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Introduction 
In the spring of 2020, the outbreak of COVID-19 forced universities worldwide to close 
campuses and transition to online teaching. The numerous challenges associated with moving 
traditional in-person lectures to an online forum also provided an opportunity to revisit 
technological and pedagogical approaches for improving lecture quality. 

In traditional in-person lecturing, the relationship between the lecturer and student is 
facilitated via social interplay such as body language, facial expression, and verbal 
enthusiasm. These interactions can be unintentionally lost when the lecturer must interact 
with students through a camera and a microphone. On the other hand, online teaching has 
provided lecturers with new digital tools to re-establish and improve lecturer-student 
connection during online lectures [1,2]. 

Pre-COVID-19, lectures were typically held in auditoriums with students facing the lecturer 
and a screen displaying the lecture content. In this setting, the lecturer can engage students 
by enthusiastic speech and accommodating body language while moving around the room 
and inviting students to engage in open discussions. Moreover, physical presence allows the 
lecturer to alternate between slide-show presentation and whiteboard/blackboard writing to 
communicate the lecture content. 

The COVID-19-urged requirement to transform traditional university teaching to an online 
platform obliged lecturers to investigate which digital solutions were available to help 
maintain and potentially improve student engagement and motivation, student learning, and 
teaching quality [3].  

With the re-opening of society, and the teaching format returning to pre-COVID-19 
conditions, we have assessed the pedagogical implications (advantages and disadvantages) 
of tools used in online lecturing by asking the following research question: 

To what extent do digital tools provide solutions that improve university teaching, and 
what is the outlook for incorporating these solutions in traditional auditorium teaching? 

 

Theoretical basis 
To evaluate the potential benefits of incorporating digital solutions in traditional university 
teaching, we designed four pedagogical experiments. These were centered around classroom 
teaching and laboratory teaching, as these are the teaching domains that in our experience 
has the biggest potential and highest need for digital transformations. In experiment 1 and 2, 
we focused on methods to maintain student engagement, i.e., their attention, interest, and 
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active involvement during teaching. In experiment 3 and 4, we focused on the use of digital 
platforms to collect and share information. 

More specifically, the aim of the four experiments was to: 1) evaluate different lecture 
formats, by comparing the use of recorded and live lectures as well as different lecture 
lengths, 2) increase student engagement, by exploring how digital tools can be incorporated 
in lectures, 3) formatively assess student learning, using a digital quiz-platform during 
lectures, and 4) examine how digital tools can support laboratory practice, using an 
interactive online information guide. 

The theoretical basis for the design of the individual experiments is presented in the 
following. 

Lecture format 
The format of traditional university lectures involves the physical attendance of both students 
and the lecturer. At Aalborg University (AAU), a lecture typically consists of two 45-minute 
sessions with a 15-minute break in between. This is followed by theoretical exercises or other 
group activities. Such a format, i.e., the auditorium lecture, is often a one-way form of in-
person communication. AAU prioritizes problem-based learning (PBL) in education 
programmes with the main aim of improving the students’ ability to critically reflect on the 
subject being taught. Despite much evidence for the advantages of problem-oriented 
teaching, lectures often remain at the content-oriented and curriculum-based auditorium 
lecture format. 

The lecture format and the mode of presentation (i.e., the use of animations in slideshows, 
drawing/writing on whiteboards and blackboards etc.) influence student perception as well 
as the learning process and learning outcome to a large extent [4–7]. Hence, the lecturer 
should critically reflect on how to modify and optimize the lecture format to maximize student 
learning. The focus on improving the lecture format at higher education institutions, such as 
universities, has partly been triggered by the new possibilities arising from technological 
advancement.  

Online lectures have gained popularity among research institutions and students. A 
consequence of relocating university lectures from auditoriums to the Internet is the 
opportunity to test and implement different formats such as live-streamed lectures, recorded 
lectures (for re-use), or pre-lectures [8]. The latter can be used as part of student preparation 
for the actual lecture, in which the lecturer can then focus on core topics and other teaching 
strategies [9]. The use of live-streamed or recorded lectures has proven equally effective to 
communicate the same content as traditional lectures [10]. Moreover, using shorter (5-10 
minutes), topic-focused lectures has proven effective for improving learning outcomes [11].  
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Although the lecture format constitutes an important element in student learning, another 
tightly interconnected aspect is the connection between the lecturer and students, and the 
engagement of students during the lecture. 

Student engagement 
A common challenge in lecturing is the limited attention span of students and their drifting 
focus from the topics being covered during the lecture [12]. The lecture format and the mode 
of presentation has a direct impact on student engagement [13]. Moreover, a good lecturer-
student connection helps generate and maintain the motivation and engagement of students 
[14,15]. 

Compared to traditional in-person lectures, the online lecture format makes it challenging to 
establish a constructive interaction to maintain student engagement because the normative 
social code of practice is partly diminished. In the online setting, students must follow the 
lecture on an electronic device (e.g. a cell phone, tablet, or computer) where it is easy to get 
distracted by social media, gaming apps, the surroundings etc. [16]. 

Because students learn better when verbal and visual communication is used simultaneously 
[7,17], it is critical that the lecturer reflects on initiatives to engage students when there is a 
lack of in-person connection. Simple approaches such as animating or interacting with the 
slideshow, by using a digital laser pointer or by writing on the slides while communicating 
their content, can improve student-lecturer connection and student engagement, which is 
critical for the learning process [7,18,19]. 

To maximize student engagement, it is important to vary the lecture content and the mode 
of presentation, as well as to activate the students during the lecture [7]. The aim of active 
learning is for the students to actively participate in the learning process, rather than passively 
absorbing information, by engaging with the information conveyed by the lecturer. 

One way to implement active learning is to ask the students to complete small exercises 
during the lecture. To this end, the use of break-out rooms can facilitate discussions and 
exchange of knowledge in small groups. Here, several online solutions are available as 
platforms for presenting and interacting with a task together. Another way to activate and 
engage students is to apply a student response system (SRS), such as a multiple-choice quiz, 
during the lecture [20,21]. Small quizzes throughout the lecture provide variation to the 
lecture format while aiding student engagement and facilitating the assessment of both 
student learning and teaching quality [22–24].  

Formative assessment 
Formative assessment of student learning and teaching quality describes the process of 
making sure students understand the topic being taught while it is being taught [25,26]. The 
goal of formative assessment is to actively monitor student learning to gain feedback that can 
be used to improve this in real-time [27]. Formative assessment allows lecturers to identify 
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which parts of the curriculum students struggle to understand and to address the issues 
immediately.  

Formative assessment of student learning takes a variety of forms and is generally based on 
the immediate learning objectives. When analysing student answers to small exercises, 
lecturers must differentiate between mistakes and errors. Mistakes occur when students fail 
an evaluation assignment because they are not paying attention or have lost their focus. 
Errors occur when students fail an assignment because of learning-related issues. 

Formative assessment is a two-way form of communication – from lecturer to student to 
lecturer – and is relational. Thus, it serves as a basis for building relationships and community 
in a course [28]. Peer feedback also contributes to formative assessment because the 
feedback given by both the lecturer and the students contributes to a better learning process 
and thereby a better progress towards the learning objectives. One challenge associated with 
formative assessment and online learning is the reduced student-lecturer connection, but 
technological advancements do provide options for a wide variety of online assessment 
methods [29]. 

SRSs can be used to formatively assess students’ immediate understanding. One potential 
advantage of formative assessment is an enhancement of the scaffolding effect, i.e., the 
addition of knowledge to students in smaller bits towards a larger understanding of the 
lecture topic [28,30,31]. For scaffolding to be effective, the lecturer must be aware of the 
student’s current level of knowledge [32]. Such awareness helps the lecturer to navigate 
within the proximal zone of development [33], and can be achieved by defining learning 
outcomes for each lecture and identifying specific learning objectives for each expected 
learning outcome. The students’ understanding of each learning objective can then be 
assessed using a digital SRS, such as Mentimeter (www.mentimeter.com) or Socrative 
(www.socrative.com). Moreover, using SRSs for formative assessment has the added benefit 
of introducing variability into a lecture, thereby aiding to improve and maintain student 
engagement through active learning.  

Digital support in laboratory practice 
In natural sciences education, laboratory training constitutes a major part of the learning 
objectives. Moreover, PBL universities prioritize authentic and problem-oriented student 
projects that bridge research-based knowledge and practical experimental work. The aim of 
this approach is to develop student life skills such as critical and creative thinking, hypothesis 
testing, and problem-solving competencies [34]. 

However, the transition from textbook theory to laboratory practice is challenging. Students 
are often confused and overwhelmed by the many practical details and guidelines associated 
with laboratory work, which steal the attention from the scientific problem of their project 
[35]. Thus, the steep learning curve associated with the new environment is often at the 
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expense of student creativity and independence for a period, which may, in turn, impair the 
learning process. 

During this period, and particularly in the initial learning phase and in early semesters, 
practical training is equally demanding for instructors who must be available almost 
constantly to support and instruct students. The heavy workload and time investment 
required for this type of training have resulted in continuing reductions in the hours allocated 
for laboratory work to optimize instructor time [36]. Such reductions may be at the cost of 
the learning process of the students and consequently their final set of practical 
skills.  Moreover, the flow of information from instructor to student, and its level of detail, is 
often heterogeneous, as it is conducted in an informal manner that depends on the 
preferences of the individual instructor, potentially introducing confusion and the sense of 
bias among students.  

Both the challenges experienced by students and instructors can be alleviated if students are 
offered the possibility to better familiarize themselves with practical procedures and handling 
of laboratory equipment before entering the laboratory. To this end, several initiatives have 
pioneered how digital tools can be used to support and supplement laboratory practice with 
good results. These tools streamline the teaching experience and allow students to work 
through the laboratory curriculum at their own pace. 

An initiative by Dantas and Kemm used e-learning tools as tutorials for hypothesis testing and 
experimental preparation before the practical class - this increased the final examination 
mark of the students [37]. Similarly, Gibbins and colleagues found that student performance 
improved when offered an interactive, digital preparation tool in addition to traditional 
manuals [38]. Digital platforms have also proven useful as spaces for preparatory work, 
planning, and handling of results. The Bristol ChemLabS initiative 
(http://www.chemlabs.bris.ac.uk/) is a successful virtual laboratory manual with videos and 
instructions on procedures and equipment. This tool enables students to be better prepared 
and confident during their practical work. 

Nevertheless, a virtual laboratory does not provide the hands-on experiences required to 
master practical scientific skills. Often, the key to a successful experiment is in the detail [3]. 
More importantly, virtual laboratories fail to train students in how to handle unexpected 
results, errors in sample handling, equipment breakdown, failed experiments, or practical 
challenges that are frustrating, but a very central part of the learning experience. Thus, an 
important conclusion drawn from other studies is that virtual tools must be intimately aligned 
with the actual physical setting that students experience in during laboratory work [36].  
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Methodological approach 
To investigate different aspects of online teaching, we designed four individual pedagogical 
experiments focusing on traditional course learning (lectures) and practical learning in 
relation to laboratory work. The design of the four pedagogical experiments is summarized in 
Table 1. 

 
Table 1: Summary of four pedagogical experiments conducted in this study. 

Exp. no Topic Tools/format Assessment 

1 Formats of 
online 
lecturing 

 

Pre-recorded 
vs. live lecture 

Lecture length 

Specific lecture and general 
course evaluation questionnaire 

Individual student feedback 

2 Student 
engagement 
during online 
lecturing 

Writing on 
slides           
Using digital 
laser pointers 

Padlet     
Socrative 

Specific lecture and general 
course evaluation questionnaire 

Individual student feedback 

3 Formative 
assessment 

Socrative Multiple-choice quiz 

4 Digital 
support in 
laboratory 
practice 

Miro         
Videos          
Text boxes 

Test of manual vs digital 
laboratory guide by four groups 
of students 

 

Experiment 1: Formats of online lecturing 
All authors gave online lectures (Table S3, Appendix I). Courses varied in terms of content, 
student level, and number of students. We used different combinations of lecturing length 
(2x 45 minutes vs 3x 20 minutes) and 20-minute pre-recorded lectures vs live-streamed 
lectures. Pre-recorded lectures were used either with or without plenary follow-up. Lecturers 
with a specific focus on this experiment asked the students to evaluate the lecture format in 
a questionnaire after the lecture(s).  
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Experiment 2: Student engagement during online lecturing 
During online lectures, several approaches were made to enhance student engagement.  

We assessed the effects of writing on slides with a digital pen and the effects of using a digital 
laser pointer. These tools were implemented in some lectures, and students were afterwards 
asked to evaluate their effect.  

We used the digital tool Padlet (https://padlet.com/) as a platform for group-based exercises. 
Fourteen Padlet boards were created with identical contents before the lecture. During the 
exercise, students were split in break-out rooms, and one Padlet board was used in each 
room. All participants had access to edit the board. Upon return to the lecture, a board with 
suggested answers was presented and discussed. The lecture and the exercise were evaluated 
in combination by the students in a questionnaire.  

The platform Socrative (https://socrative.com ) was used as an SRS to integrate quizzes in 
lectures. Quizzes were centered around recently presented topics to allow students to reflect 
on these. After the lecture(s), students were asked to evaluate the use of Socrative. 

Experiment 3: Formative assessment 
Socrative was also applied for formative assessment during lecturing.  

For each lecture, the aims and learning outcomes were defined and separated into five levels 
of complexity (level 1-5). Further, for each learning outcome several learning objectives were 
identified. Finally, several multiple-choice questions were designed for each learning 
objective. 

During the lecture, the students were presented with the learning material associated with a 
particular learning objective. This was followed by a multiple-choice question to formatively 
assess if the students had acquired the learning objective. If a large proportion of the students 
failed the multiple-choice question, the lecturer revisited the learning material before moving 
on to the next learning objective. A flowchart of the complete process is shown in Figure 1.  

When the course was completed, the lecturer could use the outcome of the multiple-choice 
questions to improve the lecture by identifying those topics where a large proportion of the 
students did not answer correctly. Over several years, this approach has the potential to 
improve the quality of the learning material. 
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Figure 1: Flowchart illustrating the connections between learning outcome, learning objectives, learning materials, and 
multiple-choice questions (using the digital platform Socrative) 

 

Experiment 4: Digital support in laboratory practice 
Waste-handling was chosen for designing a proof-of-principle digital tool that could support 
practical laboratory teaching. Correct handling of laboratory waste is part of the practical 
curriculum for all students and an important part of practical courses.  

Laboratory work produces a multitude of different waste types (chemical, biological and 
regular waste), which need to be disposed of. To secure health and environmental safety, it 
is important that this is done correctly. Previously, the students had two options to obtain 
this knowledge: 1) to use a written laboratory manual or 2) to ask their instructor. To optimize 
the available waste management information, we created an online interactive guide using 
the digital platform Miro (https://miro.com/). We used a decision-tree-based approach to 
compress the complex subject into an easily manageable and accessible system.  

The online tool was evaluated in a test where four groups of students were asked to identify 
the correct laboratory procedures for the handling of 16 waste types. For eight waste types, 
they were asked to use the Miro-based guide, and for the other eight, they used the written 
laboratory manual. All students tested both approaches. Their answers were then scored by 
the instructors. Afterwards, the students were asked to evaluate the use of the two tools in a 
questionnaire. 

 

Results 
Four experiments were conducted to explore the use of 1) different lecture formats, 2) 
engagement methods in lectures, 3) formative assessment, and 4) digital tools in practical 
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learning. All authors varied in experimental focus and contribution to each experiment to give 
a broader basis for evaluation and an improved possibility to generalize (or differentiate) 
observations. 

Experiment 1: Formats of online lecturing 
A central aspect of content presentation and student engagement is the lecture format. We 
implemented both pre-recorded and live lectures and used different lecture lengths. 
Afterwards, we asked students to reflect on their preferred format in evaluation forms of the 
lectures. Here, we present their responses and our own experiences. 

Experiment 1.1: Pre-recorded vs. live lectures 
The implementation of digital platforms in teaching has made recording of lectures easily 
accessible. This has also opened the possibility of pre-recording lectures to replace or 
supplement live teaching.  

In two courses, we asked students which digital lecture format they preferred. Both courses 
used live lecturing. For the students of PDR, live online lectures were preferred while short, 
pre-recorded sessions were least favored for online teaching (Figure 2). In contrast, students 
participating in the lecture of HHJ had a strong preference for pre-recorded lectures in a short 
session format. We speculate whether these diverse results may be explained by different 
experiences from other courses. Importantly, all authors found that students were interested 
in obtaining recordings of lectures, whether performed live or not, likely for use in exam 
preparations. One student responded with “I like recorded online teaching. During exam 
preparations, I can re-watch the lectures, pause them, and take notes”. 

 

Figure 2: Student lecture format preference based on post-lecture evaluation by students in lectures of HHJ and PDR. 
Response rate: PDR: 24 students. HHJ: 25 students. Full question: Due to COVID-19, all teaching has been given online. 
Which of the following options would you prefer if teaching was to remain online? 
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As pre-recording of lectures is not limited to the traditional 2x45-minute time constraint, this 
tool can be used in different formats. Thus, in another course, we tested the use of short, pre-
recorded lectures that students should watch as preparation before the live lecture which 
was then used for summarizing main points and discussing applications and exercises (SGE, 
Figure 3).  

Following the lecture, 49% of student respondents indicated that pre-recorded lectures made 
the preparation for the lecture more difficult by increasing the workload (Figure 3A). For 
instance, several students indicated qualitative responses with similarity to: “It basically feels 
like two lessons in one. It is harmful to the motivation that such extensive preparation is 
expected”. Nevertheless, 79% of respondents indicated that the pre-lectures prepared them 
to a high or very high degree for following the presented examples of application and exercise 
work, and 77% indicated that the learning objective summary had a positive effect on their 
overall learning outcome (data not shown). For instance, one student responded with “I really 
like when there are pre-recorded lectures, because it gives me the possibility to make my own 
breaks and re-watch the parts of the lecture that are difficult”. 

Overall, 70% of student respondents indicated a preference to such a format over a traditional 
lecture format with two 45-minute sessions covering the theory (Figure 3B).  

 

 

Figure 3: Student lecture format evaluation compared to the traditional format (two 45-minute sessions covering 
theory) based on post-lecture evaluation by students of SGE. Response rate: 43 students. 

Experiment 1.2: Length of lectures 
At AAU, 1 hour and 45 minutes are typically allocated for a lecture, and a traditional lecture 
format breaks this time into two 45-minute sessions with a 15-minute break in between. 
However, 45 minutes is a long time to stay focused, and maybe particularly in an online 
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format. We tested a lecture format consisting of three 20-minute sessions with 5-minute 
breaks in between and found that 81% of student respondents rated their impression of the 
applied 20+5min format higher than average (HHJ, Figure 4). A preference for short sessions 
was also observed through qualitative feedback from students participating in lectures by 
SGE, MB, and KW. 

 

Figure 4: Rating of the lecture format 20 min lecture + 5 min break (compared with 45 min lecture and 15 min break). 26 
students responded. 

In summary, we found no clear preference for one specific format of online teaching. 
Feedback from the specific experiments (short, pre-recorded lectures and a shorter lecture 
format) were generally positive, but when asked more generally to compare, the responses 
were diverse. The use of short videos was helpful for the students in understanding the 
curriculum, but time-demanding when used as a part of lecture preparation. We generally 
find that students like to have recordings made available. 

Experiment 2: Student engagement during online lecturing 
Keeping students engaged during a lecture or during group work is a big challenge for 
lecturers. Even more so when transforming traditional in-person lectures to digital platforms, 
which may require additional actions to help the students stay focused. 

Experiment 2.1: Interaction with slideshow presentations 
One strategy to maintain student engagement is for the lecturer to interact with the 
slideshow presentation using e.g., a digital laser pointer or by writing/drawing on the slides 
while presenting their content. This approach was evaluated in courses by SGE and PDR. 

During pre-recorded lectures, SGE interchanged between using a digital laser pointer and 
writing on the slides to allow for a direct comparison between the two strategies. Among 43 
student respondents, 44% did not prefer one approach over the other, and the remaining 
responses were divided almost equally in preference of either approach (Figure 5A). 
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Moreover, through qualitative feedback, some students pointed out that “…when you write 
on the slides, often there are some unintentional red lines which make it difficult to keep 
focused”, “…it looks awful”, or “...often it becomes very confusing with many lines”. 

In live lectures by PDR, the digital laser pointer was used to guide the student’s attention to 
certain parts of the slide. Writing/drawing on the slides was used throughout the course 
mainly to derive mathematical expressions or explain specific calculations. The intention with 
writing on the slides was to reduce the pace at which the material was presented. When asked 
to rate the experience of the lecturer interacting with the slides, more than 85% of the 
student respondents answered that writing/drawing on the slides was good or very good 
(Figure 5B), and it helped them understand the material better (data not shown).  

 

 

Figure 5: Evaluation of using digital laser pointer and writing on presentation slide. Response rate: A: 43 
students. B: 23 students. 

Experiment 2.2: Padlet as a tool for group exercises 
A common approach to engage students in traditional lectures is to ask them to discuss a 
topic or a question with their neighbors or in smaller groups for a short period of time. In 
online lectures, this approach can be implemented using break-out rooms. A challenge with 
this setup is that the students need to work on the same exercise on individual screens. This 
problem is commonly solved with the share screen function and the compromise that only 
the sharing individual can interact directly with the screen. However, there are several online 
platforms available that allow multiple participants to work on the same document/exercise 
simultaneously. 

In this experiment, the online platform Padlet (https://padlet.com) was used for a break-out 
room exercise.  Padlet is a whiteboard-like tool that allows the user to create small text cards 
and place them either randomly or organized in e.g., grids or columns (Figure 6). HHJ 
presented the exercise after a lecture that summarized methods in microscopy. Students 
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were asked to identify which methods were useful for a given biological question. One Padlet 
board was prepared for each group of students in each break-out room. 

 

Figure 6: Group exercise in Padlet. Every group was provided a Padlet template with microscopy techniques (blue box) and 
biological questions (red box) defined. The students were asked to match techniques with questions by moving the cards 
(indicated by black arrow). 

When asked to evaluate the use of Padlet for the exercise in a questionnaire, student 
respondents gave overall positive feedback (Figure 7). However, new users experienced 
challenges with understanding how the platform worked (Figure 7C).  A feature of Padlet (and 
similar tools) is that the lecturer can see student responses in real-time. In general, this did 
not affect the students (Figure 7D).  
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Figure 7: Evaluation of group exercise using Padlet. Response rate: A: 26 students. B-D: 25 students. 

 

Experiment 2.3: Integrated quizzes 
Another way to maintain student engagement during lectures is to introduce variation to the 
lecture by incorporating questions and quizzes. Several digital solutions are available for such 
SRSs. In this experiment, we used the platform Socrative (https://www.socrative.com/) to 
integrate SRSs in lectures by SGE and PDR. SGE included three multiple-choice questions 
during a lecture summary while PDR included ten multiple-choice questions spread out over 
a 90-minute lecture.  

When asking the students to evaluate the use of Socrative after the lecture by SGE, 58% 
responded that the SRS was helpful to understand the material, with 21% stating that it was 
a very good solution and only 12% indicating a negative impact (Figure 8A). Furthermore, only 
6% of students responded that the lecturer did not use the outcome of the multiple-choice 
questions actively in the lecture (Figure 8B). Following the lectures by PDR, 58% of students 
responded that the SRS helped them retain their engagement during the lecture, while only 
8% indicated a negative effect on engagement (Figure 8B).  
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Figure 8: Evaluation of using multiple choice questions within the lectures. Response rate: A-B: 43 students. C: 24 
students. 

 

In summary, experiment 2 showed that digital tools can be successfully implemented in 
lectures to increase student engagement during online lecturing. We speculate that most 
activities that can change the speed, dynamics, and focus during a lecture has a positive effect 
on student engagement. It should however be noted that all activities implemented in 
experiment 2 required more preparation time for the lecturer.  

Experiment 3: Formative assessment 
Socrative was also used as a central element in the lectures by REA, as a tool for formative 
assessment of teaching quality. 

During the lectures, students were faced with several multiple-choice questions, used for 
both real-time evaluation of teaching quality and for adjusting the lecture content during a 
hybrid in-person/online lecture. Thus, after explaining a specific topic, REA presented the 
students with a multiple-choice question related to the topic. The answers were used to 
evaluate whether the students had understood the content just presented, thereby enabling 
REA to pinpoint difficult topics and re-explain and revisit these topics. 

For example, in a lecture about muscles, students were asked about the organization of 
muscle filaments (Figure 9A). Here, 90% of the students answered correctly, indicating that 
the topic was sufficiently covered. The following topic covered the mechanisms of muscle 
contraction. Here, only 54% of the students answered correctly (Figure 9B). As a result, this 
topic was revisited before moving on to the next learning objective in the lecture. 
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Figure 9: Examples of Socrative questions used for formative assessment. Correct answers are indicated with a dark bar. 
A. Question no. 3.1. 48 students responded. B. Question no. 4.2. 39 students responded. See all questions in Appendix II. 

The use of a digital platform to assess student learning allowed collection of data to analyse 
across questions and students. To anonymize responses, the students were allowed to enter 
whatever name they preferred, and some students changed their name during the lecture. 
Responses from students who used the same name throughout the lecture were analysed 
using a square grid graph (Table 2). There were no clear tendencies at the individual student 
level (columns in Table 2). 

Student no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

1.1 Diffusion B B B B B A B B B    B B B B B      B  B   B 

1.2 Osmolarity AB BE BE BE DF B AE AE AE AD BE  AD   AD  BD AB  EF BF  BE     

1.3 Osmosis A B A B A A A A  A B A A A B A A     B B  A B  B 

1.4 Option 1 B B A B B A B B B B B A   B   B B B A      A  

1.5 Option 2 B B A A A A   B A  B  B      A    B  A B  

Table 2: Individual responses to Socrative questions. Overview of correct (green), incorrect (red), and absent (white) 
answers of 28 individual students to five Socrative questions provided by REA. 

Together, experiment 3 showed that Socrative is a useful tool for preparing quizzes for 
formative assessment of teaching quality. By using the answers during teaching, the lecturer 
can monitor whether the students understand what is being taught. Further, the results can 
be used to adjust the lecture in the following year to further emphasize the difficult topics. 

Experiment 4: Digital support in laboratory practice 
Practical learning in laboratories is overwhelming and confusing for students and time-
consuming for instructors. In this experiment, MB, HHJ, and KW explored if a digital platform 
could support practical learning, by facilitating the learning process and making complex 
information more manageable. 

We used the online whiteboard and collaboration platform Miro (https://miro.com/) to 
design an interactive guide on how to handle chemical waste generated during practical 
laboratory work (https://miro.com/app/board/o9J_l9Y4FVA=/). The rationale for choosing 
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waste handling as proof-of-principle for bridging theoretical and practical learning is the 
requirement for all students to be able to do this, thereby increasing applicability. If 
successful, the long-term goal is to extend this concept to other areas of practical laboratory 
work. 

A decision-tree-based approach was used to transform an overall challenging workflow into 
a manageable series of decisions (Figure 10). The tree has a fixed starting point, from where 
it branches out, and the user must navigate through the branches by making decisions based 
on available information/knowledge (Figure 11). This approach allows the condensation of 
comprehensive information to keep focus on necessary knowledge and off distractions.  

 

Figure 10: Decision tree for handling laboratory waste. Screenshot from Miro platform. 
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Figure 11: Branches and nodes in the decision-tree for handling laboratory waste. Screenshot from Miro platform. 

At every decision node in the tree, there is a link to a whiteboard that explains the practical 
procedures associated with the decision (Figure 12). The whiteboard provides an overview 
intended to give the student a basis for making the correct decision in a manageable way: 

1. A brief description of what to do, how to do it, and what to do afterwards (if 
applicable). 

2. Photos of examples for the decision in question. 
3. Recording(s) of the procedure(s) associated with the decision. 
4. A feedback function in case of problems. 

 

Figure 12: Information whiteboard on how to handle waste related to the bio-hazard node in the decision tree. 
Screenshot from Miro platform. 
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Figure 13: Example pages from laboratory manual used as reference in test of Miro guide. 

 

Ten students tested the digital waste handling guide against a written laboratory manual 
(Figure 13) covering the same content. Students were presented with four different 
workstations, each containing four different kinds of waste. At two of the workstations, we 
asked the students to decide how to handle the waste according to the digital guide, and at 
the two other workstations, we asked them to decide based on the written manual. Once 
done at one station, the students moved to the next station until finishing all four. 

We scored each waste handling task at each workstation according to whether the waste had 
been handled correctly (2 pts), partially correct (1 pt), or incorrectly (-1 pt). The sum of all 
scores at each station was determined and is presented in Figure 14. 
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Figure 14: Waste handling score using the interactive digital Miro guide or a written manual 

 

Based on these results, the students were generally able to handle the waste appropriately 
using either approach, with a tendency towards more problems when using the written 
manual. Nevertheless, the low score on station 4 does indicate a substantially lower mean 
score using the written guide.  

Since there is a big difference between being able to solve a task and finding it simple and 
intuitive, we asked the students for feedback on the two approaches. All students preferred 
the digital guide over the written manual and agreed that such a tool supports laboratory 
work and makes it easier to navigate in the laboratory (data not shown). The general feedback 
on the digital guide was that it was intuitive, easy to use, and focused. For instance, one 
student replied: ”It is very intuitive to use the Miro guide because you can follow a path where 
you answer simple questions to get an answer”’. In contrast, the written laboratory manual 
was more confusing and overwhelming for students, as exemplified in the qualitative 
feedback of one student: ”The laboratory manual has too much text which makes it hard to 
navigate.” 

Moreover, 89% of the students thought the concept of the digital guide would be useful in 
relation to other topics than waste handling (Fejl! Henvisningskilde ikke fundet.), such as 
standard operating procedures/protocols in the laboratory or handling of advanced 
laboratory equipment. 
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Figure 15: Student feedback on the applicability of digital guides in other laboratory-related areas. Response rate: 9 
students. 

 

When asked how the students would decide on how to handle chemical waste if no guide was 
available, 78% responded they would ask their instructor or the nearest person in the 
laboratory (Figure 16).  

   

Figure 16: Student feedback on how to solve a waste handling task without a guide. Response rate: 9 students. Kemibrug 
is an online database with chemical information. 

In summary, we found that the decision tree design was intuitive for students and could 
therefore serve as a place to find answers instead of using instructor time. As with other topics 
presented above, it is very time-demanding to make this tool.  
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Discussion 
This study investigated whether digital tools, employed during the COVID-19 pandemic 
lockdown, can be applied more broadly to improve university teaching upon reopening of 
societies.  

Experiment 1: Formats of online lecturing 
Experiment 1.1: Pre-recorded vs live lectures 
Students provided mixed feedback concerning pre-recorded lectures (Figure 2 and 3). Most 
students were positive towards pre-recorded lectures but emphasized that this format should 
be implemented as a replacement to textbook reading rather than additional preparation for 
a lecture. If the pre-recorded lectures cover the curriculum, it is possible to make textbook 
reading optional, but still recommended, to achieve the learning outcomes.  

During evaluations, students not exposed to pre-recorded lectures were asked which online 
lecturing format they preferred. The inconclusive results may be linked to the different 
academic levels of the students. For example, students from the 2nd semester (students of 
PDR) may find security in the possibility of live interaction with the lecturer. Unfortunately, it 
was not possible to distinguish if the preference for short, pre-recorded lectures related to 
the short format or to pre-recording – or both. Moreover, it was not known if all respondents 
had previous experience with all formats mentioned, and this may be a source of response 
bias.  

In general, the students appreciated having lectures recorded and made available. There were 
indications in the student feedback that this preference was related to a more efficient exam 
preparation. However, having all lectures available on-demand also removes some degree of 
student responsibility for following the daily teaching schedule during a course, which may – 
in our experience – be harmful for the learning process of both the individual student and the 
entire class. 

Experiment 1.2: Length of lectures 
Overall, students responded positively towards shorter session lengths during lectures. Based 
on feedback on lecture length (Figure 4) as well as qualitative feedback from students across 
courses, a large proportion of students find shorter, topical sessions a useful format for 
obtaining new knowledge, due to better subject delimitation and focus. This observation 
correlates well with the limited attention span of students when faced with condensed 
transfer of knowledge. 

Experiment 2: Student engagement during online lecturing 
Experiment 2.1. Interaction with slideshow presentations 
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To improve the motivation and engagement of students during traditional classroom 
teaching, the lecturer can alternate between using a slideshow presentation or a blackboard 
to break up the lecture or ask students to discuss a topic with their neighbour. 

These activities are challenging when teaching online. However, software such as Microsoft 
PowerPoint allows the lecturer to digitally write on slides during lectures to imitate a 
blackboard. Our results showed that writing directly on the slides was a useful way of reducing 
the pace of the lecturer and navigating the students’ attention to a specific part of the slides. 
Although we received mixed feedback on this approach, the negative feedback seemed to 
particularly originate from technical challenges for the lecturer during the lecture (Figure 5). 
Overall, students were positive towards an increased level of slide interaction by the lecturer. 
This does not necessarily only relate to writing on slides, but also meticulous slide design and 
the use of slide animations.  

Experiment 2.2: Padlet as a tool for group exercises 
Several online platforms offer the possibility to work in the same space or document from 
different computers. This allows students to not only work together remotely but also 
provides a space for sharing and saving notes. In this study, Padlet was employed as a digital 
version of a topic-matching exercise (Figure 6). Generally, the students required some help to 
work in Padlet, but after an introduction to the platform, they found it useful (Figure 7). One 
advantage of this method is that the lecturer can follow the students’ work and evaluate it 
afterwards. However, the students did not choose to use this option although it was offered 
to them. 

Experiment 2.3. Integrated quizzes 
Students generally appreciated the use of SRSs during lectures, believing they benefit both 
learning and engagement (Figure 8). Assessments was primarily performed using multiple-
choice questions with a single correct answer. An alternative approach would be to use 
multiple-choice questions with multiple answers which forces students to consider all options 
and not just identify the single correct answer.  

Presenting students with a multiple-choice question takes times, which cannot be used for 
communication. It is therefore essential to make cost/benefit analyses for the individual 
multiple-choice question – does the information gained from the students’ answers outweigh 
the time lost from teaching? For the students, SRS benefits include self-assessment of 
learning, if they have really understood the learning material. Such self-assessment can also 
be achieved via small discussion sessions during the lecture, during which the students discuss 
a specific topic e.g., in pairs. PDR experienced that this approach achieved equal or better 
self-assessment among the students (data not shown).  



 - 25 - 

Experiment 3: Formative assessment 
The learning flowchart presented in Figure 1 proved a useful tool for designing learning 
material and structuring lectures (see Appendix II). Defining learning outcomes and 
developing learning objectives for each part of the lecture may reveal knowledge gaps in the 
learning material, as the lecturer must reflect on which learning objectives the students 
should acquire during the lecture. Such knowledge gaps typically took the form of minor facts 
or concepts, which the lecturer subconsciously had categorised as ‘assumed knowledge’. As 
such, the learning flowchart ensured that all learning objectives, required for achieving the 
overall lesson aim, were included in the learning material. 

Multiple-choice questions, developed based on the learning objectives and learning material, 
were subsequently used to formatively assess teaching success during lectures (Figure 9). 
Presenting students with multiple-choice questions, promptly after they had been presented 
with the associated learning material, revealed if the learning material on the specific topic 
was adequate in its presented form. This approach can, over time, be used to refine learning 
materials and increase the number of students that acquire the defined learning objectives 
and thus the overall lesson aims of lectures. 

In this study, the number of students who answered the multiple-choice questions was less 
than desired. Regardless, we believe that the grid graph analysis presented in Table 2 clearly 
demonstrates how carefully designed multiple-choice questions can be used to accurately 
identify gaps in the students’ knowledge. The ability of the lecturer to formatively identify 
and fill such knowledge gaps during lectures can ensure a larger number of students achieving 
a higher number of the learning outcomes and thus the overall learning aims of the lectures.        

Experiment 4: Digital support in laboratory practice 
We investigated the applicability of digital tools in laboratory practice, in relation to handling 
of laboratory waste. A digital platform (i.e., Miro) allowed us to combine text and illustrations 
with instructive videos of associated procedures (Figures 10-13). This contrasts a standard 
written manual which solely relies on text and illustrations. 

The students preferred the digital guide over a written manual (Figure 14). They found the 
digital guide helpful for supporting laboratory practice, by being instructive, intuitive, and 
simplifying. Rather than having to consider all options before reaching a conclusion, the 
decision tree-based design of the digital guide narrows down the focus of the student to what 
is appropriate for a specific task. As such, the design eases the learning process by deselecting 
irrelevant information which makes the learning process more focused and less 
overwhelming. It may also give the students a larger drive to use the guide and thereby 
increase laboratory safety by decreasing the risk of incorrect handling of laboratory waste. 

From an instructor point of view, the guide streamlines instructions and workflows in a detail-
oriented way and avoids heterogenous instructor-to-student information that may lead to 
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confusion and misunderstandings. Consequently, a digital guide may be a valuable tool in 
securing good laboratory practice. However, students need to understand the value of the 
digital tool for their learning process to find the motivation to use the tool rather than asking 
the instructor. If this obstacle is overcome, the digital guide has the potential to save valuable 
instructor time by removing the need for instructing students in real-time as well as for 
repeating the same instructions as new students enter the laboratory each semester. This 
point is corroborated by the result that almost 80% of the students would ask their instructor 
or a person nearby if they did not have access to the digital Miro guide (Figure 16). 

The implementation of a feedback function in the digital guide itself provides the student easy 
access to ask clarifying questions or point out if information is lacking. In our experience, 
students hesitate to ask these questions if it requires a lot of time or effort. Thus, a one-click-
away feedback function facilitates and improves the learning process of the students and 
ensures that deficiencies in the guide can be addressed and amended by the creators to 
continuously improve it. This, however, requires continuous maintenance of the digital 
platform, which can be challenging in an academic environment with a high turnover of non-
tenured personnel. 

 

Learnings from online experiments 
As the transformation from in-person to online teaching was driven by the COVID-19 
pandemic, it was the focus of this study to identify whether digital tools could contribute to 
or improve our current toolbox of educational methods. This focus is supported by a general 
shift in society, and at AAU, towards a broader implementation of digital tools in not just 
teaching, but all aspects of work obligations. In general, we find that digital solutions in online 
teaching have many possibilities for improving teaching and interaction with students, but 
they also have caveats, and are in many cases not superior to in-person teaching. However, 
they do offer some useful solutions that may be implemented to support or improve in-
person teaching. Here, we discuss some of the considerations one should keep in mind when 
using digital tools. 

Online platform teaching 
Giving lectures via an online platform such as Zoom, Teams, or Google Meet has the 
advantage that students can participate remotely. This format solves the issue of not being 
able to physically attend a lecture due to e.g., illness or logistics. Moreover, lecturers or 
instructors are more approachable if they can be reached in a short video call, rather than 
only in their offices. Another important advantage of online lecturing is that the lecture can 
be recorded, and we find that recordings of online lectures are extremely popular and 
warranted for student exam preparation. 
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One major challenge with online teaching is to obtain a close lecturer-student connection. All 
lecturers in this study experienced the “digital barrier” while giving lectures, in particular 
when the students had turned their cameras off. Although students were encouraged to turn 
cameras on, only a very limited number accommodated this request. We believe that the 
hesitation to turn on cameras affected the quality and outcome of our lectures. When we 
cannot see the students’ facial expressions, it is impossible for us to evaluate whether they 
can follow the lecture and understand its content (or if they are even present).  

The use of video recordings for teaching 
Video recordings of lectures, or short videos covering specific topics, are popular among 
students, as they can watch the videos at their own pace and revisit them for exam 
preparations. Videos may be given as curriculum in preparation for the actual lecture, but 
they should in that case replace a corresponding part of the reading material, as the 
curriculum otherwise becomes too demanding. One may argue whether it is worthwhile to 
make topical videos in-house, as many high-quality teaching videos are available online, e.g., 
by Coursera. We do, however, find that videos tailored for a course curriculum, exam 
exercises, or for practical work in our own laboratory facilities do add value for the students, 
as they are specific and designed in combination with other course parts. 

Digital platforms for sharing and saving 
This study implemented online tools such as Padlet and Miro in teaching. While Miro was 
used as a platform for designing a practical waste handling tool, it is also a flexible whiteboard-
like tool that can be used for brainstorm-type exercises. Such tools are currently in high 
development and very applicable for group work. They allow groups of students to work from 
different computers in the same room, or in different rooms, and have much of the same 
flexibility as drawing on a piece of paper or a whiteboard has. Importantly, these platforms 
save the content and can be used to “immortalize” notes or to share them with other students 
or instructors.  

In support of practical work, we find that these tools and platforms allow the addition of a 
level of information that better resembles the nature of practical work. Our results show that 
digital design options provide a means to organize and give information in ways that facilitate 
practical learning. Digital tools and platforms do not have the power to entirely replace in-
person instructions from an instructor during practical learning, but they work well in support 
hereof, both in the preparation for and execution of practical workflows. 

Use of student response systems 
In this study, SRSs (through the Socrative website) were used with two primary objectives: 1) 
To engage students by breaking up lectures and allowing them to evaluate their 
understanding of the topic (Experiment 2.3) and 2) to formatively assess teaching quality 
(Experiment 3). Without a digital platform, the solution to these two objectives would be to 
provide the students with in-person questions during lectures or to allow informal 5-minute 
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discussions among the students. While this approach is both simpler and quicker, an online 
SRS platform offers tools for collecting and analysing student responses, which allows 
lecturers to identify difficult learning material that can benefit from being revisited during the 
lecture and revised after the lecture (Figure 1). Furthermore, the analysis of student 
responses can provide information about gaps in the students’ knowledge (Table 2). Because 
SRSs are time-consuming, lecturers need to have a clear objective in mind when applying it 
during lectures, as some objectives (e.g., Experiment 2.3) may be easier achieved using in-
person questions and group discussions. 

Preparation time for the implementation of digital tools 
For all teaching experiments presented in this study, we found that they were very time-
consuming. It already takes a long time to prepare for in-person teaching. In online teaching, 
one must also add time to set up an online meeting, manage recordings, and integrate digital 
tools – and test that everything works. Video recordings may require several attempts and 
need to be edited afterwards. In addition, there is a constant risk that some part of the setup 
(internet connection, technical problems for students, integration of digital platforms etc.) 
will give problems, causing loss of valuable teaching time. 

We find that the number of hours allocated for teaching in most courses at AAU is highly 
underestimated and preparing lectures in due time is a challenge for everyone. The 
implementation of digital technologies expands the workload further. One must therefore 
carefully consider whether the time investment meets the outcome of the digital tool in 
consideration. For example, we obtained positive feedback regarding the digital waste-
handling tool designed in Miro. But the tremendous preparation time to design platforms, 
record and edit videos, and incorporate images and text can maybe only be justified because 
the platform has a broad user potential. 

For many of the technologies used, the digital setup is a one-time investment. Video 
recordings may be reused in the same course with no or minor edits. However, as a non-
tenure staff with no clear (teaching) plans, it is a risky investment, as one may not teach the 
same course again or only for a few years. 

 

Conclusion 
We will conclude our discussion with an outlook on how we see digital tools in relation to 
traditional in-person teaching. Although it is possible to fully convert lectures and theoretical 
classes to online formats with the use of digital tools, we find that these tools should instead 
be used to supplement in-person teaching. In this study, we have encountered teaching 
challenges such as establishing and maintaining lecturer-student interaction, formatively 
assessing whether students understand the topic being taught, or directing the students’ 
attention to central points. These are general challenges found in all types of teaching, but 
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they are often inflated in the online universe. However, digital tools can also offer ways to 
address these challenges. 

A main conclusion from this study is that most or all approaches that provide variation to the 
traditional 2x 45-minute lecture format are welcomed by students. Such approaches may 
include short discussions or exercises during the lecture. Here, digital platforms are 
particularly useful if the lecturer wish to gain insights into the students’ thoughts, since the 
digital platforms can collect student responses for later evaluation.  

The implementation of curricular content in videos or on interactive platforms that are 
instructive and accessible to students can be closely aligned with the core topics of a course 
and provides a visual and engaging entry for students to the topics. 

Finally, we believe that digital tools offer good solutions for facilitating group work and 
sharing thoughts and notes. In relation to project and laboratory work, there is a potential to 
use digital platforms or tools to support the work, ensure a clear flow of information, and thus 
ease the workload for the instructor/supervisor. 
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Appendix I 
 

Table S3 Overview of the different course activities by each author. The table contains information on the type of course 
each instructor had, and the different themes for each course/instructor is highlighted with grey. 

Activity 
(Instructor) 

1 (SGE) 2 (PDR) 3 (HHJ) 4 (MB) 5 (REA) 6 (KW) 

Lecture 
theme and 
level 

Mass 
spectrometry 
(Single lecture) 
- 4th-8th 
semester 

Genetics (full 
course) - 2nd 
semester 

Cell Biology 
(single lecture) 
– 4th semester 

Protein 
Chemistry 
(lecture series) 
- 8th semester 

Animal 
physiology 
(lecture series) 
Bachelor. 

Mass 
spectrometry 
(Single lecture) 
- 4th-8th 
semester 

Student 
preparation 

- Textbook 
reading 

- Pre-recorded 
pre-lectures (6x 
~20 min) 

- Textbook 
reading 

  

- None - Textbook 
reading 

  

- Textbook 

 

- Pre-recorded 
pre-lectures (7x 
~20min) 

Experiment(s) - Pre-lecturing 

- Format 
(length) 

- Writing on 
slides 

- Animated 
slides 

- Camera on 

- N/A - N/A - N/A N/A - Pre-lecturing 

- Format 
(length) 

- Animated 
video 

- Animated 
slides 

Lecture 
format 

- Live Online 

- Summary (30 
min) 

- Application 
(45 min) 

- Plenary Q&A 
(20 min) 

- Live online  

- 2x 45min 
lecture 

- Live online  

- 3x 20min 
lecture 

- Live online  

- 4x 20min 
lecture  

Live and online 

(2x45 min) 

- No lecture 

Experiment(s) - Format 
(blended) 

- Animated 
slides 

- Camera on 

- Animated 
slides 

- Writing on 
slides 

- Camera on 

- Format 
(length) 

- Animated 
slides 

- Example 
videos 

- Format 
(length) 

- Use of 
labware 
accessories 

Socrative 
questions 
during lecture. 

- Format (no 
traditional 
lecture) 
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- Student 
response 
system 
(Socrative)  

- Student 
response 
system 
(Socrative)  

- Camera on 

  

- Animated 
slides 

- Writing on 
slides 

- Camera on 

Assignments/
practicals 

- Online group 
work (2h) 

- No plenary 
summary 

- Online group 
work (2h) 

- No plenary 
summary 

- Online group 
work (1h) 

- Plenary 
summary 

- Online group 
work (1.5h) 

- No plenary 
summary 

  

 Lab work - Online group 
work (3.5h) 

- No plenary 
summary 

Experiment - Breakout 
rooms  

- Breakout 
rooms  

- Breakout 
rooms 

- Exercise using 
Padlet 

- Breakout 
rooms 

- N/A - Breakout 
rooms  

Follow-up - All lecture 
sessions were 
recoded and 
made available 
online (+slides) 

- Answers for 
assignments 
made available 
online after 
lecture 

- Groups 
present results 
in plenum 

- Answers for 
assignments 
NOT available 
online after 
lecture 

- All lecture 
sessions were 
recoded and 
made available 
online (+slides) 

  

- 2/3 lectures 
were recoded 
and made 
available online 
(+slides) 

  

- All lectures 
were recorded 
and made 
available online 
(+ slides). 

- Answers for 
assignments 
made available 
online after 
lecture 

Evaluation - General 
course 
evaluation 
questionnaire 

- Specific 
lecture 
questionnaire  

- Full course 
evaluation 
questionnaire 

  

- Specific 
lecture 
questionnaire 

- Individual 
feedback 

- No feedback  - General 
course 
evaluation 
questionnaire 

- Individual 
feedback 
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Appendix II 
 
Table S2 (Experiment I): Overview of lesson aim, complexity levels, learning outcomes, and 
learning objectives. 

Experiment I: 2-hour lecture on the physiology of the vertebrate skeleton muscle. 
 
Lesson Aim:  
 
Describe the chain of biochemical processes culminating in the bending of the forearm. 
 
Level 1: Muscle-bone organisation and interaction. 
 
1.1 Learning outcome:  

• Describe how and where the muscles are attached to the bones. 
1.1 Learning objectives: 

• Muscles are attached to bones with tendons. 
 
1.2 Learning outcome:  

• Describe how muscles and bones interact during a bending of the forearm process. 
1.2 Learning objectives: 

• One end of the biceps muscle is attached to the humerus bone, and the other end of the biceps 
muscle is attached to the radius bone. 

• During a bending of the forearm, the biceps muscle contract (Level 2) while triceps muscle relaxes. 
• Contraction of the biceps muscle bend the arm around the elbow joint by pulling the radius bone 

towards the humerus bone. 
 

Level 2: Muscle organisation and contraction mechanism. 
 
2.1 Learning outcome:  

• Identify the muscle subunits and describe how they are organised. 
2.1 Learning objectives: 

• The muscle contains multiple bundles of muscle fibers arranged in parallel.  
• Each fiber contains multiple myofibrils arranged in parallel.  
• Myofibrils, fibers, and bundles run the entire length of the muscle. 

 
2.2 Learning outcome: 

• Describe how this organisation facilitate a contraction of the muscle. 
2.2 Learning objectives: 

• Each myofibril contains multiple sarcomeres arranged in series. 
• Contraction of the sarcomeres (Level 3) results in a contraction of the myofibrils, fibers, bundles, 

and the whole muscle. 
 

Level 3: Sarcomere organisation and contraction mechanisms. 
 
3.1 Learning outcome: 

• Identify the sarcomere subunits and describe how they are organised. 
3.1 Learning objectives: 

• A sarcomere is composed of two kinds of protein filaments. 
• Thick filaments made of myosin and thin filaments made of actin. 
• The thick and thin filaments are organised in an overlapping fashion around a central M-line and 

two outer Z-lines. 
• The thick filaments are attached to the M-line and the thin filaments are attached to the Z-lines. 

 
3.2 Learning outcome: 

• Describe how this organisation facilitate a contraction of the sarcomere (Understand). 
3.2 Learning objectives: 

• A sliding of the thin filaments (Level 4) across the thick filaments and towards the M-line pulls the 
two Z-lines towards each other, which causes the sarcomere to contract. 
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Level 4: Thick and thin filament organization and interaction (sliding-filament model). 
 
4.1 Learning outcome: 

• Identify the subunits of the thick and thin filaments and describe how they are organised. 
4.1 Learning objectives: 

• Each thin filament is composed of: 
• Two actin strands with myosin-binding sites.  
• Two tropomyosin strands with troponin complexes with Ca2+-binding sites. 

• Each thick filament is composed of multiple myosin proteins, each of which is composed of: 
• One tail and two heads, each with an actin-binding site and an ATPase site. 

 
4.2 Learning outcome: 

• Describe the molecular mechanism whereby thick and thin filaments slide over each other during 
the formation of a cross-bridge cycle. 

4.2 Learning objectives: 
• Binding of Ca2+ to Ca2+-binding sites on thin filaments exposes their myosin-binding sites, 

enabling cross bridge formation between the myosin-binding site on the thin filament and the actin-
binding site on the thick filament (Level 5). 
 

• Cross-bridge cycle 
• The cycle starts with a free myosin head with ATP attached to the ATPase site. 
• ATP is hydrolysed to ADP + Pi, returning the myosin head to its “crocked” (original) position 

and increasing the actin affinity of the actin-binding site, which facilitates the formation of the 
cross-bridge. 

• Pi is released, starting the power stroke that ends with the release of ADP. 
• During the power stroke, the myosin head bends and the thin filament slide (is dragged) across 

the thick filament towards the M-line. 
• A new ATP is attached to the now empty ATPase site on the myosin head, decreasing the actin 

affinity of the actin-binding site and facilitating the breaking of the cross-bridge. 
 

Level 5: Regulation of thick and thin filament interaction mechanism. 
 
5.1 Learning outcome: 

• Describe how Ca2+ is released and removed from the cytosol during nervous stimulation of a muscle 
fiber. 

5.1 Learning objectives: 
• A motor neuron triggers an action potential (AP) in the plasma membrane of the muscle fiber. 
• The AP is propagated to the sarcoplasmic reticulum (SR) inside the fiber via T-tubules. 
• The AP triggers the opening of Ca2+ channels in the SR, releasing Ca2+ ions into the cytosol. 
• Ca2+ ions in the cytosol bind to the Ca2+-binding sites on thin filaments, exposing their myosin-

binding sites. 
• Ca2+ ions are continuously being removed from the cytosol by ATP powered Ca2+ pumps in the SR. 

 
 
Table S3 (Experiment I): Overview of learning objectives and associated Socrative Q/As. 

Q/A 2.2: Name the basic contractile unit of skeletal muscle fibers. 52 Students 
A. Tendon 6 (12%) 
B. Myofibril 12 (23%) 
C. Sarcomere* 34 (65%) 
D. Z-line 
 

0 

Q/A 3.1: Each thick (myosin) filament can interact with how many thin (actin) filaments? 48 Students 
A. Three 5 (10%) 
B. Six* 43 (90%) 
C. One 0 
D. Nine 
 

0 
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Q/A 4.2: How are the interactions between the thick and thin filaments in the sliding-filament 
model affected by the removal of ATP from the cytosol? 

39 Students 

A. Myosin heads on thick filaments cannot release from myosin-binding sites on thin 
filaments* 

21 (54%) 

B. Myosin heads on thick filaments cannot bind to myosin-binding sites on thin filaments. 11 (28%) 
C. Myosin heads on thick filaments binds slower to myosin-binding sites on thin filaments. 3 (8%) 
D. Myosin heads on thick filaments binds faster to myosin-binding sites on thin filaments. 

 
4 (10%) 

Q/A 5.1: What is the function of transverse (T) tubules during muscle fiber contractions?  33 Students 
A. T-tubules propagate action potentials from the sarcoplasmic reticulum to the sarcomere. 2 (6%) 
B. T-tubules facilitate the transport of Ca2+ from the sarcoplasmic reticulum to the 

sarcomere. 
7 (21%) 

C. T-tubules facilitate the removal of Ca2+ from the cytosol. 2 (6%) 
D. T-tubules propagate action potentials from the surface of muscle fibers to the 

sarcoplasmic reticulum inside muscle fibers* 
22 (67%) 

 
Table S4 (Experiment II): Overview of lesson aim, complexity levels, learning outcomes, and 
learning objectives. 

Experiment II: 2-hour lecture on the structure and function of the mammalian kidney. 
 
Lesson Aim:  
 
Describe the biochemical processes underlying the production and regulation of urine formation. 
 
Level 1: The principles of diffusion, osmolarity, and osmosis. 
1.3 Learning outcome:  

• Describe how diffusion affects the net movement of a solute (ions, molecules) in a water solution. 
1.3 Learning objective:  

• Diffusion results in a net movement of the solute from a region of higher solute concentration to a 
region of lower solute concentration. 

 
1.2 Learning outcome:  

• Describe the difference between a water solution with a higher osmolarity and a water solution with 
a lower osmolarity.  

1.2 Learning objective: 
• The water solution with a higher osmolarity have a greater number of solutes (ions, molecules) and a 

smaller number of water molecules than the water solution with a lower osmolarity. 
 
1.3 Learning outcome:  

• Describe how osmosis affect the net movement of water molecules across a selectively (water-only) 
permeable membrane separating two water solutions with different osmolarities.  

1.3 Learning objective: 
• Osmosis results in a net movement of water molecules from the water solution with lower 

osmolarity (greater number of water molecules) to the water solution with higher osmolarity 
(smaller number of water molecules).  

 
Level 2: The concepts of water and salt secretion and (re)absorption in the loop of Henle. 
 
Level 3: Functional understanding if urine formation. 
 

 
Table S5 (Experiment II): Overview of learning objectives and associated Socrative Q/As. 

Q/A 1.1: What is diffusion? 29 Students 
A. The movement of particles from low concentration to high concentration. 2 (8%) 
B. The movement of particles from high concentration to low concentration.* 27 (92%) 

  
Q/A 1.2: The osmolarity of a fluid...?               (Multiple correct answers) 26 Students 

A. Increases with the number of dissolved particles.*  
B. Decreases with the number of dissolved particles.  
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C. Is unaffected by the number of dissolved particles.  
D. Decreases if water is added to the fluid.*  
E. Increases if water is added to the fluid.  
F. Is unaffected if water is added to the fluid.  

  
Students answering B, C, E, and/or F. 18 (69%) 
Students answering only A 2 (8%) 
Students answering only D. 0 (0%) 
Students answering both A and D. 6 (23%) 

  
Q/A 1.3: What is osmosis? 29 Students 

A. The diffusion of water, from a dilute solution to a concentrated solution through a 
semipermeable membrane.* 

18 (61%) 

B. The diffusion of water, from a concentrated solution to a dilute solution, through a 
semipermeable membrane. 

11 (39%) 

  
Q/A 1.4: Which option cannot be correct? 23 Students 

A. H2O : Na+ ratios on left (100:50) and right (200:100) side are equal but osmolarities are 
different (300 vs 600 mOsm/L). 

 9 (38%) 

B. H2O : Na+ ratio is larger on left (150:100) than right (100:75) side and osmolarity is 
lower on left (300 mOsm/L) than right side (400 mOsm/L).* 

14 (62%) 

 

 
 

Q/A 1.5 Learning objectives: Which option is correct? 21 Students 
A. H2O diffuses from a dilute solution (right, 400 mOsm/L) to a concentrated solution 

(left, 500 mOsm/L).* 
11 (52%) 

B. H2O diffuses from a concentrated solution (right, 500 mOsm/L) to a dilute solution (left, 
300 mOsm/L). 

10 (48%) 

 



 - 38 - 

 
 

 


