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Abstract
This paper is in response to the article entitled “Identifying potential types of guidance 
for supporting student inquiry when using virtual and remote labs in science: a literature 
review” by Zacharia et al. (2015). In their review, Zacharia et al. (2015) adopted de Jong 
and Lazondo’s (2014) framework of five inquiry phases for online labs: orientation, con-
ceptualization, investigation, conclusion, and discussion. Zacharia et al. reviewed the lit-
erature on Computer-supported Inquiry Learning (CoSIL), and identified best practices 
for each phase. They concluded, for example, that the orientation/conclusion/discussion 
phases received the least amount of guidance, while there were many more tools and strate-
gies for providing guidance in the conceptualization/investigation phases. In this paper, we 
adopt the same inquiry framework as Zacharia et al. (2015) and report strategies that we 
learned from STEM faculty about how they supported and guided virtual student lab-based 
learning in these five phases during the recent COVID-19 shutdown. While Zacharia et al. 
identified tools and processes for enabling all five inquiry phases, add additional practical 
examples of faculty implementing these phases online as part of COVID-19 emergency 
remote teaching, and we provide insights for extending the 5-phase framework for future 
research.

Keywords Lab-based learning · Studio-based learning · Virtual labs · Virtual studios · 
Inquiry-based learning

Introduction

The COVID-19 pandemic of 2020 was exceptionally disruptive for many industries around 
the world. In education, there has been a varying level of readiness to adapt to emergency 
remote teaching (ERT). Some instructors, schools, and disciplines had been developing 
online learning materials previously and were quick to adapt. However, the transition has 
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been much more difficult for others, particularly those disciplines that rely on hands-on, 
active learning approaches—including STEM disciplines.

In these disciplines, there has been an increased emphasis on adopting student-centered, 
evidence-based learning practices, only to have the transition complicated by COVID-
19. Code et  al. (2020) surveyed teachers in technology education about their main con-
cerns, and reported, “the switch to ERT impacted the teachers’ ability to support hands-
on competency development owing to inequitable student access to tools, materials and 
resources.” Solving this puzzle of how to provide active learning online is a critical con-
cern, as Zayapragassarazan (2020) argued “online education can be effective only if it pro-
motes active learning in learners by providing opportunities to read, write, discuss, think, 
ask questions, solve problems, analyze and create new things depending on the learning 
content” (p. 1).

One area of concern especially in the STEM disciplines is with lab-based learning. Ray 
and Srivastava (2020) acknowledged that virtual labs can be a helpful supplement to in-
person labs, but they wondered “whether virtual labs can completely replace the real-life 
physical labs” (p. 79). To answer this question, we need effective frameworks for research-
ing and understanding virtual lab-based learning. In their review, Zacharia et  al. (2015) 
adopted de Jong et al.’s (2014) framework of five inquiry phases for online labs: orienta-
tion, conceptualization, investigation, conclusion, and discussion. Zacharia et al. reviewed 
the literature on Computer-supported Inquiry Learning (CoSIL), in order to determine 
whether research and practice have developed sufficiently to support inquiry-based learn-
ing online. They found that there do exist tools and strategies to support each phase, but 
that some phases have received more attention than others. They concluded, for example, 
that the orientation/conclusion/discussion phases received the least amount of attention in 
the CoSIL literature, while there were many more tools and strategies for providing guid-
ance in the conceptualization/investigation phases. They concluded with a call for more 
research into how faculty implement these inquiry phases online, and also how to train and 
support faculty in these efforts.

In our response to Zacharia et al.’s paper, we seek to address, briefly, these areas while 
also sharing our insights into how to extend and further develop the 5-phase framework. At 
our university, we created the STEM Faculty Institute, funded by a grant from the National 
Science Foundation, to support and train STEM faculty in student-centered teaching. When 
the COVID-19 pandemic hit, we pivoted our professional development support to focus 
on online learning. In this paper, we adopt the same inquiry framework as Zacharia et al. 
(2015) and report strategies that our STEMFI participants and workshop presenters shared 
about how they guided virtual student lab-based learning in these five phases during the 
COVID-19 pandemic and shift to online teaching.

STEMFI faculty strategies

Orientation and conceptualization strategies

The instructors we talked to reported orienting students online mostly in the same way they 
did it in person. For example, they might use the same handouts to explain the inquiry pro-
ject. Instead of synchronous in-person class meetings, they often used synchronous video 
class sessions to orient students to the project and to teach background concepts. Another 
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strategy reported was to record an introductory video explaining the lab activity that stu-
dent teams could view asynchronously within their video break-out rooms.

Instructors also recorded themselves, or had their teaching assistants record themselves, 
demonstrating the lab procedures. While this has some limitations, as students cannot eas-
ily ask questions while the instructor demonstrates the process, video demonstrations can 
allow students to slow down or repeat forgotten steps.

One member of our team utilized video demonstrations for another purpose—to facili-
tate student self-directed learning and enable more personalized mentoring. In his course 
on educational technology strategies, there were several lab-based projects utilizing tech-
nologies the students had available at home. By recording process and introduction videos, 
most students were able to successfully learn the skills on their own, which was more effi-
cient for them and strengthened their ability to self-teach in the future. Those students who 
needed extra assistance came to on-campus lab sessions for personalized, small-group or 
one-on-one mentoring. While this strategy began before COVID, it could continue to be 
useful in situations where campus visits are possible in small, instead of large, groups.

Investigation strategies

The investigation phase of lab inquiry is perhaps where there is the greatest opportunity for 
divergent strategies and creative solutions. One chemistry instructor, teaching a required 
course for mostly life science and engineering majors, requires her students to purchase at-
home kits with lab supplies. With synchronous video class sessions to introduce the labs, 
students can complete the experiments at home.

This provides several positive results. First, students now own some basic lab materi-
als, which could be beneficial for future learning. Second, it allows students to continue 
their lab-based learning online and anywhere in the world. There are several disadvantages, 
as well. The at-home labs are significantly more expensive for the students ($240/person) 
than an on-campus lab fee. In addition, the quality is entry-level, rather than professional—
meaning that some experiments cannot be completed with the at-home kits, leaving some 
concerns about whether student learning at home is equivalent. In addition, the instruc-
tor believes students are not learning social “process” skills as effectively such as team-
work and group problem-solving. However, continued integration of video communication 
technologies is helping to alleviate this challenge. Finally, a major disadvantage is one of 
equity, in that requiring an expensive at-home kit, and additionally requiring synchronous 
lab sessions with teammates can present significant barriers for students with low financial 
resources, poor internet, or difficult time zone differences.

Similarly, professors in technology and engineering education created “materials and 
supplies kits” for students to complete projects at home. Some of the kits provided strong 
educational experiences such as the robotics unit, where students programmed microcon-
trollers using nano arduinos. However, other kits were less helpful, such as manufacturing, 
composites, metals, and furniture design. Although material such as carbon fiber and bond-
ing agents were provided, students were either reluctant to use the materials at home, or did 
not feel the experience was as authentic. The issue of authenticity especially rang true in 
the furniture design and metals classes where students were also asked to watch a series of 
videos that explained the techniques the students would have used had they had access to 
the various large scale machines and tools. Ultimately, online demos, supplementary vid-
eos, and being available online did not provide sufficient educational learning opportunities 
for the students to adequately learn the material.
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Another potential solution for investigation phases is to use virtual lab simulations. Our 
university for many years has been using Virtual Chemlab (VCL) for some lab experi-
ments (Woodfield et al. 2004). Typically, the simulation is used to prepare students during 
the conceptualization phase to do the investigation phase in person. However, during the 
COVID shutdown, this strategy shifted. One instructor switched to using VCL exclusively, 
and described that when creatively designed, it can allow students to perform investiga-
tions they could never do in person (because they are too dangerous or expensive in a live 
lab). In some cases, the simulation helps students to see aspects of the experiment they 
might miss in person, such as the full spectrum of color. However, a strong disadvantage is 
that many virtual labs are just not as exciting as they would be in person.

Finally, one engineering professor used video tutorials to help scaffold investigation 
process skills for students. In the video he mimics what the student should be doing, stu-
dents watch the video in their groups in breakout rooms in Zoom and pause it when given 
prompts to discuss concepts, decide which valve to open, and judge which data appearing 
on the instrument is important and should be collected. Using free Open Broadcast Soft-
ware, the professor created a recording with multiple screens potentially showing his face, 
video of his lab as he completed steps, his slide presentation, and iPad whiteboard notes at 
the same time.

Conclusion strategies

The instructors we talked to said that interpreting the data and drawing conclusions was 
vastly different in online labs because you can “see” different things in video or simula-
tions than you could in person. For example, without spectrometers, pH meters, analytical 
balances, temperature and pressure sensors, etc., there are chemical phenomena that cannot 
be observed online. As Bernhardt (2018) argued, “when the experimental tools used don’t 
allow for direct observation, students cannot access the phenomena to interpret data and 
draw conclusions.” One useful strategy during this stage was to ask students to complete 
the lab synchronously in Zoom breakout rooms, so that teaching assistants could rotate into 
the groups, answer questions, and observe their process skills.

Discussion strategies

Finally, our teachers used typical synchronous and asynchronous discussion strategies to 
enable student reflection and discussion after the labs. One difference is that, at least for 
one instructor, as they used Zoom for office hours, they found they typically worked indi-
vidually with students to complete their labs instead of in groups as they would do during 
an in-person lab. We also found that some discussions benefited from using asynchronous 
video, enabling more social presence and connection while maintaining flexibility for when 
the conversation occurred (Lowenthal, et al. 2020).

Conclusions

Overall, we found the framework from Zacharia et  al. useful for understanding different 
strategies that instructors use for online, inquiry-based laboratory learning. Based on our 
interviews and experiences, we echo their conclusions. First, technology can provide a 
reasonable at-home and online solution for many courses, but as instructional designers 
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we should be sensitive that the online solution may not always be ideal for every course. 
In many situations, there are tools, instruments, and materials available at in-person labo-
ratories that cannot be fully replicated virtually. However, creative design may improve 
the future of virtual lab-based learning by creating more authentic simulations (perhaps 
through augmented or mixed-reality technologies), or through hybrid/blended options 
where students complete some labs at home but others at school or through partner labora-
tories if the students live away from the university. Future research and development in this 
area is critical to understanding how to support each of the five inquiry phases. If not, the 
“shift to digital” learning risks being a shift to teacher-centered instruction, if we cannot 
develop the tools to support student-centered lab work effectively.

Second, the framework from Zacharia et al. and de Jong and Lazondo provided a basic 
summary of the inquiry process, but we realized it may need to be updated. For example, 
we believe it would be helpful to include a dimension of equity or access, where scholars 
can parse the literature and create research designs that investigate the positive and nega-
tive effect of various online labs on student equity and multicultural learning.

Finally, the framework discusses phases in the lab-based learning process, but is still 
very broad. Additional refinement may identify different aspects of each phase that should 
be studied. For example, during the investigation phase, we found that it was not sufficient 
to think about how technology made investigation possible, but how it made it different. 
For example, a virtual lab may reproduce some aspects of an experiment with even better 
visibility than an in-person lab, while diminishing other aspects. It might be that through 
blending of online and in-person lab learning, and skilled design of learning environments 
that take advantage of the affordances of each, we can take advantage of both modalities 
and better prepare students to become the next generation of scientists and engineers.
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