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 � Introduction 
Dengue Fever is a rapidly-spreading, mosquito-borne dis-

ease highly prevalent in the tropical, humid areas of Africa, 
Central and South America, the Caribbean, the Eastern Medi-
terranean, South and Southeast Asia, and Oceania.1  Currently, 
the World Health Organization (WHO) predicts more than 
40% of the world’s population is at risk of contracting Dengue 
Fever, and there are anywhere from 50 to 100 million new in-
fections annually in over 100 countries.2  The disease has been 
appearing suddenly within the continental United States, with 
more than 20,000 cases annually.3  There are more than 25,000 
deaths annually from Dengue Fever. Dengue prevalence has 
increased by 30 times over the past 50 years.4  Dengue is trans-
mitted primarily through the Aedes aegypti mosquito, native 
to Africa.5  This disease is tough to "cure," mainly due to the 
presence of four different serotypes in the environment; and no 
known vaccine available to date that is capable of combatting 
all four serotypes. Dengue infection can result in a spectrum of 
disease manifestations and has no specific treatment,6  which 
is why many doctors rely on early detection to prevent fatali-
ty; early detection can reduce fatality rates drastically. Dengue 
remains challenging to fight, which is why the WHO has im-

A novel mathematical model for the early detection of Dengue Fever using SIR Infectious Disease Epide-
miological Compartments, ordinary differential equations, and statistical computing
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ABSTRACT: Dengue Fever is a debilitating viral disease of the tropics, transmitted by female Aedes mosquitoes, causing 
sudden fever, acute pains in the joints and hemorrhaging. The World Health Organization (WHO) estimated more than 25,000 
deaths annually. To date, no vaccine has been developed for Dengue Fever due to the existence of four virus serotypes, against 
which, developing an immunity is very difficult. Early detection of Dengue is proving to be the only viable option of mitigating 
the transmission of this disease and potentially containing it. The purpose of this project is to innovate a novel approach to detect 
the outbreak of Dengue disease. Using 2005 Dengue disease outbreak data collected from Singapore’s Health Database, as well as 
ten years’ worth of Singaporean climate data, the average temperature and vector-human population were calculated. Thousands of 
simulations were then performed with varying susceptible human populations and mosquito bite rates to achieve high correlation 
values, and formed a quartic function relationship between the climate and bite rate for use in future simulations. The resulting 
model was then tested on data from  2013, 2014, and 2015 Singapore Dengue Outbreaks. Statistical testing using Pearson’s values 
showed a significant correlation between the test data and actual Dengue outbreaks, with 2013 R-value of 0.74, 2014 R-value 
of 0.53, and 2015 R-value of 0.61. These positive results indicate that this novel model can be used to predict Dengue disease 
outbreaks accurately and as a tool for early detection to employ sufficient vector, or mosquito, control measures in place, which 
ultimately reduce the number of deaths associated with this disease.

This tool will be the only viable measure until a promising vaccine is developed to control and curb this fatal, century-long 
disease, that has killed more than 5 million humans worldwide to date.

KEYWORDS: Mathematics; Biology; Modeling; Early Detection; Dengue Fever

Figure 1: This map shows the prevalence of Dengue Fever around 
our world today, demonstrating a very pressing issue. Figure from 
vadscorner.com
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plemented an 8-year plan to combat Dengue and reduce the 
mortality rate by 50%7  through research studies and innova-
tion, which is what this project aims to assist. 

Implementing improved outbreak prediction and detec-
tion through coordinated epidemiological and entomological 
surveillance and vector control can reduce Dengue morbidi-
ty. Given the importance of the global dengue epidemic, with 
its staggering human and economic costs, an international ef-
fort to reduce morbidity and mortality is long overdue. As a 
neglected tropical disease, disease control centers around the 
world have taken little to no globally coordinated efforts. New 
opportunities to overcome the disease make such an effort 
feasible. This project explores the transmission of dengue and 
innovating intervention strategies for early detection.

The SIR Model. Mathematical Modeling is useful in testing 
the intervention strategies of many infectious diseases, includ-
ing Dengue Fever. In the past, epidemiologists have utilized an 
SIR Compartment Model to create three intervention strat-
egies to combat the spread of Dengue. The transmission and 
spread of infectious diseases are very complex phenomena with 
many factors to consider.

When dealing with Dengue Fever, the SIR model is altered 
in order to track the dynamics of a human-mosquito correlated 
disease. The “S” compartment represents Susceptibles, for both 
mosquitoes and humans, who do not have the disease, but can 
likely be inflicted with it in the future. The “I” compartment 
represents humans currently Infected with the disease, as well 
as mosquitoes that are carriers for the disease.

There is no Removed, or “R” compartment for mosquitoes, 
referred to as vectors in this model, as mosquitoes are carriers 
of the Dengue virus, and are not negatively affected.

Ordinary Differential Equations (ODE). These are differential 
equations containing one or more functions of one indepen-
dent variable and its derivatives. These types of equations are 

especially related to the SIR model due to multiple compart-
ments and derivatives. These are used to describe dynamically 
changing phenomena, evolution, and variation, which can 
be especially helpful in studying the dynamics of an infectious 
disease such as Dengue. Incorporating variables such as trans-
mission rate, time, lifespan, and populations into ODEs of 
Dengue Fever provides a more accurate model that can be used 
for early detection. Shown below are the simplified ODEs for 
the SIR system. It is essential to solve for Eigenvalues and 
the Jacobian Matrix in order to determine the stability of the 
system, which can allow us to understand the disease dynamics 
and severity of the disease better. From the compartmental di-
agram, the following equations are derived:

It is possible to combine both the host and vector equations 
into a single system because:

Figure 2: This map shows past outbreaks of Dengue Fever in U.S., 
with many cases around the coast. graphikos197.wordpress.com

Figure 3: This displays the dynamics of Dengue Fever, as tracked 
through the SIR model, using different parameters to represent 
transmission between compartments. Figure from diseaseecolo-
gyspring2010.wordpress.com

Figure 4: The system 
of differential equa-
tions associated with 
the SIR model for 
Dengue Fever, track-
ing the population of 
each compartment 
over time

ijhighschoolresearch.org
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Exploring Equilibrium and Jacobians. I then solved the Equilibri-
um Points of the Ordinary Differential Equations from above. 
The first equilibrium point is the disease-free state, where there 
is only susceptible, and the number remains constant. There-
fore, I considered only the differential equation for the Sh:

Therefore, the first equilibrium point is:

The Jacobian matrix at the disease-free state is:

I then found the eigenvalues of this matrix using:

Denoting the eigenvalues with ƛ, the eigenvalues for the dis-
ease-free equilibrium point are as follows: When dealing with 
linear differential equations, negative eigenvalues correspond 
to stable solutions that decay to exponential without variation

It follows that λ<0, since both   and   are positive. Next,

Where: 

I then found that this is negative and real, and this occurs when:

λ3 is simply the conjugate of λ3, and therefore λ3 < λ2. This is 
negative and real with the following inequality:

R Software Modeling and Statistical Programming:
R is a language and environment for statistical computing and 
graphics. It is advantageous when experimenting with SIR 
models, as the language offers a deSolve package which graphs 
differential equations with ease, and helps visualize population 
dynamics of infectious diseases such as Dengue. R program-
ming is especially useful when working with simulations with 
different variables, such as temperature, bite rate, infection du-
ration, transmission probability, and more.

Exploring the 2005 Recorded Singapore Outbreak. I compiled 
over 20 simulations with more than 1000 graphs of the 2005 
Dengue Recorded Outbreak Data, complete with the average 
temperature per week, the lag time, the human population, 
the vector population, the number of susceptible humans, and 
the average weekly temperature. I then used R programming 
to plot the ordinary differential equations, which resulted in 
obtaining values for the infected vector populations and the 
infected human populations based on the initial susceptible 
human population and bite rates, estimated by past outbreak 
research. The six most significant simulations are presented to 
show progress throughout this project. The goal was to vary 
parameters such as bite rate or population sizes, which would 
result in the absolute parameter values to create an Early De-
tection Model that successfully reproduces the results of the 
2005 Dengue Outbreak.

In the first simulation, I experimented with the percentage 
of the human population that is susceptible. In this year-long 
graph, the number of susceptible humans stayed constant at 20 
percent of the 3000 people in the region, which equated to 600 
people. The bite rate stayed constant in this simulation. In the 
second simulation, the percentage of susceptible stayed con-
stant, but the bite rate varied based on the 12 weeks of lag time, 
attempting to correlate the number of cases from the model 
to the 2005 Singapore data. In the third simulation, I set the 
percentage of humans that are susceptible to 40 percent of the 
human population, or 1200 humans. This time as well I changed 
the bite rate, in addition, to attempt to match the 2005 data ac-
cordingly. In the fourth simulation, with the information from 
the third simulation, a regression model resulted between the 
bite rate and temperature data. The highest correlation was a 
quartic regression model, which was sufficient to use for future 
models. In the fifth simulation, I finally changed the percent 
of humans susceptible to 30 percent, or 900 humans out of 
3000 humans. With the use of the quartic regression model, I 

ijhighschoolresearch.org
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Figure 7: The third simulation performed with the 2005 outbreak. 
Again, green represents the recorded simulation values, while blue 
represents the data recorded by the Singapore Ministry of Health. 
The x-axis represents the week number of the year, while the numbers 
in each dot represent the number of cases.

adjusted the bite rate for each week. In the sixth simulation, 
I observed that from the 2005 Singapore data, the number of 
cases started to die down at week 40. Keeping the number of 
susceptible humans, the same as the previous simulation, and 
the bite rate at one bite/day per mosquito to simulate the ac-
tual possibility of vector control from week 30 onwards, caused 
a flat reduction in weeks 40-52. By this time the result was a 
highly accurate Early Detection Model, but it was necessary to 
conduct statistical tests in order to determine reliability.

Statistical Testing with 2005 Outbreak. In order to test the 
strength of the several simulations, I used statistical testing 
with Pearson’s correlation coefficient (r value), as well as p 
values from t -tests of actual infected human versus simulat-
ed infected humans. Using Microsoft Excel, I calculated the 
statistical values for all the six simulations, which allowed me 
to see how strong each simulation was and served as a mathe-
matical indicator of accuracy.  The goal was to make changes 
that improve accuracy in the next simulation. Statistical cal-
culations are especially crucial in mathematical projects in 
determining the validity of the model. When working with 
infectious disease models, it is vital to ensure accuracy, not just 
visually, but mathematically.

Applying Model to 2013-2016 Outbreaks. Once the statistical 
testing concluded with the six simulations with the data from 
2005, the model was then tested on a 2014 Recorded Dengue 
Outbreak in order to see whether the model could accurately 
reproduce the data. If it could accurately reproduce the results 
of the 2014 Data, then, the model was accurate not just for the 
2005 outbreak, but for almost any outbreak of Dengue Fever 
in Singapore and Southeast Asian areas as an Early Detection 
Model. This is because several of these areas have similar en-
vironments and breeding grounds for vector populations, so it 
serves to use Singapore as a baseline. First, I created the data 
sets for the 2014 Outbreak Data, and then started the 2014 
simulation at week 1 and compared it to the original Early 
Detection Model simulation. I then repeated this same method 
for 2013 data and then again for 2015/2016 Data. By testing 
the model to see if it could accurately replicate and detect, with 
significant lead time, the Dengue outbreaks of three different 
years, I proved that the model is viable in early detection. I 
finally observed the results and conducted statistical tests in 
order to verify the accuracy and the effectivity of the model.

Overall, the experimental design involved analyzing the 
2005 Dengue Outbreak Data, formulating many different sim-

ulations to optimize the model, verifying the accuracy of the 
model through statistical testing, and then applying the model 
to a 2013, 2014, 2015/2016 Dengue Outbreak to see if the 
model can be accurately applied and used as a predictor.

 � Results and Discussion
2005 Singapore Outbreak Data Simulations. In the first simula-

tion, the percentage of susceptible humans stayed constant at 
20 percent of the 3000 people in the region, which equated 
to 600 people. This is the initial simulation, so the model is 
far from accurate. This is a baseline model that is strategically 
improved upon.

In the second simulation, the percentage of susceptible was 
the same, but the bite rate was varied based on the 12 weeks 
of lag time. The simulation shows a slight improvement from 
the Simulation 1. With varying the bite rate throughout the 
simulation, the trend of the simulation started to follow the 
dynamics of the outbreak, resulting in a useful idea for the fol-
lowing simulations.

In the third simulation, the percentage of susceptible humans 
doubled from 20 to 40 percent or 1200 humans. The correla-
tion between the simulation and the actual data was weak, as 
shown here. The model had a sudden increase during the first 
few weeks, whereas the data did not. The simulation also did  
not decrease at the end, as the actual data did. The method of 
doubling the susceptible proved to be too extreme, as demon-
strated, as the number of Infected Humans increased rapidly 
for the first seven weeks, and stayed at a constant high level, 
unlike the dynamics of the real outbreak.

It now seems appropriate to create a regression model to 
test the relationship between the bite rate and temperature 

Figure 5: The first simulation for the 2005 outbreak. Green represents 
the recorded simulation values, while blue represents the data record-
ed by the Singapore Ministry of Health. The x-axis represents the 
week number of the year, while the numbers in each dot represent the 
number of cases.

Figure 6: The second simulation performed with the 2005 Outbreak. 
Green represents the recorded simulation values, while blue rep-
resents the data recorded by the Singapore Ministry of Health. The 
x-axis represents the week number of the year, while the numbers in 
each dot represent the number of cases.

ijhighschoolresearch.org
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data, something that has not been performed in early detec-
tion models before this research. The highest correlation was a 
quartic regression model, where y represents the bite rate and   
represents the temperature. The resulting equation is: 

 y=-0.2747x4+30.26x3-1249.3652x2+22909.9x-157443.085

With the use of this quartic regression model, we enhanced 
predictive capabilities for future simulations. Using the regres-
sion capabilities of TI-84, approximately 90 percent of the 
variation in bite rate can be explained by the change in tem-
perature through this model. The numbers of the model signify 
the optimal coefficients of the polynomial to predict bite rate 
from temperature data.  In the fifth simulation for 2005, the 
statistical correlation values displayed improvement.

I changed the percent of humans susceptible to 30 percent, 
or 900 humans out of 3000 humans. The change proved to be 
very beneficial as the simulation started to match the severity 
of the actual outbreak. I used the quartic regression model to 
adjust the bite rate for each week. The model has clearly im-
proved from the past simulations.

In this final simulation, I kept the number of susceptible 
humans the same as the previous simulation, but I kept the 
bite rate at one bite/day per mosquito to simulate the actual 
possibility of vector control being done in week 30 onwards 
that caused a flat reduction in weeks 40-52. Vector Control is 
an important measure for controlling an outbreak of Dengue 
Fever. The purpose of this simulation was to show how effective 
the measures can be in reducing the severity of an outbreak.

Application of the Optimized Model. After running thousands of 
week-by-week simulations, the model was optimized and test-
ed for accuracy using past Dengue Outbreak Data. The model 

was used to predict the outbreak patterns of 2013, 2014, and 
2015/16 Dengue outbreaks in Singapore. The results from the 
model were then compared with the actual outbreak pattern 
and mathematically analyzed for correlation and accuracy.

When applied to this 2013 Singapore Dengue Outbreak, 
the optimized model reacts well. Visibly, the simulation trend 
seems to be useful in predicting the outbreak patterns and early 
detection from week 1 to 52. The peak of the simulation data 
was lower than the actual outbreak, however, it does not dimin-
ish the efficiency of the model.

The optimized model was applied to this 2014 Singapore 
Dengue Outbreak. Visibly, the model trend seems to be quite 
effective in predicting the outbreak patterns and early detec-
tion. The model had a slight lag time shift around week 25-30

The optimized model was finally applied to this 2015/16 
Singapore Dengue Outbreak. The simulation model seems to 
be quite effective in predicting the outbreak patterns but had a 

Figure 8: A graph to show the bite rate of the Aedes Aegypti mos-
quito as the year progresses. The x-axis represents the week number, 
while the y-axis represents the average number of bites/per day for 
each mosquito.

Figure 9: The fifth simulation performed per the 2005 outbreak. 
Green represents the recorded simulation values, while blue rep-
resents the data recorded by the Singapore Ministry of Health. The 
x-axis represents the week number of the year, while the numbers in 
each individual dot represent the number of cases.

Figure10: The sixth and final simulation for the 2005 outbreak. Green 
represents the recorded simulation values, while blue represents the 
data recorded by the Singapore Ministry of Health. The x-axis rep-
resents the week number of the year, while the numbers in each dot 
represent the number of cases.

Figure11: The resulting parameters tested on the 2013 Dengue Out-
break. My simulation is represented in gray, while the actual outbreak 
is represented in blue. The x-axis represents the week number of the 
year, while the numbers in each individual dot represent the number 
of cases.

Figure12: Applying the parameters to a different outbreak year of 
2014. The simulation is represented in grey, while the actual outbreak 
recorded values are represented in blue. The x-axis represents the week 
number of the year, while the numbers in each dot represent the num-
ber of cases.

ijhighschoolresearch.org
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lag time shift to the left around week 45-50 compared to actual 
outbreak data

Discussion. As in all modeling experimentations, many 
simulations are done to improve correlation values. In this 
project, I experimented to find the optimal parameter values 
for the model. The initial simulation was far from accurate, 
with an R-value of 0.2324, and had no statistical significance, 
as determined by our statistical test. However, in the second 
simulation, when I adjusted bite rate, the simulation improved 
substantially, with an R-value of 0.6483, indicating a relatively 
strong correlation. The third simulation declined in accuracy, as 
I doubled the number of susceptible humans, which seemed to 
provide no benefit to the model. However, the fifth simulation, 
in which I decreased the percentage of susceptible humans 
from 40% to 30% and the bite rate was adjusted through the 
quartic regression model, proved to be much more accurate 
than the third simulation, with an R-value of 0.6575. By sim-
ulation 6, in which the bite rate was decreased to mimic vector 
control situations, had improved to a value of 0.7518, which 
showed a strong correlation in comparison to prior simulations.

The six simulations displayed significant improvement, 
which was crucial in developing a more accurate and practi-
cal model. Adjusting bite rate contributed to the improvement 
in the models, while rapidly increasing the susceptible human 
population resulted in decreased accuracy. I was able to ob-
tain a maximum R-value of 0.7518, which is almost as accurate 
as the model can become, since it would be highly unlikely, if 
not impossible, for the model to have an R-value above 0.8 
or 0.9, because there are numerous confounding factors in an 
actual outbreak compared to a mathematical model. By testing 
the developed model and its parameters on the 2013 Dengue 
Outbreak, I could see that the model was highly effective in 
reproducing the results of the original data. The R-value for 
the 2013 simulation was 0.7388, which indicated a robust cor-
relation. The R-value for the 2014 simulation was 0.53, which 
indicated a moderately strong correlation. It was not as strong 
as the 2013 outbreak, but the model still proved to be a viable 
indicator for that outbreak. The 2015 outbreak simulation had 
an R-value of 0.610, which indicated a strong correlation as 
well. Overall, the application of the optimized model to the 
three outbreaks was not only visibly accurate but also proved 

the model to be a statistically significant early detector and 
predictor of a Dengue Fever Outbreak.

 � Conclusions
After two years spent on this project through extensive re-

search, this research has answered all research questions about 
the usefulness of the SIR model and how it can be applied 
to formulate an early detection model. Overall, this involved 
more than 20 iterations of simulation, as well as the plotting 
of thousands of graphs, and the resulting 6 main simulations 
were presented as the major milestone breakthroughs. A more 
significant discovery was the Quartic Regression Model that 
proved to be extremely useful in predicting Dengue Outbreaks. 
This research was successful in innovating a mathematical 
model using the SIR Compartmental Model, Ordinary Differ-
ential Equations, and active surveillance monitoring using the  
deSolve package in R statistical software. The model resulted 
in a very high correlation to Singapore’s 2005 Dengue Out-
break with an R-value of 0.7518 and a p-value of 2.6 * 10−9 in 
the final adjusted model. Furthermore, three actual data tests 
were done to test the viability of the model when comparing 
to Singapore’s 2013-2015 Dengue Outbreaks. The three tests 
were done to test the accuracy and robustness of the model. 
The first test resulted in a correlation R-value of 0.7388 and 
p-value of 4.04 * 10−10, while the second test resulted in cor-
relation R-value of 0.5300 and p-value of 4.4 * 10−5. Finally, 
the third test had an R-value of 0.610, with a p-value of 1.7 * 
10−6. These resulting data sets have proved that the model is, 
in fact, a highly accurate tool to be used as an early prediction 
system for Dengue Outbreaks. Also, the model provided clear 
trends, which were necessary to accurately calculate the lead 
time needed for vector control measures before an outbreak 
can happen. This experiment will be a significant step for the 
world to reduce the mosquito population and directly reduce 
the mortality rate of the human population due to this disease. 
This tool will be the only viable measure today until a promis-
ing vaccine is developed to control and curb the century-long 
Dengue disease that, to date, has killed more than 5 million 
humans worldwide.

Applications. The first application of this research is enhanced 
vector control. It takes about 8 to 12 weeks to implement ef-
fective vector control that drastically reduces the number of 
mosquitoes, and therefore, cases.  With this early detection 
model, the authorities of several different countries can effec-
tively plan and put measures in place to fight the outbreak with 
enough lead time. These may be, for example, fatal spray to-
wards mosquitoes, as well as mosquito netting. Dengue Fever 
is one of the oldest unsolved diseases, along with cancer, of 
the past 150 years, taking more than 25,000 lives a year. 83% 
of death occurs from this disease in the parabolic area of the 
simulation,9 when the outbreak starts rising, peaking and lev-
eling. If we can accurately predict and avoid the peak, or vertex 
of the parabolic curve, we can save more than 80% lives from 
this fatal disease. In terms of treatments, the common Dengue 
Fever requires moderated fluid intake as well as pain-relievers. 
However, with Dengue Hemorrhagic fever, symptoms appear 
at a much faster rate and are fatal, requiring hospitalization as 

Figure13: The final simulation performed to prove the accuracy of 
the model. This uses 2015 outbreak data reported by Singapore. The 
simulation is represented in grey, while the actual outbreak recorded 
values are represented in blue. The x-axis represents the week number 
of the year, while the numbers in each dot represent the number of 
cases.

ijhighschoolresearch.org
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well as oxygen and electrolyte therapy. Treatment can be ex-
pensive for those in third world countries, so it serves well to 
employ this early detection model, in order to save several lives 
and money spent.

Next, the most challenging aspect of Dengue disease control 
is tracking the movement of an infected human being, as they 
travel, get infected, and bring it back to their host country. A 
mosquito bites the human in their hometown, becomes a car-
rier for the disease, and the disease multiplies rapidly. With 
accurate prediction, the World Health Organization (WHO) 
and the Center for Disease Control (CDC) can issue travel 
alerts for the movement of infected humans towards popular 
tourist destinations that have a high prevalence of Dengue Fe-
ver.

Finally, other major mosquito-borne diseases such as Malar-
ia, Zika Virus, Yellow Fever, etc. are all transmitted by the same 
mosquito, Aedes Aegypti, as is Dengue Fever. We can use this 
framework to innovate early detection for several of these fatal 
diseases and ultimately save many lives.
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Simulation Statistical R Value 2/√n P Value Correlation Strength

1 0.2324 0.304997 0.124 Not statistically significant correlation exists. p>0.05

2 0.6483 0.304997 1*10-6 A statistically significant correlation exists. The r value is 
moderately high, so the correlation is of high strength. p<0.05

3 0.3427 0.304997 0.0212 A statistically significant correlation exists, but because r value is 
low, the correlation is weak. p<0.05

5 0.6575 0.304997 9.2*10-7 A statistically significant correlation exists. The r value is 
moderately high, so the correlation is of high strength. p<0.05

6 0.7518 0.304997 2.6*10-9 A statistically significant correlation exists. The r value is high, so 
the correlation is of high strength. p<0.05

Application Statistical R Value 2/√n P Value Correlation Strength

2013 0.7388 0.2774 4.04*10-10 A statistically significant correlation exists. The r value is high, so 
the correlation is of high strength. p<0.05

2014 0.5300 0.2774 4.4*10-5 A statistically significant correlation exists. The r value is 
moderately high, so the correlation is of moderate strength. 
p<0.05

2015/16 0.610 0.2774 1.7*10-6 A statistically significant correlation exists. The r value is 
moderately high, so the correlation is of high strength. p<0.05

Table 1: Resulting statistical correlation values for each simulation through the Statistical R- Value, verified by the ROT, and strengthened by the 
P values. (Table created by student researcher)
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 � Introduction
Around 60 million people in the world – including 3 mil-

lion in the United States – have a stuttering condition, a 
communication disorder in which speech flow is obstructed 
by repetitions, prolongations, or irregular stoppages of sound.1 
People who stutter (PWS) are affected negatively in many 
ways.2 Namely, children who stutter face rejection by their 
peers more frequently,3 and 70% of adults who stutter agree 
that stuttering decreases employability.4 Most importantly, 
stuttering takes away from the most important human func-
tion: communication. 

In current practices, stuttering therapy is based on a multi-
modal assessment.5,6 The first step in treating stuttering is to 
evaluate the stuttering degree of the patient.7 Presently, most 
evaluations are conducted at a clinic,8 and very few practi-
tioners employ software tools. However, evaluating the degree 
of stuttering at a clinic has many disadvantages.9 First, speech 
therapy is expensive, requiring around $4,000 per person and, 
in most cases, not covered by insurance.10 Additionally, there 
are very few clinics specializing in fluency disorders, and in 
rural areas there may be no speech pathologists at all. Thus, 
patients might have to wait for long periods of time for the 
opportunity to be evaluated by a fluency specialist.

Software, an alternative approach to clinical evaluation for 
stuttering assessment and treatment, can be conveniently used 
at home. However, current evaluation software is not up to par 
with real time evaluations. For example, “Stuttering Helper”,11 
an app for PWS, only provides exercises and does not give the 
user any feedback. The user is supposed to self-grade him/her-
self, which can lead to inaccuracies in treatment. Another app, 
"Ernest, Stuttering App"12 explains how to speak correctly and 

never provides feedback to the user. Some software systems 
are not validated by speech language pathologists. Addition-
ally, currently available software systems are not free, not to 
mention they are unimodal, causing diagnoses to be focused 
entirely on speech alone (after the stuttering occurrence). In 
literature, it has been noted that erratic facial movements have 
been observed with stuttering, but the relationship between 
these two variables has not been defined.13 By not taking into 
consideration these other factors, inaccuracies and inconsisten-
cies in diagnosis could appear.

Goal. Given the need for a fast, low-cost stuttering degree di-
agnosis tool, a study was undertaken to prove that multimodal 
diagnoses of stuttering degree are capable of being automat-
able through computer software. The null hypothesis (H0) is 
that there is no relationship between the facial movements, 
speech elicited, and degree of the occurrence of stuttering and 
therefore it cannot be modeled mathematically. The alternative 
hypothesis (H1) is that there is a relationship between the fa-
cial movements, speech elicited, and degree of the occurrence 
of stuttering and it can be modeled mathematically, e.g., using 
artificial intelligence (AI)

Main Contribution. The research provides a significant contri-
bution to the field: a novel software system that provides an 
automated stuttering degree quantification from real-time fa-
cial recognition data while maintaining speed, accessibility, and 
low cost.

Overview. Overall, the null hypothesis was rejected, and the 
alternative hypothesis was accepted: there is a relationship be-
tween the facial movements, the speech elicited, and the degree 
of stuttering. This is because the accuracy of the neural net-
works trained was generally high, supporting the hypothesized 

A stuttering degree diagnosis tool based on a Neural Network Model trained with Multimodal Data
Ronald Xu

Winter Springs High School, 130 Tuskawilla Rd., Winter Springs, FL 32708, USA
goronaldxu@gmail.com

ABSTRACT: Stuttering causes people of all ages to have low self-esteem and trouble maintaining social relationships. Since 
the treatments for different degrees of stuttering are distinct, a crucial step in treating stuttering is an accurate diagnosis. Compared 
to existing clinical practices, the research outcome presented here is a low-cost and convenient method to diagnose stuttering 
based on the hypothesis that erratic facial movements and abnormal verbal speech strongly correlate with the degree of stuttering. 
The correlation presented in the hypothesis was modeled using a neural network trained via data from open repositories on audio 
recognition and facial recognition. A user-friendly software system was designed and programmed to automate the processes of 
video recording and processing, facial recognition, audio recognition, and stuttering degree identification. It is capable of detecting 
the occurrence of stuttering prior to the stutter through facial recognition, neural network, and stuttering degree quantification 
technologies. To the best of the author’s knowledge, the innovative tool developed based on this research is the first of its kind 
designed to assist people who stutter.

KEYWORDS: Neural Network; Facial Recognition; Voice and Speech Recognition; Stuttering Degree Diagnosis
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relationship between the facial movements and the degree of 
stuttering.

 � Results 
Eighteen videos were collected in total from the Fluency-

Bank database.14 The control group consisted of three videos 
of non-stuttering speech. Each video was six to eight minutes 
long, thus providing a large amount of data: 350,000 facial 
movement data points (one data point per video frame), and 
therefore 350,000 stuttering diagnostic data points. Figure 
2 illustrates the massive dataset by displaying the substantial 
amount of values for three action units (AUs) extracted by the 
OpenFace software.15

As shown in Figure 3, some AUs were found to have larger 
values for specific degrees of stuttering. For example, degree 0 
stutterers had higher values of AU 10, and degree 4 stutterers 
had higher values of AU 7.

As shown in Tables 1-3, the Tansig function produced the 
most accurate model among singular activation function cases, 
while the Logsig function produced the least accurate mod-
el. Seen in Table 4, a combination of the activation functions 
proved to be the most accurate, achieving an accuracy value 
that was more than 10% higher than the best performing sin-
gular activation function. The correlation coefficient for the 

combination neural network (R value in the MATLAB® neu-
ral network fitting tool16) was 0.83.

Figure 4 displays the software designed and programmed 
by the author that diagnoses the degree of stuttering. Given a 

video (taken by the user), it performs quick, consistent, and ac-
curate instantaneous stuttering degree diagnoses. It has many 
functionalities including video uploading, recording, and anal-
ysis.

Inaccuracies in the software diagnosis mainly come from 
the imperfect (not 100% accurate) facial recognition and 
neural network modeling. Furthermore, facial and audio rec-
ognition software can be adversely affected by external noise 
and background or environmental images in videos, leading to 
inaccuracies. Neural network modeling is achieved via certain 
optimization methods, and numerical errors are inevitable.

Data Analysis. The AUs that have larger impacts on stuttering 
degrees (depicted in Figure 3) were given more weight in the 
neural network. For example, in degree 4 stutterers, AU 7 is 
very high, while in degree 0 stutterers, AU 7 is low. This sug-

gests that if AU 7 is high, degree 4 stuttering may be present. 
This aided the automated diagnosis process because by paying 
more attention to AU 7, degree 4 stuttering could be diagnosed 
with a greater accuracy. 

Although the accuracy difference between the Tansig and 
combination neural networks seems substantial (illustrated 
in Tables 3 and 4), a T-test was conducted to ensure that the 
difference in the accuracies of the neural networks was statis-
tically significant. It was found that the P-Value was less than 
10-5; therefore, the combination neural network has a statisti-
cally significant higher accuracy than that of the Tansig neural 
network. For this reason, the combination neural network was 
implemented in the stuttering diagnosis software.

Research Contributions. The research contributions are sum-
marized as follows: the achieved correlation model is a 
state-of-the-art method for stuttering degree diagnosis. The 
software tool developed is low-cost, convenient, and fast. 
Moreover, with a large amount of training data, the multimod-
al aspect of the model can ensure its accuracy and consistency. 

Ultimately, results supported the hypothesis that there is a 
relationship between the facial movement, speech elicited, and 
the degree of stuttering; therefore, it can be modeled mathe-
matically using AI.

 � Conclusion 
This experiment was conducted in order to find the rela-

tionship between erratic facial movements, speech elicited, and 

Figure 2. AU value distribution.

Figure 3. AU Value Comparisons for Degree 0 and Degree 4 PWS.

Figure 4. Software.
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degree of the occurrence of stuttering. This was done through 
neural network training based on facial and audio recognition 
data. Multiple neural networks were designed and trained in 
order to find the most accurate neural network. The experi-
ment found that there is a strong relationship, supported by 
the correlation coefficient of 0.83. If this software is imple-
mented in stuttering treatment, PWS could use it to measure 
their stuttering degree to give themselves confidence or show 
them where they need to improve. This low-cost, easily accessi-
ble software has the potential to help 60 million PWS around 
the globe.

Methods. The research methods – data collection via facial 
recognition and audio recognition, neural network construc-

tion, relationship modeling, validation and testing of the neural 
network model, and software development – were undertaken 
using the following software packages: MATLAB®,17 Open-
Face,15 CMUSphinx,18 Java®,19 and Camtasia Studio 8®.20

Initial Data Collection
A literature review was conducted to learn about the most 

recent advances in the area of stuttering as well as neural net-
work technologies. MATLAB®,17 which provided the neural 
network training tool, was mastered, as were tools to support 
the method of identifying stuttering degree, Camtasia Studio 
8®,20 OpenFace,15 and CMUSphinx.18 For data collection, 15 
videos from the FluencyBank database were downloaded and 
CMUSphinx (Audio Recognition) and OpenFace (Facial Rec-
ognition) were used to process those videos.14,15,18 The average 
length of each video was eight minutes.

Facial Recognition
The FluencyBank videos were processed with the OpenFace 

software, which quantified the facial movements of the PWS 
in terms of Action Units (AUs).14,15 Each AU corresponds to 
a specific movement on the face as shown in the following fig-
ure.15

Audio Recognition. A consistent and accurate method was 
needed to determine the degree of stuttering. Because stut-
tering is fundamentally a repetition of syllables, a phoneme 
extractor – CMUSphinx18 – and a program written by the 
author were used together to determine the frequency of con-
secutive phoneme occurrences. This frequency was then used to 
assign a stuttering degree to each PWS. More specifically, if a 
PWS had a higher frequency of consecutive phoneme occur-
rences, he/she would be assigned a higher degree of stuttering 
(from degree 0 to degree 4, with 0 being no stuttering and 4 
being severe stuttering). Stuttering degrees were assigned in 30 
second intervals. 

It is worth mentioning that the specific method of assigning 
a degree (0, 1, 2, 3, or 4) according to the frequency of con-
secutive phoneme occurrences is determined by the author. If 

Table 1. 10 Neuron NN Accuracy (%).

Table 2. 50 Neuron NN Accuracy (%).

Table 3. 100 Neuron NN Accuracy (%).

Table 4. Combination NN Accuracy (%).

Figure 5. A list of AU Values used in the Stuttering Diagnosis Soft-
ware: “I” and “P” are intensity and presence, respectively.15
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there is a more concrete way of calculating stuttering degrees 
solely based off of phonemes elicited, the neural network can 
be retrained and adjusted accordingly, and the method will not 
be affected.

Overall, there were three videos in which the average degree 
of stuttering throughout the whole video was “0” (control), five 
videos in which the average degree of stuttering throughout the 
whole video was “1”, three videos in which the average degree 
of stuttering throughout the whole video was “2”, two videos in 
which the average degree of stuttering throughout the whole 
video was “3”, and two videos in which the average degree of 
stuttering throughout the whole video was “4”.

Artificial Intelligence
The MATLAB® neural network fitting tool as well as a 

training script written by the author were used to train neural 
networks.16 The training data was acquired via facial and audio 
recognition. The input of the training dataset was facial recog-
nition processed data, and the output of the training dataset 
was audio recognition processed data. Thus, multimodal mod-
els were trained with the input as erratic facial movements and 
the output as the instantaneous stuttering degree of the PWS.

Different types of neural networks yield different results. 
Thus, different types of activation functions, numbers of neu-
rons, and layer sizes of neural networks were used. Specifically, 
the Tansig, Purelin, Logsig, and a combination of Tansig and 
Purelin activation functions were used; two, three, and four-lay-
er neural networks were utilized; 10, 50, and 100 neuron neural 
networks were evaluated.16 Each network was tested three 
times for consistency. The constants in the experiment were the 
neural network parameters during model training: the maxi-
mum number of epochs, the minimum gradient, the maximum 
allocated memory, and the maximum amount of validation 
checks. The neural network training algorithm used was the 
Levenberg-Marquardt Backpropagation Algorithm.16,17 To 
compare with the PWS, a control group of non-stuttering 
speech videos was utilized.

Data Analysis Procedure
In the data analysis stage, the author analyzed the data us-

ing the mean squared error (MSE) of each neural network 
and the R value (correlation coefficient) generated by the 
MATLAB® neural network fitting tool.16 MSE was used as 
the accuracy measurement of the neural networks construct-
ed by MATLAB®17 because the average error communicates 
the consistency of the neural network’s operation, which is the 
most important aspect of the network. The correlation coeffi-
cient was used to illustrate that the relationship between the 
independent and dependent variable was strong. 

A T-test was conducted with the two highest-performing 
neural networks (in terms of MSE) to statistically confirm that 
the neural network with the best MSE was significantly better 
than the second best-performing neural network. The result of 
the T-test dictated the neural network used in the software.

Software Design
In the developed software, the user uses a webcam to re-

cord a video of his/her speaking. Via this video, the developed 
software generates a degree of stuttering based on the facial 

movements of the user. This quantification is based on the neu-
ral network model trained in the research.
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 � Introduction
Chronic renal failure (CRF) is a global health burden with 

high economic costs to health systems. Global mean (95% 
CI) prevalence of stage 5 CRF accounts for 13.4% of cases.1 
According to preliminary statistics, in Vietnam 6.73% of the 
population has CRF. This is a burden for families and society.2 
On average, there are about 8,000 newly infected patients each 
year. At end-stage CRF, the main measures for treatment are 
cycle dialysis, peritoneal dialysis, or a kidney transplant, which 
is very expensive. Many patients cannot afford to pay for treat-
ment, and so they have no option but to go home and wait to 
die. 

Vietnam is a tropical country rich in herbs, many of which 
have traditionally been used to make medicines. This inspired 
the authors to find an available and affordable herb in Viet-
nam for the production of new drugs for the prevention and/
or treatment of CRF. There have been previous studies analyz-
ing the effect of herbs against CRF including Angelica sinensis, 
Ligusticum wallichii, Salvia miltiorrhiza, Rhizoma dioscoreae, 
Rhodiola crenilata, Astragalus membranaceus and Angelica sinen-
sis,3 and rhubarb in China.4

Blumea lacera is a popular herb in Vietnam which is used in 
some remedies for kidney disease.5 However, there have been 
no studies on Vietnamese B. lacera’s chemical composition or 
the effects of the herb against CRF. We wished to study Blumea 
lacera to test its usefulness in the development of medicine for 
patients with CRF. Wishing to have an affordable drug made 

from herbs to prevent and treat chronic renal failure, we con-
ducted the project with following objectives:

• Determination of the chemical components of Blumea lac-
era aerial parts.

• Evaluation of preventive effects of Blumea lacera extracts 
against chronic renal failure in an experimental model.

• Evaluation of treatment effects of Blumea lacera extracts 
against chronic renal failure in an experimental model.

 � Results and Discussion 
Determination of Blumea lacera’s Chemical Composition. The qual-

itative investigation of the chemical composition of B. lacera 
helps to screen bioactive compounds for further study. Due 
to time limitations, we only have a preliminary survey of the 
chemical composition of the dry Blumea lacera without inten-
sive research on specific substances. Table 1 shows that Blumea 
lacera contains nine chemical components including: flavo-
noids, alkaloids, and saponin. These are just preliminary results; 
however, this is the first report in Vietnam about the chemical 
composition of B. lacera. Our research results are also consis-
tent with previous studies outside Vietnam on the qualitative 
groups of organic compounds in B. lacera. 6, 7

Preventative and treatment effects of Blumea Lacera extract on chronic renal failure (CRF) in a 
mouse model

Khanh Linh Trinh, Van Cuong Tran

HUS High School for Gifted Students, 182 Luong The Vinh, Thanh Xuan District, Hanoi, 100000, Vietnam Email
linh120903@gmail.com; cuong.anduy@gmail.com

ABSTRACT: In Vietnam, there are many patients with chronic renal failure (CRF). They must undergo hemodialysis period-
ically, peritoneal dialysis, or a kidney transplant which is very expensive. Many patients die because they cannot afford treatment. 
Our study aimed at finding the scientific basis for developing an affordable, available drug from Vietnamese medicinal herbs to 
prevent and treat CRF in an experimental model. The aerial part of Blumea lacera was collected in Sa Pa, Lao Cai and dried and 
minced as raw materials for extraction with different polarizing solvents to qualitatively determine its chemical composition. The 
B. lacera’s ethanol extract was tested for both its preventive and treatment effects on a CRF model induced by adenine in mice. The 
results showed that B. lacera contains major chemical components including flavonoids, alkaloids, saponin, tannins, sterols, carot-
enoids, polysaccharides, organic acids, and reduced sugars. Additionally, the B. lacera ethanol extract has shown to have significant 
preventive as well as treatment effects on chronic renal failure models induced by adenine.
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Preventive effect of Blumea lacera extract against chronic renal fail-
ure. Figures 1A and 1B show that the concentration of urea 
and creatinine in the preventive and control groups were simi-
lar (p>0.05). Meanwhile, the levels of urea and creatinine in the 
non-preventive group were significantly higher than that in the 
other two groups (p <0.05 and p <0.01 respectively).

The kidney clears toxins from the body including urea and 
creatinine. When kidney function is impaired the toxins can-
not be eliminated and the levels of urea and creatinine increase 
causing dysfunction of the body. Hence, these are two import-
ant biomarkers to assess kidney function.3,8,9 The results show 
that B. lacera has a preventive effect by reducing the concentra-
tions of urea and creatinine in the preventive group.

Figures 1C and 1D show that the erythrocytes number 
and hemoglobin concentration in the preventive and control 
groups were similar (p>0.05). Meanwhile, those parameters in 
the non-preventive group were significantly lower than that in 
the other two groups (p <0.05 and p <0.01 respectively).

Healthy kidneys produce a hormone called erythropoietin 
(EPO), a substance that stimulates bone marrow to produce 
red blood cells. In CRF, the kidneys cannot produce EPO, 

leading to a in hemoglobin levels. The results show that B. lac-
era has a preventive effect on CRF by preventing anemia. 

From the above analysis, we can conclude that Blumea lac-
era has significant preventive effects on adenine-induced CRF 
models.

Figure 1A: Preventive effect on urea concentration.

Figure 1B: Preventive effect on creatinine concentration.

Figure 1C: Preventive effect on erythrocyte number

Figure 1D: Preventive effect on hemoglobin concentration

Serial Compounds Qualitative reaction Results

1 Alkaloid Mayer's reagent +

Bouchardat reagent +

Dragendorff's reagent +

2 Cardiac Glycoside Liebermann-Burchard reaction -

Legal Reaction -

Baljet Reaction -

Keller – Kiliani Reaction -

3 Anthranoid Borntraeger Reaction -

4 Flavonoid Cyanidin Reaction +

Alkaline reaction +

Ferric chloride reaction +

5 Coumarin Ring-opening and ring-closing 
reactions of lactone 

-

Diazotization reaction -

6 Saponin Foaming Index +

7 Tannin Ferric chloride reaction +

Gelatin-Tannin Reaction +

Lead Acetate Test +

8 Organic Acid Na2CO3 Reaction +

9 Reduced sugar Fehling reagent +

10 Polysaccharide Lugol reagent +

11 Fatty acid Creation of blurring on paper -

12 Sterol Liebermann-Burchard reaction +

13 Carotenoid Reacts with concentrated 
H2SO4 

+
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Treatment effect of Blumea lacera extract against chronic renal fail-
ure. Figures 2A and 2B show that the concentration of urea 
and creatinine in the post-treatment group was significantly 
lower than that in the pre-treatment group with p<0.01, and 
similar to the control group. Thus, the B. lacera extraction has 
a treatment effect in CRF, by showing a significant reduction 
in urea and creatinine levels compared to the pre-treatment 
group.

Figures 2C and 2D show that after treatment the number 
of erythrocytes increased significantly compared to before 
treatment with p<0.05. The concentration of hemoglobin is 
similar to the control group with p>0.05. Thus, after a 21-day 
treatment, the anemic status of mice improved. However, the 
treatment needs to be continued and followed up. 

From the above analysis, we can conclude that B. lacera has 
significant treatment effects on adenine-induced CRF models. 

 � Conclusion 
The chemical compositions of Blumea lacera includes fla-

vonoids, alkaloids, and saponin. B. lacera ethanol extract has 
preventive and treatment effects against chronic renal failure in 
mice induced by adenine in that it reduced urea and creatinine 
concentrations in blood as well as improved the anemic status 
in the preventive group and treatment group. 

 � Methodology
Herbs: the plant material was identified as Blumea lacera 

(Burm.f.) by the Institute of Ecology and Biological Resourc-
es. Chemicals included ethanol 98%, water (H2O), n-hexane, 
diluted sulfuric acid (H2SO4), adenine (Sigma). Reagents: 
Dragendoff, Mayer, Bouchardat, ninhydrin, lugol, sulfuric acid, 
gelatin, FeCl3, Na2CO3, NaOH met the analytical criteria 
specified in the Vietnamese Pharmacopoeia V. Main equipment 
included: Reflux extraction system of 2-liter flask capacity, 
vacuum rotary storage system (Eyela, Japan) combining re-
circulating cooling unit (Daihan, Korea), balance analytical 
Mettler Toledo (Switzerland) accuracy of 0.1 mg, Glassware: 
external flask with capacity of 50-2000 ml, test tubes, precision 
pipettes, volumetric flasks, BTS350 semi-automatic biochem-
ical analyzer from Spanish Biosystem to measure urea and 
creatine, and semi-automatic hematology analyzer. Animals 
included 18 white mice with total weight 20 ± 2g. Swiss mice 
were provided by the National Institute of Hygiene and Epi-
demiology.

Blumea lacera extractions for chemical composition determination. 
Blumea lacera was collected from Sa Pa town, Lao Cai province, 
Vietnam and was dried, minced and extracted using different 
polar solvents (ethanol, water, n-hexane, dilute H2SO4). 13 
groups of organic substances in the extract were qualitatively 
determined by specific chemical reactions based on medicinal 
plant research methods.10 Each experiment was repeated three 
times with the same results.

• Alcoholic extraction: Flavonoids were determined by cy-
anidine reaction; reacted with alkali then reacted with 5% 
FeCl3; saponin was determined by a foaming reaction; car-
diac glycosides were determined by Liebermann-Burchardt 
reactions, Legal reactions, Baljet reactions and Keller-Kil-
iani reactions; coumarin was determined using the lactone 
ring-closing reaction and diazotization reaction.10 

• Water extraction: tannin was determined by reaction with 
5% FeCl3, 1% gelatin and 10% lead acetate; organic acids 
were determined by reaction with Na2CO3; polysaccha-
rides were determined by reaction with Lugol reagent; 
reducing sugar was determined by reaction with Fehling 
reagent.10 

Figure 2A: Treatment effect on urea concentration.

Figure 2B: Treatment effect on creatinine concentra-

Figure 2C: Treatment effect on erythrocyte number.

Figure 2D: Treatment effect on hemoglobin concentra-
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• N-hexane extraction: sterol was determined by Lieber-
mann-Burchard reaction; fats were determined by reaction 
of blurring on filter paper; carotenoids were determined by 
reacting with large concentration of H2SO4.10  

• Diluted H2SO4 extraction: alkaloids were determined 
using Mayer, Dragendorff and Bouchardat reagents; an-
thranoids were determined by Borntraeger reaction.10

Samples and animal Preparation
• Preparation of extract: 1.1 kg dry powder of Blumea lacera; 

reflux was extracted three times with 96% EtOH, cooled, 
filtered and concentrated, then evaporated under reduced 
pressure to achieve 86.4 grams in EtOH.  

Prevention and treatment studies: The EtOH residues were 
mixed with Dimethyl sulfoxide (DMSO) solution, then mixed 
with distilled water to reach a concentration of 628mg / 10ml 
and orally administrated at a dose of 0.1ml / 10grams (equiva-
lent to 8 grams of dried medicinal herbs / kg / day).
• Adenine solution: 10mg of adenine was mixed in 1ml 

of vegetable oil and orally administrated at dose 0.1ml / 
10gram, equivalent to a dose of 100mg / kg body weight/
day. Animals were maintained under stable room tem-
peratures (24±1oC) and humidity levels (50-60%) and a 
12-hour light-dark cycle. Each polycarbonate animal cage 
contained six mice. 

All animals had access to food and water with body weights 
recorded daily throughout the course of all experiments. Five 
days before the study, mice were acclimatized to lab conditions 
and handled by participants for a few minutes every day to 
avoid fear by mice during experiments. When experiments 
ended, all animals were transferred to the Animal Care Unit 
without any deaths recorded.

Evaluating the effects of chronic renal failure preventing. 18 healthy 
white mice were randomly divided into three groups of six. The 
experiment was conducted within 35 days as follows:
• Control group (n = 6): mice are fed normal diets.
• Preventive group (n = 6): Adenine-induced CRF model 

according to Yokizawa and colleagues with some modifi-
cations.11 Mice are orally administered adenine dissolved 
in vegetable oil at a dose of 100mg / kg every other day, 
alternating with herb extract with the corresponding dose 
of 8g of dried herbs / kg / day.

• Non-preventive group (n = 06): Mice are given adenine 
every other day as the above preventive group and were 
given distilled water on other days without the herb ex-
tract.

After 35 days, blood was taken via mouse tail vein to test 
urea, creatinine, erythrocytes, and hemoglobin using BTS350 
of Biosystem Spain semi-automatic biochemical analyzer and 
HumaCount 30TS hematology analyzer respectively. The 
Mann-Whitney U test was used to compare differences in the 
median of the indexes between groups. A p-value < 0.05 was 
considered a significant difference.

Evaluating the effects of treatment of chronic renal failure. To min-
imize number of animals for research, they were re-used from 
the above preventive effect evaluation.
• The treated group included six mice with CRF taken from 

the non-preventive group were given the extract at the 

dose equivalent to 8g of dried medicinal herbs / kg / day 
alternating drinking adenine at dose of 100mg / kg / day 
every other day.

• Control group included six healthy mice, taken from the 
control group, fed normal diets.

After 21 days, blood was taken from the mouse tail vein to 
determine the concentration of urea, creatinine, hemoglobin 
and the number of erythrocytes using the same methods as the 
experiment for the preventive effect’s evaluation.

The results obtained from the above control group were used 
as a control indexes to make comparison with pre-treatment 
and post-treatment groups.

Ethical issues in the study. The procedure involving animals 
was approved by the Ethical Committee in the Biomedical 
Research of Vietnam Military Medical University (1680B/
QĐ-HVQY) and the National Ethics Committee of Ministry 
of Health (N 45/CN-HDDD) and the agreement of the use 
of mice for the study was from the Animal Husbandry As-
sociation of Vietnam (No. 18/KHCN-HCN), following the 
National and International Guidelines for Ethics in Biomedi-
cal Research.11, 12
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 � Introduction
Invasive species are a growing problem in today’s world. 

Invasive species are organisms introduced to an ecosystem 
outside of their native range that become established in the 
new place. Once established, invasive species can have many 
negative effects, including disease spread, disturbance to the 
food chain, extinction of native species, and reduction of biodi-
versity.1 By one estimate, invasive species were a cause of 58% 
of extinctions since the 1500s.2 Humans can introduce inva-
sive species accidentally, e.g. through tourism and shipping or 
purposefully, e.g. from the pet trade or to manage agricultural 
pests, often unsuccessfully.1 Despite much recent legislation, 
invasive species introductions are increasing worldwide be-
cause of increasing global trade. An estimated 37% of invasive 
species introductions in the last 200 years occurred in the last 
30 years.3 Prevention is the best way to control invasive species 
because once an invasive species is established removal is diffi-
cult and expensive. For example, the United States spends $138 
billion each year to manage invasive species.1

Crocodilians are apex predators at the top of the food chains 
where they are found. Thus, ecosystem balance is often de-
pendent on crocodilians keeping other species populations 
in check.4 In recent years, crocodilians have been impacted 
by many invasive species including pythons (Python molurus 
bivittatus) in the Everglades, which are competitors as well as 
predators to crocodilians, feral pigs (Sus scrofa) in the South-
east United States, which destroy crocodilian nests, fire ants 
(Solenopsis spp.) in the Southeast United States, which prey 
on crocodilian hatchlings, and cane toads (Rhinella marina) 

in Australia, which poison intermediate size crocodilians with 
cardiac glycoside.5-7 In this era of global trade, crocodilians 
are likely to be impacted by more invasive species. Scientists 
need to know how crocodilians and their ecosystems respond 
to invasive species effects to protect them. Most field studies 
focus on the effects of invasive species on a single species, but 
that does not give scientists a full picture of how the ecosys-
tem is impacted. 7-9 The goal of this study was to undertake a 
preliminary assessment through modeling to determine how 
crocodilian populations and their ecosystems might respond to 
invasive species effects to best inform management decisions.

 � Methodology
 For this experiment, a simulation of a crocodilian population 

within an ecosystem was created. The location was non-specific 
to focus on the interspecies relationships. General prey spe-
cies, e.g. amphibians, birds, etc., were used to cover the range 
of species in most crocodilian’s ecosystems. A model is used 
because it allows for exploration of invasive species effects 
without testing in the real system and thus without any risk to 
the populations.10 

Model. The model was created by writing a code using the 
Python 3.6.1. language. This model includes many species, a 
crocodilian and seven prey species as shown in Table 1. A com-
plex food web is modeled as shown in Figure 1. Many species 
act as both predator and prey in the ecosystem, but no species 
preys upon members of its own species. Crocodilians do canni-
balize their young, but only a small proportion, around 6%, of 
hatchling mortality can be attributed to cannibalism.11 Thus, 
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These equations represent one interaction, so 44 pairs of 
equations are used for the 44 interactions in the ecosystem 
shown in Figure 1. Each interaction involves one predator and 
one prey species, using the equation that corresponds to their 
role in that interaction.

Predator-prey interaction is defined by three parameters, 
the consumption rate (cr), conversion coefficient (cc), and 
max feeding limit (mf ). The consumption rate is the speed at 
which predators consume prey. The conversion coefficient is 
the amount of energy that predators get from each individual 
prey organism consumed.

The max feeding limit is the maximum amount of prey that 
predators consume based on their energy requirements.10 Ed-
ucated estimations were made for the consumption rates and 
conversion coefficient values as they were not available in the 
literature. The max feeding limit was calculated by determining 
the energy requirements of each predator, shown in Equation 
5.21

Some limitations of the Lotka-Volterra equations include 
uncontrolled reproduction of prey, the assumption that species 
are either predator or prey, that predators can consume an in-
finite amount of prey, and reproduction occurring every time 
step.10

For this model, a novel adaptation of the Lotka-Volter-
ra equations is used to model predator-prey interaction. The 
adapted Lotka-Volterra equations are innovative in that they 
add a feeding rate to limit predator consumption, adapt the 
equations to model species which act as both predator and prey 
in the ecosystem, limit reproduction based on food source, and 
have reproduction occurring once a year. In this model, Equa-
tions 3 and 4 were used to model predator-prey interactions.

cannibalism was deemed insignificant to the population dy-
namics and was not included in this model.

Ecologists often describe species using two population types: 
r-selected and k-selected. r-selected species have a high repro-
ductive rate, short lifespan, high young mortality, and thrive in 
changing environments. k-selected species have a low repro-
ductive rate, long lifespan, low young mortality, and thrive in 
stable environments.12 Here r-selected species are modeled as 
homogeneous populations because they play a single role in the 
ecosystem during their short lives, and k-selected species are 
modeled with a heterogeneous population structure because of 
the different roles they play in the ecosystem throughout their 
lives, as shown in Table 1. Reproductive rates were obtained 
from studies cited in the literature. Mortality rates for croc-
odilians were obtained from the literature and were adapted 
for the other species in the system based on whether they are 
r-selected or k-selected.

The model uses a time step of months to explore the effects of 
a yearly reproductive event on the response to invasive species. 
Each month the populations are impacted by predator-prey 
interaction and mortality and are subsequently updated. One 
month each year, the populations reproduce.

The standard way to model predator prey interactions id 
with the Lodka-Volterra equations, Equations 1 and 3. 10

Table 1. Summary of the species modeled and the parameters used in the model.

Figure 1. The food web modeled. Base prey species are purple; large predators, 
green; eggs, red; and low level predators, orange. Each arrow represents an 
interaction, pointing from a prey species to their predator
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Figure 2. The control simulation, with no invasive species effects. Population is 
plotted as a function of time in months with the simulation going for 50 years. 
There is a label and tick mark for every year on the x-axis. The populations are 
plotted using a logarithmic scale, where the increments on the y-axis are powers 
of ten. A logarithmic scale is used to see all the populations in proportion to one 
another. For species with multiple size classes, e.g. birds, only one size class 
population is shown, because they were very similar, to simplify the figure.

The procedure is to change a parameter by 10% and run the 
simulation. Then the population values are compared to the 
control simulation at various times to see the effect. A number 
is generated for every population for a change in a single pa-
rameter using Equation 9.22

A smaller sensitivity value indicates that the parameter has 
little effect, while a higher number indicates that the parame-
ter has a larger effect on the population. At year 40, a value of 
40 indicates that the 10% change in the parameter is matched 
with a 10% change in the populations each year.

The sensitivity values of the consumption and conversion 
rates were low, in the examples shown in Table 2. A 10% 
change in the parameters led to a less than 1% change to the 
populations each year. This shows that the exact values of these 
parameters have little effect on the populations and thus vali-
dates the use of the estimations. 

Invasive Species Effects. Rather than adding an invasive spe-
cies to the ecosystem, the effects of invasive species were 
modeled. Current invasive species have very diverse life hab-
its, and modeling effects allows the model to be general and 
explore each effect that invasive species may have. Invasive 
species effects are modeled as an increase to a species mortal-
ity, through consumption or competition, or as a decrease to a 
species reproductive rate. In this experiment, the magnitude of 
an invasive species effect is defined by how much it changes 
the mortality or reproductive rates of the affected species. This 
model assumes that the invasive species is already established 
and affects the ecosystem at the same magnitude each year, and 
that the invasive species life habits (reproductive rate, popula-
tion) have negligible effects on the ecosystem. 108 simulations 
of invasive species effects were run of the populations, explor-
ing different combinations and magnitudes of invasive species 
effects for 50 years. First, simulations were run in which indi-

In the equation, the energy required for an organism to live 
is calculated in kilojoules per day, where a and b are coefficients 
based on the species metabolism, determined by whether the 
species is a bird, reptile, or mammal. Next the mass of the prey 
consumed was calculated based on the energy density of the 
prey species.21 The number of individual prey consumed was 
then determined from the mass required by the predator en-
ergy needs.

Mortality. Populations are impacted by inherent mortality due 
to starvation, disease and old age. For predators, these deaths 
are modeled with a mortality rate. The mortality rates, shown 
in Table 1, are based on species type: k-selected species have 
lower mortality rates than r-selected species and young have 
higher rates than adults.12 For plant consumers, these deaths 
are modeled with a carrying capacity as plants are not included 
in the model. The carrying capacities in Table 1 are based on 
the role of each species in the ecosystem in this non-specific 
location, with prey having higher populations than their pred-
ators. Equations 6 and 7 were used to model mortality.

Reproduction. Reproduction is modeled using the logistic 
growth equation, where exponential growth is limited by the 
resources in the system.12 The reproductive rate is the num-
ber of young added to the population each year, in proportion 
to the reproducing adult population. The reproductive rates, 
shown in Table 1, came from the literature and are based on 
species type, with r-selected species having higher reproductive 
rates than k-selected species.12 All species have their popula-
tion growth limited by the size of their food source. Equation 
8 was used to model reproduction. In Equation 8, x represents 
either thecarrying capacity or the sum of all prey populations 
depending on the species.

Control Simulation. First, the simulation was run with no 
invasive species effects as shown in Figure 2. This control 
simulation was run for 50 years using the reproductive and 
mortality rates in Table 1. Without invasive species effects, the 
populations settled in the first two decades and were arranged 
based on the food chain, where prey species have higher pop-
ulations than their predators. Oscillations occurred each year 
due to reproduction. 

Sensitivity Analysis. Sensitivity analysis was conducted of the 
parameters which did not come from the literature, consump-
tion rates and conversion coefficients, to determine the impact 
these parameters have on the ecosystem and how important 
their exact values are.22
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Figure 3. First Response: Invasive species effects causing a 5% increase in the 
reptile mortality rate caused the first ecosystem response, where the crocodilian 
population (green) increases significantly and causes many populations to die 
out. The format is the same as in Figure 2.

Figure 4. Second Response: Invasive species effects causing a 5% increase in 
the crocodilian mortality rate caused the second ecosystem response, where the 
reptile population (black) increases significantly and causes many populations 
to die out. This invasive species effect represents the effect that cane toads have 
on the ecosystem. The format is the same as in Figure 2.

 � Results and Discussion
Invasive Species Effects Impacting Individual Species. Invasive 

species effects that cause an increase in the mortality rate or 
that cause a decrease in the reproductive rate of each species 
were modeled by changing the parameters by 5% and 10%. 
It was found that in all simulations one of two ecosystem 
responses occurred. In the first response, shown in Figure 3, 
the increased mortality of the reptiles caused the crocodilian, 
fish, and insect populations to increase significantly, which 
contributed to a rapid decline in the reptile, amphibian, large 
mammal, bird and small mammal populations. In the second 
response, shown in Figure 4, the increased mortality of the 
crocodilians caused the reptile and amphibian populations to 
increase significantly, which in turn caused a slow decline in 
the crocodilian, bird, large mammal, and small mammal pop-
ulations. The response that the ecosystem followed was based 
on whether the species affected by the invasive species is more 
important to maintaining the crocodilian or reptile popula-
tion, with about half of the species causing each response, as 
shown in Table 3. For each affected species, the same response 
was followed for an increase in mortality and a decrease in 
reproduction, expect for the large mammals. Decreasing the 
large mammal reproductive rate caused a different response 
at the two magnitudes, where a 5% decrease caused the sec-
ond response, while a 10% decrease caused the first response. 
The large mammals have the most complex interactions with 
crocodilians and reptiles, as they are both predator and prey to 

vidual species were impacted by invasive species effects. Next, 
combinations of species impacted by invasive species were 
modeled, ranging from simple pairings to the set of species 
impacted by some current invasive species. Lastly, simulations 
were run with the invasive species effects stopping after 10 or 
20 years, to model the effects of invasive species eradication.

Table 2. The sensitivity values for each species at year 40 for a typical example 
of a 10% change in consumption rate (amphibians to fish) and conversion coeffi-
cient (fish to birds). The sensitivity value is the percent change in the population 
after 40 years of the changed parameter value.

Table 3. Description of the two ecosystem responses to invasive species effects, 
shown in Figures 3 and 4. 

With the exception of the large mammals, the magnitude 
of the invasive species effects impacted only the speed of the 
ecosystem disturbance, not the response type. Increasing the 
magnitude of the invasive species effects, as shown in Table 4, 
increased the rate at which species die out. Populations died 
out five years sooner with a 10% change in mortality or repro-
duction rates than with a 5% change. The timescale of die-outs 
was also dependent on which species was impacted and how 
they were affected, by mortality or reproduction. Increasing 
the mortality rate in k-selected species had significantly more 
effect than decreasing the reproductive rate. Decreasing the 
reproductive rate only affects the young population because of 
the time required for maturation, while increasing the mor-
tality rate directly impacts both adults and young. Thus, the 
timescale is faster for an increase in mortality than for a de-
crease in reproduction. In r-selected species, increasing the 
mortality rate had a similar effect to decreasing the reproduc-
tive rate because of their homogeneous population structure, 
so the timescale was the same.
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Table 4. The decade when the first population died out for each species impact-
ed by the invasive species. A value of 4 indicates that the first die-out occurred 
in year 40, while a value of 3.5 indicates that the first die-out occurred in year 
35. Species are identified as r or k selected.

The response shown corresponded to the number of affect-
ed species causing each response, with the response followed 
typically being the response caused by the majority of the 
impacted species. The magnitude of the effects again only 
impacted the timescale of the responses as shown in Table 5. 
Increasing the magnitude from 5% to 10% typically caused the 
response to manifest five sooner. The effects of the increased 
magnitude were greater when more species were affected. For 
combinations with many species impacted, such as Terrestrial 
Competition and All Species, increasing the magnitude by 5% 
caused the response to occur about a decade sooner.

Compared to the timescale of the ecosystem response for 
individual species, combinations of species caused either a 
faster or slower timescale depending on whether the impacted 
species responses complemented or opposed each other. For 
example, with insects (2nd response) and amphibians (1st re-
sponse) impacted, the insect response occurred five years later 
compared to just insects impacted as these responses oppose 
each other and caused a period of stability. In contrast, with 
large mammals (2nd response) and reptiles (1st response) 
impacted, the reptile response occurred five years sooner com-

Invasive Species Effects Impacting Combinations of Species. Next, 
the effects of invasive species increasing the mortality rate of 
simple pairings of species and complex combinations of spe-
cies representing current invasive species were modeled, as 
shown in Table 5. For example, Terrestrial Competition rep-
resents effects caused by pythons and Aquatic Competition 
represents effects caused by cane toads. For all combinations, 
the same two ecosystem responses were followed. In the Ter-
restrial Competition, Terrestrial Competition and Crocodilian 
Consumption, and All Species simulations, a variation of 
the second response was followed because many species are 
impacted. In this variation, shown in Figure 5, the crocodil-
ian and large mammal populations died out, but the reptile 
population stabilized and did not take over as in the standard 
second response. 

Figure 5. Variation of the Second Response: Invasive species effects causing 
Terrestrial Competition at a magnitude of 10% (10% increase to the reptile, large 
mammal, small mammal, and bird mortality rates) caused the crocodilians and 
large mammals to die out and the reptiles did not take over as in the standard 2nd 
response. The format is the same as in Figure 2.

Invasive Species Effects Stopping. The model was then run with 
the invasive species effects impacting species mortality at a 10% 
magnitude stopping in either year 10 or 20 to represent inva-
sive species eradication. The same responses occurred as when 
the effects continued for the full 50 years. The timescales were 
similar to the original simulations, as shown in Table 6. When 
many species were impacted, for example Terrestrial Competi-
tion or All Species, stopping the invasive species effects caused 
the response to occur about a decade later. Stopping the inva-
sive species effects allowed the populations to stabilize slightly, 
but too much damage was already done to the ecosystem for 
the populations to recover on their own.
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Species Affected Response

Decade 
Species 
Die-Out

5%

Decade 
Species 
Die-Out

10%

Insects  and Amphibians 2nd 4.5 4

Large mammals and Reptiles 1st 3.5 3

Birds and Amphibians 2nd 4 3.5

Fish and Reptiles 1st 4 3.5

Prey (insects, amphibians, fish, small 
mammals) 2nd 4 3.5

Predators (crocodillians, reptiles, birds, 
large mammals) 2nd 3 2.5

Crocodillian Hatchling Consumption 
(crocodillian SC-1) 2nd 5 5

Aquatic Competition 
(insects, amphibians, fish) 2nd 4 3.5

Aquatic Competition and Crocodillian 
Consumption (crocodillian SC 1-4) 2nd 3 2

Terrestrial Competition (reptiles, large 
mammals, small mammals, bird) 2nd 4 2.5

Terrestrial Competition and Crocodillian 
Consumption (terrestrial competition, 

crocodillian SC 1-4)
2nd 3 2

All Species 2nd 3 2

Table 5. Summary of the simulations run with combinations of species impacted. 
The invasive species effects are summarized here for the different magnitudes, 
5% and 10% increases in the mortality rate.
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of the ecosystem response and the magnitude of the effects 
are given by how the species are affected, by mortality or re-
production, at what magnitude, and whether combinations of 
species affected complement or oppose each other. If the inva-
sive species effects stop, the ecosystem response will continue, 
so management is needed even after eradication to keep the 
ecosystem stable and populations from dying out. 

The model developed in this experiment gives qualitative 
information regarding how the ecosystem responds to invasive 
species effects. By using generic prey species, this model can be 
used to explore how many species of crocodilian will respond 
to any invasive species effects. For specific cases the mod-
el should be adapted to the target species ecosystem and the 
species within it. This knowledge is especially important for 
critically endangered species of crocodilians like the Siamese 
crocodile, Orinoco crocodile, and Gharial, which are likely to 
go extinct if they are not protected from invasive species.

 � Conclusion 
Invasive speies effects have a very significant effect on 

crocodilians and their ecosystems. The ecosystem responded 
to invasive species effects by following one of two ecosystem 
responses: 1) the crocodilian population increased greatly 
and caused many species to die out 2) the reptile population 
increased and caused many species to die out. An increased 
magnitude of invasive species effects caused a larger distur-
bance to the ecosystem and a faster timescale for the responses. 
Management implications were drawn from the results to 
design programs that could protect crocodilians and their eco-
systems from invasive species effects. The model created in this 
experiment is very versatile and has the potential to be used to 
explore the effects of any invasive species on ecosystem. This 
tool may prove helpful in preserving biodiversity.
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hatchlings

ijhighschoolresearch.org



DOI: 10.36838/v2i1.4 24

8. Dorcas, M., et al. 2011. Severe Mammal Declines Coincide with 
Proliferation of Invasive Burmese Pythons in Everglades National Park. 
Proceedings of the National Academy of Sciences. https://doi.org/10.1073/
pnas.1115226109.

9. Fukuda, Y.; Tingley, R.; Crase, B.; Webb, G.; Saalfeld, K. Long-Term 
Monitoring Reveals Declines in an Endemic Predator Following Invasion by 
an Exotic Prey Species. Animal Conservation 2015, DOI:10.1111/acv.12218.

10. Gotelli, Nicholas. A Primer of Ecology, Fourth Edition, Sinauer Asso-
ciates: Sunderland, Maryland, 2008.

11. Delany, Micheal; Woodward, Allan; Kiltie, Richard; Moore, Clinton. 
Mortality of Alligators Attributed to Cannibalism. Herpetologica 2011, Vol. 
67(2), 174-185.

12. Thompson, John N.; Post, Eric. Population Ecology. Encyclopedia Bri-
tannica, 2017, www.britannica.com/science/population-ecology.

13. Nichols, James; Viehman, Lynn; Chabreck, Robert. Simulation of a 
Commercially Harvested Alligator Population in Louisiana. Louisiana State 
University 1976, no. 691.

14. A-Z Animals. Panther. 2008, https://a-z-animals.com/animals/pan-
ther/.

15. Gill, Frank; Matthews, Geoffrey. Anseriform. Encyclopedia Britannica, 
2018, https://www.britannica.com/animal/anseriform.

16. Dlamini, Nontuthuko. Nile Monitor. South African National Bio-
diversity Institute, 2016, https://www.sanbi.org/animal-of-the-week/
nile-monitor/.

17. Schoonover, D. Ictalurus punctatus. Animal Diversity Web, 2004, 
http://www.biokids.umich.edu/accounts/Ictalurus_punctatus/.

18. Bruening, S. Lithobates catesbeianus. Animal Diversity Web, 2002, 
http://www.biokids.umich.edu/accounts/Lithobates_catesbeianus/.

19. British Dragonfly Society. The Life Cycle of a Dragonfly. 2018, https://
british-dragonflies.org.uk/content/biology-ecology.

20. New World Encyclopedia. Skunk. 2008, http://www.newworldencyclo-
pedia.org/entry/Special:Cite?page=Skunk

21. Nagy, K. A; Girard I. A; Brown, T. K. Energetics of Free Ranging Mam-
mals, Reptiles, and Birds. Annual Review of Nutrition 1999, Vol. 19, 247-277.

22. Jorgensen, Sven E.; Fath, Brian D. Fundamentals of Ecological Model-
ing. Developments in Environmental Modeling. Elsevier 2011, 19-93.

ijhighschoolresearch.org



© 2020 Terra Science and Education 25 DOI: 10.36838/v2i1.5

Leveraging technology to mitigate hunger
Aradhana Porwal 

GVN School, BHEL Area, Bhopal, MP, 462016, India
aradhana.vivek.porwal@gmail.com

ABSTRACT: The co-existence of hunger and wastage of food is a social crime. Efforts of non-profits, though serious, have 
not yielded sustainable results due to inherent limitation of charity and costs in their models. This paper presents a sustainable 
and scalable model to mitigate hunger. It is based on an efficient, electronic platform which allows people to donate food in a 
hassle-free and cost-neutral manner while maintaining the quality of donated food. The platform can be used to tackle all kinds of 
food wastage; however, the focus of pilot for this paper has been kept on the ‘paid’ variety of food wastage – the food for which an 
individual has actually paid themselves. In April 2019, the system was made available to users of VH Spice Box, a food start-up in 
Bhopal. The results were very encouraging and have validated the whole model. It is found that not only are more people donating 
food, but each person is donating more. Two satisfaction surveys have established the basic parameters related to the quality of do-
nated food have been maintained. The model has not added any cost to the participating company, thereby not adversely affecting 
its price competitiveness. This paper details the possible future course of actions to scale up the model. 

KEYWORDS: Hunger; Food Wastage; Information Technology; Hunger Mitigation; Sustainable Model

 � Introduction 
Food is one of the basic human needs. Unfortunately, despite 

becoming a richer country, India is still home to the largest 
number of hungry people. The country is home to more than 
200 million hungry people, the highest in the world. India 
stands at 103rd out of 119 countries ranked in the Global 
Hunger Index (2018).1 Madhya Pradesh (MP) is among the 
worst affected among Indian states.2 Although the exact num-
ber of hungry people in city of Bhopal is not available, it may 
well be more than a million.3

Ironically, the shortage of food grain is no longer a root of 
the hunger problem. In fact, the state of MP saw over a nine 
percent annual increase in food production between 2005 and 
2015.4 Food grain production in MP has crossed 100 million 
metric tons. The power to purchase food continues to be a 
major constraint, yet the issue of food wastage should not be 
overlooked. According to the United Nations Development 
Programme, up to 40% of the food produced in India is wast-
ed.5 Even the ability to make a small dent would help alleviate 
the hunger epidemic.

There are two types of food wastage: paid and unpaid. Un-
paid food wastage involves payment by third parties such as 
food wastage at weddings and other social gatherings. Here, 
the person wasting food has little incentive not to waste food 
as he does not pay for it. Paid food wastage involves payment 
by the person wasting food. Paid food wastage lacks economic 
logic and, thus, should be self-regulated.

However, the nature of the online food ordering industry 
is such that it can sometimes force the wastage of even paid 
food. Companies allow order cancellations up until the food 
is packed and ready. After that point all orders are delivered to 
recipients. If the recipient does not consume their order that 

food goes to waste. This appears to be a social crime given the 
fact that there are so many hungry people on the streets. This 
represents a lose-lose situation to all stakeholders. The individ-
ual loses money while society loses food. Ironically, this waste 
should be easiest to control as there are no perverse incentives 
behind it. 

I feel that such situations can be corrected. I do not see any 
reason why somebody, having paid for the food, would want to 
waste it. Given the chance, a person will be more inclined to 
let someone else consume this food. However, they cannot be 
expected to devote time and energy to finding a new recipient 
and executing the delivery. If that can be done effortlessly, the 
chances are that they would donate it would increase.

This project is designed to enable a willing food donor to 
donate it with minimum effort.

 This paper analyses the conception, evolution, and result of 
this project in City of Bhopal, India. The robustness of this 
project has been checked though customer feedback surveys. 

Figure 1. Cumulative counts of APP Users
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Figure 4 shows the consistent increase in total number of 
meals donated. There were only 25 donations in the month 
of April 2019, but this number increased to 236 in July 2019. 
More importantly, the average number of meals donated per 
user has increased from 1.05 to 1.29. This indicates that not 
only are more people willing to donate food but that each per-
son is also willing to donate more. 

Observation of the two figures indicates that:
1. The quality of the delivered, donated food continues 

to be a challenge. While the percentage of recipients answering 
favourably regarding quality has increased to 50% from 70% it 
is a matter of concern that the donated meals are exactly the 
same as non-donated meals.

2. Issues regarding delivery time have shown definite 
improvement.

3. Free delivery has been established for recipients of 
donated food. In the July survey everyone said they are getting 
the food for free.

4. The food is getting delivered in packed conditions. In 
the July survey, the problems of unpacking related to a singular 
delivery boy who was replaced immediately.

5. Demand for donated food continues to be high in 
both surveys. This shows the utility of the platform from a us-
er’s perspective.

 � Conclusion
Though our achievements are modest, our design and direc-

tion of platform has shown great potential. We have been able 
to prove there can be a sustainable, non-charity-based model 
to mitigate food wastage. There are challenges in quality, but 
that is a basic challenge of the food delivery industry. Some of 
the issues raised by the surveys, including the quality of food 
and packaging, relate more to the training of the delivery boys 
than to program design flaws. I have communicated this mat-
ter to the management of VH Spice Box.

 � Results and Analysis
The ‘donate food’ platform has been well received by cus-

tomers. The company’s mobile app has witnessed an increased 
traction with users once the capability to donate was launched 
(Fig.1). In the month of April, 12.5% users downloaded VH 
Spice Box App. By the end of July 2019, this percentage had 
risen to 48.2%.

More importantly, the number of donors has shown a healthy 
growth rate over the period (Figure 2). In the beginning there 
were hardly 20 users during April 2019 who used the ‘donate’ 
facility. However, by end of June 2019, this number had in-
creased to 186 (Figure 3). Additionally, the adoption of the 
donate capability has surpassed the addition rate of new users. 
This facility has become an added attraction for new customers. 
Furthermore, during April 2019 only 4.2% of users donated 
their meals but in July 2019 nearly 23.4% of users donated 
meals. This validates our basic premise that, given a chance, 
people want to avoid food wastage.

To test the performance and robustness of the process, two 
recipient surveys were conducted. Results of surveys are shown  
in Figures 3 an 4. 

Figure 2. Number of donors and donated meals

Figure 3. June Survey Result

Figure 4. July Survey Result
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any price increase for food items otherwise the food company 
would never deploy it. It should be very convenient for donors. 
It should be transparent, where donors are able to see if their 
food has been donated. There should be an easy way for needy 
recipient to register for receiving food.

We have created an electronic platform for matchmaking 
between the donor and the recipient. The basic flow diagram 
of process is given in Figure 5. 

This platform enables a person who has ordered food from a 
food delivery company to choose the location where the order 
should be delivered if it is cancelled or unable to be eaten. 

This platform is an additional patch for food delivery 
companies. A registered user can order and cancel the food. 
However, a user cannot cancel the order once the food has 
been cooked. From here, our platform takes over. It provides 
visual notification to the user the instant the order cannot be 
cancelled. During registration, the customer gives the choice 
about the place where the order should be donated.  If they 
choose not to decide, the platform allocates such food items to 
the areas from where they were originally ordered. The City of 
Bhopal has some traditional spots like temples, bus terminals, 
and markets where hungry people often congregate. Moreover, 
the platform has the capability to add more such places.

As there is effectively no extra cost to food companies for 
enabling this capability, we are working with other food plat-
forms like Swiggy, UberEATS, Zomato, and Food Panda to 
begin providing this capability to their users. This model can 
easily be extended to the collection of waste food from homes, 
hotels, and parties. The only extra expenditure would be cost of 
collection. For that, I am using state government offices to per-
suade companies to take up this activity under their corporate 
social responsibilities. Recently, the Municipal Corporation of 
Bhopal has shown interest in using the platform to collect dis-
carded food from households.

 � Methodology 
It is not that efforts are not being made to save wasted 

food. Many non-governmental organisations are working in 
this field. However, their core model is based on charity. They 
mainly collect leftover food and distribute them. Even the 
state government started Neki ki deewal (wall of kindness). It is 
a place where people place items they no longer use. However, 
the scalability and sustainability of these efforts remain key 
concerns.

We set out to design a project which must fulfill some min-
imum criteria to make it worthwhile to all stakeholders.  It 
must be sustainable. It may not earn money at the start, but it 
should have the potential to earn a profit. It should not cause 
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Food packages of customers who have exercised the donate 
option are kept as they are. The delivery boy of the assigned 
area distributes them. As no special delivery mechanism is cre-
ated for donated food, no extra cost is incurred to the food 
company. This approach also maintains a high quality of the 
donated food. Once the food is donated a message is sent to 
the donor.

I first launched my platform with the company VH Spice 
Box. It is a food company operating in Bhopal & other cities of 
Madhya Pradesh. VH Spice Box is a small size food ordering 
firm with its own kitchen.  It is a start-up which began opera-
tion in January 2019. Currently its customer base is small but 
rising (Fig. 6). The donate food platform was made operational 
in April 2019 on the website as well the mobile version.

As noted above, we conducted two satisfaction surveys with 
recipients.8 In the surveys, we collected feedback on following 
questions (original surveys were conducted in Hindi):

1. Was quality of food received satisfactory?
2. Did you get food on time? 
3. Did you get food free?
4. Did you get food in package?
5. Do you want food again?
A team of two enumerators went to each location to record 

the feedback of recipients. These enumerators were specifi-
cally trained to explain the actual meaning of each question 
carefully as most of recipients were not expected to be literate. 
Furthermore, as most of recipients took long verbal routes to 
their answer, each enumerator was trained to be patient. Each 
enumerator separately recorded the answers from same recipi-
ent. If there was no difference in the recordings, they reported 
to the central team, then a second team would be sent. The 
answer recorded for the majority of the enumerators for the 
same recipient was taken as final answer. Answers to all these 
questions were recorded in ‘yes’ or ‘no’ format to avoid any sub-
jectivity in interpretation
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 � Introduction
It has been estimated that 3 billion people rely on the use 

of biomass to cook and heat their homes using solid fuels 
(i.e. wood, crop wastes, charcoal, coal and dung) in open fire 
stoves.1-4 Most are underprivileged and live in developing 
countries. The inefficient cooking fuels produce toxic levels of 
household air pollution (HAP) with a range of health-dam-
aging pollutants, including small soot particles that penetrate 
deep into the lungs. In poorly ventilated dwellings, indoor 
smoke can be 100 times higher than acceptable levels for fine 
particles.4 Exposure risk is particularly high among women 
and young children, who spend the most time in these rural 
kitchens. The WHO statistics are staggering,1 with over 4 mil-
lion premature deaths every year from illness attributable to 
the HAP from cooking with solid fuels. More than 50% of 
premature deaths due to pneumonia among children under five 
are caused by particulate matter (soot) inhaled from household 
air pollution. Over 3.8 million premature deaths annually from 
non-communicable diseases, including stroke, ischemic heart 
disease, chronic obstructive pulmonary disease (COPD) and 
lung cancer are attributed to exposure from HAP. There is a 
compelling need to transition rural kitchens over to clean-
er-burning fuels, reduce gaseous pollutants and improve indoor 
air quality.

In affected countries, governments and non-governmen-
tal organizations (NGOs) have made efforts to mitigate the 
possible health risks due to biomass burning via intervention 
programs.5-11 This includes the distribution of efficient cook 
stoves with chimneys,5-6 smokeless stoves,7 providing clean-

er fuels such as liquid petroleum gas [LPG] and ethanol.8 It 
was found that, despite the several efforts and initiatives tak-
en, not all programs have met the desired expectations for the 
reduction in residents’ exposure to HAP to meet the WHO's 
guidelines.9-11 Figure 1a shows a typical rural family cook-
ing in a poorly ventilated kitchen.12 The share of traditional 
biomass in residential consumption by country from the in-
ternational energy agency is highlighted in Figure 1b.2 The 
data affirms that biomass is a prevalent source of fuel for heat-
ing and cooking in many poor and rural communities in Asia 
and sub-Saharan Africa. The corresponding maps for global 
solar energy irradiance potential for various regions around 
the world and published by the World Bank can be obtained 
from.13 A key observation is that the developing countries near 
the equator show excellent potential to switch to solar energy 
as a primary fuel source and reduce the dependence on HAP 
biomass fuels.14

To improve exhaust and ventilation from biomass smoke 
and improve indoor air quality, various aeration options were 
explored to enhance rural kitchen air quality, while striving to 
keep the overall costs low. Many rural families do not have reli-
able access to electricity, so this study investigated using various 
compact computer fans, powered solely by renewable energy 
sources. The hypothesis is that a kitchen exhaust setup built 
using an array of desktop computer fans powered by solar cells 
could be a practical ventilation solution. This study attempts 
to answer several questions from research and experiments, 
including the following. (a) What pollutants are common in 
indoor kitchen smoke? (b) Can solar power be generated from
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ABSTRACT: The World Health Organization (WHO) estimates that 3 billion people worldwide still burn inefficient and 
polluting biomass fuels (e.g. wood, charcoal, or straw) for daily cooking in rural households. Research shows that biomass smoke 
contains health-damaging pollutants and carcinogens, including coarse and fine particles, carbon monoxide (CO) and polycyclic 
aromatic hydrocarbons (PAH); placing women and children in developing countries at increased risk of acute respiratory infec-
tions (ARI), chronic lung disease, tuberculosis, and cancers. This investigation evaluated prospects for improving indoor air quality 
via experiments and in-field deployment of a smoke aeration solution in the rural kitchens of South India. A practical kitchen 
ventilation solution exhaust was built using an array of desktop computer fans powered solely by solar energy. The experiments 
show promise for an effective, yet low cost (< US $5) and mass-producible ventilation solution, fully designed using 100% recycled 
scrap, tiled photovoltaic (PV) solar cells and cooling fan arrays from retired computing equipment. The results demonstrate that 
2-3 watts of solar energy can readily be harvested to successfully power a two-dimensional (2D) fan array exhaust, providing an 
airflow of 284 CFM (0.13 m3/s), which favorably compares to airflow rates in electric chimneys and fans installed in developed 
countries. 
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Figure 1. (a) A rural family cooking in a poorly ventilated kitchen with young children (12) and (b) Share of traditional biomass in residential consumption by country (2).

imperfect scrap photo-voltaic (PV) cells? (c) Can a fan array 
be powered using solar energy alone? (d) What would be the 
airflow of such a solution? (e) How cost-effective can it be 
made? (f ) How will the solution perform during trials in rural 
kitchens? and (g) can a software application (app) be devel-
oped to compute health risk factors?

This work hypothesizes that a kitchen smoke exhaust set-
up, built using an array of computer fans, powered by solar 
cells could be a practical ventilation solution. It must meet the 
following engineering requirements: (1) The exhaust should 
provide enough airflow to clear the hazardous soot quickly. 
(2) The fan array needs to be powered off sustainable ener-
gy sources, because rural families may not have reliable access 
to electricity. (3) Must be cost-effective, easy to install, light-
weight and scalable (to millions of homes). (4) The solution 
should be reliable and durable. A second part of the project 
endeavors to develop a mobile-friendly software application 
to enable NGOs and door-to-door volunteers to assess health 
risks from biomass smoke exposure in each home based on 
individual biofuel usage patterns and provide personalized 
recommendations. This could educate people about the com-
parative dangers of biomass fuel usage. 

 � Results and Discussion
The experiments were conducted in a household environ-

ment. Each experiment was repeated multiple times to ensure 
accurate and reproducible data. The first objective was to val-
idate the viability of using computer fans as a smoke exhaust 
solution. The correlation between airflow and power consump-
tion of the computer fans (load) was studied to adequately 
size the PV-panel (source) to power the fan exhaust. Figure 
2a shows several computer cooling fans reclaimed from aging 
desktop systems. A 3.54 inch (90 mm) sized computer fan is 
connected to a direct current (DC) power supply, the supply 
voltage was varied, and the corresponding power consumption 
was observed (Figure 2b). An anemometer instrument was 
placed in front of the fan to measure airflow in cubic feet per 
minute (CFM). A graph of fan airflow vs. power consumption 

is plotted in Figure 2c. The first observation was that the 12V 
rated fans functioned over a wide voltage range (3.5V-12V). 
This is important since the PV-panel power output can vary 
during daytime and produce a range of output voltages. This 
choice helped reduce overall system cost by eliminating the 
need for voltage regulating electronics or expensive batteries 
to store excess energy between the solar panel and the fans. 
The measured relationship between the airflow and the fan 
power consumption (Figure 2c), suggests a non-linear trend 
with higher power generating greater airflow. The measured 
fan cross-sectional area-adjusted data shows that 40 CFM air-
flow is produced while consuming 0.5W and 50 CFM for 1W 
power consumption, as the fan input voltage is increased. 

Commercial solar panels are expensive (15), so a custom 
solar panel was built using scrap photovoltaic (PV) solar wa-
fers. Figure 3 shows the steps taken starting with: (a) scrap 6 
x 6 inch monocrystalline solar wafers, (c) dicing the wafer, (d) 
diced 3 x 2 inch PV cells and (e) soldering multiple PV cells 
in series to generate a 7 Volt output. The fully assembled solar 
panel is encased in a picture frame (Figure 3f ), and the final 8 
x 10 inch PV panel is tested in sunlight, producing 7.3V (Fig-
ure 3g).  Figure 3b shows minor scratches on the PV wafer’s 
surface but shows full electrical functionality. 

The next step is to locate the maximum power point (MPP) 
for the custom-built solar PV panel (16) in sunlight, to opti-
mize its efficiency at creating solar power. This is accomplished 
using a voltmeter and variable resistor by continuously chang-
ing the resistance and recording the output voltages produced. 
The amount of output power P (measured in Watts) generated 
by the PV panel is calculated using the power equation below, 
which is derived from Ohm’s law:

P = V2/R  ………………………………………. (Equation 1)

Given the PV panel output voltage (in volts, V) and resis-
tance of the load (in ohms, R) connected to the PV output, we 
can calculate the generated output power. The energy output 
would be the power produced over a given interval (time). 
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The resulting plot (Figure 4a), measured on two sunny days, 
shows the output power versus a variable load and resembles 
a bell curve. An MPP is detected with a maximum of 2.4-
3.3 Watts of generated power when the resistance is set to an 
“optimum” value. At MPP, maximum power is extracted from 
the PV modules. For the experiments, the MPP settled at re-
sistances of 10-12Ω, equivalent to the load presented by 3-4 
computer fans, in parallel. The smoke-exhaust solution uses 
four tiled fans to provide enough airflow and evenly match 
MPP optimum resistance and power generated. The overall 
goal was to produce 5W of solar power per PV panel while 
creating a minimum of 200 CFM of airflow. The airflow results 
are summarized in Figure 4(b, c). On day 1, the custom solar 
panel generated 2.4W of power and the 4-fan exhaust pro-
duced over 223 CFM (0.1 m3/s) of airflow. On day 2, the PV 
panel generated 3.3W, producing over 284 (0.13 m3/s) CFM 
of airflow. In each case, the measured anemometer CFM value 
is adjusted for the fan cross-sectional area.

 

Figure 2. (a) Fans recovered from aging desktop computers (b) Airflow measurement using a DC-power supply and an anemometer and (c) Power consumption per desk-
top fan and exhaust airflow ability. A 90mm (3.54 inch) computer fan is used.

Figure 3. Building a custom solar panel: (a) Scrap monocrystalline solar wafers 
(b) Scratches on wafer surface (c) Dicing the wafer (d) Diced 3 x 2 inch PV 
cells (e) Soldering the PV cells in series (f) Assembled solar panel (rear) and (g) 
Functional 8 x 10 inch PV panel in sunlight producing 7.3V.  

Figure 4. (a) Measured solar panel output on two sunny days showing up to 2.4W and 3.3W of power generation and (b, c) Anemometer airflow measurement data for a 
4-fan (2x2) 2D array ventilation exhaust for the two days when powered by the solar panel.
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To mimic biomass fuel smoke, smoke-making fireworks 
were used to fill the kitchen with soot (Figure 6a). The ventila-
tion setup, powered by the PV panel, was switched on to draw 
the smoke out of the kitchen. The smoke is cleared quickly in 
under a minute, with Figure 6b showing smoke relief. Figure 
6c highlights visible kitchen smoke on the kitchen exterior as 
removed by the fan exhaust.

The solar-powered smoke relief setup was installed as a pilot 
program in rural Kanakapura, Karnataka, India (Figure 7a). 
The rural homes in the village are mostly built using corrugat-
ed metal sheets and mud walls. The solar-powered smoke relief 
setup was installed as a pilot program in rural Kanakapura, 
Karnataka, India (Figure 7a). 

The proposed 2D tiled array solution has an added reliabil-
ity benefit - if one fan stopped working due to a malfunction, 
the other fans will continue to operate and provide sufficient 
smoke relief. 

A 150 cubic feet (5 x 5 x 6 foot, 4.25m3) rural kitchen model 
was built using cardboard boxes (Figure 5a) to test the effec-
tiveness of the ventilation solution. The fan exhaust is mounted 
on the kitchen wall directly above a standard three-stone fire. 
Figure 5b shows the solar panel placed on the kitchen roof and 
powering the fan array. A closer view of the 9 x 9 inch, 4-fan 
exhaust with the fans electrically connected in parallel is dis-
played in Figure 5c with a side view of the 1-inch thick smoke 
exhaust in Figure 5d.  

Figure 6. Smoke test (a) Kitchen filled with smoke (b) One minute after the 
ventilation is turned on - the smoke is cleared quickly! (c) Visible kitchen smoke 
on the home exterior removed by the fan exhaust and (d) Cost estimates for the 
proposed ventilation solution vs. a commercial solution. In addition, overall cost 
is reduced by avoiding expensive power electronics and batteries. 

Figure 5. Rural kitchen model built using cardboard boxes (a) Inside the 150 cu-
bic feet (4.25m³) rural kitchen model built with the proposed ventilation solution 
(b) Solar panel on kitchen roof powering the fan array exhaust (c) Closer-view of 
the 4-fan exhaust and (d) Side view of the exhaust panel with airflow direction.

Figure 7. In-field smoke relief installation (a) Huts in Kanakapura, Karnataka, India where the pilot ventilation solution is implemented (b) Fan panel in house #1 (c) 
Photovoltaic panel with fans (house #2) (d) Checking exhaust airflow and (e) Inside view of rural kitchen
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ample airflow to improve ventilation. The data suggests that 
>284 CFM of airflow is produced by the ventilation solution 
outdoors. The strategic placement of the fan array behind the 
stove allows maximum smoke extraction from the kitchen in 
an expedient manner. This favorably compares to airflow rates 
in electric chimneys and fans installed in developed countries. 
The experiments demonstrate the viability for substantially im-
proving indoor air quality while using 100% renewable energy 
sources and recycled components to enable a low-cost (<$5) 
solution. The exhaust setup weights under two pounds, is com-
pact at 0.6 sq. ft. and maintenance-free with several benefits 
over the heavier 10lbs smokeless-stove proposed by MIT re-
searchers.7

Software Application. Overview: In an effort to spread aware-
ness to rural households about the potential health risks of 
biomass fuel combustion, a software app was created, using 
HTML, CSS and JavaScript programming. To provide ac-
curate and customized feedback in the app, research data 
from rural health publications was incorporated into the tool. 
The WHO guidelines1 specify safe limits for key pollutants 
- carbon monoxide (CO): 10mg/m3, carbon dioxide (CO2): 
10000mg/m3 and ozone (O3): 0.2mg/m3. Based on input data 

Multiple engineering challenges were faced during the study. 
Unfortunately, new photovoltaic (PV) cells and fans were ex-
pensive (>US$100),16 necessitating a pivotal decision to use 
100% recycled components. Research shows that billions of 
solar wafers are manufactured annually17 and over half a mil-
lion computers are replaced every day,18 justifying an approach 
to recycle them into a valuable solution to benefit rural lives. 
Imperfect, but functional solar wafers19-20 are sold by weight 
at a lower cost.21 Bare PV wafers were extremely fragile (and 
broke frequently), requiring careful dicing and assembly steps. 
Initially, the fan array powered by the PV panel did not func-
tion well. It was necessary to enlarge the dimensions of the PV 
panel to 8 x 10 inches to produce adequate power for the fan ar-
ray exhaust to work even in cloudy weather, 
thus matching the energy source and the fan 
load better. Adding electronics and batteries 
for power management and excess ener-
gy storage was desirable but costly. Access 
to an actual rural kitchen in the USA was 
difficult, so a kitchen model was built using 
card-boards to test the ventilation solu-
tion’s effectiveness. Widely available scrap 
PV wafers and recycled The rural homes in 
the village are mostly built using corrugat-
ed metal sheets and mud walls. A three-fan 
exhaust, mounted in fire-resistant plywood, 
was chosen for compact deployment (Fig-
ure 7b) and was connected electrically to 
the solar panel mounted on the roof (Figure 
7c). In each home, wall openings were cre-
ated to fit the fan exhaust above the stove 
(Figure 7e) and secured using steel wires. 
Airflow testing was performed using an an-
emometer (Figure 7d) on multiple days to 
ensure enough PV panel power generation 
in a tropical climate with sufficient smoke 
ventilation and airflow (>200 CFM). 

Computer components can indeed 
cost-effectively aerate rural kitchens on a 
global scale. Figure 6d performs a cost anal-
ysis of the proposed aeration solution vs. a commercial option. 
Salvaging the key ingredients to build an active kitchen venti-
lation solution enables a lower total solution cost. 

Exposure to household biomass fuel smoke is a serious 
health risk factor, impacting billions worldwide, causing 4 
million premature deaths each year. This requires rural kitch-
ens to switch over to cleaner-burning fuels swiftly. Data from 
the experiments successfully supports the earlier “hypothesis”, 
with several watts of renewable power generated even from 
scrap PV cells to power a recycled fan array smoke exhaust. 
This enables a well-aerated rural kitchen by improving indoor 
air quality, thus mitigating pollutant exposure risk among rural 
families. The measurement data shows the PV panel setup can 
generate 2-3 Watts of power in daylight. This is ample to en-
ergize a two-dimensional (2D) exhaust fan array and provide 

Figure 8. Cooking fuel analyzer software application (app) (a) App input screen 
(b) Cooking fuel ranking based on gaseous pollutants released for the seven 
most common fuel types [9] (c) App output screen with personalized recommen-
dations.
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from each biomass fuel user, the software computes the amount 
of gaseous pollutants released and exposure risks in the form 
of an informative table. To determine the best fuel among the 
ones selected, the application ranks the biomass fuels in the 
following best-worst order, based on toxicity:3 gas stove > straw 
> wood > twigs > cow dung > dry leaf > coal cake (Figure 8b). 
To increase awareness, the software emphasizes the health 
risks and offers recommendations on alternative fuel usage. The 
HTML code can be loaded on a mobile device or tablet brows-
er, and used by NGO’s and other door-to-door volunteers to 
help educate people around the world. It can provide useful 
recommendations on rural health based on individual biomass 
fuel usage patterns.

App Inputs: Research3 suggests that there are seven primary 
fuels used to cook in rural kitchens. The app collects the indi-
vidual's name, address, the primary cooking fuels used, and the 
number of times the fuels are used every week. 

App Outputs: After filling out the form, the volunteer(s) will 
submit the data into the tool and  instantly receive customized 
recommendations. The output form will include the best cook-
ing fuel among the ones used, tips and health risks associated 
with the most frequently used fuel, and a table that shows the 
pollutant levels compared to the safe thresholds, based on the 
WHO guidelines. The three pollutants shown are carbon mon-
oxide, carbon dioxide, and ozone. The personalized feedback 
from the tool will further emphasize the health risks of these 
gaseous pollutants and transition rural families towards safer 
alternatives. The software application shows the feasibility of 
using published data on various gaseous pollutants for most 
commonly-used biomass fuels to evaluate critical health expo-
sure risks and the promise for spreading global awareness.

On-site deployment in South India. To test the effectiveness of the 
proposed ventilation solution, several prototypes were shipped 
to Karnataka, India during the summer of 2018, to be installed 
in rural kitchens. The fans were assembled in India in a ply-
wood frame, with the wires soldered together with an ON/
OFF switch. During the installation, rural families in the vil-
lage helped secure the fan exhaust panel and PV modules using 
steel wires. The pilot installation continues to be monitored and 
has received excellent feedback in providing smoke relief and 
improving indoor air quality.

 � Conclusion
Domestic biomass combustion is a significant health risk 

factor for billions of people around the world. This project 
shows that several watts of renewable power can be successful-
ly generated using scrap PV cells and recycled computer fans, 
with sufficient ventilation to improve indoor air quality and 
pollutant exposure risk among women and children. Several 
steps can be investigated to further build on this work.

1. Complete a pilot study of the software solution involving 
app deployment by partnering with NGOs around the world.

2. The existing PV panel is very fragile. The PV cells can 
be robustly integrated, the module sealed, and made weath-
er-proof to better handle harsh environmental conditions.

3. The current setup needs power electronics to regulate and 
potentially store (battery) solar harvested energy. Evaluating 
low-cost electronics for MPP tracking and energy storage to 
provide smoke relief at night is beneficial.

 � Methods
The following materials were used for the experiments: four 

used computer cooling fans, three 6-inch scrap solar wafers, an 
electronic measuring multimeter instrument, an anemometer 
for airflow measurement, a direct current (DC) variable power 
supply, one variable resistor (1-10K ohms) for MPP measure-
ment and plywood for binding the fan arrays and steel wires for 
securing the ventilation set up in rural India. 

To design the two-dimensional fan-array, good and bad 
fans were first screened from aging desktop computers. This 
involved confirming their airflow CFM and voltage ratings and 
their suitability for ventilation. To test various fan airflow rates, 
a direct current (DC) variable power supply was used (Figure 
2b). Measurements were taken in 500mV increments while re-
cording the voltage (V), current (I), and fan airflow (using an 
anemometer) to obtain the cross-sectional area-adjusted CFM 
(Figure 2c). Four recycled fans were next connected in parallel 
and assembled onto an air-exhaust panel (Figure 5c). 

The next task was to build a 5-watt, custom PV panel to 
power the fan array. Sun Power™ was contacted, and five scrap 
6 x 6 inch PV wafers from the manufacturer were received. The 
wafers were electrically tested, diced into twelve 2 x 3 inch piec-
es, soldered together in series so that their voltages added up, 
and encased in a picture frame to protect them (Figure 3a-3g). 
Fan power (P) consumption is calculated using the formula (P 
= V x I). The solar panel was tested to generate 2.4-3.3 Watts 
of power (Figure 4a), on two sunny days. A 150 cubic foot 
rural kitchen model was then built out of cardboard, with the 
fan exhaust inserted into the kitchen wall and connected to the 
PV panel placed on the roof (Figure 5b). To imitate biomass 
fuel smoke, fireworks were used to fill the kitchen with soot 
(Figure 6a). The setup is then switched on to draw the smoke 
out of the kitchen (Figure 6c). An anemometer is also used to 
record airflow rates using the 5-point measurement method22, 
measuring airflow of 224-285 CFM (Figure 4b-4c).  
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