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Abstract
Virtual labs provide space for students to iteratively test, observe, and revise their under-
standing so as to improve their scientific literacy. However, one of the challenges that stu-
dents face is that they need to think and act like scientists so as to be sensitively alert to 
methodological flaws and various sources of error. This study thus compared the effect 
of two instructional approaches using a virtual lab to enhance students’ scientific literacy. 
Before students were given the opportunity to conduct science inquiries with the vir-
tual lab, they were required to critique problematic inquiry cases (the critique group) or 
watch teachers’ demonstrations (the teacher demonstration group) before taking part in the 
inquiry. By analyzing data from 50 middle school students, this study found that the effect 
of applying virtual labs can be augmented by an instructional design that engages students 
in critiquing experiments prior to their inquiry with the virtual lab. This study also found 
a limitation of the use of virtual labs in helping students transfer what they have learned 
from the teacher’s demonstration to new inquiry contexts. A close relation among scientific 
literacy post-test scores, critiquing performance, and inquiry performance in the inquiry 
activity was detected, suggesting that student critiquing prior to inquiry is in alignment 
with the goal of developing students’ inquiry skills and scientific literacy with virtual labs.
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Introduction

Educators and researchers have been advocating the critical role of fostering students’ sci-
entific literacy in contextualized environments, such as engaging students in project-based 
learning in the area of STEAM or STEM education (Adriyawati et  al., 2020; Kusumas-
tuti et al., 2019), or in argument interventions (Cavagnetto, 2010). Such an emphasis on 
scientific literacy not only aims to help students learn predefined knowledge, but also to 
develop students’ competencies in constructing scientific knowledge with scientific meth-
ods (OECD, 2016; Osborne, 2014). The OECD PISA Framework defines scientific literacy 
as the ability to explain phenomena scientifically, evaluate and design scientific inquiry, 
describe and appraise scientific investigations and propose ways of addressing questions 
scientifically. However, direct teaching of science knowledge is still frequently applied in 
school systems all around the world. In science classrooms where direct teaching is the 
main pedagogy, students tend to follow teachers’ instruction to understand the pre-defined 
science concepts without the opportunity to experience the science practice and thus 
develop their scientific literacy. Researchers have advocated that learning in decontextual-
ized didactic environments may impede the transfer of the learning experience to other sit-
uations, and literacies should be cultivated in authentic scientific practice (Charney et al., 
2007).

Science laboratories in this sense play an important role in providing students with 
access to the science practice to promote students’ literacy in scientific practical skills and 
understanding of how science and scientists work (Hofstein & Mamlok-Naaman, 2007). 
However, due to the orchestration constraints such as time constraints and availability of 
instruments (Vergara et  al., 2017), physical laboratories are not widely available or fre-
quently adopted in many schools. Virtual labs that virtually represent and demonstrate 
scientific phenomena with computers become extraordinarily important to developing sci-
entific literacy particularly during the disruption caused by COVID-19. However, simply 
giving students virtual labs may not lead to favorable effects due to the complexity of sci-
entific inquiry and virtual labs (Akaygun & Adadan, 2019; Wen et al., 2018). Therefore, 
instructional designs that scaffold students in using the virtual labs for scientific inquiry 
become critical. Among diverse formats of instructional designs, teacher demonstration 
or modeling (Collins, 2006) and student critique (Chang & Linn, 2013) represent integral 
cognitive apprenticeship approaches to skill development in the contextualized settings. 
This study thus investigated the impact of two instructional designs, teacher demonstration 
and student critique, as the scaffolding for the development of scientific literacy to augment 
the effect of using virtual labs.

The affordance of virtual labs

Virtual labs provide an interactive space for students to explore the scientific concepts 
embedded in science phenomena (Heradio et  al., 2016; van Joolingen et  al., 2005), and 
thus allow learners to conduct virtual experiments and enable them to engage in core sci-
entific practices, especially on phenomena that cannot be easily observed or investigated in 
real-life situations. Recently, many high-quality virtual labs have been made available for 
teachers and students on online platforms such as PhET, Molecular Workbench, Go-Lab, 
and CoSci, which offer the opportunity for students to manipulate a specific science con-
text. Extensive studies have shown the affordances of the virtual labs in supporting science 
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learning (Chang et  al., 2020; Vergara et  al., 2017). The study by Martinez et  al. (2011) 
found that students using virtual labs and physical laboratories achieved similar levels of 
conceptual understanding. In the study by Nolen and Koretsky (2018), they found that stu-
dents demonstrated a higher level of motivation when they used virtual labs. Participating 
in an inquiry activity with virtual labs helped students to improve their experiment design 
skills (Lefkos et al., 2011).

Physical labs, on the contrary, have unique features that cannot be afforded by virtual 
labs. For instance, physical labs provide a feeling of realism (Abdulwahed & Nagy, 2011) 
and have the advantage of supporting experiments that require  kinesthetic manipulation 
and tactual sensation (Zacharias et al., 2008), and thus provide a bridge from concrete to 
abstract conceptualization. Both virtual and physical labs have their own unique affor-
dances for supporting science learning. However, virtual labs visualize abstract science 
concepts with multiple representations, and thus help students link new knowledge and 
previous knowledge (Taramopoulos & Psillos, 2017). Despite the positive affordances of 
the virtual labs, it should be noted that the inquiry based on these virtual labs is still chal-
lenging for students, as students tend to interact with virtual labs simply at a superficial and 
playful level (Swaak & de Jong, 2001). Therefore, scaffolding is needed to help students 
achieve in-depth understanding of science concepts through the use of virtual labs.

An integral affordance of virtual labs is their openness. This openness allows teach-
ers to adopt an open-ended inquiry approach that enables students to take control of their 
own experiments to conduct science inquiry (Wen et  al., 2020). Efstathiou et  al. (2018) 
and Chang et al. (2020), for instance, engaged their students in using virtual labs to con-
duct virtual experiments to learn science concepts related to sinking, floating, and rela-
tive density. These studies suggested that with the guidance provided by the virtual labs, 
students achieved a higher level of general inquiry skills, including the ability to identify 
variables, state hypotheses, and operationally define and design investigations across vari-
ous contexts, than their counterparts. However, another study (Wen et al., 2018) compared 
the strategies adopted by students who successfully used a virtual lab to construct scientific 
models and those who were not successful. The authors found that half of the students 
could not build a scientific model with the virtual lab as they had difficulties linking the 
scientific concepts with the virtual lab context.

The study above suggested that simply using virtual labs does not guarantee the devel-
opment of scientific literacy. Virtual labs often help students visualize the processes, but 
students may not necessarily change their mental models after viewing them (Akaygun & 
Adadan, 2019). It is stressed that students have difficulties conducting mindful and pur-
poseful virtual experiments (McElhaney et  al., 2015). Teaching guidance is therefore 
needed to support learners’ inquiry with virtual labs to conduct scientific virtual experi-
ments (Efstathiou et al., 2018; Thoms & Girwidz, 2017).

Scaffolding embedded in virtual labs

One of the challenges that students face in the development of scientific literacy is that 
they need to think and act like scientists who must be sensitively alert to methodological 
flaws and various sources of error (Charney et al., 2007). The canonical science involves 
subtle associations among background information, data, claims, counterclaims, and rebut-
tals of authentic science. Therefore, the development of scientific literacy requires students 
to deliberately practice and reflect on the complex associations so that they can think and 
act like scientists (Yore & Treagust, 2006). However, recent science teaching practice in 



306 C.-C. Liu et al.

1 3

classrooms places more emphasis on students’ ability to recognize the standard scientific 
explanation, but less on helping them think why an answer might be flawed, what is wrong 
with an experimental design, why an interpretation of a dataset might be incorrect, or how 
to improve a weak explanation (Henderson et al., 2015).

The ‘Learning Science by Doing Science’ (LSDS) framework (Labouta et al., 2018) has 
been frequently applied to cultivate students’ scientific literacy. The framework includes 
integral principles including student-centered, self-directed learning, and skills-based 
learning outcomes. In this line of research, diverse types of scaffolding are combined with 
virtual labs to provide different levels of guidance during different stages of inquiry with 
the virtual labs. Science inquiry involves complex processes that need students to apply sci-
entific strategies to control the investigation. Scaffolding may be provided in diverse forms 
that guide students to productively use the virtual lab before, during, or after the inquiry 
with the virtual lab. Previous studies have coined several theory-informed frameworks that 
operationalize scaffoldings in virtual labs (see Quintana et al., 2004 for a summary). On 
one hand, virtual labs can be designed with proper representations to help students make 
sense of the target science phenomena (e.g., Chao et al., 2016; Wu et al., 2002). Further-
more, the virtual lab can explicitly organize the inquiry structure and make it clear to stu-
dents to help them model the science process. For instance, the virtual lab in the study by 
Wen et al. (2020), allowed students to create their own inquiry map that guides the inquiry 
process. Their findings suggested that the inquiry with guidance embedded in the virtual 
lab had a long-term effect on the students’ scientific literacy.

On the other hand, virtual labs can explicitly promote scientific reasoning strategies 
through prompting questions. This format of scaffolding involves proactive provision of 
contextualized prompts according to students’ status in the virtual lab. With the contex-
tualized prompts, students are more likely to focus on the important aspects of the sci-
ence problem (Hmelo & Day, 1999). In particular, when they make problematic moves in 
their inquiry, a highly proactive prompt, that is, problematizing scaffolding, can be given 
to students to draw their attention to these problematic moves. A study by Efstathiou et al. 
(2018) indicated that such problematizing scaffolding can improve students’ inquiry skills. 
Similarly, in a study by Li et al. (2019), adaptive scaffolds that asked students critical ques-
tions about the inquiry process were provided based on students’ inquiry moves. Li et al.’s 
study confirmed that with the reflective questions provided by the virtual lab, students were 
better able to learn the science practices and transfer these competencies to new topics.

The above formats of guidance were system-dependent scaffolding, which means that 
they can be provided through the software system itself. Implicit scaffolding (Moore et al., 
2016) is thus able to be provided by the use of constraints of the virtual lab systems to cue 
and guide students to engage in productive interactions. However, the system-dependent 
scaffolding is tightly integrated with the system while students are using the virtual lab. 
Teachers’ ideas about using the virtual labs may not be compatible with the original design.

System‑independent scaffolding

Another type of scaffolding is system-independent scaffolding that teachers may apply 
while considering the virtual labs’ affordance and limitations. Such scaffolding incor-
porates teachers’ idea about how to use the virtual lab before, during, or after students’ 
engagement in the learning with the virtual labs. System-independent scaffolding is cru-
cial in promoting scientific literacy as teachers may have different ideas about using exist-
ing virtual labs which cannot be customized to implement these ideas. In this track of 
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research, instructional approaches may be implemented to augment the effect of the virtual 
labs. For instance, the light-weight approach that guides students to use virtual labs with 
paper worksheets may feasibly promote students’ scientific literacy (Chang et al., 2020). 
The study by Authors (Chang, 2017) indicated that driving questions given by teachers 
may guide students to conduct meaningful experiments and thus result in better learning 
efficiency compared with students who received the teacher’s structured process prompts, 
suggesting that different formats of instructional approaches to using virtual labs may lead 
to different levels of learning effects.

The cognitive apprenticeship perspective may shed light on a holistic picture of such 
instructional approaches to developing scientific literacy with virtual labs. Cognitive 
apprenticeship asserts that skills are instrumental to the accomplishment of meaningful 
real tasks in practice, and emphasizes generalizing knowledge so that it can be used in 
many different settings (Collins, 2006). Diverse cognitive apprenticeship principles can 
be applied to develop scientific literacy in order to carry out real science inquiry prac-
tices. Scaffolding should be provided to guide students to carry out the essential tasks in 
a domain. Furthermore, cognitive apprenticeship particularly addresses the need to help 
students build strategic knowledge when carrying out these tasks. Modeling, for instance, 
is an integral pedagogical approach of cognitive apprenticeship that involves an expert 
demonstrating a task so that students can observe and build a model of the task (Larkins 
et al., 2013; Liu, 2005; Oriol et al., 2010). Another approach to cognitive apprenticeship is 
articulation that asks students to explicitly state their knowledge and reasoning when carry-
ing out a task (Bouta & Paraskeva, 2013; Larkins et al., 2013).

Teacher demonstration and student critique were frequently applied as instructional 
approaches to cognitive apprenticeship in science classrooms since scientific literacy 
involves both explicit knowledge and implicit strategies in doing science. Teacher dem-
onstration involves an expert demonstrating a task so that students can observe and build 
a model of the task (Larkins et al., 2013; Liu, 2005; Oriol et al., 2010). A study by Sever 
et  al. (2010) indicated that teacher demonstration of scientific experiments can enhance 
students’ learning performance in the dimensions of analysis, evaluation, and synthesis. 
The inclusion of teacher demonstration before student engagement in inquiry with virtual 
labs may help students model the inquiry process with virtual labs.

Critiquing is another of the applicable activities that involve students in playing a criti-
cal role of expressing their understanding of a task. Henderson et al. (2015) indicated that 
overlooking the role of critiquing in science education may lead to a failure to develop 
students’ analytical reasoning ability. Research has found that engaging students in the 
practice of critiquing can help them develop integrated understanding of science concepts 
(Chang & Chang, 2013; Chang & Linn, 2013; Akaygun & Adadan, 2019), essay writing 
(Mørch et  al., 2017), mathematical formulation (Wilkie & Ayalon, 2019), and scientific 
explanation skills (Matuk et al., 2019). It has been suggested that it is critical for students 
to learn to critique inquiry processes, as scientists must be alert to methodological flaws 
and various sources of error (Charney et al., 2007). Therefore, the critique approach may 
be helpful in building students’ strategic knowledge of executing a task.

Both the teacher demonstration and student critiquing approaches have the poten-
tial to enhance the effect of virtual labs due to their shared features including connec-
tions to concrete examples and strategies to accomplish a cognitive task. However, they 
are different in their features of supporting learning including the concreteness of the 
examples and cognitive difficulties, and thus the two instructional approaches have 
certain strengths and weaknesses in supporting the learning of scientific inquiry. It 
has been indicated that even with teachers’ demonstration in mind, students produced 
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a significant number of flawed inquiry cases (Wen et  al., 2020), and students’ inquiry 
plans were still imprecise and ill-defined after five guided-inquiry laboratory tasks 
(Crujeiras-Pérez & Jiménez-Aleixandre, 2017). On the other hand, the literature also 
indicates that students have difficulty critiquing scientific artefacts (Lai et  al., 2016). 
Although the critique strategy has been applied to support science learning, the critique 
activity mainly targets the quality of learning outcomes such as the models built by stu-
dents rather than the process of inquiry (Chang & Chang, 2013). Whether students can 
productively detect the flaws associated with the inquiry process is still not clear in the 
literature.

The present study

This study is part of a 3-year project aiming to enhance students’ scientific literacy 
through virtual labs that are available on the Internet. The project is based on the ration-
ale that virtual labs as a stand-alone application cannot guarantee effective learning 
(Renken & Nunez, 2013) and little is yet known about effective instructional approaches 
which could be combined with virtual labs to augment their effectiveness. This study 
thus worked with two science teachers at the participating school based on the LSDS 
framework in which the teachers engaged students in the inquiry with virtual labs. How-
ever, the target participants of our project were middle school students who needed 
extra scaffolding before engaging in science inquiry with the virtual lab. This study thus 
designed two instructional approaches, that is, teacher demonstration and student cri-
tique, based on cognitive apprenticeship, as the main schemes to prepare students with 
skills to productively use the virtual lab.

The two approaches aimed to strengthen students’ understanding of the scientific pro-
cess and judgement rather than the science knowledge before they took part in the inquiry. 
Previous studies have indicated the close relation between students’ performance in inquiry 
and their understanding of the science process (Karamustafaoğlu, 2011; Wen et al., 2020). 
In other words, if students develop higher order process skills through authentic inquiry 
experiences, they are more likely to engage in science inquiry in an effective and scien-
tific manner (Roth & Roychoudhury, 1993). However, how students’ performance in the 
instructional activity before the inquiry relates to their inquiry performance and the scien-
tific literacy after the whole process is not clear in the literature.

This study thus investigated the effects of the teacher demonstration and student critique 
and the relations among students’ inquiry performance with the virtual lab, critique per-
formance, and their scientific literacy. Multiple data sources were analyzed to answer the 
following research questions:

RQ1 What is the effect of the teacher demonstration and student critique approaches on 
students’ scientific literacy?

RQ2 What is the effect of the teacher demonstration and student critique approaches on 
students’ inquiry activities with the virtual lab?

RQ3 What is the relation, if any, between students’ inquiry performance with the virtual 
lab and their scientific literacy?
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RQ4 What is the relation, if any, among the students’ critique performance, inquiry perfor-
mance with the virtual lab, and their scientific literacy?

Method

Participants

This study aimed to understand how students learn science and develop scientific literacy 
with virtual labs under different instructional designs. The participants were 50 eighth-
grade students, aged 14 to 15 years, from two intact classes at a middle school in northern 
Taiwan. The participants at this age were science inquiry novices. The two classes were 
randomly assigned to one of the treatments: teacher demonstration followed by student 
inquiry with a virtual lab (the teacher demonstration group, n = 24) or student critique fol-
lowed by student inquiry with a virtual lab (the student critique group, n = 26). The two 
classes involved a virtual lab that enabled students to take part in the science inquiry prac-
tice. The target topic of learning was buoyancy. The two groups of students did not differ in 
terms of their prior scientific literacy of the topic of buoyancy as measured by the pre-tests 
(t(47) = 0.33, p = 0.75), indicating that they had similar prior knowledge.

Procedure

This study compared students’ scientific literacy and inquiry performance after they par-
ticipated in guided inquiry, that is, teacher demonstration and student critiquing, which rep-
resents different instructional approaches to fostering scientific literacy. The students of 
the two groups went through three main phases: a pre-test, guided inquiry activities with a 
virtual lab, and a post-test. Each individual student of the two groups took pre-tests before 
and post-tests after the treatments to identify any possible changes in their scientific lit-
eracy, and students’ inquiry activities with the virtual lab were analyzed to understand their 
inquiry performance. Both the pre-test and post-test lasted about one class period (45 min). 
After the pre-test, the two groups participated in the guided inquiry activity to learn the 
concept of buoyancy also for three class periods.

The students of the teacher demonstration and student critique groups were guided to 
conduct science inquiry in a guided inquiry map system (described later) that enabled 
them to participate in meaningful science activities with a virtual lab. However, students 
as novices of science inquiry needed guidance to understand the essential tasks and critical 
strategies to make scientific decisions. Therefore, in the teacher demonstration treatment, 
the teacher spent one class period (45  min) demonstrating how to conduct experiments 
with a buoyancy virtual lab (Fig. 1) provided on the CoSci platform (https:// cosci. tw/). The 
buoyancy virtual lab visualizes the buoyancy of an object hanging on a hand-held scale. 
Students could manipulate the density of the liquid, the volume of the object, and the mass 
of the object to observe the relationship between these variables. The readings of the three 
scales can also help students understand the relationship among the buoyancy, the weight 
of the object, and the weight of the liquid replaced by the object.

The teacher of the teacher demonstration group selected one inquiry question 
provided on the CoSci platform and showed her students how to formulate hypoth-
eses, design and conduct virtual experiments, collect and analyze data, and make 

https://cosci.tw/
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conclusions to address the inquiry question. All materials needed for the modeling 
were prepared in advance. During the demonstration activity, the teacher showed how 
inquiry is conducted with the virtual lab, and occasionally paused to ask students 
questions to engage them in mindful observation. The students were then allowed to 
conduct their own inquiry with the guided inquiry map system for two class periods 
(90 min).

The student critique treatment asked students who were novices of science inquiry 
to critique flaw inquiry instances before they conducted science inquiry. The design 
of the student critique activities was based on Chang and Linn (2013) who indicated 
that critiques involving reflection facilitate knowledge integration. Instead of watching 
the teacher’s demonstration, the students of the critique group worked on worksheets 
prepared by the teacher that asked them to critique fictitious experiment instances with 
the buoyancy virtual lab. For example, the students were given an inquiry question and 
a series of experiment designs and were asked to critique “Whether these designs can 
answer the inquiry question or not. If not, how can you improve the designs?” The stu-
dents were also asked to critique whether a given set of data could be used to support 
a given conclusion, and how to improve the conclusion. The students spent one class 
period (45 min) completing the critique worksheets. The teacher also led whole class 
discussions to engage the students in discussing their critiques. Then the students con-
ducted their own inquiry with the guided inquiry map for two class periods. It should 
be noted that the virtual labs used by the student critique and teacher demonstration 
groups were identical, and they manipulated the same set of variables.

Fig. 1  The buoyancy virtual lab
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Guided inquiry map system

The teacher demonstration and student critique groups participated in a science inquiry 
activity to showcase their processes of building the target concepts of buoyancy. To sup-
port students in building the target concepts, this study developed a guided inquiry map 
system (Fig. 2). The system is an inquiry component of the CoSci platform which provides 
over 100 free science virtual labs, and allows students to conduct inquiries using the virtual 
labs on the platform. The guided inquiry map system serves as an activity design system 
for teachers and an inquiry system for students. With the support of the CoSci platform, 
the teachers can design an inquiry activity by selecting an available virtual lab and speci-
fying the goal of the inquiry with the virtual lab. It also allows teachers to provide candi-
date hypotheses for the virtual lab if the concepts associated with the hypotheses are criti-
cal, and if students have problems with the generation of hypotheses related to the virtual 
lab. Since the time for the inquiry activity is limited, the teacher provided six predefined 
hypotheses that can be verified by the students with the virtual lab in Fig. 1 including:

H1 The heavier an object is, the more likely it is that this object will sink.

H2 The bigger an object is, the more likely it is that this object will sink.

H3 The buoyant force is equal to the weight of the fluid displaced by the object.

H4 As an object sinks, the buoyant force keeps increasing after it is completely immersed 
in the fluid.

Fig. 2  The guided inquiry map system
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H5 The buoyant force is equal to the object’s volume under the fluid times the density of 
the fluid.

H6 Whether an object can float or sink depends on the relative density of the objects to the 
fluid.

These hypotheses may involve different levels of complexity of scientific inquiry. The 
students of the two groups could freely select the hypothesis that they wanted to investi-
gate. Therefore, the hypotheses that the two groups selected may also be an indicator of the 
impact of the treatments.

Fig. 3  The “design experiment” and “collect data” nodes
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Students of this study conducted their inquiry associated with the buoyancy with the 
guided inquiry map system. The system provided the students with structural guidance for 
the inquiry process to enhance their process awareness of the science inquiry practice. To 
begin an inquiry thread, students could select any of the predefined hypotheses or generate 
their own hypotheses in the “generate hypothesis” node. After specifying their hypothesis, 
a “design experiment” node would be created which guided the students to specify a set of 
variable settings to verify their hypothesis (the left in Fig. 3). Then they could proceed to 
collect the data in the “collect data” node which was created after the students completed 
the experiment design (Fig. 3). Upon clicking the “collect data” node, the buoyancy vir-
tual lab together with the variable settings predefined by the students was provided for the 
students to conduct the experiment. The data of the virtual lab results were automatically 
recorded and shown in the “analyze data” node through which students could compare the 
results of the virtual lab under different variable settings. At the end of the inquiry thread, 
a “make conclusion” node was displayed for the students to conclude whether their hypoth-
esis was supported or rejected by the experiment results. The system allowed students to 
conduct multiple threads of inquiry and displayed all the inquiry threads in a node and link 
structure. Therefore, the system functioned as structural scaffolding for students to under-
stand the status of their inquiry activity as it provided structural supports for students to 
plan, execute, and reflect on their inquiry tasks. All the activities during the inquiry process 
were logged for the investigation of the quality of the students’ inquiry activities with the 
virtual lab.

The teacher of the teacher demonstration group demonstrated the inquiry process for 
the scientific hypothesis H2 with the inquiry map system. She prepared presentation slides 
to outline the screenshots about how she went through the “design experiment”, “collect 
data”, “analyze data”, and “make conclusion” in the inquiry map system. In each screen-
shot for an inquiry phase, she presented the purpose of this phase and outlined her oper-
ations in the inquiry map system. After presenting the screenshots, the teacher operated 
the inquiry map system to showcase the real operations of the inquiry. Therefore, students 
understood the detail operations of the inquiry to address the scientific hypothesis H2.

Student critique worksheet

The students of the student critique group engaged in a student critiquing activity before 
taking part in the inquiry activity. A student critique worksheet was developed to help the 
students engage in the critiquing activity. The worksheet was designed based on the prob-
lematic inquiry instances that participants of a prior study frequently demonstrated (Wen 
et al., 2020). These problematic inquiry instances were frames to seven critique questions 
to examine whether the students could identify problems associated with the experiment 
designs (question-design) or the selection of experiment trials (question-trial) to verify a 
hypothesis and detect unreasonable conclusions from a given data collection (evidence-
conclusion). The critique worksheet is shown in Appendix 2. The critique questions were 
designed based on the scenario of the inquiry using the virtual lab that the teacher used for 
demonstration for the teacher demonstration group. In other words, the critique and the 
teacher demonstration activities envisioned similar pictures of the inquiry with the virtual 
lab. Therefore, they can understand the basic process of the inquiry with the virtual lab. 
Figure 4 displays an example question from the worksheet asking whether a conclusion is 
reasonable (evidence-conclusion) with the data provided by the virtual lab.
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Data collection and analysis

Pre‑test and post‑test

This study applied the test developed by Authors (Wen et al., 2020) to understand students’ 
scientific literacy in the context of buoyancy before and after the treatment. The questions 
are shown in Appendix 1. The test involves eight questions related to buoyancy. The eight 
items measure four dimensions of scientific literacy based on the OECD scientific literacy 
framework (OECD, 2016) since these dimensions are directly related to the inquiry activ-
ity facilitated by the use of virtual labs and the guided inquiry map. The four dimensions 
include important skills that are needed in inquiry covering both procedural knowledge 
and scientific reasoning skills including offering explanatory hypotheses (SC-H), identify-
ing the question explored in a given scientific study (SC-Q), interpreting data and drawing 
appropriate conclusions (SC-C), and evaluating ways of exploring a given question scien-
tifically (SC-E). The items went through several rounds of revision by two science educa-
tors, two science education researchers and one assessment expert to ensure content and 
construct validity.

Students’ responses to the pre-test and post-test questions were evaluated by two inde-
pendent coders. Since the questions include a claim part and a reason part, detailed scoring 
rubrics for the claim and reason parts were developed and used by the two coders. A stu-
dent’s claim part was given 1 point if it was consistent with the scientific knowledge, other-
wise it would be given 0 points. An answer to the reason part would be given 2 points if it 
completely and scientifically explained the reason of the claim part, 1 point for a partial but 
scientific reason, and 0 for an irrelevant explanation. The two coders independently scored 
the tests, and inconsistent codes were discussed and resolved. The two independent coders 
coded 20% of the tests following the rubrics, and the inter-coder agreement reached 0.94 
(Cohen’s Kappa) showing high reliability of the coding (Lombard et al., 2002). A pre- and 
post-test comparison was made to identify whether there was any enhancement of literacy 

Fig. 4  An example of a critique question on the critique worksheet
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within each group. Furthermore, ANCOVA was employed to test the differences among the 
two treatments, using the post-test score as the dependent variable, the pre-test score as the 
covariate, and the treatment as the independent variable.

Students’ inquiry performance in the virtual lab

All the activities students performed in the guided inquiry map system were logged and 
analyzed to understand their engagement in the inquiry activity. The analysis involved a 
sequence of analyses from quantity to quality analyses to obtain students’ inquiry perfor-
mance. First, the number of nodes created in the guided inquiry map and the number of 
executions of different types of inquiry tasks including the hypothesis generation, exper-
iment design, data collection, data analysis, and conclusion were analyzed. Second, the 
number of distinct inquiry moves were counted because some of the inquiry nodes repre-
sent similar inquiry moves to those of other nodes or did not involve meaningful inquiry 
moves. Third, the final inquiry performances were obtained from students’ responses to 
the prompting questions in each of the distinct inquiry nodes. The responses were analyzed 
based on the scoring rubric developed in a study by Authors (Wen et al., 2020) (as shown 
in Table 1). Two coders scored all the prompts generated by the students in the teacher 
demonstration and critique groups. Students’ scores in each inquiry phase were summa-
rized to obtain a score reflecting their inquiry performance in each phase. The reliability 
of coding the students’ quality of inquiry process was 0.91 (Cohen’s Kappa) indicating that 
the coding is highly reliable. The qualitative and quantitative data of the teacher demon-
stration and critique groups were compared with the t test to understand the differences in 
their behavioral engagement and inquiry performances.

Student critique performance

Two coders evaluated the critique group’s answers on their critique worksheet. The evalu-
ation considered whether they correctly identified the problematic methodological designs, 
analyses, and inferences, and their explanation of why they were problematic. Similar to 
the evaluation of the scientific literacy test, 2 points were given for a completely adequate 
response, 1 point for a partially adequate response, and 0 for an incorrect one. The two 
independent coders coded 20% of the critique worksheets following the rubrics, and the 
inter-coder agreement reached 0.91 (Cohen’s Kappa) showing the high reliability of the 
coding.

Results

The scientific literacy test (RQ1)

The students’ pre-test mean scores and standard deviations are summarized in Table  2. 
The independent t-test analysis indicates that there was no significant difference between 
the two groups for overall scientific literacy before the treatments (t(47) = 0.75, p = 0.33). 
The two groups of students also did not show significant differences in any of the 
detailed scientific literacy dimensions including offering explanatory hypotheses (SC-H) 
(t(47) = 1.40, p = 0.17), identifying the question explored in a given scientific study (SC-Q) 
(t(47) = −  0.33, p = 0.74), interpreting data and drawing appropriate conclusions (SC-C) 
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(t(47) = − 0.22, p = 0.83), and evaluating ways of exploring a given question scientifically 
(SC-E) (t(47) = − 0.54, p = 0.59). Therefore, the students of the two groups did not show 
significant differences in their scientific literacy before the treatments.

The results of the dependent t-test of the pre- and post-test for the teacher demonstra-
tion and student critique group are shown in Table 3. Overall, the two groups demonstrated 
significant improvement in their scientific literacy after participating in the learning activ-
ity. The two groups both improved their scientific literacy in the dimension of SC-C (inter-
preting data and drawing appropriate conclusions). Significant improvement in the SC-Q 
dimension (identifying the question explored in a given scientific study) and SC-E (evalu-
ating ways of exploring a given question scientifically) were found in the student critique 
group.

The ANCOVA analysis of the students’ post-test scores using the pre-test scores as the 
covariate are summarized in Table 4. The ANCOVA results indicate that there was a sig-
nificant treatment effect on the overall scientific literacy score (F(1,46) = 4.20, p < 0.05). 
Furthermore, the analysis found a significant difference between the student critique and 
teacher demonstration groups. The students in the critique group demonstrated a higher 
level of improvement in evaluating ways of exploring a given question scientifically (SC-E) 

Table 2  The independent t test 
analysis of the pre-test of the 
science literacy score between 
the teacher demonstration and 
critique groups

Scientific literacy Group N M S.D t P

Pre Overall Critique 26 9.23 3.64 0.33 0.75
Demonstration 23 8.87 4.13

Pre SC-H Critique 26 2.38 1.33 1.40 0.17
Demonstration 23 1.74 1.89

Pre SC-Q Critique 26 0.50 0.71 − 0.33 0.74
Demonstration 23 0.57 0.66

Pre SC-C Critique 26 6.08 2.35 − 0.22 0.83
Demonstration 23 6.22 2.09

Pre SC-E Critique 26 0.27 0.53 − 0.54 0.59
Demonstration 23 0.35 0.49

Table 3  The learning gains of 
science literacy for the teacher 
demonstration and student 
critique groups

*< 0.05, **< 0.01

Pre-test Post-test t p

M SD M SD

Overall Critique 9.23 3.64 14.15 6.03 − 7.32**  < 0.01
Demo 8.87 4.13 11.65 3.88 − 3.43**  < 0.01

SC-H Critique 2.38 1.33 2.58 1.70 − 0.68 0.50
Demo 1.74 1.89 1.65 1.27 0.27 0.79

SC-Q Critique 0.50 0.71 1.08 1.23 − 0.44* 0.02
Demo 0.57 0.66 0.61 0.89 − 0.19 0.85

SC-C Critique 6.08 2.35 8.04 3.00 − 3.64**  < 0.01
Demo 6.22 2.09 7.17 1.88 − 2.21* 0.04

SC-E Critique 0.27 0.53 0.69 0.74 − 2.85**  < 0.01
Demo 0.35 0.49 0.26 0.45 0.81 0.43
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(F(1,46) = 7.55, p < 0.01). Overall, the results indicate that the student critique group dem-
onstrated a higher level of improvement in their scientific literacy than did the teacher dem-
onstration group.

Students’ inquiry performance in the virtual lab (RQ2)

To understand whether the critique and teacher demonstration group treatments influ-
enced the student inquiry process, this study analyzed their inquiry process on the guided 
inquiry map system. As shown in Table 5, the critique group created an average of 12.15 
nodes, while the teacher demonstration group created 12.83 nodes. While the teacher 

Table 4  The ANCOVA analysis of the science literacy between the teacher demonstration and student cri-
tique groups

*< 0.05, **< 0.01

Dimensions Sources Type III sum 
of squares

df Mean square F p Partial η2

SC
Total

Pre science literacy 
total (Covariate)

615.87 1 615.87 45.35 0.00 0.50

Group 57.03 1 57.03 4.20 0.05* 0.08
Error 624.73 46 13.58

SC-H Pre SC-H (Covariate) 32.53 1 32.53 19.94 0.00 0.30
Group 4.11 1 4.11 2.52 0.12 0.05
Error 75.04 46 1.63

SC-Q Pre SC-Q (Covariate) 2.27 1 2.27 1.97 0.17 0.04
Group 2.91 1 2.91 2.53 0.12 0.05
Error 53.06 46 1.15

SC-C Pre SC-C (Covariate) 67.97 1 67.97 13.35 0.00 0.23
Group 10.78 1 10.78 2.12 0.15 0.04
Error 234.29 46 5.09

SC-E Pre SC-E (Covariate) 2.08 1 2.08 6.03 0.02 0.12
Group 2.61 1 2.61 7.55 0.01** 0.14
Error 15.89 46 0.35

Table 5  Comparison of numbers 
of nodes generated in the virtual 
lab

Critique
(n = 26)

Demonstra-
tion
(n = 24)

t p

M SD M SD

Hypothesis node 2.27 0.67 2.50 0.72 − 1.18 0.25
Experiment design node 2.77 1.53 2.71 1.46 0.14 0.89
Data collection node 2.69 1.29 2.92 1.35 − 0.60 0.55
Data analysis node 2.31 1.01 2.58 0.88 − 1.02 0.31
Conclusion node 2.12 0.71 2.13 0.85 − 0.04 0.97
Total node 12.15 3.82 12.83 4.34 − 0.59 0.56
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demonstration group created more nodes, there was no significant difference in the number 
of nodes created in the guided inquiry map by the two groups (t(48) = -0.59, p = 0.56).

Detailed analysis of the content of the nodes found that the teacher demonstration 
group seems to have demonstrated more distinct inquiry moves than the critique group 
did (Table  6). The teacher demonstration group completed more inquiry paths from the 
hypothesis, experiment design, data collection, data analysis to the conclusion than the 
critique group did. The teacher demonstration group completed an average of 2.08 paths, 
while the critique group planned only 1.81 paths. The difference between the two group 
was not significant (t(48) = −  1.33, p = 0.19). However, the teacher demonstration group 
completed an average of 13.83 trials of virtual labs which is significantly higher than the 
10.96 that the critique group completed (t(48) = − 2.19, p = 0.03). A significant difference 
can also be found in the number of experiments planned. The teacher demonstration group 
planned 11.17 experiments, whereas the critique group planned only 8.23 experiments 
(t(48) = − 2.62, p = 0.01).

Students’ responses in each of the distinct inquiry moves were evaluated and summa-
rized to reflect their inquiry performance. The scores shown in Table 7 display the inquiry 
performance of the two groups of students. Overall, the teacher demonstration group 
received a score of 7.42 which is significantly higher than the critique group’s score of 
5.12 (t(48) = − 2.54, p = 0.01). In particular, the performances of the teacher demonstration 
group in the data analysis phase and conclusion phase were significantly higher than those 
of the critique group. This result is consistent with the results of the number of distinct 

Table 6  Comparison of distinct inquiry moves in the guided inquiry map

*p < 0.05

Critique
(n = 26)

Demonstration 
(n = 24)

t p

M SD M SD

Number of hypotheses generated 2.27 1.12 2.29 0.69 − 0.09 0.93
Number of experiments planned 8.23 3.80 11.17 4.14 − 2.62* 0.01
Number of trials of virtual labs 10.96 4.21 13.83 5.07 − 2.19* 0.03
Number of inquiry paths completed 1.81 0.80 2.08 0.65 − 1.33 0.19

Table 7  Comparison of inquiry 
performance in the guided 
inquiry map

*p < 0.05; ***p < 0.001

Critique
(n = 26)

Demonstra-
tion
(n = 24)

t p

M SD M SD

Experiment design A 1.19 0.69 1.58 0.97 − 1.64 0.11
Experiment design B 1.42 0.76 1.63 0.77 − 0.93 0.36
Trial conducting 0.58 0.81 0.50 1.02 0.30 0.77
Data analysis 1.31 0.97 2.58 1.28 − 4.00*** 0.00
Conclusion 0.62 0.80 1.13 0.85 − 2.18* 0.03
Total 5.12 3.05 7.42 3.36 − 2.54* 0.01
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inquiry moves, indicating that the teacher demonstration group demonstrated more dis-
tinct inquiry moves than the critique group. As the inquiry performance is an accumulative 
score, the more trials of inquiry that the students conducted, the higher score they would 
receive in the inquiry performance.

This study further examined the hypotheses which students worked on in the guided 
inquiry map system. The examination of the hypothesis could help us understand what 
students intended to achieve when they were given different formats of instructions that 
can partially explain the cause of the differences in the inquiry performance between the 
teacher demonstration and critique groups. Both the demonstration group and the critique 
group could freely select target hypotheses from the candidate hypotheses (H1–H6) or 
specify their own hypotheses. It should be noted that the teacher demonstrated an exam-
ple of inquiry using hypothesis H2 for the teacher demonstration group. Table 8 displays 
the number of students who worked on each hypothesis. The distribution shows that the 
teacher demonstration group demonstrated a higher level of engagement with hypothesis 
H1 which resembles H2 in their inquiry structure targeting whether a variable (volume and 
weight of an object) influences the state of the object. Twenty-three (46%) students worked 
on the two hypotheses. On the contrary, the critique group demonstrated a lower level of 
centrality on H1 and H2. Only 16 students (34%) worked on the two hypotheses. With 
the teacher’s demonstration in mind, the teacher demonstration group tended to select and 
work on the hypotheses with similar structures, and thus were more proficient in conduct-
ing similar inquiry trials, accounting for the reason why they demonstrated more frequent 
behavioral engagement and higher scores in their inquiry performance.

The relation between scientific literacy and inquiry performance in the guided 
inquiry activities (RQ3)

Students’ inquiry performance and inquiry moves in the guided inquiry map system were 
analyzed with their scientific literacy test scores to understand the roles of the guided 
inquiry activities in scientific literacy for the two different treatments. Table 9 shows the 
Pearson bivariate correlations among their scientific literacy scores and their inquiry per-
formance. The results indicated that students’ scientific literacy test scores were highly 
related to their number of distinct inquiry moves and inquiry performance in the guided 
inquiry map system under the critique treatment. More specifically, their pre-test scores of 
scientific literacy were significantly correlated to all the dimensions of inquiry (r ranges 

Table 8  The number of students 
working on each hypothesis

*The teacher demonstrated an example inquiry process using this 
hypothesis in the teacher demonstration group

Critique Demonstration

H1 1 22
H2* 15 1
H3 9 6
H4 9 7
H5 5 1
H6 6 8
Others 3 5
Total 48 50
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from 0.421 to 0.695). Significant positive relations also exist between their post-test scores 
of scientific literacy and inquiry performance in the guided inquiry map system. Their 
post-test scores of scientific literacy were significantly correlated to the number of data 
collection nodes (r = 0.423), the conclusion nodes (r = 0.462), the number of experiments 
planned (r = 0.393), and all the inquiry performance indicators (r ranges from 0.395 to 
0.749). On the contrary, the correlations between the teacher demonstration group’s scien-
tific literacy test scores and their distinct inquiry moves and inquiry performance were not 
as obvious as those of the critique group. For example, the post-test scores of scientific lit-
eracy were not correlated with their inquiry performance except for experiment design A.

Such results indicate that students’ inquiry activities with the virtual lab under the 
critique treatment align closely with the goal of scientific literacy as the critique activity 
informing the students of the general evaluation criteria of scientific inquiry. On the con-
trary, under the teacher demonstration treatment, the detailed demonstration example pro-
vided by the teacher may have interfered with the students’ self-directed inquiry activities 
and attracted the students to work on similar inquiry hypotheses that implicitly restricted 
them from following the teacher’s demonstration rather than exploring the target domain 
by themselves.

The relation between critiquing performance and students’ inquiry performance/
scientific literacy test (RQ4)

The critique groups’ performance in the critiquing activity was analyzed together with 
their inquiry performance and their scientific literacy post-test score to display a clear pic-
ture of the role of the critiquing activity in the inquiry activity and their scientific literacy. 
Table 10 lists the correlations between the critique performance and these constructs. It 

Table 9  Pearson bivariate correlation between the inquiry process and the scientific literacy test

*< 0.05; **< 0.01

Critique (n = 26) Demonstration 
(n = 23)

Pretest Posttest Pretest Posttest

Number of nodes Hypothesis 0.188 0.119 0.127 0.013
Experiment design 0.383 0.329 0.140 0.221
Data collection 0.349 0.423* 0.469* 0.178
Data analysis 0.470* 0.281 0.344 0.243
Conclusion 0.438* 0.462* − 0.059 0.258

Distinct inquiry moves Number of hypotheses generated 0.369 0.214 0.120 0.032
Number of experiments planned 0.341 0.393* 0.203 0.310
Number of trials of virtual labs 0.432* 0.345 0.498* 0.359

Inquiry performance Experiment design A 0.695** 0.709** 0.153 0.441*
Experiment design B 0.573** 0.589** 0.048 0.359
Trial conducting 0.443* 0.621** 0.080 0.149
Data analysis 0.421* 0.395* -0.083 0.035
Conclusion 0.524** 0.574** 0.245 0.343
Total 0.690** 0.749** 0.121 0.378
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was found that the critique performance is closely related to the scientific literacy post-
test scores. The total critique performance is significantly correlated to the post-test score 
of scientific literacy (r = 0.436). All sub-dimensions of the critique performance were also 
significantly correlated to the post-test score of scientific literacy. Furthermore, students’ 
critique performances were also closely correlated to their inquiry performance in the vir-
tual lab. More specifically, students’ total critique performance is significantly correlated 
to their performance in experiment design A (r = 0.497), experiment design B (r = 0.622), 
data analysis (r = 406), and conclusions (r = 404). However, the critique performance is 
not closely related with the number of nodes created or with distinct inquiry moves. The 
results may be due to the fact that the critique activity involved students’ qualitative evalu-
ation of inquiry practice, and was thus closely linked to the quality of their inquiry process. 
The findings suggest that the students were able to transfer the implicit criteria they had 
learned in the critiquing activity to the self-directed inquiry activity.

Discussion and conclusions

The effect of the teacher demonstration and student critique on students’ scientific 
literacy (RQ1)

An increasing number of studies have been conducted to understand the effect of virtual 
labs to enhance students’ scientific literacy. In general, students can develop a higher level 
of scientific literacy when they learn with virtual labs than in traditional instruction envi-
ronments (Ismail et al., 2016; Jannati et al., 2018; Quellmalz et al., 2020). It is also stressed 
that guided participation that helps students go through critical inquiry phases when they 
are using virtual labs is particularly important for improving scientific literacy and inquiry 
skills (Jin & Bierma, 2013). Ardianto and Rubini (2016) further asserted that the guided 
discovery pedagogical approach with virtual labs can achieve a similar level of improve-
ment of scientific literacy to which students can achieve in the problem-based learning 
approach. The findings of this study echo this assertion, as the guided discovery based on 
the teacher demonstration and student critique pedagogical design was helpful for improv-
ing students’ scientific literacy. As scientific literacy involves complex science processes 
and judgement in executing these process, the results of our study suggest that the critique 
activity used together with virtual labs is more influential than the teacher demonstration 
approach for enhancing student scientific literacy. Students who learned with the critique 
activity demonstrated significant improvement in identifying the question explored in a 
given scientific study and in evaluating ways of exploring a given question scientifically, 
while those students who learned with the teacher demonstration approach did not.

One possible explanation for the limitation of the teacher demonstration approach in 
supporting the development of scientific literacy in the classroom may be the discrepancy 
between the teacher’s advanced mental model and the novice learners’ model. As indicated 
by Järvelä (1995) “modeling, as performed by the teacher, hardly led to reciprocal under-
standing with the students. …The cognitively more advanced mental model, which is dif-
ferent from and more complex than the students’ own cannot be assimilated directly” (p. 
256). This can partially explain the reason why the effect of the teacher demonstration was 
not as significant as that of the student critiquing approach. On the other hand, the critique 
activity prompted students to think deeply about the flaws involved in the inquiry process, 
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instead of passively observing the teacher’s demonstration. Therefore, students could better 
link research questions and data and evaluate the ways to explore a scientific question.

The effect of the teacher demonstration and student critique pedagogies 
on students’ inquiry activities (RQ2)

The teacher demonstration and student critique approaches demonstrated different impacts 
on inquiry activities with virtual labs. This study found that students in the teacher demon-
stration group demonstrated more distinct inquiry moves, and their total scores of inquiry 
performance were higher than those of the students in the critique group. As shown in 
the analysis of the hypotheses which the two groups worked on, the teacher demonstra-
tion group tended to select the hypotheses with a similar inquiry structure which the 
teacher demonstrated. Such a result reflects both the positive effect and the limitation of 
the demonstration approach. On one hand, the demonstrated inquiry instances acted as a 
worked example which the students could follow to regulate their inquiry actions. It in turn 
reduced the students’ cognitive load in dealing with the complex inquiry process (Ginns 
et  al., 2016; Sweller, 2005). This can explain the reason why the teacher demonstration 
group demonstrated more distinct inquiry moves and received higher scores in the inquiry 
performance.

However, the worked example also restricted the possibility for students to explore other 
scientific hypotheses and thus reduced the transferal effect by which students transferred 
what they had learned from the teacher’s demonstration to new inquiry contexts. Such a 
phenomenon echoes the findings of previous studies by Dennen (2000) and Parker and 
Hess (2001) who indicated the limitation of teacher demonstration in the classroom. Dem-
onstration can act as scaffolding in the form of chunking and sequencing the complex pro-
cesses to guide students to appropriately perform the necessary tasks. However, their find-
ings suggested that after the teacher demonstration, students tended to focus on the content 
being demonstrated, but with little emphasis on the method itself (Parker & Hess, 2001). 
In other words, the teacher demonstration enabled students to focus more on the content-
based learning goals than on the project management of the learning tasks (Dennen, 2000). 
This limitation may result from the common constraint of the science classrooms, where 
one teacher has to face over 20 students, and thus demonstration may fail because the 
task and the situation are not reciprocally understood by the teacher and students (Järvelä, 
1995).

The relationship between critique performance, inquiry activities, and scientific 
literacy (RQ3 and RQ4)

This study found that students’ inquiry performance was significantly correlated with their 
scientific literacy scores in the student critique group. However, such close correlation was 
not found in the teacher demonstration group. In addition, the critique performance of the 
critique group also significantly correlated with their inquiry performance and their sci-
entific literacy scores. Such results support that the critique activity is in alignment with 
the goal of developing students’ inquiry skills and scientific literacy due to the fact that it 
involves students’ qualitative evaluation of the inquiry practice, instead of focusing on the 
procedural knowledge which may be conveniently conveyed by teacher demonstration. It is 
such a counter-critique that requires students to identify flaws in a work and then show how 
the evidence in the counter-critique which demonstrated its weaknesses enhances students’ 
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tendency to adopt skills (inquiry here in the present study) or perspectives that are consid-
ered important in the scientific community (Henderson et al., 2015).

The results of our study are consistent with those of the prior empirical studies. For 
instance, Namdar and Kucuk (2018) found that after participating in the critique activity, 
students were more likely to adopt an inquiry orientation perspective in their works. Wilkie 
and Ayalon’s study also suggested that critiquing stimulated students’ attention to the qual-
ity of science argumentation and helped them notice alternative pathways to view problems 
(Wilkie & Ayalon, 2019). Chang and Chang’s (2013) study also confirmed the positive 
effect of critiquing on developing students’ scientific modeling skills. However, critiquing 
is more difficult for students than construction of knowledge, and recent science teaching 
or learning practice has focused more on the ability to recall the standard scientific expla-
nation, but rarely on the ability to discover what might be flawed (Henderson et al., 2015). 
It is thus necessary to understand how critiquing can be integrated into existing teaching 
and learning practices in current science education curricula to better develop such a criti-
cal competency.

Limitations and future research

The study demonstrated how the teacher demonstration and student critique approaches 
can be implemented with virtual labs in a regular science classroom. It demonstrated 
the positive impacts of critiquing activities on the learning of scientific literacy and how 
the critique approach can improve students’ critical judgement of inquiry processes and 
their scientific literacy. This study also found the limitation of the teacher demonstra-
tion approach when it is combined with virtual labs. However, the findings were obtained 
based on the students’ engagement in the learning with virtual labs. The findings may not 
be over-generalized to other settings such as the learning in a physical science lab as it 
involves more complicated inquiry settings than the virtual labs. Furthermore, the scaf-
folding involved in this study was provided before the students’ engagement in the inquiry 
with the virtual lab. Further investigation is still needed to understand how other types 
of just-in-time scaffolding can be implemented in a more effective way to enhance the 
effectiveness of virtual labs. For instance, software agents that closely monitor students’ 
progression in the guided inquiry system can be applied to provide just-in-time hints and 
questions to help students critically reflect on their inquiry process. Such an approach may 
be helpful to improve the effect of virtual labs. Furthermore, the participants of this study 
were middle school students. Students at different stages may participate in and react to the 
proposed guided inquiry approaches differently. Whether elementary school or high school 
students’ scientific literacy will be influenced by the two instructional approaches requires 
further investigation. Gathering information on these issues through further studies can 
help to obtain a thorough understanding of the use of virtual labs in science classroom 
contexts, and thereafter an inquiry approach can be designed to enhance scientific literacy 
in a broader context.

Appendix 1: The Scientific literacy test related to Buoyancy

1. Eva conducted experiments to learn about Buoyancy in the laboratory. The experimental 
setup is illustrated in Fig. 5. Firstly, Eva weighed the stone by hanging it on a spring 
scale. The volume of the stone is 1200  cm3. It weighs 1500gw. Then, she lowered the 
stone into the water as shown in Step 2. In the third step, she recorded the weight of 
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the stone in the water and the volume of water that the stone displaced on the following 
sheet.

Stone volume  (cm3) Value on the 
spring scale 
(gw)

Weight of water 
displaced (gw)

Weight of the 
stone in water 
(gw)

Buoyancy 
force (gw)

Under water Above water

Step1 0 1200 1500 0 Not in water 0
Step2 600 600 900 600 900 600
Step3 1200 0 300 1200 300 1200

1-1 Observe the data from step 1 to step 3; what values do you find the same as buoy-
ancy force? Why?

1-2 Observe the data from step 1 to step 3; explain how the weight of the stone in the 
water changed. Why?

1-3 When the volume of the stone in the water is  500cm3, what would be the weight 
measured by the spring scale? Predict and explain your answer.

  (A) 1200gw (B) 1000gw (C) 600gw (D) 500gw
  Eva wanted to know if the buoyancy force would be the same in different liquids. 

Four experiments were conducted by placing two different stones in water and 
alcohol and the following results were obtained:

Exp.1 Exp.2 Exp.3 Exp.4

Liquid Water Water Ethanol Ethanol
Liquid density (g/cm3) 1 1 0.8 0.8
Volume of stone  (cm3) 1200 800 1200 800
Volume of stone in water  (cm3) 1200 800 1200 800
weight of stone in water (gw) 300 200 540 360

1-4 Comparing the data of Exp.1 and Exp.2, what values of variables were changed?
  weight of stone (B) liquid density (C) volume of stone in water (D) volume of 

stone

Fig. 5  The experimental setup and steps
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1-5 Eva observed that the buoyancy force changes when the same stone was immersed 
in different liquids. Could you support her observation by comparing data in her 
experimental results? Which experiments and variables would you choose to com-
pare? Why?

Eva conducted experiments to learn about Buoyancy in the laboratory. The experi-
mental setup is illustrated as above. She put an equal-arm balance in a water tank. She 
then hung an aluminum block on the left end of the arm and a balancing weight on the 
right end. The volume of the aluminum block is larger than the balancing weight. Then, 
she filled the tank with water. Please answer the following questions.

2-1 Which side do you think the arm would tip to? Why?
2-2 What would Eva’s research question be for conducting this experiment?
2-3 Eva found some metals with the same mass as weight, but with different volumes.
Since the labels had fallen off, Eva conducted the experiment using the device 
described above. She replaced the aluminum block with the metals A, B, C, and D, 
repeated the experiments and got the results shown in figures (A) to (D). Please iden-
tify the materials of blocks A to D and give explanations.
(The balancing weight is made of Iron. Its volume illustrated in the figures is not the 
actual size.)

Material Density (g/cm3)

Platinum 21.5
Silver 10.5
Iron 7.9
Aluminum 2.7

(A) (B) (C) (D)
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A. What is block A made of ? Why?
B. What is block B made of ? Why?
C. What is block C made of ? Why?
D. What is block D made of ? Why?

Appendix 2: The critique worksheet

The physics virtual lab demonstrates the buoyancy in a liquid tank. You can change val-
ues of variables in the virtual lab to observe the process and conduct experiments about 
Buoyancy.

Datasheet

Variable Description Value Unit

t Time 0 second
rhoS Density of the liquid 1.4 g/cm3

M Mass of the cube 800 g
V Volume of the cube 1000 cm3

rhoA Density of the cube 0.8 g/cm3

Vu Volume of the cube under liquid 0 cm3

Vs Volume of liquid displaced by the cube 0 cm3
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Variable Description Value Unit

scale1 Weight of the cube in liquid (grey scale) 0 gw
scale2 Weight of liquid displaced by the cube (yellow scale) 0 gw
scale3 Weight of the cube – Buoyancy force (hanging scale) 0 gw

Scenario 1

Ann wants to investigate how much Buoyancy the cube receives in liquid. She knows that 
Buoyancy force is the weight of the cube decreased in liquid. She would like to investigate “if 
the cube is easier to sink when it gets heavier.” Here are the experiments she designed:

Exp. 1 Exp. 2 Exp. 3 Exp.4 Exp. 5

rhoS = 1 (g/cm3)
V = 1000  (cm3)
M = 500 (g)

rhoS = 0.8 (g/cm3)
V = 1000 (cm3)
M = 600 (g)

rhoS = 1 (g/cm3)
V = 1000  (cm3)
M = 1000 (g)

rhoS = 0.8 (g/cm3)
V = 1000  (cm3)
M = 1000 (g)

rhoS = 1 (g/cm3)
V = 1000  (cm3)
M = 1200 (g)

 

1. Do you think Ann can examine her research question by the experiments she designed 
above? If not, how should she redesign them?

2. Data obtained from Ann’s experiments are listed below:

rhoS
liquid 
density

M
cube’s 
mass

V
cube’s 
volume

rhoA
cube’s 
density

Vu
cube’s 
volume 
under 
liquid

Vs
liquid’s 
volume 
dis-
placed 
by cube

Scale 1
grey 
scale

Scale 2
yellow 
scale

Scale 3
hanging 
scale

Exp. 1 1.00 500.00 1000.00 0.50 500.00 500.00 0.00 500.00 0.00
Exp. 2 0.80 600.00 1000.00 0.60 600.00 600.00 0.00 600.00 0.00
Exp. 3 1.00 1000.00 1000.00 1.00 1000.00 1000.00 0.00 1000.00 0.00
Exp. 4 0.80 1000.00 1000.00 1.00 1000.00 1000.00 0.00 800.00 200.00
Exp. 5 1.00 1200.00 1000.00 1.20 1000.00 1000.00 0.00 1000.00 200.00

 

2-1 Ann chooses Exp.3 and Exp.4 to examine her research question. Do you think her 
choice is right? Why?
2-2 If Ann chooses Exp.1 and Exp.2 and makes her conclusion: “the heavier the cube is, 
the more easily the cube sinks,” do you think her choice of experiments and conclusion are 
correct? Why? If she is wrong, what should she do?
2-3 In Exp. 1, Exp. 3, and Exp. 5, when the volume of the cube is fixed but the mass of the 
cube becomes heavier, which variable would change correspondingly?



330 C.-C. Liu et al.

1 3

Scenario 2

Hsian-Hsian would like to investigate how large a buoyancy force the cube receives in liq-
uids. He knows that buoyancy force that an object receives equals the weight that it reduces 
after it submerges in liquid. He wants to know if Buoyancy force equals the weight of the 
liquid displaced by the cube. To test his thought, he designed the following experiments:

Exp. 1 Exp. 2 Exp. 3 Exp.4 Exp. 5

rhoS = 1 (g/cm3)
V = 1000  (cm3)
M = 600 (g)

rhoS = 1 (g/cm3)
V = 1000  (cm3)
M = 800 (g)

rhoS = 1 (g/cm3)
V = 1000  (cm3)
M = 1000 (g)

rhoS = 1 (g/cm3)
V = 1000  (cm3)
M = 1200 (g)

rhoS = 1.4 (g/cm3)
V = 1400  (cm3)
M = 1400 (g)

3. Data obtained from Hsian-Hsian’s experiments are listed below:

rhoS
liquid 
den-
sity

M
cube’s 
mass

V
cube’s 
volume

rhoA
cube’s 
den-
sity

Vu
cube’s 
volume 
under 
liquid

Vs
liquid’s 
volume 
dis-
placed 
by cube

Scale 
1
grey 
scale

Scale 2
yellow 
scale

Scale 
3
hang-
ing 
scale

B
buoy-
ancy 
force

Exp. 1 1.00 600.00 1000.00 0.60 600.00 600.00 0.00 600.00 0.00 600
Exp. 2 1.00 800.00 1000.00 0.80 800.00 800.00 0.00 800.00 0.00 800
Exp. 3 1.00 1000.00 1000.00 1.00 1000.00 1000.00 0.00 1000.00 0.00 1000
Exp. 4 1.00 1200.00 1000.00 1.20 1000.00 1000.00 0.00 800.00 200.00 1000
Exp. 5 1.40 1400.00 1400.00 1.00 1000.00 1000.00 0.00 1400.00 0.00 1400

 

3-1 What variables should Hsian-Hsian choose to compare to test his hypothesis?
3-2 According to the results above, Hsian-Hsian claims that “I hypothesized that the buoy-

ancy force equals the weight of the liquid displaced by the object. The experiment 
results support my hypothesis. So, I will not change my hypothesis. This is because the 
weight of the liquid displaced by the object equals the volume of the object under the 
liquid. The volume of the object under the liquid equals the buoyancy force received by 
the object. So the weight of the liquid displaced by the object equals the volume of the 
object under the fluid.”

  Is this claim reasonable? If not, how should you revise the claim?
3-3 In fact, Hsian-Hsian’s result cannot support his hypothesis. Can you find out which 

experiment can not support his conclusion? Why?
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