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Abstract 
 
Since the high-school students in the US are following behind their peers in certain countries in 
their math performance, it is urgent to expose high-school students in the US to engineering-related 
research in which students are inspired to use mathematics tools to understand and solve 
engineering problems.  In this work, we introduce a project that has been developed since Summer 
2014 for high-school students to simulate and design bioreactors like microbial fuel cells in 
computers. MATLAB Simulink is the major platform used in this project, as it allows students to 
build ordinary different equation (ODE) models in a modular fashion. Since a microbial fuel cell 
converts organic compounds in the wastewater into electricity, it offers a sustainable approach for 
converting wastes into energy. This may inspire high-school students’ awareness of environment 
sustainability. Four historical versions of the modeling project have been introduced in the past 
few years. In particular, the project was offered to high-school students on site in Summer 2014 
(one students). It was converted to a purely on-line version in Summer 2016 (four students). The 
project was then introduced in a book along with recording-lectures in 2019 (seven students). The 
last time for implementing this project was in Winter 2020 (twelve students). A self-paced study 
club was built in Winter 2020 to offer high-school students a chance to do STEM research during 
the COVID-19 pandemic. The students’ work has been thoroughly evaluated and feedback from 
students for each version of project has been collected. Students’ self-evaluations from the survey, 
along the evaluation of the instructor on their work, indicate that their skills in ODE model 
simulation and MATLAB Simulink were improved after the project. The self-paced club format, 
partnering with help sections, was the most positively received in students’ comments for open-
ended questions. 
 
 
Introduction  
 
While the US remains the most economically powerful country in the world, the mean score in 
Math in 2015 Programme for International Student Assessment (PISA) for U.S. high-school 
students was below the OECD average [1]. Research indicates that in the US, math instruction is 
not integrated with other disciplines, such that real-world applicability is lacking. At the same time, 
engineering fields, especially math-related applications, lack sufficient interest and sustained 
participation from first-generation engineering students, women, and underrepresented minorities 
[2-5]. While K-12 engineering education is gaining momentum and recognition within the US, 
engineering education is typically not provided in formal K-12 classrooms. Summer camps and 
workshops conducted after school or during weekends and breaks [6] are the most common ways 
of engaging high-school students in engineering education, but most of them were not often 
designed to motivate students to apply math skills toward solving engineering problems.  
 



 

Over the last decade, there has been increased national attention to engineering education. Recent 
frameworks, including the science and engineering practices in the Next Generation Science 
Standards (NGSS) [7] and the National Academy of Engineering ([8, 9]), heighten the need for 
engaging K-12 students in engineering activities in school. Yet, limited access remains a problem. 
Fewer than 6 million of the nation’s 56 million students have encountered engineering education. 
Many students, including women and minorities,  have limited access to high quality STEM 
learning experiences ([10, 11]). Moreover, typical K-12 math and science classrooms rarely 
provide students with the chance to engage in authentic problem-based or design learning. In fact, 
these opportunities decline as students progress through school. For example, in a national report 
of science learning, Banilower and colleagues (2018) [12] found that 67% of high school teachers 
reported they felt unprepared to teach engineering and only 18% of high school teachers engaged 
students in more applied project-based learning on a weekly basis. Moreover, when these types of 
real-world instructional activities are provided in STEM, they are in upper level and advanced 
courses, and typically in the physical sciences, not biology or chemistry. Part of the reason for this 
lack of opportunity to engage in authentic STEM learning in high schools can be attributed to a 
lack of materials, resources, and instructional supports for teachers to effectively implement these 
activities in their classrooms.  
 
In order to address the aforementioned issues, we have been designing a biochemical-model 
simulation project since 2014, aiming to offer easy and affordable access of high-school students 
and teachers to a self-sustained engineering education program. Our project is based upon a free 
module-based platform (i.e., trial version of MATLAB Simulink) for solve ordinary differential 
equation (ODE) models for bioreactors like cell-growth bioreactors and microbial fuel cells. The 
research question studied in this work is whether the real-life related ODE models, along with a 
Simulink-based modeling platform, is helpful to attract high-school students’ interest in using math 
to solve engineering problems. Four evolving versions of the project have been implemented in 
this work, and the survey results were thorough studied, along with the evaluation from the 
instructor on students’ work, to evaluate the outcome of the designed modeling STEM outreach 
project.  
 
Materials and Training Methodology 
 
The mathematical models 
 
While a car is not a biochemical reactor, it is first used in the project to illustrate the concept of an 
ordinary differential equation to high-school students. In particular, a race car shown in Figure 1A 
is used to illustrate an ordinary differential equation model that quantifies the distance x of the car 
driving in the time period t at a varying speed of V. A more complicated water tank model shown 
in Figure 1B is further used to illustrate the principle of mass balance, which describes the 
accumulation of mass in a container with inlet and outlet mass streams. This model predicts the 
water level h in a tank with water flowing in at an inlet flowrate qin and flowing out through an 
opened outlet valve.     



 

               
 (A)                                                               (B)  

Figure 1, (A) model used to predict the driving distance x of a race car over time; (B) model 
used to quantify the water level h in a water tank.   

 
Both the car model and the water tank model contain only one differential equation. Multiple 
differential equation models are further introduced in a general two-step enzymatic reaction. A 
chemical reaction describes the conversion of the reactants (e.g., the items on the left-hand side of 
Equation 1) to the products (e.g., the items on the right-hand side of Equation 1). Equations 1 and 
2 show the enzymatic reactions that commonly take place in bioreactors (e.g., bacteria and 
mammalian cells). Enzymatic reactions also take place in our daily lives. For example, sucrose 
(referred to as S, the substrate) in food is converted to glucose and fructose (referred to as P, the 
product) in the enzymatic reactions catalyzed by the enzyme sucrase (referred to as E, the enzyme) 
in the following figure. In another example, Amylase (i.e., E) in the saliva of humans catalyzes the 
hydrolysis of starch (i.e., S) into sugars such as maltose and maltotriose (i.e., P). The enzyme is 
one type of the most commonly used catalysts which are known for their role in accelerating 
chemical reactions (e.g., the conversion rate from the substrate S to the product P). The catalyst 
(e.g., E) is not consumed in one reaction cycle. Thus, it can be re-used to accelerate another 
reaction cycle. Developing good enzymes is essential for improving the performance of bioreactors. 
The enzymatic reaction is used to introduce the concept of chemical kinetics that can quantify the 
reaction rate on the basis of the reactant concentrations and the availability of catalyst (i.e., enzyme 
in biological reactions).   
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Figure 2, the enzymatic reactions for converting the substrate S to the product P catalyzed 
by the enzyme E. One such example is given:  the conversation of sucrose to glucose that is 
catalyzed by sucrase.  
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While the enzymatic reactions shown in Figure 2 mainly describe the reactions in the cell scale, a 
fed-batch bioreactor (Figure 3) is further introduced to quantify the growth of cells and production 
of a product (e.g., an antibody) on a larger scale. A substrate such as glucose is fed into the reactor 
in which cells grow on the substrate and in turn produce the target product (e.g., an antibody). In 
the fed-batch mode, the product stays in the reactor until the end of the run.  
 

 
Figure 3, the fed-batch bioreactor in which the cells uptake the feeding substrate to produce 
the product P.  

 
The fed-batch bioreactor model provides a smooth transition to the more complicated model of a 
microbial fuel cell (MFC). The major electrochemical processes of MFC can be generally 
described as shown in Figure 4: 1) anodophilic bacteria (also called exoelectrogenic bacteria) form 
a biofilm on the surface of the anode electrode; 2) anodophilic bacteria uptake organic compounds 
(acetate in this work) from the waste stream (like waste water) and produce electrons, protons, and 
CO2; 3) intracellular mediators (e.g., cytochrome proteins) transfer electrons from bacteria to the 
anode electrode surface, and electrons 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; 5) the electrons are accepted by O2 to form water. This 
model introduces high-school students to some basic concepts of electrochemistry and a bioreactor 
with multiple species of bacteria.   
 

                                         

  

Figure 4, the diagram of electrochemical processes for a microbial fuel cell (left) and its 
ordinary differential equation model (right) 
 
 



 

The training methodology for MATLAB-based modeling 
 
Four historical versions of the modeling project have been introduced since 2014 to provide 
students better accessibility to the project and better background information for self-pace learning. 
A handout with the detailed introduction of the aforementioned ODE models, along with a step-
by-step instruction on how to implement each ODE model in MATLAB Simulink, was given to 
students for all versions of the project. An instruction on how to install the trial version of 
MATLAB in students’ computers was also provided. Videos on implementing the ODE models in 
MATLAB Simulink were recorded and provided to students in certain versions of the project. The 
detail on how the training was given in each version of the project is listed in Table 1. In particular, 
the project was given in person in Summer 2014 [13]. The modeling videos were recorded and 
given to students in Summer 2016 so that students were able to reproduce the programs and finish 
the assignments [14]. Additional instruction videos were added in Summer 2019. A book was 
written on the basis of the recorded videos and the instruction handout that was extensively 
expanded with detailed background information. Students read the book on the self-pace format 
and finished the assignments. On the basis of the book, students were recruited in Winter 2020 to 
form a STEM Outreach club in Winter 2020. Students shared questions and learning experience 
in a Google Classroom for three weeks. Online help sections were given weekly to share common 
mistakes made by students. Students asked questions in the Google classroom, and answers were 
given in a timely manner.  The summer projects offered students flexibility in doing the projects 
on their own pace, while the winter project only lasted two weeks during the winter break. The 
instruction videos were recorded with 20-25 minute durations to fit students’ attention span [15].   
 
Table 1. The approaches for delivering training to students in the four versions of the 
outreach project  

Time Summer 2014 Summer 2016 Summer 2019 Winter 2020 
Instruction handout Ö Ö Ö Ö 

In-person format Ö    
On-line format  Ö   

Recorded-book format   Ö  
Club format    Ö 

Instruction videos  Ö Ö Ö 
Online help section  Ö Ö Ö 
Google classroom     Ö 

 
The evaluation of the project outcomes 
 
An anonymous survey was given to the project participants at the end of each version of the project, 
except the one given in Summer 2014 (one student on site). The survey used in this work has been 
proven as a valid and reliable approach for the project evaluation by our previous work [13-15]. 
While more survey questions were added in the later versions of the project to gather more 
information, the project participants were mainly asked to provide feedback on the following 
topics: 

• Demographic information, such as gender, the grade in high schools; 
• Academic information, such as GPA, the AP courses taken; 
• The learning experience in the training approach; 



 

• The improvement of the project participants in their skills for solving ODE models and in 
their experience in the related knowledge like bioreactors and microbial fuel cells (taking 
the survey from [16] as an example in Table 2); 

• Open-ended questions on what the project participants like/dislike the most about the 
project. 

 
In addition to the survey, the students’ performance in the project was also evaluated by the 
instructor, especially on how well they reproduced the simulation results for the ODE models 
shown in the training handout/the book and how well they implemented the ODE simulation skills 
to solve new assignments. The impact of the project in influencing the project participants’ choice 
on STEM majors in their college application was also evaluated from the participants who had 
entered colleges.  
 
Table 2. Questions of the anonymous survey on participants’ technical improvement in the 
STEM outreach project  

One of the major goals of this STEM Outreach project is to make you more 
competent in solving ordinary differential equations (ODEs) of bioreactors like 
microbial fuel cells using Simulink.  

None                All 

(1) Rate the extent to which you are able to solve ODE models before the project ! " # $ % 

(2) Rate the extent to which you are able to solve ODE models after the project ! " # $ % 

(3) Rate the extent to the knowledge you know microbial fuel cells before the project ! " # $ %&

(4) Rate the extent to the knowledge you know microbial fuel cells after the project ! " # $ %&

(5) Rate the extent to which you are able to use Simulink in solving ODE models 
before the project ! " # $ % 

(6) Rate the extent to which you are able to use Simulink in solving ODE models 
after the project ! " # $ % 

 
Results and Discussion 
 
The demographic information of project participants  
 
The project was offered to high-school students on site in Summer 2014 (one students). It was 
converted to a purely on-line version in Summer 2016 (four students). The project was then 
introduced in a book along with recording-lectures in 2019 (seven students). The last time for 
implementing this project was in Winter 2020 (twelve students). The demographic information of 
project participants is listed in Table 4. The “M” and “F” in Table 4 stand for “Male” and “Female”, 
respectively. The students for Summers 2014, 2016, and 2019 were recruited via the instructor’s 
connections with local high schools, while the students for Winter 2020 were recruited via social 
media nationwide.  If the student took at least one AP course, he/she was regarded as a participant 
who had taken AP courses. The participants for all versions of the project took at least one AP 
course, mostly the AP Biology or AP Calculus. Few of them had taken AP Statistics or 



 

Programming courses. All of the participants who have entered colleges actually have chosen 
STEM majors in their study. It may imply that this STEM outreach project inspired students to 
pursue STEM majors.    
 
Table 3. The biographical information of project participants 
 

Time Summer 2014 Summer 2016 Summer 2019 Winter 2020 
Numbers of Students 1 4 7 12 

Gender 1M 3M & 1F 4M & 3F 6M & 6 F 
Grade G10 1 G9, 1 G10, 2 

G11 
2 G9, 4 G10, 1 G11 4 G9, 5 G10, 3 G11 

AP course taken (%) 100% 100% 100% 100% 
Public school (%) 100% 100% 80% 66.7% twelve 

STEM majors in colleges (%) 100% 100% 100% Not Available 
 
Evaluation of Students’ Learning in the STEM Outreach Project  
 
The performance of each participant was evaluated by the instructor in how much (%) the 
participant had finished reproducing the simulation results of all the aforementioned ODE models 
and solving the assignments designed by the instructor for the participant to modify the operation 
conditions for those ODE models. The participant in the Summer 2014 project returned the best 
performance, as he had not only finished all the required assignments but also designed controllers 
for microbial fuel cells (beyond the required work). The on-site interaction with the instructor 
might be helpful for this participant. All participants in Summers 2016 and 2019 finished 
reproducing the programs shown in the handout/book, while 75% of the participants in Winter 
2020 finished the required work. This may be due to the fact that participants in Summers 2016 
and 2019 have the whole summer to finish all the work, while only two weeks were available for 
the Winter 2020 participants.  In addition, students were distracted by holiday celebration activities 
during the winter break. The stress and inconvenience imposed by COVID-19 were other factors 
that influenced participants’ performance in Winter 2020.  
 
In addition to the instructor’s evaluation, students were offered a chance to evaluate their own 
performance in an anonymous survey shown in Table 2. Since there were only one and four 
students participating in the project in Summers 2014 and 2016, respectively, the survey results 
from Summer 2019 and Winter 2020 may be of more statistical value. Since several students are 
still working for the Winter 2020 project and the survey data are not completed yet, the survey 
results for Summer 2019 (i.e., the book-based project) were shown in this work. Since participants 
in Summer 2016, Summer 2019 and Winter 2020 were generally based upon the same recorded 
videos, it is reasonable to assume that the survey results from Summer 2019 can generally imply 
the students’ feedback on the designed STEM Outreach project. The survey results for the six 
items shown in Table 2 are shown in Figure 5 A-F. As shown in Figure 5A&B, 85.7% students 
had improved their skill in solving ODE models from Level 1 to Levels 3 or 4 after they did the 
project. Figure 5C&D indicates that 85.7% students had improved their knowledge in bioreactors 
or microbial fuel cells from Levels 1 or 2 to Levels 3 or 4. These students’ skill in using Simulink 
was also improved to Levels 3 or 4 after joining the project (Figure 5 E&F). In the book-based 



 

project, one student had picked another programming platform (i.e., the R platform) to solve ODE 
models. That is why one student indicated that she had not learned Simulink in Figure 5F.  
 

                                    
(A)                                                           (B) 

                           
(C)                                          (D) 

                     
(E)                                                           (F)  

Figure 6, Self-evaluation from students on their ability to solve ODE models before (A) and 
after (B) the project; their knowledge on bioreactors and microbial fuel cells before (C) and 
after (D) the project; and their ability to use Simulink before (E) and after (F) the project. 
Leve1 5 stands for the highest level for mastering the skills.  
 
 
Feedback from Students on the Training/Teaching Approaches  
 
Open-ended questions were asked for students to provide feedback on what they liked/disliked the 
project. Since only one student participated in the Summer 2014 project, the student’s feedback 
was obtained by the conversation. The student suggested to convert the onsite format onto an 



 

online format so that more students were able to join the project. The comments from the students 
participated in the other three versions of the project were generally similar, although the 
comments from the Winter 2020 (i.e., the club-based project) sound more positive. The aspects 
students liked the project include: 1) the descriptive examples and walk-through of the steps, and 
the practice problems; 2) a lot of real-world scenarios; 3) inspire the participants to learn even 
more about mathematical modeling; and 4) progresses from easy concepts to more difficult 
concepts. The aspects students disliked the project include: 1) the amount of the examples and the 
length of the project hover a bit beyond a typical high schooler’s attention span; 2) challenging to 
an average high school student for the content related calculus (as high-school students generally 
learned AP Calculus in the senior year); and 3) need more timely help from the instructor. As for 
the Winter 2020 project, students liked the club-based format in which students shared questions 
and learning experience together. Students also liked the online format, as it offered students 
flexibility to do STEM projects during the COVID-19 pandemic.  
 
Conclusion and Discussion 
 
Since the high-school students are following behind their peers in the math performance, it is 
urgent to design engineering projects that can motivate high-school students to learn more math 
and choose STEM majors for their college education. The work presents four versions of a STEM 
Outreach project that educated high-school students with MATLAB-based modeling skills to solve 
ODE models that are related to students’ life (e.g., bioreactors and microbial fuel cells). The project 
evolved from the onsite format to online, and then to a video-book, and finally to a STEM-outreach 
club, in order to provide students better accessibility to the project and better background 
information for self-pace learning. The evaluations from both the instructor and students indicate 
students have improved their knowledge and skills in both ODE modeling and MATLAB Simulink. 
Students, especially those participating in the Winter 2020 project, were generally positive with 
the project. All participants entering colleges have chosen STEM majors for their study.  
 
Since no student did the project in all four versions, direct comparison between different versions 
of the project was not available. The feedbacks from the participants on the STEM outreach project 
from different versions of the project were generally consistent. The students who participated in 
this project took at least one AP course. They may not represent the students left behind or 
underrepresented in the field. Therefore, the conclusions obtained in this study may be limited to 
the students with good course performance. It is our plan to recruit underrepresented students for 
the project in the future. In order to obtain the results with more statistical value, more students 
will be needed in these projects in the future. It is thus necessary to outreach local high schools for 
student recruitment. In addition, feedbacks from high school teachers are needed to further make 
the project more doable to average high school students, including the minority students. While 
MATLAB Simulink offers a friendly user-interface for high-school students to develop ODE 
models, MATLAB is not free. The R language was used by the instructor to train high school 
students with similar modeling skills [16]. It turned out that the R language, which is totally free, 
offers another good option for students to implement modeling skills.  
 
References  
 



 

[1] https://www.oecd.org/pisa/pisa-2015-results-in-focus.pdf.  
[2] M. Estrada et al., "Improving Underrepresented Minority Student Persistence in STEM," 

(in English), Cbe-Life Sciences Education, vol. 15, no. 3, Sep 1 2016. 
[3] J. P. Martin, D. R. Simmons, and S. L. Yu, "The Role of Social Capital in the Experiences 

of Hispanic Women Engineering Majors," (in English), Journal of Engineering Education, 
vol. 102, no. 2, pp. 227-243, Apr 2013. 

[4] P. R. Hernandez, P. W. Schultz, M. Estrada, A. Woodcock, and R. C. Chance, "Sustaining 
Optimal Motivation: A Longitudinal Analysis of Interventions to Broaden Participation of 
Underrepresented Students in STEM," (in English), Journal of Educational Psychology, 
vol. 105, no. 1, pp. 89-107, Feb 2013. 

[5] A. Gofen, "Family Capital: How First-Generation Higher Education Students Break the 
Intergenerational Cycle," (in English), Family Relations, vol. 58, no. 1, pp. 104-120, Feb 
2009. 

[6] J. Zhe, D. Doverspike, J. Zhao, P. Lam, and C. Menzemer, "High School Bridge Program: 
A Multidisciplinary STEM Research Program," Journal of STEM Education: Innovations 
and Research, vol. 11, no. 1-2, pp. 61-68, 2010. 

[7] N. G. S. S. L. States, "Next generation science standards: For states, by states," Appendix 
D: All standards, all students: Making the Next Generation Science Standards accessible 
to all students, 2013. 

[8] L. Katehi, G. Pearson, and M. Feder, "Engineering in the K-12 education," in 
Understanding the states and improving the prospects vol. 16Washington, DC: National 
Academic Press, 2009. 

[9] M. Honey, G. Pearson, and H. Schweingruber, STEM integration in K-12 education: 
Status, prospects, and an agenda for research. Washington, DC: National Academies 
Press, 2014. 

[10] E. L. Anderson and D. Kim, Increasing the success of minority students in science and 
technology. American Council on Education, 2006. 

[11] G. Huang, N. Taddese, and E. Walter, "Entry and Persistence of Women and Minorities in 
College Science and Engineering Education," Education Statistics Quarterly, vol. 2, no. 3, 
pp. 59-60, 2000. 

[12] E. R. Banilower, P. S. Smith, K. Malzahn, C. Plumley, E. Gordon, and M. Hayes, "Report 
of the 2018 National Survey of Science and Mathematics Education," Horizon Research, 
Inc.(NJ1), 2018. 

[13] C. Ekaputra and Z. Huang, "Educating High School Students in Process Simulation and 
Control with a Simulink-Based Controller Design for Microbial Fuel Cells," presented at 
the ASEE-SE 2015, University of Florida, Gainesville, FL, 2015.  

[14] P. Guo, K. Yuan, and Z. Huang, "Develop Web-based Modules to Educate High-School 
Students in Studying Microbial Fuel Cell Dynamics," presented at the 2017 ASEE Mid 
Atlantic Section Spring Conference, Baltimore, Maryland, 2017.  

[15] X. H. Li and Z. Y. Huang, "An inverted classroom approach to educate MATLAB in 
chemical process controlXianhua," (in English), Education for Chemical Engineers, vol. 
19, pp. 1-12, Apr 2017. 

[16] J. Geng, K. Chen, N. Wang, S. Ling, M. Guo, and Z. Huang, "Comparison of R and 
MATLAB Simulink in Educating High School Students with ODE Modeling Skills," 
Chemical Engineering Education, vol. 53, no. 2, pp. 121-129, 2019. 


