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Abstract 

The teaching and learning of the natural sciences tends to be enacted within the 
boundaries of the individual disciplines of biology, chemistry, and physics. This is especially 
true for laboratory-based activities. Moreover, there is also a tendency to over-emphasize content 
and conceptual learning, as opposed to fostering a broader understanding and appreciation of the 
nature and processes of science. This lack of integration of knowing and doing extends to the 
wider science, technology, engineering, and mathematics (STEM) milieu as well. Microbial Fuel 
Cells (MFCs) are a class of fuel cells that utilize living microbes to generate electricity.  
Commercially available very low-powered MFC kits have been used as a teaching tool in school 
laboratory-based lessons for many years, largely it would seem, as a means for discovery and 
simple investigative learning. We have had success in workshops with in-service science 
teachers in employing the MFC as a tool for inquiry-based learning that integrates across the 
three key disciplines of the natural sciences, moving beyond mere content mastery to interweave 
science process skills, as well as assimilate engineering and design skills. In these two-day long 
workshops, the task given was to work in small-groups to design-and-build an improvised MFC-
based battery that would be pitted in friendly competition between the groups to meet 
performance-based challenges (e.g. generate sufficient voltage and current to turn a small 
motor). Suitable scaffolding and guidance are provided prior to the challenge to seed the 
prerequisite content knowledge, but participants have to cooperatively apply this knowledge in 
order to come up with a design grounded in fundamental scientific principles, whilst engineering 
a final product that can optimally produce the voltage and current to win the challenges. Indeed, 
it has been observed that participants variously adopt both scientific and engineering approaches 
reported in the literature in their problem-solving, which we describe in the presentation. Among 
the implications, we claim that the MFC is an ideal extended laboratory activity that enables 
desired multidimensional integration across disciplines. And by engaging with content 
knowledge, process skills, and having collaboration/competition features, curricula built upon 
this system can holistically embrace Duschl’s (2008) threefold harmony of the conceptual, 
epistemic, and social domains of scientific literacy. Furthermore, we explain that the 
requirements for the design, improvisation, and optimization of the prototype MFC offers an 
excellent avenue to inculcate engineering skills and interests among middle-school to college 
students. 
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Introduction 
The teaching of science in schools relies on a relatively small set of “classic” experiments 

and demonstrations for laboratory practical sessions, some of which have been around for 
decades. While these continue to be useful to teach concepts, laboratory skills, and some process 
skills, they may lack the scope to engage critical thinking or impart what is often referred to as 
the “21st Century skill set”. Firstly, there is a tendency for most practical activities (and teachers 
as implementors) to have a “cookbook” approach, with step-by-step protocols and fixed 
outcomes that Joseph Schwab once called a rhetoric of conclusions. One reason for this situation 
seems to be the flawed but understandable preoccupation that syllabi and teachers have with 
imparting content mastery, as opposed to the broader goals of scientific literacy (Duschl, 
Schweingruber, & Shouse, 2007). It is unfortunate that “[a]ctivity without understanding seems 
to be a regular feature of classroom life for science students” everywhere, not just in American 
schools (Windschitl, Thompson & Braaten, 2008, p. 941). In the UK, these parallel discussions 
about relevance and learning have been framed around whether the forms of science learned in 
school settings serves the needs of the majority of pupils who will never ever need to understand 
its highly technical aspects once they leave school (Millar & Osborne, 1998).  

While some degree of memorization of science facts and concepts is inevitable, science 
as a robust way of knowing the natural world is badly compromised if learning is left as 
exercises in recall and mere performances of procedural knowledge. However, this restricted diet 
of accumulating facts is precisely what teachers themselves have been brought up on, and will 
most likely perpetuate in schools. Longstanding complaints about the elitist and irrelevant nature 
of school science can also trace their genesis back to such forms of instruction. As mentioned, 
simply having more hands-on laboratory activities or practical work in the hope of mimicking 
the work of scientists does not serve the aims of inculcating student interest or higher-order 
thinking in science: Students might be able to manage procedural scientific knowledge, 
manipulate physical objects during practical work or be able to control some variables but utterly 
disappoint with respect to creating, revising or applying abstract scientific ideas, models, or 
theories (Abrahams & Millar, 2008; Nott & Wellington, 1996). This is truly a caricature of 
science as a way of knowing when students are unable to competently read, write, and talk about 
the discipline that they are supposedly learning for so many years in school (Osborne, 1998). 
There is thus a need for inquiry-based learning tools to support the acquisition of these 
aforementioned valuable skills and broaden students’ understanding of science apart from deep 
conceptual learning (Barron & Darling-Hammond, 2008). 

Secondly, more “modern” experiments have been implemented over the years, but these 
tend to be taken directly from the research milieu and utilized in schools without sufficient 
regard to germane pedagogical factors (e.g., learner readiness, motivation), alignment with 
curriculum or standards, or practical considerations such as cost and logistics. Most of these 
experiments, old and new, are also almost always discipline-specific; classifiable as either 
physics-, chemistry- or biology-based experiments that rarely cross boundaries. However, it can 
be argued that, in order to attain genuine scientific literacy, student learning should have a broad-
based, integrated science curriculum that reflects the inherent cross-disciplinary attributes of 
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natural phenomena as well as incorporating the generic but highly desired skills in science such 
as model-making, problem-solving, reasoning, and argumentation. It can be further argued that 
such an integrated, interdisciplinary learning of science is vital for the even broader mastery of 
STEM (science, technology, engineering, mathematics) domains, particularly in the applied use 
of science in technology and engineering fields (Petroski, 2010). Yet, there is a distinct lack of 
science experiments or hands-on learning activities that to take an integrated approach to the 
teaching of the natural sciences for schools.  

These related issues then, of teaching science primarily as content accumulation while 
neglecting process, learning ‘science’ without learning ‘about science’, and the teaching of 
science in silos of knowledge, disciplines each unto themselves, were the impetus to develop 
alternative pedagogies and teaching tools for the teaching and learning of science. 

One such teaching tool that we want to introduce is the microbial fuel cell (MFC): As a 
device that generates electricity via the biochemical theft of energy from living microbes, it 
immediately lends itself to theoretical and applied knowledge across the disciplines of physics, 
chemistry, and biology. As a scientific device, it is relatively unfamiliar, even among practicing 
scientists, and even simple bench-top models possess a fair number of controllable variables that 
affect power output. These characteristics make MFC-based activities genuine experiments, 
without cut and dried results nor fully resolved answers and explanations that can be easily 
retrieved from web sources. More importantly, several years of experience using the MFC in 
training science teachers and school students has amply shown the MFC to be a potent tool for 
inquiry-based learning (Madden & Schollar, 2001; Tan, Lee, & Lee, 2011). One way this can be 
achieved is to give small groups of learners a design-based challenge to design and build a 
functional MFC battery, to be pitted in friendly competition to attain specified goals, such as to 
light an LED, or spin a micro-motor. This requires learners to work together cooperatively, 
adopting both scientific and engineering mindsets in order to develop their MFC prototype. This 
Design-based Inquiry (DBI) learning approach, together with the inherent multidisciplinarity and 
indeterminate nature of the MFC, affords us the means to examine the complex learning that 
takes place across Duschl’s (2008) threefold harmony of the conceptual/cognitive, epistemic, and 
social domains of scientific literacy, as well as the learning that couples scientific versus 
engineering approaches to problem-solving. Thus, our research question was “What are the 
affordances of the MFC to develop the conceptual, epistemic, and social learning goals of 
science?”  

Methods 
Artefacts in the form of participant feedback forms and reflections were retrospectively 

collated from workshops for teachers/educators and students that had been conducted by one of 
the authors (Tan) from 2006 to the present. As there was no formal research agenda at the time, 
the data is not uniform and much of it does not address our research questions particularly well, 
with only selected short excerpts of relevance. However, observations and notes were made 
during these workshops with the intent to determine what participants found useful and/or 
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interesting, as well as improve subsequent workshops. Where possible, vignettes were 
reconstructed from recall and/or from case notes written at the time about these observations. 

In-service workshops for mixed groups of local teachers were conducted either at a 
teacher training institute in Singapore or in a school at their request. In the teachers’ workshop 
for which participants’ comments are quoted, the audience consisted of both local and 
international educators. Abbreviated workshops were separately conducted in-school for small 
groups of students and the science teachers from one school in the north-west of Singapore. 

Findings 
 
The MFC activity as a means to observe problem-solving approaches 

The two-day MFC workshop format has been conducted with 
in-service teachers as well as with teaching and laboratory technical 
staff from a polytechnic. In the design and build segment, participants 
had developed a variety of improvised designs in order to compete in 
the ‘MFC Challenge’ to produce the highest voltage/current. One of 
the more successful and well-built examples from a workshop with in-
service teachers can be seen in Figure 1. 

Disposable centrifuge tubes of two sizes were used to construct a 
tube-within-a-tube design. It was observed that this design had been 
initially developed and driven by an “engineering” imperative. The 
team focused on building an alternative version of the Benetto model 
MFC using materials available at hand. There was some 
consideration to making sure they maximized volume of the reactants 
and surface-area of the ion-exchange membrane, but this was quickly 
judged to be “sufficient” in their design. It was only after they had 
completed their prototype, and while they set to work building more units for their MFC 
battery did one or two members gave thought to “optimizing” their MFC. It was then that 
one of them suggested they could use the provided but unused carbon tissue as electrodes 
to “increase surface area”. They used a thin strip of tissue for the anode (inner chamber) 
in place of the rod, and compared it with another cell using a rod. Satisfied that it 
produced a slightly higher voltage, they settled on this as their final design. The 
completed MFC battery performed very well, beating the other team in every measure. 
Interestingly, the other team’s glass beaker-based based MFC used copious quantities of 
carbon tissue as electrodes but had very low output. This was noted by one participant, 
and others agreed it was a paradox and one or two wondered why it was so, but not 
much further thought went into it. The feeling was that “hey, it worked”. 

The vignette above illustrates an approach to the design of an improvised MFC with 
minimal considerations to the science behind its operation, and then only giving thought to the 
science primarily as a means of “optimization”, what we might classify as having features of an 
engineer’s approach. In another workshop where participants were teaching and technical staff 
from a polytechnic, one team demonstrated an approach that combined the scientific method 
(e.g. isolation and testing of variables, empirical testing), with a design-goal driven approach. 

 
Figure 1: Improvised 
tube-in-tube MFC 
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The participants designed a beaker-based MFC, but identified a problem with the anode. 
They knew that a larger surface area was beneficial to current, but the carbon tissue was 
one of the items that was rationed. As part of the challenge, each team was given a fixed 
number of sheets, and any request for additional material would automatically mean the 
other team got the same as well. This team decided against asking for more. 
Furthermore, from their own systematic experimentation with the carbon rods, they 
found that the carbon rods had much higher conductivity than the carbon tissue material, 
but their surface area was limited. There was a long, ongoing discussion from 
brainstorming through prototype construction stages whether to use the rods or the tissue 
for the anode. Some of them wondered if there could be a compromise solution that 
somehow combined both materials to achieve what was in effect a design requirement 
for, (1) large surface area to ‘collect electrons’, (2) high conductivity to minimize power 
losses due to internal resistance of the cell, and (3) physical design that suited their 
beaker-based design for which a rigid shape was better. Two participants appeared to 
have an idea, and very quickly and cooperatively prototyped an electrode consisting of a 
carbon rod to which they had rolled a strip of carbon tissue around one tip and secured it 
with an elastic band. They then cut slits along the rolled up tissue to produce a “broom-
like” shape (see Figure 2). The 
group members were absolutely 
delighted with the novel electrode 
they had designed and made. They 
appeared to be particularly pleased 
that it so elegantly met their design 
requirement, with everyone, even 
members of the other team, 
agreeing that it was “so clever”. 
The electrode had a measurable 
improvement in voltage output over 
either rod or tissue used alone, 
likely due to reduced internal 
resistance of the cell. 

 
 
The MFC activity as a means to evaluate aspects of scientific literacy 

The interdisciplinary nature of the MFC affords the researcher a means of evaluating the 
extent and depth of true scientific literacy in the learner. The learner must be able to integrate 
and apply knowledge and skills from a number of fields. In the case of an abbreviated workshop 
conducted within a single school for teachers from the science department, this further illustrated 
its potential to expose a participant’s identity-as-learner, and from a professional development 
perspective, a teacher’s identity as well. For example, the science teachers at this in-school 
workshop who were not physics specialists had difficulty with the electrical aspects of the MFC. 

After all six teachers had, working independently, assembled their MFCs, they were 
tasked to measure the voltage and monitor it for several minutes using the dataloggers. 
One chemistry teacher, despite being prompted to connect the datalogger voltmeter “in 
parallel” with the MFC and load, with a further hint to connect wires such that “black 
with black, red with red”, proceeded to connect the voltmeter in series with the rest of the 
circuit instead. Furthermore, after the error was pointed out and she made the necessary 

 
Figure 2: Improvised beaker-based MFC battery 

with “broom-like” electrode 
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changes, she apparently did not notice that the voltage registered was a negative value. 
Other non-physics teachers had varying degrees of difficulty as well. 

Later, the teachers were asked to bring their six MFCs together to build a battery of six 
cells. The tasks were to light up various LEDs and turn a micro-motor. Some brief 
specifications of the expected power requirements of the LEDs and micro-motor were 
given, and they were told to hook up the cells accordingly.  Unlike the student workshop 
the previous day, where individual students were either entirely passive, or actively took 
charge of such work when the groups were given the task, the teachers reacted nearly 
simultaneously and identically, by immediately looking expectantly towards the sole 
physics teacher present and uttering various versions of “you do it!”. After a startled 
pause, the male physics teacher shot back with “any one of you can do it too, why not?” 
One female chemistry teacher seemed genuinely perplexed and asked how it could be 
done, to which the male biology teacher said, “black to red, black to red” in a slightly 
exasperated tone. All six teachers worked, to various degrees, to complete the hook up. 
The two male teachers were most proficient at it, while the other biology/chemistry 
teachers made several connection errors and the occasional confused utterances. When 
the connections between the six MFCs, datalogger, resistor and LED were nearly 
complete (except final connection to LED), the teachers all detached themselves, 
physically moved back and again, expected the physics teacher to be the one to “check” 
the connections. After successfully illuminating the various LEDs, the teachers were very 
pleased. They immediately wanted to try the micro-motor, and were very disappointed 
that it did not turn. I tried to prompt them by pointing out that the Benetto model MFCs 
output very limited current. The micro-motor would require more current than the LEDs, 
but could actually turn with lower voltages (1.5V or less) than the LEDs (2 to 3.5V). I 
further suggested that they connect some of the cells in parallel to boost current. I 
eventually had to suggest connecting the cells in three parallel banks, each with two 
series-connected cells to produce roughly one to 1.5 volts at higher current. The female 
teachers were somewhat confused at this arrangement, with at least two who had 
difficulty grasping the principle, even after I had made the necessary connections and 
arranged the cells and wires spatially to show the series/parallel relationship. Some 
peer-tutoring and discussion within the group eventually appeared to resolve this. 

This unfamiliarity with elementary principles of electric circuits was surprising, as the 
teachers would have learnt it while they were in school, and working from the same general 
science syllabus to teach at Grade 7 and 8, should also have been exposed to it and may even be 
required to teach the material. The manner in which all the non-physics teachers looked 
immediately to the physics teacher to hook up the electrical circuit, because it was “his subject”, 
not only suggests issues of learner identity, but also that of teacher identity. These science 
teachers appeared to be uncomfortable with content outside their own area of expertise, and 
adopted an attitude of deferring to the “expert” in the group instead of attempting the problem 
themselves. 

The MFC activity affords affective engagement 

Participant feedback at all teachers’ workshops was overwhelmingly positive. Most 
feedback centred on the hands-on nature of the activities and the novelty of an integrated 
approach to the teaching of science. Excerpts of anonymous comments from teachers’ workshop 
conducted for mixed group of international and local educators: 
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The hands-on part with the additional challenge (light bulb, buzzer) was very good. 

I love the nature of the idea, that it can integrate several discipline together. 

Very impressive, and it’s very useful in my course to let students know the fact that there 
is electron exchange and redox-reaction in the cell. 

Student participants at the specially arranged short workshop conducted in-school 
expressed similar sentiments in their reflection:  

I enjoyed the science practical a lot as I love experimenting and trying out different 
things… I think the school should really organise more of this activities. (JY) 

This is one of the most enjoyable science experiment which can be done without 
boredom. (P) 

I feel that this theory and practical lesson is nice and hope there will be other lessons 
that will be interesting like the microbial fuel cell lesson. (HYL) 

These strengthen the authors’ view that the MFC has very good potential to engage 
learners and hence positively impact their learning. 

 
Discussion 

This paper aimed to examine the affordances of the MFC as a teaching tool, particularly 
in terms of fostering the development of learners’ scientific literacy in the cognitive, epistemic 
and social domains. Evidence for these affordances were examined in retrospect through specific 
occurrences described in vignettes, and from learners’ written feedback. 

The MFC activity as a means to observe problem-solving approaches 

Given the original intention of MFC-based lessons to teach integrated science and to do 
so with a view towards developing a broader scientific literacy, it was noticed at an early stage 
that participants in MFC workshops often adopted strategies to solving problems that generally 
precluded deep science-based reasoning or methodology, thereby short-circuiting the intent of 
the activity. We eventually recognized the different approaches could be classified into the 
scientist-engineer dichotomy extant in the literature (Katehi, Pearson, & Feder, 2009; Schauble, 
Klopfer, & Raghavan, 1991), and that this affords us the means to observe and compare 
problem-solving approaches undertaken by learners when presented with a multidisciplinary, 
design-based problem. As the second vignette illustrated, there may be other aspects, such as 
working towards a design goal, for which the scientist-engineer dichotomy alone may not serve 
as an adequate lens. For this reason, we intend to adopt a framework which intersects the 
scientist-engineer distinction with the constructor-critiquer distinction by Ford and Foreman 
(2006) to provide a tentative taxonomy to understand problem-solving in design-based inquiry 
learning. Table 1 illustrates this proposed framework. 
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 Approach of a Scientist Approach of an Engineer 
Constructor 
Roles 
 
 

Experimentation, controlling variables, 
finding causality in nature 
 
(Investigates the material or problem 
space systematically) 

Trial & error, gut instinct/ embodiment, 
optimization work with objects 
 
 
(Getting the job/prototype completed) 

Critiquer 
Roles 

Engages in reasoning & argumentation as 
social practice  
 
(Checks ideas/claims against data & 
nature) 

Innovation & improvement work 
 
 
(Changes or revises the “game plan”) 
 

Table 1: Matrix showing the constructor-critiquer and scientist-engineer role dimensions and possible 
associated behaviors and characteristics in each cell 

 

The MFC activity as a means to evaluate aspects of scientific literacy 

The use of the MFC activity to confront the learner with cognitive challenges is probably 
obvious, and similarly so as a tool for the evaluation of such cognitive aspects of scientific 
literacy. On the other hand, we believe the potential for the MFC activity to examine aspects of 
the social domain of scientific literacy is not as obvious, and hence should be highlighted. As the 
situations described illustrate, it is possible to investigate participants’ identities-as-learners, to 
assess their willingness to learn and explore. In the case of teachers, there may additionally be 
opportunity to examine their identities-as-teachers, how they handle the inter-disciplinary facets 
of this activity, which will have implications for their teaching if they have to conduct the MFC 
themselves. The situations encountered and described suggest an active management of teacher 
professional development may be required in order to suitably prepare science teachers as 
individuals, and as teaching teams within schools, in order to confidently conduct MFC-based 
learning activities with their students. 

One aspect of the MFC not thus far described in this paper is in its use to conduct 
inquiry-driven experiments (as opposed to the design-based challenge). In that situation, the 
MFC affords an examination of the epistemic domain of scientific literacy, particularly in 
science process skills, the formation and testing of hypotheses, and so on. 

The MFC activity affords affective engagement 

Finally, we are confident that the nature and relative novelty of the MFC contributes to a 
positive affect among learners, engaging and motivating them towards authentic learning. We 
believe this dovetails well with the DBI-driven activity design to teach science to a wide 
spectrum of students of different ability-levels. Unlike typical lesson pedagogies that front-load 
the learning of science in abstract, conceptual or “theoretical” ways, the MFC provides learners 
with an interesting hands-on artifact, design-based goals, and competitive challenge as 
stimulation. Science, complex and multidisciplinary, is packaged along for the ride for learning 
without the learner having to attend to it. As it is well recognized, engaged learners learn.  
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