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While the US is still the most powerful country 
in the world, the math performance of US high 
school students fails to rank within the top 10 

worldwide. In a study by the Organization for Economic 
Cooperation and Development (OECD), the mean score in 
Math in PISA 2015 for U.S. high school students was below 
the OECD average.[1] At the same time, it was mentioned by 
the President’s Council of Advisors on Science and Tech-
nology that: “there is a need for the United States to pro-
duce approximately 1 million college graduates with STEM 
backgrounds over the next decade in order to retain its his-
torical preeminence in science and technology.”[2] In order to 
provide the work force with competent math skills, there is 
a need to design new teaching programs that motivate high-
school students to learn more math. Certain K-12 outreach 
activities have attracted national attention, such as the online 
module database of chemical engineering demonstrations,[3] 
web-based interactive game design,[4] the Chem-E-Car pro-
gram,[5] the Simple Experiment-Based Smartphone Educa-
tion Application,[6] and Student-Created YouTube Videos for 
transport phenomenon.[7]

Building on the enthusiasm for such aforementioned K-12 
activities, we present a K-12 outreach approach that is spe-
cifically designed to motivate high school students to learn 
mathematical modeling and programming. Our previous 
work[8-10] shows that providing students with good comput-

er-based tools and interesting research projects can enhance 
students’ skills and promote their interest in math-related 
work. In particular, during the summer of 2014, we devel-
oped an on-site training module of the MATLAB Simulink 
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MATERIALS AND METHODSprogram for a local high-school student to solve an ODE 
model of microbial fuel cells (MFC). MATLAB is one of 
the most commonly-used programming software packages 
in engineering.[11] Simulink, one of the modules of MAT-
LAB, provides a friendly user-interface on which our se-
lected high-school student was able to develop ODE models 
such as building with Legos.[12, 13] While Simulink provides 
a good platform with which high school students can build 
ODE models, presenting high school students with research 
projects can further motivate them to apply Simulink mod-
eling skills to solving real problems. A microbial fuel cell 
can convert the organic compounds from waste streams into 
electricity.[14, 15] The student in our study was interested in 
this research question and in finding a sustainable approach 
for handling waste streams and generating electricity at the 
same time. Developing ODE models for such a scenario can 
allow students to study the mechanism of microbial fuel 
cells and to explore opportunities for optimizing the oper-
ation and design of fuel cells. The high school student pre-
sented his work at the 2015 ASEE-SE conference.[8]

On the basis of the feedback from the student participat-
ing in the project in 2014, we further developed our training 
module and made it available online so that more students 
could benefit. Two local high school students tested the on-
line training modules and successfully finished the MFC 
modeling project during the summer of 2016. Their results 
were presented at the 2017 ASEE Mid-Atlantic conference. 
[9]

While MATLAB Simulink proved to be an effective tool 
for training high-school students with modeling skills, it is 
not free to students. This may limit the access of the training 
to students from low-income families. R language, on the 
other hand, is free and so can be accessed by students from 
low-income families and from developing countries. Similar 
to MATLAB, R language provides another tool used widely 
within the STEM fields, such as in analyses of geographical 
data, environmental data,[16] image data,[17] biometric data,[18] 
medical data,[19] statistical data,[20] and data in traditional en-
gineering.[21] Yet, developing models in R requires students 
to type in the codes line by line, unlike being able to con-
nect the existing model components for building models, as 
Simulink allows. In this work, we mainly aim to investigate 
the following two objectives: 1) comparing MATLAB and 
R in teaching modeling skills to high school students; and 2) 
demonstrating that learning R may be doable but challeng-
ing to high-school students. In particular, we offered five 
local high-school students training in both Simulink and R 
and compared their performance in the MFC modeling proj-
ect during the summer of 2017. While it could be helpful to 
test Simulink and R with a larger number of students so as 
to draw more statistically significant conclusions, our study 
was limited to five students because of the instructor’s time 
for student supervision.

The teaching approach generally consisted of the follow-
ing three modules: Simulink/R training, the introduction 
of the MFC ODE model, and the development of the MFC 
ODE model. High school students were given on-site lec-
tures two hours per week for 9 weeks according to the fol-
lowing schedule: the instructor (i.e., Dr. Zuyi Huang, a fac-
ulty member at Villanova University) introduced students to 
MATLAB Simulink, including basic MATLAB commands 
like the plot function and simulation of the liquid level ODE 
model and the enzymatic ODE model (Weeks 1 and 2); the 
instructor introduced the background information of micro-
bial fuel cells and the MFC ODE model (Week 3); students 
built MFC ODE model in Simulink and presented the work 
to the instructor (Weeks 4 and 5); the instructor introduced R 
language and led students to build R programs for the liquid 
level ODE model and the enzymatic ODE model (Weeks 6 
and 7); students developed their R programs for the MFC 
ODE model (Weeks 8 and 9); students completed anony-
mous surveys on evaluating the improvement in their skills 
in solving ODE models using MATLAB Simulink and R. 
Students were asked to compare their learning experience of 
MATLAB Simulink and R and to provide feedback on what 
they liked or disliked about each. The instructor provided 
an overview on the relevance of ODE modeling as well as 
MATLAB or R in STEM practice in the first lecture so that 
students gained a big picture of the project.

Students were required to submit the programs they devel-
oped in the training each week. They mainly worked on the 
project during the two-hour period in class, but they could 
still access MATLAB on their computers and work on the 
project after class. Working in class enabled the instructor to 
offer immediate feedback on students’ programs. In particu-
lar, the instructor helped students fix errors in their programs 
and showed them how to identify errors in their programs. 
The instructor also provided students with suggestions on 
how to avoid those errors in their programs in the future. In 
addition, a homework problem was designed for each ex-
ample shown in the lecture so that the instructor was able 
to evaluate students’ learning progress. The instructor also 
compared the simulation results from students’ programs 
with his own programs to evaluate students’ performance 
of using MATLAB Simulink and R to solve ODE models.

The Teaching Approach

The ODE model of microbial fuel cells

The major electrochemical processes of MFC can be gen-
erally described as shown in Figure 1: 1) anodophilic bac-
teria form a biofilm on the surface of the anode electrode; 
2) anodophilic bacteria uptake organic compounds from the 
waste stream (like waste water) and produce electrons, pro-
tons, and CO2; 3) intracellular mediators transfer electrons 
from bacteria to the anode electrode surface, and electrons 
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then translocate to the cathode electrode via an external 
electrical circuit; 4) the protons diffuse through the cation 
exchange membrane and react with O2 on the surface of the 
cathode electrode; and 5) the electrons are accepted by O2 
to form water. 

The ODE model used in the work was first presented in 
Reference[22] and modified by us in 2014.[23] The model de-
scribes the substrate concentration in the anode compart-
ment of MFC (i.e., S in Eq.1), the growth of anodophilic 
bacteria (i.e., xa in Eq. 2), the growth of methanogenic bac-
teria (i.e., xm in Eq. 3), the intracellular mediator concen-
tration (i.e., Mox in Eq. 4), and the electrical current (i.e., 
IMFC in Eq. 5). In these equations, qa and qm are the substrate 
consumption rates by anodophilic and methanogenic bac-
teria, respectively; D is the dilution rate; S0 is the influent 
substrate concentration; μa and μm are the growth rates of the 
bacteria; Kd,a and Kd,m are the decay rates of the bacteria; αa 
and αm are the dimensionless biofilm retention coefficients; 
Y is the mediator yield; γ is the mediator molar mass; m is 
the number of electrons transferred per mole of mediator; F 

Figure 2. The model of the liquid level h in the tank with water flowing out through a valve.

Figure 1. The diagram of electrochemical processes for a microbial fuel cell 
(left) and its ordinary differential equation model (right)

is Faraday’s constant; V is the volume of the anod-
ic compartment; EOCV is the open circuit voltage; 
RExt and RInt are the external and internal resistanc-
es, respectively; Mred is the reduced mediator frac-
tion per anodophilic bacteria; and ε is a constant. 
There are 25 parameters in this ODE model. Due 
to the space limitation, the values of these parame-
ters along with the equations to quantify qa, qm, μa, 
and μm are not shown here. The definitions of these 
parameters were cited from Reference[22], and the 
values of these parameters can be found in Refer-
ence[23].
The training module for R and MATLAB Simulink

The training module for either R or Simulink 
consists of the following four components: 1) an 
introduction of R or Simulink; 2) a step-by-step 
hands-on training in using R or Simulink to solve 

a single-equation ODE model of the liquid level in a leaking 
tank; 3) a step-by-step hands-on training in applying R or 
Simulink to solving a multiple-equation ODE model of an 
enzymatic reaction pathway involved in the human immune 
system; and 4) a detailed introduction of the MFC ODE 
model.

While the MFC ODE model has been introduced in the 
previous section, the ODE model of the tank liquid level is 
given in Figure 2. In the equation shown in Figure 2, qin is in-
let flow-rate, m3/min; Kv1 is the valve coefficient, 0.000187; 
and A is the cross-sectional area of the tank, 0.0177 m2. 
The initial value of the liquid level h is 0 m. In this model, 
students were required to determine the liquid level h at 12 
minutes when qin begins with a value of 0.0035 m3/min and 
changes to 0.0050 m3/min at 6 minutes. They should plot the 
profile of h versus time. 

The enzymatic pathway consists of the reactions shown in 
Eqs. (6) and (7). The concentrations of enzyme E, substrate 
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Questionnaires to evaluate the teaching approach

Students’ performance in home-
work assignments and the MFC 
modeling project was first used as 
the direct evaluation for high-school 
students’ learning in MATLAB 
Simulink and R. Three anonymous 
surveys were also used to get eval-
uations from students on the teach-
ing modules. Survey 1 was used to 
evaluate students’ experience with 
the designed teaching modules. Ta-
ble 1 shows the questionnaire for 
MATLAB Simulink. The question-
naire was given to students after 
they developed the MFC ODE mod-
el in MATLAB Simulink. Survey 2 
was similar to Survey 1 but was de-
signed to get students’ feedback on 
the R modeling module. This survey 

Figure 3. The enzymatic model (left) and the simulation results of the four components in the model (right).

S, the enzyme-substrate complex ES and the product P in 
the enzymatic reactions can be quantified by the ODE model 
represented by Eqs. (8-11). In these equations, kf1 is the for-
ward rate constant of Reaction (6); kr1 is the backward rate 
constant of Reaction (6); and k2 is the forward rate constant 
of the irreversible Reaction (7). Students were required to 
plot the profiles of CE, CS, CES, and Cp1 for different initial 
values of CE and CS. 

When the aforementioned ODE models were introduced 
to high school students, the physical meaning of each term 
in the ODE models was given. In addition, basic concepts 
of mass balance and chemical kinetics were introduced. For 
instance, students were taught that a larger rate constant gen-
erally means a faster reaction and that the reaction rate de-
pends on both the reactant concentrations and rate constants.

was conducted for R once students finished the MFC project 
in R. Survey 3 was designed to evaluate the improvement 
of students’ skills to solve ODE models (Section 1), com-
pare students’ learning experience in MATLAB Simulink 
and R language (Section 2), and collect students’ comments 
on open-ended questions (Section 3). The open-ended ques-
tions include: 1) what students liked and disliked about R; 2) 
what students liked and disliked about MATLAB Simulink, 
and 3) what students liked and disliked about the MFC mod-
eling project. Sections 1 and 2 of Survey 3 are shown in 
Tables 2 and 3, respectively. In order to quantify students’ 
feedback for analysis, students’ responses were scaled from 
1 to 5, with 1 and 5 representing the least and strongest rat-
ing or agreement, respectively.

 1 

TABLE 1 
Survey 1 evaluating students’ learning experience in the MATLAB Simulink 

training module 

Please think about your learning experience in the training approach  Totally         Totally 
disagree       agree                                

(1) The training format is effective in conveying the MFC knowledge and 
Simulink training ① ② ③ ④ ⑤ 

(2) The Simulink trainings are clear and easy to follow to reproduce the 
simulation results  ① ② ③ ④ ⑤ 

(3) The Simulink project is too challenging to a HS student ① ② ③ ④ ⑤ 

(4) You will recommend this Simulink project to other high-school students ① ② ③ ④ ⑤ 

(5) A real life-related project like microbial fuel cells makes the Simulink 
project more attractive to you 

① ② ③ ④ ⑤ 

(6) This project encourages you to pursue a college major in STEM field 
(i.e., Science, Technology, Engineering and Mathematics) 

① ② ③ ④ ⑤ 

Note: the questionnaire for R was made by substituting Simulink with R in Table 1.  
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RESULTS
The instructor of the project is a 

college faculty member (i.e., Zuyi 
Huang). Five local high school stu-
dents participated in this training 
project in the summer of 2017. Two 
of them were sophomores, while the 
other two were freshmen. Among 
these five students, one of them 
was from The Shipley School (i.e., 
Jianming Geng), while the other 
four were from the Friends Select 
School. These students were select-
ed from the instructor’s connection 
to the aforementioned two schools 
in the Philadelphia area. Only one 
of these five students was female. 
Although none of these five stu-
dents were from underrepresented 
groups in STEM, the instructor is 
outreaching to local high schools 
to make a plan for attracting under-
represented groups to this project in 
the future. All five stu-
dents had little knowl-
edge of ODE models, 
MATLAB Simulink, R 
programming, or mi-
crobial fuel cells. None 
of them had taken ad-
vanced math or biology 
or chemistry AP cours-
es. The performance of 
these high-school stu-
dents in this training 
project was evaluated 
by the instructor and 
then by the students 
themselves. The eval-
uation results along 
with feedback from 
the three anonymous 
surveys are shown and 
discussed as follows.

Evaluation of students’ improvement in R and Simulink

Simulation results from the students’ programs were eval-
uated by the instructor. All five students were able to get 
correct solutions for the liquid level ODE model and the en-
zymatic ODE model. Two out of the five students were able 
to get 100% correct simulation results in both MATLAB 
Simulink and R. Specifically, they were able to generate the 
electrical current profile from the MFC ODE model (Figure 

4) for the scenario when the inlet flowrate was changed from 
0.2 to 0.4 L/day in Day 1. In addition, these students predict-
ed the electrical current produced by the microbial fuel cell 
for various inlet flowrates to identify the inlet flowrate that 
can return the maximum electrical current (Figure 5). The 
other three students were able to build the MFC model in 
both MATLAB Simulink and R, although their results were 
not completely correct (estimated at 60% to 80% correct). 
Students’ performance in solving ODE models was general-
ly similar in MATLAB Simulink and R.

While students’ modeling performance in MATLAB Sim-

 1 

TABLE 2 
Section 1 of Survey 3 for evaluating the improvement of students’ skill in solving 

ODE models 

One of the major goals of the Simulink/R training is to make you more competent in 
solving ordinary differential equations (ODEs) of microbial fuel cells using Simulink.  None                All 

(1) Rate the extent to which you are able to solve ODE models before taking 
Simulink/R training module ① ② ③ ④ ⑤ 

(2) Rate the extent to which you are able to solve ODE models after taking 
Simulink/R training module ① ② ③ ④ ⑤ 

(3) Rate the extent to the knowledge you know microbial fuel cells before 
doing this mini-project ① ② ③ ④ ⑤ 

(4) Rate the extent to the knowledge you know microbial fuel cells after 
doing this mini-project ① ② ③ ④ ⑤ 

(5) Rate the extent to which you are able to use Simulink in solving ODE 
models before taking Simulink training module ① ② ③ ④ ⑤ 

(6) Rate the extent to which you are able to use Simulink in solving ODE 
models after taking Simulink training module ① ② ③ ④ ⑤ 

(7) Rate the extent to which you are able to use R in solving ODE models 
before taking R training module ① ② ③ ④ ⑤ 

(8) Rate the extent to which you are able to use R in solving ODE models 
after taking R training module ① ② ③ ④ ⑤ 

 

 

 

 

 

 
 

 1 

TABLE 3 
Section 2 of Survey 3 on comparing students’ learning experience of MATLAB 

Simulink and R language 

Please state if you agree or disagree with the following 
statements: 

S
trongly 

D
isagree 

D
isagree 

N
eutral 

A
gree 

S
trongly 
A

gree 

(1) You prefer R more than Simulink for solving ODE models ! " # $ % 
(2) Solving ODEs in R is more time-consuming than in 

Simulink 
! " # $ % 

(3) It is easier to implement ODE models in R than Simulink  ! " # $ % 
(4) It is easier to debug errors/typos in Simulink than in R ! " # $ % 
(5) It is easier to learn Simulink than R ! " # $ % 
(6) You would prefer to learn Simulink first, then R ! " # $ % 
(7) It is easier to plot the profiles in R than in Simulink ! " # $ % 
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ulink and R was evaluated by the instructor through their 
work in the in-class assignments and the MFC project, Sec-
tion 1 on Survey 3 was designed to obtain students’ evalua-
tion of their skills in solving ODE models using either MAT-
LAB Simulink or R. Figure 6 shows the improvement of 
students’ knowledge in microbial fuel cells and their skills in 
using MATLAB Simulink and solving ODE models. 
After this ODE-simulation training project, students’ 
skill level in solving ODE models improved from 1.6 
(Question 1) to 4.2 (Question 2). Students’ knowl-
edge of microbial fuel cells was enhanced from 2.0 
(Question 3) to 2.75 (Question 4). Students had little 
experience in either MATLAB Simulink (Question 
5) or R (Question 7) before the project. After the 
project, they rated their skills in solving ODE using 
Simulink (Question 6) and R (Question 8) at 4.8 and 
4.2, respectively, out of 5. All of these conclusions 
were based upon the mean value of students’ evalu-
ation, as the sizes of error bars were relatively small 
for Questions 2, 4, 6, and 8 shown in Figure 6. While 
Figure 6 shows that students’ skills in solving ODE 
using either Simulink or R were significantly im-
proved, their knowledge of microbial fuel cells did 
not improve significantly (as shown in Questions 3 
and 4). Potential reasons for this include: 1) none of 
the students took any biology or chemistry AP cours-
es so that it was challenging for them to understand 
all of the terms and parameters shown in the MFC 
ODE model; 2) the lectures were mainly focused 

Figure 4. The electrical current for the inlet substrate concentration of 1000 mg/L 
when the inlet substrate flowrate is changed from 0.2 to 0.4 L/day in Day 1.

Figure 5. The steady state value of the electrical current for an inlet substrate 
concentration of 1000 mg/L when the inlet substrate flowrate is changed from 

0 to 2 L/day gradually.

on introducing Simulink and R with not that 
much time to cover the background of biolo-
gy and electrochemistry useful for designing 
MFC reactors; and 3) students didn’t see and 
operate the real experiment system of MFC.

Students’ feedback on the module-based 
teaching approach

Figure 7 shows students’ feedback on the 
module-based teaching approach implement-
ed in the project. Results of Question 1 show 
that the teaching approach was able to con-
vey MFC knowledge and Simulink/R train-
ing effectively (with the score of 4 for R and 
3.6 for Simulink). Students felt it was gener-
ally easy to follow the lectures and reproduce 
the simulation results in class (with the score 
of 4 for R and 3.2 for Simulink in Question 
2). As shown in the results of Questions 3 and 
4, the project was not that challenging to high 
school students, and students were likely to 
recommend this project to their peers. The 
results of Question 5 indicate that real-life 
examples like MFC did indeed motivate stu-
dents to participate in modeling-related proj-

ects. Students also felt encouraged by this project to choose 
STEM-related majors in their college application (Question 
6). Figure 7 shows that the results of R training in most ques-
tions are better than the ones of Simulink training. One po-
tential reason is that Simulink training was given first so that 



Vol. 53, No. 2, Spring 2019 127

Figure 6. Survey result from students’ evaluation of the improvement in ODE solving skills (Questions 1 
& 2), MFC knowledge (Questions 3 & 4), Simulink modeling skills (Questions 5 & 6), and R modeling 

skills (Questions 7 & 8).

students had obtained certain 
experience in modeling before 
they started the R-based train-
ing and simulation.

Figure 7. Survey result from students’ 
evaluation of: the effectiveness of the mod-
ule-based teaching approach in convey-
ing the MFC knowledge and Simulink/R 
training (Question 1), the clearness and 
easiness in implementing the lessons from 
the lectures to reproduce simulation results 
(Questions 2), the level of challenge of 
the project to high-school students (Ques-
tions 3), whether they would recommend 
this project to other high-school students 
(Question 4), whether a real-life example 
like MFC makes the project more attractive 
(Question 5), and whether the project en-
couraged students to pursue STEM majors 
in their college application (Question 6).

Students’ feedback on R ver-
sus Simulink

Figure 8 shows that students 
slightly preferred Simulink 
over R for solving ODE mod-
els (Question 1) and that they 
preferred to learn Simulink 
first and then R (Question 6), 
possibly due to the following 
reasons shown in the survey: 
(1) they spent more time in 
solving ODE models when 
they used R (Question 2); 
(2) they found it easier to in-
put ODE models in Simulink 
than in R (Question 3); and (3) 
they preferred the function for 
plotting profiles in Simulink 
(Question 7). On the other 
hand, students generally felt R 
was easier to learn than Sim-
ulink (Question 5) and it was 
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also easier to debug errors/typos in R (Question 4). Students’ 
comments for the open-ended questions of “what they liked/
disliked about R and Simulink” are in line with the results 
shown in Figure 8. As for Simulink, they mentioned that: (1) 
Simulink helped them to visualize the ODE model and was 
easier to understand; and (2) they spent a large amount of 
time in finding errors/typos in their Simulink models. Stu-
dents’ comments on R include: (1) they liked being able to 
type ODE equations directly in R so that only a few lines of 
code were needed to represent the ODE model; (2) it was 
easier to make changes in ODE models in R; and (3) typing 
codes in R, instead of building Lego-like modules in Sim-
ulink, made building ODE models in R more challenging. 
All students mentioned that they should be exposed to both 
Simulink and R.

Figure 8. Survey results on the comparison of students’ preference of R 
versus Simulink: preference of R over Simulink for solving ODE mod-
els (Question 1), more time-consuming in solving ODEs when students 
used R (Question 2), easier to type ODE models in R than Simulink 
(Question 3), easier to debug errors/typos in Simulink than in R (Ques-
tion 4), easier to learn Simulink than R (Question 5), preference to 
learn Simulink first, then R (Question 6), and easier to plot the profiles 

in R than in Simulink (Question 7). 

CONCLUSION AND DISCUSSION
In this study, we designed a MFC-modeling mini-project 

to introduce ODE-solving skills in both R and MATLAB 
Simulink. On the basis of the instructor’s direct evaluation 
and the students’ self-evaluation on the three anonymous 
surveys, we conclude that: (1) students’ skills in solving 
ODE models using either R or Simulink were significantly 
improved after the project; (2) students generally liked the 
module-based teaching approach for R and Simulink train-
ing; (3) students slightly preferred Simulink over R although 
both of them had their own advantages and constraints; (4) 
students liked the real-life MFC project and got motivated 
by this project for choosing STEM majors in their college 
application; and (5) students did think this project was do-
able for high-school students and recommended the project 
to their peers. While students’ feedback on this project is 
quite positive, there is room for future investigation.

In this study, we selected R and MATLAB as they are 
widely used in statistical analysis and engineering, which 
may promote students’ interest in STEM fields. In addition 
to R and MATLAB, there are other modeling software/tools 
that are also good for high-school students to learn. For ex-
ample, Python is another widely used high-level program-
ming language in engineering.[24, 25] It is regarded as one of 
the best alternatives to the commercial MATLAB. In addi-
tion, some high schools offer AP courses on C and C++ to 
their students.[26] These programming tools were not includ-
ed in this study due to the limited time of students and also 
the research preference of the instructor. 

The survey results from this study only represent the feed-
back of the five high school students participating in this 
project. While more student participants can provide feed-
back of more statistical significance, five students were se-
lected due to the high-level student-instructor interaction 
needed during the training in R and Simulink. In particular, 
the instructor needed to help students with debugging their 
programs as some error messages were totally new to them. 

It is possible to recruit more students in this training proj-
ect if teaching assistants (TAs) are available to help students 
check their programs. Undergraduates at the sophomore 
level or above after getting trained should be able to help 
high school students fix their programs. One potential way 
to increase the number of high school student participants is 
by implementing a video-based flipped-classroom teaching 
approach in which the instructor records all training videos 
for students to watch before they work on their own pro-
grams in class. This program can also be regarded as a ser-
vice project to recruit undergraduate volunteers as TAs. The 
recorded videos and the undergraduate TA volunteers can 
significantly reduce the cost for this project and make it eco-
nomically sustainable.

This project is essentially an interdisciplinary project as 
it involves knowledge in chemical reactions, electrical cir-
cuits, environmental engineering, mechanical properties, 
microbial growth, and mathematical models. It can be im-
plemented by departments other than chemical engineering. 
One way to reduce the outreach investment is providing free 
videos in YouTube so that high school students from all over 
the USA can watch them. Recruiting undergraduate volun-
teers to answer questions from high school students will also 
encourage more students to participate in this project. Sem-
inars and webinars can be given to high school teachers to 
encourage their students to participate in this project. It is 
also a good idea to work with local high schools and recruit 
students from different grades to identify the student groups 
to target.
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The students finished the Simulink training and developed 
the MFC ODE model in it before they were introduced to 
the R language. This may explain why students evaluated 
the teaching approach for R higher (Figure 7). Although 
students felt more comfortable with the teaching modules 
for R, they slightly preferred Simulink over R after they 
developed the MFC model in both platforms. Whether the 
training sequence of Simulink and R affects students’ eval-
uation will be further investigated by switching the training 
sequence in the future.

While students provided positive feedback on this 
ODE-simulation training project, their evaluation of their im-
provement in the knowledge of microbial fuel cells was not 

significant. One student mentioned in the open-ended ques-
tions that students needed to have preliminary background 
in biology and chemistry to understand the ODE model and 
the simulation results. Typing the MFC ODE model in either 
Simulink or R was not as challenging as understanding the 
biochemical processes that were embedded in the model. In 
order to address this issue, future students should be limited 
to those who have taken biology and chemistry AP courses. 
Another way to address this issue is to provide some back-
ground introduction videos to students so that they can pick 
up the required biology and electrochemical knowledge be-
fore the project.
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