metacognition

As a construct, higher- order thinking skills are closely related to metacognition, which be-
longs to an established corpus of research in its own. Metacognition refers to an awareness 
of one's own learning and thinking process. In their edited work ‘Handbook of Metacognition 
in Education’, Hacker et al. (2009) maintain that metacognition consists of basic components 
applicable to almost any learning tasks, including laboratory work. These basic metacogni-
tive components are often described as constructs related to knowledge and beliefs about 
cognition, monitoring cognition and regulating cognition. In our reviews, at least seven stud-
ies make an explicit reference to metacognition in their analysis and findings, either as a 
focus of investigation (Mathabathe & Potgieter, 2017; Sandi- Urena et al., 2011) or as a part of 
learning assessment results emerging from the data (Teichert et al., 2017; Xu & Talanquer, 
2013a). Some of these quantitative findings indicated that students increased their ability 
and metacognitive strategies in solving online ill- structured chemistry problems. Meanwhile, 
others succeeded in characterising metacognition in terms of regulation of learning and 
corresponding strategies. The fine- grained coding system developed by Mathabathe and 
Potgieter (2017) allowed for a theoretical elucidation of the social nature of metacognition at 
play in collaborative laboratory work. As with higher- order thinking skills, the substantiation 
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of metacognitive learning outcomes in our review also resulted in other related outcomes, 
such as problem solving, modelling skills, and understanding the nature of science (Sandi- 
Urena et al., 2011, 2012; Saribas et al., 2013).

Reasoning and reflection

Reasoning and reflection are considered as important competences that transcend disci-
plinary boundaries, especially in educational contexts where self- regulated learning is re-
quired (Tillema, 2000). Likewise, both of these constructs have been around for centuries in 
philosophical writing, often manifesting in the notion of dual processes of thinking: one fast 
and intuitive, the other slow and reflective (Evans, 2019). In the context of laboratory educa-
tion, researchers often refer to these terms in various degrees of analyses and conceptual 
elaboration. This is captured in at least 13 studies in our review (Coleman et al., 2015; Furlan, 
2009; Xu & Talanquer, 2013a). The study conducted by Galloway and Bretz (2016) is par-
ticularly insightful as it inquired into the cognitive processing that took place while students 
were watching themselves in the video recording of their laboratory work. The retrospective 
interviews afforded them an opportunity to stop and think about the chemistry behind the ex-
periment they did. Varying degrees of understanding were revealed and only a few students 
could explain the purpose of the steps they carried out, albeit laden with inaccurate chemi-
cal ideas. Accordingly, another study by Gopal et al. (2004) also shows how reflection on 
laboratory work allows students to identify and change misconceptions so they can further 
refine their conceptions. The acquisition of reasoning and reflective competences through 
laboratory exercise can seemingly be facilitated with writing tasks that go beyond standard 
laboratory report formats. Interventions using reflective writing (Han et al., 2014) have been 
shown to be effective in helping students develop scientific reasoning and reflection skills.

Epistemic learning

Apart from learning outcomes in higher- order cognition, the studies in our review also pro-
vide evidence for epistemic learning— that is, learning how knowledge is established with re-
spect to the material world, and how it is structured, produced and justified. Although closely 
related, this domain of learning is distinct from the cognitive domain in a way that it shifts the 
focus from the learner— along with their cognitive apparatus and associated processes— to 
the learned, that is, the nature, origin, limit and justification of the target knowledge. It also 
looks into the entire process that generates such knowledge.

In their study on the effect of cooperative problem- based chemistry laboratory instruction 
on graduate teaching assistants' epistemological and metacognitive development, Sandi- 
Urena et al. (2011), found that students were afforded opportunities to reflect on some import-
ant epistemological aspects of laboratory work and the knowledge it purports to generate. 
But most prominently, laboratory work has been found to facilitate an understanding of the 
nature of science (Marchlewicz & Wink, 2011; Pagano et al., 2018; Russell & Weaver, 2011). 
The terminology ‘nature of science’ typically refers to the epistemological commitments un-
derlying the activities of science, that is, science as a way of knowing, or the values and be-
liefs inherent to the development of scientific knowledge (Bell et al., 2000). It also entails an 
understanding and appreciation of the work of scientists, processes of science and sociol-
ogy of science (Yacoubian & BouJaoude, 2010). As a concept, it has been in a discourse of 
science education for well over a century. Eleven studies have substantiated these learning 
outcomes through various pedagogical approaches and theoretical frameworks, including 
research- based laboratory pedagogy (Russell & Weaver, 2011), process- oriented laboratory 
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curriculum (Seung et al., 2016), constructivism (Cessna et al., 2009), activity model of in-
quiry (Marchlewicz & Wink, 2011), and meaningful learning (Saribas et al., 2013).

The empirical studies leading to substantiation of students' understanding of the nature 
of science in the context of the laboratory provide us with relevant insight into the role of the 
laboratory in fostering epistemic learning. Considering the current theories on the concep-
tualisation of this construct in science education (Allchin, 2013; Erduran & Dagher, 2014; 
Lederman, 2006), it is relevant to specify which theoretical frameworks the authors in our 
review have used. Four studies with explicit conceptualisation of the nature of science seem 
to refer to the consensus approach, which was initially proposed by Lederman's research 
group at the beginning of the twenty- first century (Akkuzu & Uyulgan, 2017; Marchlewicz & 
Wink, 2011; Russell & Weaver, 2011; Saribas et al., 2013), whereas the remaining seven in 
our review did not make an explicit reference to any theory on the nature of science. This 
is relevant to guide future research in laboratory education that wishes to focus on the 
epistemic domain, as the contemporary approach tends to highlight epistemic practice and 
family resemblance, as opposed to an attempt to find a consensus between various science 
disciplines.

Transversal competences

Apart from discipline- specific knowledge and skills, laboratory work has also been found 
to facilitate the acquisition of transversal competences. The construct ‘transversal com-
petences’ has gradually gained recognition as one of the desirable outcomes of higher 
education, particularly in professional and vocational education, but has been somewhat 
neglected in competence research (Mulder, 2017). Authors in our review also refer to them 
as generic skills (George- Williams et al., 2018; Shultz & Zemke, 2019; Ynalvez, Ynalvez, & 
Ramírez, 2017). Although there is no consensus on what those constructs exactly mean, 
it is generally agreed that they are fundamental for a learner in applying knowledge, skills 
and attitude to meet an increasingly complex societal and professional demand. Some of 
the proxies of characteristics of transversal competences include transferability and cross- 
functionality, and thus, the constructs pertaining to higher- order cognition above are also 
transversal. In our review, it is sometimes signified with the term interdisciplinarity (Mulligan 
et al., 2011; Richter- Egger et al., 2010). Transversal competences are also typically related 
to social and interpersonal relations. The transversal competences have been substantiated 
to varying degrees in the studies. We are particularly interested in these competences as 
they can be observed, evidenced and developed. The following paragraphs illustrate some 
of this evidence.

Collaboration

The largest bulk in the learning outcomes pertaining to transversal competences in our 
review is concerned with collaboration (Bruck & Towns, 2013; Hass, 2000; Pezzementi & 
Johnson, 2002). In their study focusing on student interactions in the laboratory, Wei et al. 
(2018) found that there was an association between learning outcomes and the frequency 
of student interactions during laboratory work. Although most interactions observed in the 
laboratory were primarily concerned with procedures and results, as opposed to the chem-
istry behind the experiment, more interactions were observed to lead to a higher achieve-
ment level. In another study, collaborative learning was used as a pedagogical approach 
to examine its effect on student attitudes and performance in the laboratory (Shibley & 
Zimmaro, 2002). Using an experimental design methodology across three terms, they found 
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that students in the collaborative treatment groups stayed in the laboratory longer to work 
on their results and seemed willing to question each other rather than relying on the profes-
sor for information. A similar effect was also reported by Pontrello (2016) and Turner, Jr. and 
Hoffman (2018).

Communication

Relevant to the acquisition of collaborative competence, the studies in our review also 
demonstrate that students learn various aspects of communication skills (Anwar, Senam, 
& Laksono, 2018b; Burt, 2017; Iler et al., 2012). Indeed, in studies by Díaz- Vázquez et al. 
(2012), Hill et al. (2019), and Li et al. (2019) collaboration and communication skills were 
evident in a single research setting. In these studies, students learned to articulate their 
ideas with clarity and communicate effectively through written and oral presentations. An 
interesting finding drawn from student reflections also provides an insight into student under-
standing of science communication and its importance in raising social awareness (Sewry 
& Paphitis, 2018).

A form of communication, writing is a useful transversal competence that can be devel-
oped through laboratory exercise. At face value, this competence is regarded as self- evident 
in laboratory education, considering most teaching laboratories use student laboratory re-
ports as an artefact that can be directly assessed and marked. However, several studies in 
our review went an extra mile in substantiating learning outcomes related to writing skills 
that students acquired through laboratory work, as can be discerned from the works of 
Sampson and Walker (2012) using an argument- driven inquiry approach, van Bramer and 
Bastin (2013) using a progressive writing assignment, and Anwar et al. (2018a) using an 
orientation- decision- do- discuss- reflect method. In these studies, the researchers delved 
into some specifics of laboratory- related writing activities, inter alia, by attending to students' 
ability to justify the methods they used in the experiment and the alignment of such process 
with the epistemological commitments of science.

Affective domain

The affective domain in chemistry education has only relatively recently gained justified 
attention even though its importance has been described since the 1950s (Kahveci & 
Orgill, 2015). In general, this domain is concerned with such psychological constructs as 
values, attitudes, beliefs, perceptions, emotions, interests, motivation, and the like. One of 
the possible reasons why it has been studied to a lesser extent is the greater challenge in 
measuring the affective constructs. Conceptual and methodological knowledge of the affec-
tive domain is still developing— particularly regarding the adequacy of constructs, validation 
of instruments, and sensitivity of measurements. Empirical evidence for affective learning in 
the laboratory is, therefore, also developing. We have identified several constructs substan-
tiated through a range of methodological approaches.

Expectations about laboratory learning

In a series of papers, a research group led by Bretz investigated students' cognitive and af-
fective expectations and experiences of learning in the chemistry laboratory (Galloway et al., 
2016; Galloway & Bretz, 2015b, 2015a, 2016). Their studies substantiate that students' ex-
pectations about laboratory learning direct their thinking and performance in the laboratory. 
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Their validated instrument ‘Meaningful Learning in the Laboratory Inventory (MLLI)’ is an 
attempt at an integrated perspective on student learning and assessment in the labora-
tory, whereby the psychomotor part of doing science should not be regarded in isolation, 
detached from the cognitive and affective parts. In their MLLI, the affective dimension of 
laboratory learning is reflected in statements such as that students expect ‘to worry about 
finishing on time’, ‘to be nervous when handling chemicals’, and ‘to be excited to do chem-
istry’ (Galloway & Bretz, 2015a). Mirroring their study, George- Williams et al. (2018) found 
that students started their university careers with very positive expectations of their teaching 
laboratory experiences, but these expectations became more negative each year they were 
enrolled in the programme.

Interest, enjoyment and engagement

In terms of frequency, affective constructs such as ‘interest’, ‘enjoyment’ and ‘engagement’ 
seem to be the most used by the authors in our review. Thirty- eight studies thematised how 
laboratory- related activities supported the development of student interest (Ablin, 2018; 
Costantino & Barlocco, 2019; Erasmus, Brewer, & Cinel, 2015), often operationalised using 
an attitudinal scale (Chatterjee et al., 2009; Erdem, 2015; Henderleiter & Pringle, 1999; 
Turkoguz, 2012). There was no singular focal point in these studies, except that they all 
reported on various levels of interest development— positive as well as neutral. In most 
cases, the term ‘interest’ was not used based on an explicit edifice of interest theory. 
Nevertheless, there were exceptions where more effort was spent on the theoretical clari-
fication on the concept of interest. For example, Mulligan et al. (2011) situate their concep-
tualisation of interest in the broader scholarship of students' approach to learning (Marton 
& Säljö, 1976). However, they concede that their substantiation of student learning is pri-
marily derived from students' qualitative feedback on their learning experiences, and not 
quantified as such. We argue that this may lend itself to a debate between methodological 
choice in substantiating student interest, whether there is a preference for quantitative over 
qualitative methods.

In most of the reviewed studies, interest was measured by asking students whether they 
found some intervention, activity or task interesting. And although the scope of the focus 
varied widely, most studies reported on (positive) interest development in the context of a 
course (Alneyadi et al., 2019; Kappler et al., 2017; Muryanto et al., 2017), a specific labora-
tory activity (Read & Kable, 2007; Zimmerman et al., 2019) or the use of a specific tool or de-
vice (Eid & Al- Zuhair, 2015; Erasmus et al., 2015; Fung, 2016). This colloquial use of the term 
‘interest’ is a characteristic in studies that primarily focus on other factors and where interest 
is an en passant effect. However, in some of the studies found here the affective aspects like 
interest and enjoyment remain a focal point of the research (George- Williams, Soo, et al., 
2018). In their study on inquiry laboratories, George- Williams et al. gauged students' level of 
interest in the experiments and found that an interesting and worthwhile experiment is key to 
students' enjoyment and engagement in the laboratory.

As it is the case with interest, there are several reports on positive findings regarding stu-
dent enjoyment, appreciation and satisfaction (Chen, 2018; Goff et al., 2017; Tomasik et al., 
2013). The same goes for findings of increased engagement in the subject or the laboratory 
activity (Burand & Ogba, 2013; Hartings et al., 2015; Mulligan et al., 2011; Stevens, 2017; 
Wilson & Wilson, 2017). In such studies, students were often surveyed in relation to an eval-
uation of a given course or a specific educational intervention.

In many of the studies mentioned above, student interest, enjoyment and the like 
were treated as one parameter that either increased or decreased due to a certain 
intervention. However, Ertmer, Newby and MacDougall (1996) revealed that students 
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with contrasting goal orientations responded differently to cases they found difficult and 
challenging: students with a mastery orientation found such cases interesting whereas 
students with a performance orientation felt frustrated with these cases. This result sug-
gests some alignment with outcomes pertaining to the mastery of a discipline presented 
earlier.

Self- efficacy

Self- efficacy is a specific affective construct that has been considered as particularly impor-
tant in educational research. It refers to beliefs or perceptions about one's own capability to 
learn or perform tasks at a certain level (Zimmerman et al., 1996). In our review, seven stud-
ies explicitly mention the term self- efficacy as a learning outcome of laboratory instruction. 
Three of them investigate the effect of an inquiry- based or problem- based instruction on 
self- efficacy beliefs, and demonstrate positive results (Evans, Heyl, & Liggit, 2016; Mataka & 
Kowalske, 2015; Winkelmann et al., 2017). Some of these articles point to the importance of 
emulating some form of research experience for students to increase their self- efficacy be-
liefs of their ability to execute projects and solve problems. For instance, Winkelmann et al. 
(2017) revealed that research- inspired laboratory modules increased students' self- efficacy 
beliefs of their ability to complete inquiry activities. This result reflects the powerful impact 
of authentic research experience, which was also substantiated in the previous section on 
experimental competence.

Beside a full research experience, increasing self- efficacy belief was also associated with 
a pharmacy laboratory (Alsharif et al., 2016) and a laboratory module that included both a 
traditional “live” experimental component and a student- designed “virtual” computer simu-
lation component (Goudsouzian et al., 2018). Two studies treated the relationship between 
self- efficacy beliefs and attitudes to chemistry (Erdem, 2015; Kurbanoglu & Akin, 2010). 
Both studies found a positive relationship between attitudes and self- efficacy beliefs. In their 
study, Kurbanoglu and Akin also looked at the relationship between self- efficacy beliefs, 
attitude and laboratory anxiety, which will be described in the following section.

Related to the findings on self- efficacy beliefs, many studies also report evidence of 
an increase in students' confidence. The increase in confidence is most often related to 
technical skills but occasionally also conceptual understanding. We see examples of stud-
ies demonstrating an effect from research- like educational settings on student confidence 
(Knutson et al., 2010) or a laboratory- intensive course that teaches students specific tech-
niques (Witherow & Carson, 2011). We also see an example of increased confidence in a 
study of chemistry students in an organic practical class, where they were required to work 
individually, as opposed to working in groups (Lyall, 2010). The incorporation of virtual simu-
lations and videos as a pre- laboratory activity also demonstrates that students felt substan-
tially more confident and comfortable operating laboratory equipment (Dyrberg et al., 2017; 
Seery et al., 2017; Towns et al., 2015).

Laboratory anxiety

Affective constructs do not always connote a positive trait or state. Indeed, emotional states 
such as frustration, confusion, nervousness, boredom, anxiety and worry have been associ-
ated with laboratory work (Galloway et al., 2016). In our review, we have identified at least one 
of these more negatively associated affective constructs: anxiety. Focusing solely on this con-
struct, Abendroth and Friedman (1983) implemented an actual psychological anxiety reduction 
programme into the chemistry laboratory sessions for first- year students and found a good 
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effect on anxiety level. In comparison, Kurbanoglu and Akin (2010) investigated several affec-
tive constructs and examined the relationships between laboratory anxiety, chemistry attitudes 
and self- efficacy beliefs. Specifically, they found that laboratory anxiety correlated negatively 
to chemistry attitudes and self- efficacy. Mirroring this study, other studies also substantiate that 
different pedagogical interventions such as usage of laboratory techniques and guided inquiry 
reduced laboratoryanxiety,while actual skills (Aydoğdu, 2017)andacademicachievement
(Ural, 2016) improved. The latter also observed a significant increase in students' attitudes 
towards the chemistry laboratory as an effect of the guided inquiry intervention.

There is an indication that the use of a virtual laboratory may reduce anxiety in compar-
ison to a wet laboratory, although a clear effect is not established (Dalgarno et al., 2009). 
Similarly, the use of technology in a form of pre- laboratory video demonstration indicates 
that students experience less anxiety about the practical procedures in the laboratory (Teo 
et al., 2014). As virtual tools are getting more widely used to support learning in the labora-
tory, it is worthwhile to consider how they can be harnessed to not only reduce cognitive load 
but also laboratory anxiety.

Motivation

Motivation has often been conceptualised as belonging to the affective domain. However, its 
origin can be found in the research tradition of philosophy of mind, especially in its intersec-
tion with psychology. Motivation is considered to energise and direct action (Flaherty, 2020) 
and is seen as a precursor to the volition (Goldin, 2019). While motivation only impacts deci-
sions to act, volition manifests as cognitive control strategies that keep a learner focused on 
intentions despite other opportunities and distractions.

A positive relation between increased motivation among students and an inquiry and 
problem- solving approach was substantiated by Knutson et al. (2010), investigating a year- 
long biochemistry experience. Similarly, Amante et al. (2011) found positive effects on mo-
tivation from incorporating a specific method for problem solving into laboratory activities of 
different engineering courses. In line with these findings, McDonnell, O'Connor and Seery 
(2007) find that problem- based mini- projects have increased class participation and en-
gagement and improved class morale. Other interventions that are found to have a positive 
impact on student motivation are the implementation of a citizen science approach into 
current laboratory practices (Borrell et al., 2016), and the use of concept mapping among 
chemical engineering undergraduate students (Muryanto et al., 2017).

In the corpus of educational research on motivation, the learning environment is often 
referred to as an essential element that influences learners (van Lange et al., 2012). Deemer 
et al. (2017) and Park et al. (2017) treated the influence on motivation from the social envi-
ronment or climate in the laboratory. Using interviews and observations of 10 students and a 
visiting scholar, the former revealed that the learning environment and culture in the labora-
tory influenced individuals' productivity and motivation to participate in research. In compar-
ison, the latter showed that high affiliation in a laboratory session strengthened the positive 
association between research mastery goals and class- based mastery goals, based on 
surveys of 185 students using validated questionnaires.

Comparing a virtual and a traditional learning laboratory, Tarng et al. (2018) found that 
most students considered the virtual laboratory useful, also with regard to improving their 
learning interest and motivation. Likewise, de Vries and May (2019) evaluated a virtual labo-
ratory simulation for educational use and tested if and how the virtual laboratory simulation 
could be applied to a practically oriented education aimed at motivating students. The overall 
conclusion of this study was that virtual laboratory simulation was an effective supplement 
to traditional teaching activities for the education of laboratory technicians. Furthermore, the 
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study indicated that the use of virtual laboratory simulation cases increased study activity 
as well as motivation.

Dyrberg et al. (2017) tested a hypothesis that virtual laboratory work increased student 
motivation because they felt better prepared for the real laboratory exercises. They found 
that students did feel more confident and comfortable operating laboratory equipment, but 
they also found that the student did not feel more motivated to engage in virtual laboratories 
compared to real laboratories.

Self- regulation

Research development in self- regulation, also known as self- direction, is often aligned 
with reflective practice and metacognition (Sperling et al., 2004; Tillema, 2000). But more 
than three decades' worth of empirical and theoretical work in human motivation in a social 
context reveals that self- regulation is one of the most fundamental psychological needs, in 
which sense of autonomy and freedom to determine our own learning trajectories are crucial 
to our competence development (Black & Deci, 2000; Deci et al., 1996; Deci & Ryan, 2011; 
Ryan & Deci, 2006). In their extended work on academic achievement and self- efficacy, 
Zimmerman et al. define academic self- regulation as self- generated thoughts, feelings and 
actions intended to attain specific educational goals (Zimmerman et al., 1996). Properly 
designed and instructed, laboratory work provides an ample scope for developing self- 
regulation, provided that the experiments are not of ‘cookbook’ variety (Silverman, 1996). 
Our review substantiates this argument, as described below.

Goodey and Talgar (2016) and Seyhan (2016) found a positive effect from respectively 
a problem- based and inquiry intervention on students’ self- regulation. Echoing this, Günter 
et al. (2017) found that the students took a more active role in this kind of laboratory. Positive 
influence on aspects of self- regulation is also found in studies conducted by Alsharif et al. 
(2016) in a pharmacy laboratory and Jordan et al. (2016) using student- generated video 
instruction.

In a thorough qualitative study using ethnographic methods Burt (2017) looked into the 
engineering graduate students' learning experiences to determine what students learned, 
and sought to identify the practices and activities related to the laboratory that facilitated 
their learning. It was found that research group members developed four dominant compe-
tences, one of them was receiving and responding to feedback. Another study by Hill et al. 
(2019) investigated the extent to which students recognised laboratory course- related skills 
development and understood the skills that employers are looking for. Around 10% of the 
students studied pointed to independent learning and study skills.

Professional identity

Three studies substantiate how laboratory work may influence students' professional iden-
tity (Nadelson, Warner, et al., 2015; Perez, Cromley, & Kaplan, 2014; Ynalvez et al., 2017). 
For instance, Nadelson et al. (2015) describes a study of how research experience influ-
ences the professional identity development of undergraduates. Students involved in the 
Research Experience for Undergraduates (REU) programme were provided with a basis 
for consideration of their career choices. In this programme the students were residents 
on campus during a 10- week summer experience where they were engaged in chemistry 
research. This experience allowed them to gain greater insight into the work of research 
scientists. Not only did REU provide students with a basis upon which they can make ca-
reer plans, it also provided opportunities for students to develop their professional identity 
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and competence. Engagement in an authentic research community influenced students' 
development of deeper knowledge and enhanced perceptions of themselves as science 
professionals.

Sjöblom et al. (2016) also found an influence on the professional identity development 
among students from the physical environment where they conducted their experiments, as 
they maintained that the usability and functionality of spaces and tools contributed to not just 
the fluency of the intellectual activity but also to the related emotional experience of oneself 
acting in a particular environment. The everyday successes or struggles in the laboratory 
built on the students' developing professional identity as well as their sense of belonging to 
the professional community.

The concept of professional identity described above is also closely related to studies 
seeking to understand students’ choices of career paths and retention in STEM subjects. 
For instance, Perez et al. (2014) argue that identity development is important in college 
STEM student perceptions of values and cost of continuing as STEM majors. Using a short- 
term longitudinal survey study over one semester, they found empirical evidence show-
ing that students' perceived cost (drawbacks associated with effort, lost opportunities, and 
stress and anxiety) played an important role in academic choices in STEM. Mirroring these 
studies, career paths and retention in STEM were also associated with work experience 
as laboratory assistants (Hughes et al., 2008), a laboratory course on research methods 
(Chen, 2018), and an undergraduate research experience (CURE) programme (Kowalski 
et al., 2016).

DISCUSSION

In this section, we will discuss the results of our synthesis in order to: (1) characterise learn-
ing in the laboratory; (2) provide a landscape overview of research on learning outcomes 
associated with laboratory instruction at university level, by identifying representations and 
gaps of knowledge; and (3) present implications for research, practice and theory develop-
ment. The section will in general follow the structure of the results section with elabora-
tions based on the theoretical discourse in the learning sciences and laboratory education 
research.

The many dimensions of learning in the laboratory

Our synthesis of 355 empirical studies on university chemistry laboratory education dem-
onstrates that learning in the laboratory is distinctively multidimensional. The different types 
of learning outcomes substantiated through laboratory teaching spans several domains of 
learning and a range of constructs. We can discern domains of learning that involve cogni-
tion, affect, conation, psychomotor and the epistemic dimension of science. Within some of 
these domains, stratifications of learning are employed, such as from lower-  to higher- order, 
basic to advanced, concrete to abstract, general to specific, naïve to sophisticated under-
standing, and isolated to integrated.

The notion of multidimensionality of learning is rooted in educational psychology, particu-
larly in the critique of cognitivism, as a dominant approach to understanding human learning 
in the twentieth century. Dai and Sternberg (2004) assert that a cognitivist- reductionistic 
view on reasoning, whereby motivation and emotion are seen as peripheral to cognition, 
disregards essential components of intellectual functioning and development. In a real- life 
context, learning is a dynamic, multifaceted phenomenon that may only be understood prop-
erly when all related elements are considered. Accordingly, as a complex phenomenon, it is 
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affected by a host of motivational, emotional, self- regulatory and phenomenological aspects 
(Illeris, 2018). In chemistry education, this notion has also been explored in large- scale stud-
ies and curriculum reforms, highlighting the importance of redirecting science instruction 
towards integration of content knowledge and scientific practices (Cooper & Stowe, 2018; 
Pazicni et al., 2021; Stephenson et al., 2020) and theorised further to frame a comprehen-
sive assessment of learning in the laboratory (Agustian, 2022). Our synthesis provides in-
sight into the dimensions and underlying constructs employed in current research.

The manner in which those learning domains have been substantiated still necessitates 
integration. One of the most perpetuated learning goals in the laboratory is the theory- practice 
connection, whereby students are expected to obtain an understanding of the underlying the-
oretical, conceptual and epistemic assumptions during laboratory work. Getting students to 
have ‘minds- on while hands- on’ is still a challenge to laboratory education practitioners, and it 
is reflected in our review. When this lack of integration is extrapolated to a broader landscape 
of learning domains, considering students' conation, affect and social construction of meaning, 
it seems clear that the potentials of meaningful laboratory learning have not been reached. 
This problem may be caused by a fragmented approach to curriculum design, instruction and 
assessment. In seeking to improve the quality of laboratory education, both researchers and 
practitioners involved in teaching laboratories should aim at a high level of integration of these 
learning domains. From the perspective of curriculum development, this will ensure coherence 
between the three levels of curriculum, namely intended, implemented and attained levels 
(Thijs & van den Akker, 2009), as argued at the beginning of this review. From the pedagogical 
perspective, stronger integration could lead to more meaningful learning and holistic experi-
ence of doing science (or learning to do science) in the laboratory (Dai & Sternberg, 2004).

Experimental competences and laboratory skill 
performance assessment

Over the course of more than a century, teaching laboratories have been established 
as a place to learn to do science (Bretz, 2019; Hofstein & Lunetta, 2003; Kirschner & 
Meester, 1988; Seery, 2020). The activities of preparing for an experiment, planning an 
inquiry, executing it, analysing the collected data and reporting the results, require a lot of 
knowledge and skills, which renders laboratory learning distinctive. Nevertheless, critics 
often lament the lack of assessment of, for example, laboratory techniques and practical 
skills (Agustian, 2020a, 2022). The psychomotor domain is often hailed as the raison d’être 
of laboratory education, but although laboratory work in university chemistry courses often 
involves skills such as manipulating glassware and performing instrumental techniques, as-
sessments are not always designed to measure students' performance of these skills and 
techniques. This is mirrored in our review. To illustrate, about a third of the studies mention 
learning outcomes related to experimental competences. Of this, the actual practical skills 
performance has been assessed to an even lesser extent (51 out of 355 studies, or around 
14%). If the psychomotor domain lies at the heart of laboratory pedagogy, why is it not as-
sessed adequately?

A part of the answer may be that many basic practical skills such as titration and distil-
lation are becoming obsolete and are being replaced with automated systems. Therefore, 
the importance of these basic skills in scientific practice is diminishing. However, if they are 
part of the laboratory curriculum and the longer progression of student learning trajectories, 
we argue that they should be assessed. If students are taught and make efforts to develop 
those skills, they should receive feedback on how their learning is progressing. Of course, 
this is primarily relevant for laboratory courses offered to science majors and presumably 
less so for those aiming at non- science students.
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The assessment of practical skills and laboratory techniques is evident in our review, but 
it is mostly an indirect assessment, in which students' self- reports are used to gauge their 
perception of skill level, as described in the results (Carson & Miller, 2012; Warner et al., 
2016). In cases where direct assessment is administered, it is mainly an assessment of 
content knowledge, with a few exceptions of observations of behaviour in the laboratory, in-
cluding using video registration (Galloway & Bretz, 2016; Harsh, 2016). The self- reports are 
usually generated from interviews or surveys, where students are asked to what degree or if 
they think they became better at performing at certain laboratory- related task. Such reports 
are important mainly for establishing and attending to students' self- beliefs and self- efficacy 
in the laboratory, two constructs primarily associated with the conative domain of learning. 
However, a proper practical assessment that works well on many levels is not easy to design 
and implement. Several authors have tried and succeeded (Kirton, Al- Ahmad, & Fergus, 
2014; Towns et al., 2015), but today's reality of science courses admitting large numbers of 
students each year often forces laboratory course designers to employ conventional written 
tests rather than actual performance assessment of practical competences. Thus, there is 
a need to reconsider the types of summative assessment employed by institutions and for 
students and institutions to shift the focus towards the continuous formative assessment, 
rather than summative assessment.

Laboratory instruction and corresponding assessment should be directed towards higher- 
order experimental competence, defined here as competence related to designing an exper-
iment. This will address the problem of students just following predesigned protocols that is 
often associated with a ‘cookbook’ approach to laboratory curricula.

In our conceptualisation of experimental competences, we refer to inquiry as a pedagog-
ical and methodological approach to learning to conduct scientific investigations. Due to 
the nature of progression of most undergraduate degrees in science, inquiry- related com-
petences such as experiment design, critical evaluation of data and argumentation will be 
indispensable, because towards the end of their degree, students are typically expected to 
conduct a full inquiry on a scientific theme of interest (Seery et al., 2019). Surely students 
cannot be expected to acquire this competence without experience of planning, executing, 
evaluating and reporting a scientific investigation. In the case of laboratory education, the 
execution part entails practical skills and laboratory techniques, and we assert that these 
need to be assessed adequately as well.

Pre- laboratory work plays an important role in facilitating the experimental competence 
acquisition and cognitive learning. We have identified recurring foci on pre- laboratory ac-
tivities and their role in providing scaffolding on both theoretical and practical accounts 
(Chaytor et al., 2017; Darby- White et al., 2019). Students are usually urged to prepare 
their laboratory session by reading the laboratory manual, reviewing related concepts 
from lectures, and becoming familiar with the techniques and manipulations of the ex-
periment, but typically far from all students actually do so (Agustian, 2020a). Lack of 
preparation is one of the factors that causes anxiety during the laboratory work (Kolodny 
& Bayly, 1983). Johnstone et al. (1998) posit that the aim of the pre- laboratory activities is 
to prepare students to take an intelligent interest in the experiment by knowing where they 
were going, why they were going there and how they were going to get there. In a pre-
viously published review, Agustian and Seery (2017) argue that pre- laboratory activities 
have been used on the grounds of at least three rationales, namely to introduce chemical 
concepts, to introduce laboratory techniques and to address affective dimensions. This 
systematic review confirms the findings. Pre- laboratory work should be designed within 
an appropriate pedagogical framework to ensure progression from pre-  to in-  to post- 
laboratory by means of scaffolding.
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Disciplinary learning outcomes: need for more focus on higher- 
order cognition

Unsurprisingly, our synthesis shows that chemistry- specific outcomes are strongly repre-
sented, with more than half of these studies associated with some form of disciplinary learn-
ing. A tendency is that much of what is measured pertains mainly to lower- order cognition 
and many studies are focused mainly on content knowledge. In the critical analysis of the 
quality of the studies, we identified several published articles that had quality issues. Some 
were based only on course evaluations, some lacked clear formulation of research ques-
tions or hypothesis, some failed to employ appropriate use of relevant educational theories, 
some lacked methodological rigour. There is scope for more investigation into higher- order 
cognition in laboratory settings. In our review, this is exemplified in several well- designed 
studies that focus on problem solving and argumentation in the laboratory, in which students 
use core concepts to construct arguments, explain a phenomenon and solve a problem.

We have found a large number of studies where students' conceptual understanding was 
measured, as specified in the results section. Likewise, some of the studies focused on 
higher- order thinking skills and related constructs, namely problem solving, critical thinking 
and metacognition. The importance of attending to complex cognitive tasks and higher- 
order skills is that these skills are required in the acquisition and development of compe-
tence, whereby highly integrated knowledge structures, interpersonal skills, attitudes and 
values work in synergy (van Merriënboer & Kirschner, 2017). The integration of these skills 
into laboratory exercises is possible precisely because of the complex nature of the learn-
ing environment (Seery et al., 2019). Thus, while the complexity of the environment is often 
considered detrimental to learning, it also holds potential for the development of higher order 
thinking.

In developing effective instruction to address higher- order cognition, it is important to 
consider relevant theories as a framework of reference. For example, regarding argumen-
tation, science educators may focus on argumentation as a critical element in the design 
of learning environments in order to make scientific thinking and reasoning visible (Duschl 
& Osborne, 2002). As such, students should be encouraged to explore critically the coor-
dination of evidence and theory that support or refute an explanatory conclusion, model or 
prediction, much of which is pertinent to laboratory work.

Transversal competences: need for more focus on social and 
epistemic domains

In the literature of laboratory education, generic skills, transferable skills or transversal com-
petences are often lauded as one of the valued potentials of laboratory work (Hodson, 1993; 
Johnstone & Al- Shuaili, 2001; Reid & Shah, 2007; Seery, 2020), albeit with some reserva-
tion (Wellington, 2005). In our review, these competences are represented by collaboration 
and communication, but the constructs related to higher- order thinking skills could be also 
interpreted as transversal.

The reference to constructs such as argumentation, collaboration and communication 
shows that the social domain of learning is clearly a characteristic of laboratory educa-
tion. However, this is more often assumed than actually studied (Nakhleh et al., 2002). We 
identified a gap in our understanding of how social interactions facilitate students' chemical 
learning, that is, relating the three levels of chemical representations (macroscopic, sub- 
microscopic and symbolic), which is a typical problem in chemistry education (Johnstone & 
Al- Shuaili, 2001).
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There is still much scope for investigation into various aspects of social interactions in the 
laboratory. Of great interest is the kind of interactions that involve artefacts such as labora-
tory instruments. We still have limited understanding of how learning unfolds and extends 
from the personal to the social in a learning environment where instruments and equipment 
are used to perform learning tasks (Agustian, 2022). With more research- based knowledge 
in this area, for example in distributed cognition (Hutchins, 2001), curricular and pedagogical 
interventions could be directed towards increasing the use and usefulness of the social and 
material interactions to enhance learning experiences in the laboratory. Also in relation to 
the social domain, our current understandings in the learning sciences and science studies 
highlight the importance of finding a balance between teaching for conceptual, epistemolog-
ical and social learning goals (Duschl, 2008; Duschl & Grandy, 2013).

We described how the epistemic domain has been addressed primarily in terms of stu-
dents' understanding of the nature of science. In the university setting, there is certainly 
a need to understand the role of the laboratory for student learning about how knowl-
edge is established in the sciences (Agustian, 2020b). The ‘material turn’ in the philos-
ophy of science— stressing the complex interplay between material, technologies and 
theory development— has shed new light on the crucial role of the experiment and the 
experimental process in the overall scientific development (Hacking, 1983; Latour, 1986; 
Pickering, 1995). However, the implications of this renewed focus on the role of the mate-
rial aspects of scientific knowledge production has not yet impacted laboratory education 
research.

Engaging students in epistemic practices of science is pivotal to the deep understanding 
about the nature of their disciplines through participation (Matthews, 2018). However, ‘cook-
book’ laboratory procedures do not necessarily help students develop knowledge and un-
derstanding of the scientific knowledge creation process. We argue that research can play a 
role of organising the efforts so that students have an opportunity to reflect on some of the 
epistemic dimension and problems related to their laboratory work (for instance, concerning 
research conduct, inter- subjectivity and so forth).

The affective domain: need for more theoretical grounding

Our analysis shows that a relatively large number of studies report on aspects of affective 
learning. Thus, there is a substantial emphasis on the affective domain in the description of 
laboratory- related competences. However, although we have coded seven distinctive con-
structs, some of them were presented as a lay- term or in a not very theoretically informed 
manner. For instance, statements in the results section along the line of ‘Students enjoyed 
the laboratory work’ or ‘They were interested in the new laboratory structure’. This is par-
ticularly true for studies involving self- reports in data collection. Sometimes the indication of 
affective response is perhaps simply expressing the subjectivity that student self- reporting 
entails, rather than an actual investigation of the role of a specific affective construct for 
learning.

STEM education scholars have highlighted the importance of attending to the affective do-
main of learning and instruction, including in a laboratory context (Alsop, 2005; Chamberlin 
& Sriraman, 2019; Kahveci & Orgill, 2015; Wellington, 2005). In the context of constructivist 
pedagogy, this domain is often associated with the question of how students experience 
learning, as opposed to what they learn. It is difficult to think of the affective domain in 
isolation from the cognitive. In the context of our argument for more integration of learning 
domains, researchers and practitioners should consider affective factors in laboratory in-
struction. An attempt at integrating the cognitive and affective domains of learning can be 
discerned from the work of Oatley (2000) which is highly relevant for laboratory education 
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due to its close association with distributed cognition. This is illustrated in the way long- term 
emotional states such as enjoyment, enthusiasm and affectionate warmth can influence 
learning through mobilisation of resources and maintenance of commitment to the learning 
goals, particularly in the context of social interactions involving artefacts in laboratory learn-
ing environments.

IMPLICATIONS

Implications for research

Findings from this systematic review provide a roadmap for future studies in laboratory 
education. Learning in the laboratory is multidimensional, and future research should be 
directed towards a more comprehensive substantiation of student learning that considers 
different learning domains, the interplay between them, and ways in which they could be 
enhanced. This includes (1) considerations of all learning domains associated with labora-
tory work, namely cognitive, affective, psychomotor, social and epistemic; (2) use of both 
direct measures, such as rubrics and observation protocols, and indirect measures, such as 
validated questionnaires (Demeter et al., 2019); and (3) focus on not only learning outcomes 
but also learning processes, including constructs regarded as prerequisites for learning. As 
discussed, a higher level of integration between the different learning domains in substantiat-
ing student learning could also improve our understanding of the interplay between aspects 
of learning and how they could support each other. For example, when designing a research 
instrument to measure a specific cognitive construct, it is important to bear in mind that cog-
nitive processes in the laboratory are not isolated and devoid of a broader context of learn-
ing. Thus, larger- in- scope constructs such as epistemic practice (Kelly & Licona, 2018) and 
scientific inquiry (Hodson, 1996) are relevant.

Research endeavour to improve rigour and relevance is argued to strengthen the evidence 
for student learning in the laboratory and the quality of laboratory education research in general 
(Lodge & Bonsanquet, 2014; Van Merriënboer & Sweller, 2005). There is strong evidence for 
the added value of laboratory work in higher science education compared to a less expensive 
format such as lectures, as described in the results. However, some of the evidence discerned 
from the included studies could benefit from greater methodological rigour. Triangulation is 
particularly relevant and important for a more comprehensive understanding of student learn-
ing in the laboratory. Data obtained by different means would have strengthened the findings.

There is a need for further studies in higher- order cognition and epistemic learning in the 
laboratory, particularly metacognition and social epistemology. The laboratory is a fertile field 
of research, primarily due to its complex nature, and we still have a limited understanding of 
social- epistemological aspects of teaching and learning in this setting. We need to better un-
derstand how the social interactions in the laboratory, either among students, between them 
and the instructors, and between both and the instruments, influence personal beliefs, knowl-
edge and competences. There is little knowledge as to whether and how the widely practised 
grouping in laboratory work elevates the personal to the social and how it contributes to learn-
ing. In terms of conceptual clarity, the construct ‘critical thinking’ may need to be defined more 
clearly, especially when it is part of the investigation or reported as a learning outcome.

Correspondingly, a better understanding of how students develop their higher- order ex-
perimental competences is needed. Scholarships in science studies and the learning sci-
ences may prove to be a useful body of knowledge to consult. A few studies have been 
published (Anagnos et al., 2007; Goodey & Talgar, 2016; Lefkos et al., 2011), but there 
is a large scope for more rigorous intervention studies in which students are adequately 
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supported in their development of experiment design competences. This is crucial also from 
a practice perspective, as we elaborate next.

Implications for practice

For laboratory curriculum designers, it is important to develop a curriculum that accommo-
dates and fosters students' progression of learning, as mapped in our review. Consider, for 
example, students' development of experimental competences, from acquisition of basic 
practical and data- related skills to a more advanced ability to design an investigation. To 
be able to design an experiment, students must be proficient and confident with basic skills 
and procedures needed for the design. Therefore, both have a place in the curriculum. A 
pitfall in much laboratory instruction is that this progression is not scaffolded, or worse, 
entirely disconnected in the curriculum. If the preceding laboratory courses are entirely 
prescribed for students, students dislike being required to design their own scientific inquiry 
towards the end of their science degree (Agustian, 2020a). They need to be exposed to 
an increasingly higher level of inquiry as they progress in their higher education (Etkina 
et al., 2010).

For laboratory instructors, it is important to revisit assessment and feedback practices in 
the laboratory. As argued in this review, the learning continuum related to laboratory instruc-
tion starts before students enter the laboratory and continues after the exercise has been 
completed. While the practice of pre- laboratory activities has been prevalent at least since 
the 1970s (Agustian & Seery, 2017), they are not always assessed, and students do not 
always get feedback on their pre- laboratory work (Chittleborough et al., 2007). Formative 
feedback and assessment practice to support students' competence development should 
be a central focus and permeate the learning continuum mentioned above. For instance, 
although laboratory reports are widely adopted to document students' laboratory work, there 
is still a need for empirical investigations of how feedback on these reports impacts on stu-
dents' understanding of the experimental work they have carried out.

Implications for theory

As a part of science education research, laboratory education research has a large potential 
for theory development. We have identified at least three areas in which relevant theories 
could be developed, departing from this review. Firstly, epistemology in higher education. 
Experimental work has been a central and largely influential element of scientific knowledge 
development. To date, parallels between the inner workings of science and educational 
practices that reflect these workings have been studied (Berland et al., 2016; Jiménez- 
Aleixandre & Crujeiras, 2017; Knorr- Cetina, 1999), but there is arguably a large scope for 
research and development in the context of laboratory education. A useful work is, for ex-
ample, Jiménez- Aleixandre and Reigosa (2006). Future work on epistemic orientation in 
this context can advance theoretical development in philosophy of science, particularly the 
intersection between philosophy and education.

Secondly, the learning sciences. The complex nature of learning environments in the 
laboratory lends itself to various foci, depths and levels of interdisciplinarity. The cognitive- 
psychological focus that permeates the scholarships in science teaching and learning could 
be enriched with the social-  and cultural- psychological foci. The manifestation of embodied 
learning in the laboratory may also further our understanding of bodily and perceptual ex-
periences involved in science learning. Accordingly, the affective and conative domains of 
learning in the laboratory represented in our review with constructs such as self- efficacy 
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beliefs and motivation may contribute to a more nuanced understanding of how related the-
ory such as self- determination theory (Deci & Ryan, 2011) can be contextualised in scientific 
practices.

Thirdly, curriculum theory in higher science education. We purposefully make references 
to curriculum design and development as an important framework in which researchers and 
practitioners could work (collaboratively) on student learning outcomes and processes. The 
notions of inquiry, scaffolding and competence development are chief to the theoretical and 
methodological choices made in the primary studies. Synthetic work such as this systematic 
review has an implication for a more thorough overview of the central role of curriculum de-
velopment in university science education.

CONCLUSIONS

We have systematically reviewed empirical studies focusing on student learning outcomes 
in the chemistry laboratory at university level. Based on established criteria, we have identi-
fied five large clusters of learning outcomes: experimental competences, disciplinary learn-
ing, higher- order thinking skills and epistemic learning, transversal competences and the 
affective domain. Each of these clusters have been specified and described. Firstly, dis-
ciplinary learning in the laboratory is related to conceptual understanding, theory- practice 
connection, academic achievement and mastery of chemistry. Secondly, experimental com-
petence pertains to experiment design, conducting an experiment, laboratory skills and 
techniques, as well as data analysis and interpretation. Thirdly, higher- order thinking skills 
are concerned with problem solving, critical thinking, argumentation, metacognition, reason-
ing and reflection, as well as epistemic learning. Fourthly, transversal competences identi-
fied in our review are collaboration and communication skills. Finally, the affective domain 
associated with laboratory instruction manifests as learning expectation, interest, enjoyment 
and engagement, self- efficacy beliefs, laboratory anxiety, motivation, self- regulation and 
professional identity.

Our analysis of published studies led to a substantiated view of multidimensional learning 
in the laboratory, in which the conceptualisation of student learning goes beyond the cogni-
tive view. With considerations of the affective, conative, psychomotor, social and epistemic 
dimensions of learning, our synthesis reveals a broad landscape of research on student 
learning, with areas deserving appraisals and gaps of knowledge yet to be resolved. Several 
issues related to each of the identified constructs have been discussed in light of contem-
porary scholarship in learning sciences and STEM education research. We have presented 
recommendations for future research to focus more on higher- order cognition. Likewise, we 
have identified a sizeable scope for developing and assessing higher- order experimental 
competence that goes beyond indirect assessment of skill level perceptions. We have also 
identified various constructs belonging to the affective domain but there is a need for more 
theoretical grounding in current scholarship in the affective dimension of chemistry edu-
cation, a field of research that has only recently gained the relevant attention. Transversal 
competences are well substantiated in our review but there is room for more focus on the 
role of the social and epistemic domains of learning in the laboratory.

Our review sheds some light on how virtual laboratory has been used, and it is perti-
nent across the clusters of learning outcomes we have identified. There is a modicum of 
evidence for its benefit in terms of conceptual learning, self- efficacy beliefs and motivation. 
However, most of the studies used it in combination with the physical laboratory, either in 
the form of pre- laboratory activity or a supplementary simulation resource, as opposed to 
a substitute for the real experience. As the world witnessed the Covid- 19 pandemic, faculty 
worldwide were forced to immediately shift laboratory teaching online. We completed our 
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search process prior to this unprecedented situation, and as we worked on the analysis and 
synthesis during the lockdowns, a multitude of studies on laboratory education which were 
presumably entirely virtual are not included in this review. Therefore, there is a scope for an 
extension of this systematic review to also explore laboratory education where laboratory 
work is not present. See, for example, Kelley (2021), Finne et al. (2021), and other special 
publications in Journal of Chemical Education.

In general, research development in laboratory education necessitates more rigour in 
terms of theoretical and methodological frameworks. We have identified specific areas 
where this could be enhanced, such as formulation of research questions, clear theoretical 
framing, relevant triangulation, and clarification of the construct definitions. Implications for 
practice have been suggested, particularly concerning curriculum design and assessment. 
Likewise, we have proposed implications for theory development in philosophy of science, 
the learning sciences and curriculum theory in higher education.
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