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The integration of online platforms in (bio)chemical engineering education has

increasingly become a matter of fact at all educational levels. Examples such as

virtual laboratories in tertiary education have shown their benefits, such as the

decreased cost and resources needed as well as providing a safer environment

for practical experimentation. However, students or stakeholders are not

usually involved in developing the virtual laboratory, even if, when given the

opportunity, they can provide valuable feedback for improvement and acquire

ownership over the platform. Hence, when proposing a novel educational

process virtual laboratory that targets teaching bioprocess modeling to

undergraduate students, the best approach is to involve the students in the

development as its future users. To this end, in this work, four co-participatory

design experiences are presented that show the journey from a paper prototype

to an online educational virtual laboratory (www.biovl.com). Qualitative and

quantitative data have been collected in two different universities through

surveys, semi-structured interviews, and informal conversations among the

students and the developer. The students’ perspectives were found to provide

valuable feedback about the platform’s content, usability, and functionality. For

example, interest in adding bioprocess-related coding activities, or suggesting

to change the platform name, were opinions collected and carefully

considered. These suggestions can be easily integrated since the software is

at the early stages of the virtual laboratory prototype. Although the usability and

functionality features of the platform are under continuous advancement, this

work’s findings show that the students are interested in contributing to the

virtual laboratory’s development. Therefore, it opens the door to modifications

and improvements, which are strongly based on the users’/students’

perceptions and perspectives as the virtual laboratory’s co-designers.

Although the primary target of the BioVL prototype is to teach

bioprocessing modelling, several advanced tools such as virtual and

augmented reality (VR and AR) are being considered to be included at a

future stage. Furthermore, the educational strategy proposed in this work

can be replicated by those who want to develop other virtual laboratories.
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1 Introduction

1.1 Virtual laboratories in engineering
education

Virtual laboratories (VLs) have increasingly become a

common educational tool integrated into the curriculum in

this new era marked by technological advances and flexible

education (Heradio et al., 2016; Potkonjak et al., 2016). In

addition, although VLs have been considered a better option

for early explorations of phenomena by undergraduate students

(Abdulwahed and Nagy, 2009; Balamuralithara and Woods,

2009), new computation methods (i.e virtual reality,

augmented reality, better computer graphics) can improve the

VL’s experience and VLs can become a more attractive option for

advanced students/users. Furthermore, over 12,400 publications

can be found under the search of educational virtual laboratories

only considering engineering education (Dimensions.ai, 2021),

which proves an interest in this type of educational tool.

Virtual laboratories are interactive environments that allow

students to explore a topic by testing and comparing different

scenarios; a playground for experimentation (Penner, 2001).

Multitude VLs have been created to provide online education

at different levels and fields/topics. For example, ABCmouse

provides a learning-simulated environment for children aged

from 2 to 8 (ABCmouse, 2021), LABSTER has successfully been

used by students in high school (Bonde et al., 2014) as well as in

early university levels (Dyrberg et al., 2017), ASPEN HYSYS

(AsperTech, 2017), SuperPro (I. Inc., 2017) or SimaPro

(SimaPro, 2021) are other examples of software used by

university students as well as professionals in the (bio)

chemical engineering field. In engineering education, VLs are

of great importance and widely used since “learning by doing”

plays an essential part (Feisel and Rosa, 2005). Although this has

been traditionally provided by “in-person” laboratories, physical

experimentation presents several economic and logistic

constraints (Kirschner and Meester, 1988; Baroutian et al.,

2016) (e.g., difficult to deliver high quality when faced with an

increasing number of students or students unable to attend due

to the recent COVID pandemic). Therefore, some of the

motivating arguments for developing and implementing VLs

in traditional education are: 1) the need to teach practical aspects

of complicated processes; 2) the need for a more flexible and

accessible learning system; and, 3) to proactively prepare students

to take part in the current transition to Industry 4.0 (de las Heras

et al., 2021a). Industry 4.0, or the fourth industrial revolution, is

the rapid change of technology, industry, and social patterns and

process due to the increasing interconnectivity and smart

automation (Bai et al., 2020). The embrace of “digital” has

brought a set of its own challenges that education must also

meet. However, even though VLs bring learning benefits and

opportunities, they also have intrinsic operational and content-

related challenges.

1.2 Challenges in VL

Designing an educational VL first requires clear definitions as

well as being able to provide user-friendly interactions and an

interface. Previous studies assessing the students’ perceptions

(before and after using a VL), show that the students are

(Balamuralithara and Woods, 2009; Dyrberg et al., 2017; Cano

de las Heras et al., 2021): 1) discontent with the lack of

collaborative learning; 2) frustrated over terms and

calculations that were new and difficult to understand; and, 3)

wanting a more interactive simulator with open-ended scenarios.

Overlooking these perceptions can negatively affect the students’

learning experience; these design characteristics are ultimately

connected with the fact that the students are not involved in the

VL’s design. Furthermore, the learning experience can also be

negatively influenced if there are usability and functionality

issues. For example, two independent studies performed in

2017 (Dyrberg et al., 2017) and 2019 (Cano de las Heras

et al., 2021) investigate the students’ experience with a

commercial virtual laboratory named Labster (Labster, 2018).

These studies reported technical problems (e.g., black screens or

operating errors) and software “bugs,” which negatively affected

the students’ engagement and overall user experience. Solving

issues and implementing features concerning usability and

functionality can be more easily done at an earlier stage of

design. This allows issues to be avoided and features to be

implemented before the final software is made available.

These challenges can be tackled through an active engagement

of future users as co-designers (Matthews et al., 2019) to not only

improve human-computer interaction but also to better align

and define the learning strategy (Figure 1).

Furthermore, previous studies have shown the importance of

students’ revision and finding explanations (Berland et al., 2016;

Zhu et al., 2020) as well as their involvement while shaping their

learning (Galloway and Bretz, 2015). This also includes VLs and

computer-aided tools (Gerard et al., 2022). As well, the student’s

perception of the value of an activity is strongly linked to their

performance and success in the learning activity (Wigfield and

Eccles, 2000). Therefore, involving the students in defining what

is important and what they would like to learn has already been

proved to have a positive impact in the outcome of their learning

experience (Matthews et al., 2019). Thus, in this work, we focus

on investigating and presenting a strategy to involve the learner

as partner in developing a VL for engineering education through

the use of (co-)participatory design.
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1.3 Participatory design in learning
environments

Participatory design aims to include the users in the design

process so that their opinions and preferences are reflected in the

design of a technology they use (Bodker et al., 2009; Yamauchi,

2012; Greenbaum and Kyng, 2020). Druin (2002) (Druin, 2002)

proposed roles for the students as: user, tester, informant, and

designer partner while designing technology. Although, the

students’ perspective in the final evaluation of the VLs have

been amply studied (i.e. (Ebner and Holzinger, 2003; Bonde et al.,

2014; Al-Khalifa, 2017; Dyrberg et al., 2017)), the early stages of

the development of VLs have not been sufficiently analyzed.

Furthermore, traditionally, students have not participated

actively as designer partners in the design process of an

educational tool (including educational VLs) (Rudduck and

McIntyre, 2007). This, as previously mentioned, might have a

potential negative impact on their learning and learning

experience as “students should help shape rather than simply

be shaped by educational policies and practices” (Cook-Sather,

2003). However, as mentioned on the previous section, there is a

switch of this tendency, involving more the students.

However, it is noteworthy that considering the users’

perspectives while developing software is not novel per se; for

example, this has been used before in agile software development

(e.g., scrum-based systems) [? ]. In this study, it is proposed to

involve the students as design partners during the development of an

educational VL through (co)-participatory design. The use of (co-)

participatory design since the beginning ensures that the final

platform meets the students’ needs and standards as well as

decreases the issues in current VL platforms. By combining the

expertise of different agents - teachers, students, and designers – this

can improve the quality of the instructional design process and the

resulting learning environment (Könings et al., 2014). Furthermore,

(co-)participatory studies indicate that the users are more likely

engaged and take pride in the final tool (Falcão et al., 2018).

Therefore, a co-participatory design strategy, supported by

workshops and design sessions, is recommended, aiming to

embolden and support the future users to 1) provide feedback;

2) be creative; and, 3) come forward with their own ideas. Several

co-participatory design methods (Yamauchi, 2012) are listed in

Table 1.

The selection of methods depends on the areas of knowledge

and the designers’ preferences, the maturity of the design, and/or

the objective of the experience. Hence, several co-participatory

design trials should be performed before a “final” product version

is available (e.g., the VL tool).

In summary, in this work, we add to and expand the research

on the co-participatory design of an educational VL for

undergraduate (bio)chemical engineering students. This is

addressed by investigating and presenting a strategy to involve

the learner as partners in developing a VL for engineering

education through the use of (co-)participatory design.

The remainder of this article is organized as follows. In Section 2,

we introduce the theoretical framework on which the VL is built

upon. Section 3 presents the differentmethods and the data collected

in four different co-participatory design experiences. The

subsequent analysis and discussion of results are presented in

Section 4. Finally, conclusions are drawn in section 5.

2 Theoretical framework

The design of an educational VL requires a theoretical

framework that strongly supports the learning process.

2.1 Blended learning

Blended learning is defined as the integration of online with

face-to-facemodes of communication (Dziuban et al., 2018; de Brito

Lima et al., 2021). Its learning practices include a wide range of

FIGURE 1
The student as the focus of the VL and inquiring about the learning goals’ suitability, the software’s features and user-friendliness in the VL.
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models and methods which typically implies: 1) having part of its

content accessed through an online platform; 2) flexibility in terms

of the sequence of tasks that students should perform; and 3) the role

of the teacher becomes a mediator rather than an instructor (Horn

and Staker, 2017; Dziuban et al., 2018; de Brito Lima et al., 2021).

Blended or “hybrid” course offers were estimated to be used by 79%

of higher education public institutions in the U.S. in 2007 (Allen

et al., 2007), and it has only increased as 87.6% of students

worldwide were out of their educational institutions due to the

Covid-19 pandemic by March 2020 (The, 2020). Furthermore,

blended learning can support the SDGs agenda (Sustainable

Development Goal), especially Goal 4 - quality education for all

(Caird and Roy, 2019). Blended learning has already proven benefits;

it brings: 1) increased interactions between teachers and students

(Jusoff and Khodabandelou, 2009), 2) more flexibility, 3)

pedagogical richness, and 4) a better cost-effectiveness ratio

(Graham, 2006). However, the combination of online and face-

to-face modes of communication does not ensure better learning

outcomes in itself (Driscoll et al., 2012; Arrosagaray et al., 2019). In

fact, previous studies have demonstrated that the learning outcomes

highly depend on the teaching practice and the creation of

structured learning with well predefined learning goals (Rasheed

et al., 2020). In addition, teachers have stated that there is a lack of

suitable didactic technology (Rasheed et al., 2020). In summary,

blended learning is a well-established learning strategy requiring

online educational technologies appropriate for all involved

stakeholders. Hence, to maximize the benefits of blended

learning, all active parts - teachers, designers, and students -

should be included in designing the online educational platform/

technology.

2.2 P2Si - A gamification strategy

In this work, a previously developed framework by the

authors, named P2Si, is used (for detail see (de las Heras

et al., 2021b)). P2Si integrates the aspects of 1) the use, reuse,

and explanation of process models; 2) a tailored learning design;

3) game elements as motivation strategy; and, 4) the use of

students as co-designers through participatory design to improve

the human-computer interaction. In this earlier study, the P2Si

framework was applied with the aim of teaching undergraduate

students in the biochemical engineering program about

bioprocesses and their mathematical model formulation. The

learning is supported by Kolb’s experiential cycle (Abdulwahed

and Nagy, 2009): 1) a new experience or situation is confronted

(experience stage); 2) the experience is observed and reflected

upon (review stage); 3) abstract concepts and generalizations are

made in order to assimilate the learning content (concluding

stage); and, 4) derived hypotheses are applied to future situations

leading to new experiences (action stage) (Cano de las Heras

et al., 2021). For this study, the Kolb’s experiential cycle is also

applied towards “hand-on” open-ended exercises for

programming of specific bioprocesses models and for overall

bioprocess modeling (i.e. optimization of a bioprocess based on a

set of feed constraints). This is additionally supported by a

collaborative e-learning strategy. The collaborative learning is

implemented through the use of two bots (de Las Heras et al.,

2020). Menten (bot 1) provides the students with the knowledge

and help on the topic; whereasMichaelis (bot 2) behaves like the

“evil twin” providing faulty/wrong information which the

students must (knowingly) analyze critically. Furthermore,

additional theoretical information and related quizzes are

inbuilt into the platform. To conclude, since this work aims to

give the students the opportunity to be designers of their learning

tools, the different elements here explained can be modified,

added, or eliminated based on the students’ feedback.

3 Methods and data collection

Four co-participatory experiences were built and are

presented in this section. Each of the experiences was

performed at different VL design stages; from need

identification on paper to a learning verification through an

online software. It is worth noting that the questionnaires and co-

TABLE 1 Methods of participatory design.

Method Description

Workshops Users and designers collaborate to create a design, vision, policy, or understanding of the current setting jointly in a focusedmanner

Ethnography Designers conduct an in-depth observational study of users to obtain a first-hand understanding of users’ circumstances

Cooperative prototyping Users try out potential technologies with a prototype and modify the prototype cooperatively along with designers

Mock-ups Designers create mock-ups, often using cardboard, to stimulate users to think about the potential technology and new work
practices

Card sorting Designers learn the users’ information environment by having them write down types of information into cards and group them
into piles

User design Users are given a design prototyping tool to develop a design on their own. The design tool must be easy enough for non-
programmers to use

Adopted from (Yamauchi, 2012).
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participatory experiences were performed with unbiased groups

of students who independently volunteered for these experiments

without prior knowledge of the content of the experiment.

Figure 2 illustrates the different VL prototypes used in each of

the experiences.

3.1 Mock-up: paper prototype

In 2018, a first co-participatory experience was done using a

paper prototype (Figure 3).

Paper prototypes are a well-established strategy to design

software and software interfaces in an interactive setting with

students and developers. The use of paper allows quick changes

and can provide useful feedback that helps to design user-friendly

products. The first experience was performed with the help of

10 students from the second year of the bachelor’s degree in

Sustainable Biotechnology, Aalborg University Copenhagen. In

the session, quantitative and qualitative data were collected

through a pre- and post-survey. More information about this

experience and the data collected can be found in Cano (2021)

(de las Heras et al., 2021a).

FIGURE 2
Time line of the VL’s design prototypes.

FIGURE 3
Paper prototype for participatory design (de las Heras, 2018).
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3.2 Workshop: University of Auckland

During the 2019 academic year, seven students from the

course of engineering biotechnology at the University of

Auckland (New Zealand) participated in a co-participatory

design experience using an in-line software prototype (Figure 4).

This prototype (see Figure 4) was not, at this stage, deployed

online yet - it was only rendering at a local computer (inline). In

the session, information was collected by using a mixed-methods

methodology, which included: 1) a post-laboratory survey about

the learning content (six multiple-choice questions, quantitative

and qualitative); 2) a post-laboratory survey about usability and

functionality (seven multiple-choice questions, quantitative and

qualitative); 3) an informal conversation with the software

designer; and, 4) a semi-structured focus group interview by

an independent educational researcher (not part of the teaching

team). The surveys can be found in A. Each questionnaire had

five options: strongly agree, agree, neutral, disagree, or strongly

disagree, and a comment section was also provided. In addition,

six prompt questions were used during the semi-structured focus

group interview. These prompt questions were: 1) Do you use the

internet to get more information or activities/exercises about

bioprocesses? 2) What do you think/feel about virtual learning?

3) What do you think about the prototype? 4) Do you think it is

engaging? 5)What can be improved? and, 6) In the next iteration,

what do you think will make the software better? and/or what do

you want to see on it? The interview was audio-taped and

transcribed. Ethics approval was obtained from the University

of Auckland Human Participants Ethics Committee.

3.3 Workshop: Technical University of
Denmark

During the 2020 academic year, under the COVID-19 health

crisis, students from the Bioprocess Technology course at the

Biochemical Engineering bachelor program at the Technical

University of Denmark participated in an online co-

FIGURE 4
Inline software prototype version. (A–D) demonstrate the different software screens.
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participatory design experience (Figure 5). Only three people

actively participated in this experience due to the health crisis and

social distance requirements.

In the session, informationwas again collected through amixed-

methods methodology, although a different set of questionnaires

were used (see B, C, and D). Data was then gathered through: 1) a

post-laboratory survey about the learning content (five multiple-

choice questions, quantitative); 2) a post-laboratory survey about

usability and functionality (eight multiple-choice questions,

quantitative) (Chin et al., 1988; Tullis and Albert, 2013); 3) an

informal conversation with the software designer. As only three

students answered the surveys, the quantitative data collected cannot

support conclusions. However, the informal conversation was a

valuable source of information about potential modifications to the

software.

Finally, in 2021, the last co-participatory design experience

was performed with students of the biochemical and chemical

engineering master’s education using an updated online version

of the software (Figure 6, available at www.biovl.com).

In this session, with 13 participants, the questionnaires (see B, C,

and D) were again used to collect information related to learning

verification, usability and functionality. Additionally, in order to

collect qualitative data, an informal conversation with the software

designer and a semi-structured group interview by an independent

educational researcherwere performed. The prompt questions of the

focus group semi-structured interview were the same as those used

during the University of Auckland experience (see Section 3.2). The

interview was audio-taped and transcribed.

4 Results and discussion

(Co-)participatory design enabled us to engage the students in

designing software they will actively use in their education. It also

allows creating a tool that is more in tune with the students’ needs

and preferences. Consequently, the tool evolves each time a new

participatory experience is performed and new co-participatory data

is collected. In this section, the feedback, subsequent software

evolution, and students’ feedback are presented.

4.1 Participatory experience at Aalborg
University

The data collected in this experience has been previously

reported and discussed in (de las Heras et al., 2021b). This

FIGURE 5
Online software prototype. (A–D) demonstrate the different software screens.
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experience focused mostly on inquiring with a small group of

bachelor-level students, aiming at finding out whether they

thought the software was a good idea and also posing

questions to the students about its usability as an educational

tool (or similar tools). The most important conclusion from this

experience was that the students’ perceived the software as a

potentially valuable addition to their education, especially as a

supporting tool. However, they also highlighted the need for

explicit rules and learning objectives and paid further interest in

it being a possible way for collaborative online learning.

As previously described in Section 3.2, after validating the

software idea through the paper prototype, a software

prototype was designed and implemented as a desktop

platform. Some screenshots are shown in Figure E.14 in

Appendix E as well as in https://youtu.be/BSCEiVMTreE.

Although the desktop platform, named FermProc

(Fermentation Processes) at the time, showed promising

results based on the interest demonstrated by students,

professors, and industry, the in-line nature of the platform

presented several issues. For example, the need to install it on

local computers (private or corporate) presented a significant

disadvantage. As well, students have also indicated that it

would be beneficial to have certain features (e.g., multiplayer

environment for collaborative learning) that are particularly

easier to have and implement in an online software. In

response to the students’ feedback and especially the

participatory experience at the University of Auckland,

FermProc was re-built as a web-based software (and later

re-named to BioVL).

4.2 Participatory experience at the
University of Auckland

Seven students joined in the participatory experience at the

University of Auckland. They were asked about their perceptions

regarding the learning content and the usability/functionality of

the tool. The data collected are presented in Figures 7, 8,

respectively.

Aiming to verify the learning, a task was specified for the

students to perform: learn as much as possible about the aerobic

growth of Saccharomyces cerevisiae. Figure 7 shows that the

students were dissatisfied with the learning task and the

information provided on the platform. As the learning

objectives were not fulfilled, i.e., the students did not perceive

that they had learned as much as possible; this reflects that the

information provided by the platform might have been

insufficient and/or the teaching method was also not

satisfactory. Therefore, the platform and the learning design

need to be improved and reformulated.

FIGURE 6
Online prototype of BioVL. More at www.biovl.com.
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Moreover, software bugs (“some links did not work so I could not

participate in the simulations”) further led to the students’ discontent

regarding the online platform. This was due to the fact that human-

computer iteration highly influences the learning experience. The

identified bugs (usability issues) were fixed on the next iteration.

Concerning qualitative data, students indicated their preference for a

video instead of reading material; they also pointed out that there

was too much information, thus requiring a more interactive

environment. Figure 7 also shows that the students were

interested in using FermProc because it has: 1) relevant content,

and 2) easy to find and understand information. This was

highlighted in the comments section with statements such as “the

information regarding the yeast was well written and provided useful

information about the process.” Figure 8 also indicates that even

when the content was less than expected, the experience was still

worthy and relevant to the students. Furthermore, the majority of

the students were interested in seeing the next version of the

software. This reinforced our hypothesis that such type of

educational tools have great potential and could bring

considerable benefits if integrated into the (bio)chemical

engineering curriculum. In the semi-structured interview and

conversation with the designer, some students expressed their

interest in 1) having the learning content divided into “smaller

bits,” and 2) learning and acquiring more coding experience. They

foresee the need for coding/programming in their future careers due

to increased digitalisation and the Industry 4.0 paradigm shift. Thus,

acquiring advanced programming skills in their curriculum is

perceived as essential. Therefore, introducing more coding/

programming exercises in the online software was further

investigated and tested with a different set of students at the

Technical University of Denmark (de Las Heras et al., 2021a).

This study aimed to gather the students’ interests about

programming: the if, what and how. Some of the key findings in

(de Las Heras et al., 2021b) were that: 1) only 15.7% of the students

believe that they have enough programming in their curriculum; 2)

the students preferred to learn Python (79%) over other

programming languages; and, 3) they considered that hands-on

activities about modelling and optimization are the best strategy to

naturally develop coding skills. Consequently, these insights were

used by including coding exercises in Python into the platform. This

would then be evaluated in the next co-participatory experience.

Lastly, the students were asked about the use of gamification

elements as a motivational approach. Althoughmost of the students

requested a more interactive environment, some students believed

that a more gamified environment would not improve their

experience but rather decrease the flexibility of the software.

Their argument was based on a previous experience with an

educational game-based software from a different course in their

FIGURE 7
Student’s perspectives about the learning content provided by FermProc (later BioVL).
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educational program. In this experience, the students’ perceived the

gamified software as confusing, lacking clear learning objectives and

a clear learning path. Moreover, they found the gamification too

“childish,” which negatively affected their interest and learning.

These disadvantages related to gamified learning platforms have

been previously documented by [? ]. [? ] has stated that game-based

learning can, in fact, decrease the students’ motivation and

engagement if the learning strategy is not perceived as valuable.

To conclude, the external/independent teachers involved in

the co-participatory experience commented that FermProc was a

difficult name, and they did not like it. Therefore, the authors

came up with a new name for the software: BioVL (Bioprocess

Virtual Laboratory).

4.3 Participatory experience at the
Technical University of Denmark

There were two experiences performed at the Technical

University of Denmark. The first experience was performed

with a group of only three participants in 2019. The

participatory design experience and interview settings had to

be adjusted due to the COVID-19 health crisis. As only three

students participated, the quantitative data related to learning,

functionality, and usability cannot be considered meaningful.

However, the feedback given by the students during an informal

conversation with the designer was valuable and taken into

account when developing the next version of the software. A

more developed prototype was used, where the students focused

on adding/modifying some of the content. Of note is that coding

exercises were still not available due to technical issues. Ideas that

the students wanted to see in the next iteration were given in the

form of comments, for example, “maybe you can enable the users

to modify several (like three) parameters in the simulation instead

of only one.” These were also used to make further modifications

to the software (e.g. Figure 9).

The last co-participatory user experience took place in 2021,

where 13 students participated using a new version of BioVL.

They were also asked about the software’s pedagogical usefulness,

usability, and functionality.

As previously described in Section B (learning verification), to

assess the learning satisfaction, applicability, and value as well as

FIGURE 8
Student’s perspective about the usability and functionality provided by FermProc(later BioVL).
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quantifying the students’ motivation, a specific learning task was set

up. The task prepared for the students is presented in Figure 10.

Figure 11 shows the students’ perspectives concerning the

encoding and usefulness of the pedagogical domain of BioVL.

As observed in Figure 11, the participants considered the

topics introduced in BioVL (bioprocesses and modeling) as

meaningful for them, and 69.3% considered it useful for their

future careers. The decision to use a co-participatory design

FIGURE 9
Example of a modification done to the software based on the users input.

FIGURE 10
A semi-guided task for learning verification of the BioVL prototype. More scenarios will be continuously added. More at http://biovl.com/intro_
popup.
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was based on the interest of involving the students in creating

an educational tool that they would find interesting. These

results indicated that the central requirements (meaningful

and long-term learning) for the students’ learning satisfaction

and motivation are being fulfilled. It also provided the

designer with qualitative information. This was given in the

form of comments reflecting their interest in more in-depth

learning, for example: “an introduction to programming and

more examples,” “a introduction to data types and structures in

Python,” and “examples/exercises related to mass balances,

mixing types, options to calculate kla, different

bioreactors,” etc.

Furthermore, Figure 12 presents the remaining pedagogical

domains inquired in the survey.

Figure 12 also shows that 1) 69.2% of the students agree

over the size of the “portions” of new material that are

presented; and 2) 53.8% agree that the learning material

provides learning challenges without a pre-defined solution

model. A high agreement is desirable as the lack of open-

ended problems has been an issue with previous VLs.

However, a lower agreement among the students over

problem-based implementation in BioVL has been

recorded. 23.1% of the participants agree that BioVL needs

to provide the solutions without the instructors’ help. This

point was tackled by implementing chatbots (de Las Heras

et al., 2020). However, this feature is still not fully

implemented (usability and functionality), which is

demonstrated by the students’ opinions, such as “the evil

FIGURE 11
Student’s perspectives: (A) are they interested in the topic of this learning material?, and (B)will the skills and knowledge taught by this software
be useful in the future?

FIGURE 12
Pedagogical domain results from the survey.
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chat bot is an amazing feature; please make it work well.”

Furthermore, better explanatory videos, more clues/hints, as

well as more, and even personalized, feedback will be

implemented in the next prototype version to tackle the

pedagogical domain. Important to highlight is that these

results are not final as the platform is under continuous

development, and thus the prototype’s learning verification

is premature. Therefore, additional pedagogical verification is

expected as BioVL matures.

The students also evaluated the software in terms of usability

and functionality, i.e., the weaknesses and strengths of the

human-machine interactions available in BioVL, which play a

prominent role in the learning and the motivation to continue

using the tool. Figure 13 depicts these results; it quantifies how

the students perceive these interactions on a scale 0–10. As

demonstrated in Figure 13, a significant percentage of the

students voted 6, which qualitatively means that the human-

computer interaction is above average, but there is still a

significant room for improvement; this is very important and

is currently being implemented.

Overall, the participants’ opinions varied and indicated that

BioVL has certain areas and domains worth improving in

functionality and usability. Of note is that the students

perceived the software as more rigid than flexible and rather

frustrating, which can be a result of the software being in its

prototype stage. The qualitative data from the usability test

provides valuable information about how to modify and

improve the software. Some of the comments (qualitative

data) provided by the students are: 1) “it is a great tool but

needs UI simplification and consistency and clear statement of

purpose in intro page” and “generally, I think the idea is good,

especially as an introduction for new people as it can give an easy

overview of what bioprocessing is. However, currently, there seems

to be a lot of problems, which is a bit frustrating. I often

encountered “Internal Server Problems,” and it seemed a lot of

functions were not finished/available.”

To conclude, as demonstrated, BioVL has increasingly

become a useful educational tool. However, being an online

software, it is under continuous development to keep it

improving it. Thus, the authors encourage the readers to try

the software and welcome any comments and suggestions (http://

biovl.com/more).

4.4 Limitations

Several limitations have constrained this study and

affected its outcomes. One of the limitations has been

preventable technical issues that has negatively affected the

students’ experience. Another limitation is that the focus

group participants were not chosen randomly and instead

self-selected to participate. Different groups of students from

different universities may have different learning objectives or

design preferences. Although seen as a strength this can also

bring contradicting opinions between the different groups.

Additional research focused on the adaptation of the software,

increased interactivity, and overall human-computer

interaction would be beneficial for the future stages.

Furthermore, it should be noted and carefully considered

that these new teaching methods can be perceived

differently depending on the education line, curriculum,

syllabus, and even cultural aspects of the students/design

partners. However, such aspects are not within the scope of

the current paper.

FIGURE 13
Functionality results. Rate from: (e.g., terrible (0) to wonderful (10)).
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4.5 Future perspectives

`The students provided valuable feedback on how to further

develop BioVL. Thus, many of the suggestions that arose from

the surveys will be explored in future releases of the software.

Future work will mainly focus on performing additional co-

participatory experiments, such as integrating the teachers’

perspective and feedback to the platform, and the fit of a

video-based learning environment, with particular emphasis

on the multi-modal integration of video and auditory content.

5 Conclusion

Educational VLs are being increasingly developed and used as

teaching aid. Therefore, new strategies are needed to create tools

that better understand, support, and implement user-friendly

human-computer iteration. Current VLs bring several

challenges, which are especially valid for graduate and

undergraduate engineering education. The highlighted concerns

can be eased or even overcome by actively involving all stakeholders

in designing the learning software platform. In this work, a four

steps co-participatory design strategy has been presented, starting

with a paper prototype and ending in a full online platform

(BioVL). The co-participatory user experiences have been

performed with students from different educational programs,

universities, and countries. The first co-participatory experience

assessed the interests of the focus group (undergraduates at

biochemical engineering) on such a platform, while the second

co-participatory experience identified the learning content which

the students were most interested in. Finally, the third and fourth

co-participatory experiences provided information that could

improve and polish the educational software; these experiences

were applied to amore significant test group of students. During the

experiences, important information (qualitative and quantitative

data) and overall feedback were collected, highlighting areas/

features to be improved in the subsequent versions of the

software (e.g., add coding exercises, decrease written theoretical

explanations).

In summary, in the last co-participatory design experience,

the students pointed out that some usability and functionality

issues somewhat jeopardized its use in the early stage prototype.

However, the students also described the tool as “great” and as “a

good idea.” Thus, if developed further and by continuously using

the users as co-designers, BioVL has a great potential in

becoming a worthwhile tool to integrate into the curriculum

as an educational tool and active teaching aid.
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