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Abstract: Nowadays, type 1 diabetes is unfortunately one of the most common diseases, and people tend
to develop it due to external factors or by hereditary factors. If is not treated, this disease can generate
serious consequences to people’s health, such as heart disease, neuropathy, pregnancy complications,
eye damage, etc. Stress can also affect the condition of patients with diabetes, and our motivation in
this work is to help manage the health of people with type 1 diabetes. The contribution of this paper is
in presenting the implementation of type-1 and type-2 fuzzy controllers to control the insulin dose to
be applied in people with type 1 diabetes in real time and in stressful situations. First, a diagram for
the insulin control is presented; second, type-1 and type-2 fuzzy controllers are designed and tested on
the insulin pump in real time over a 24 h period covering one day; then, a comparative analysis of the
performance of these two controllers using a statistical test is presented with the aim of maintaining
a stable health condition of people through an optimal insulin supply. In the model for the insulin
control, perturbations (noise/stress levels) were added to find if our proposed fuzzy controller has good
insulin control in situations that could generate disturbances in the patient, and the results found were
significant; in most of the tests carried out, the type-2 controller proved to be more stable and efficient;
more information can be found in the discussion section.
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1. Introduction

At present, technology has evolved a great deal, and several applications have been
made using intelligent techniques, for example, in the optimization of processes and
reduction of times applied in industry and also in some process to improve the quality
of life for people. For example, mechatronic devices can be a physical part of people, for
example, an arm or leg; smaller devices can measure heart rate and notify an emergency
contact if the person’s health is in danger or even call automatically to the ambulance, and
there are also continuous pressure monitoring devices that provide more control over a
person’s health, especially older people. Many processes that were previously manual
today have been automated for better monitoring and control for people, such as the
artificial pancreas, which is an automated process of a human organ that helps regulate
a specific function to improve people’s quality of life. We know that the most important
thing for human beings today is health because without it, we have nothing. One can enjoy
money, comforts, friends, and trips, but if one does not have health, one cannot enjoy any
of these things. There are many factors and different diseases that attack human life, and
some of them can be controlled with medication, while some of them cannot. Hereditary
diseases or diseases caused by an external factor also have a great impact on people’s living
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conditions and state of mind. One of the most common diseases is diabetes, and there are
different variants of this disease [1].

In this research, the focus is specifically for type 1 diabetes. It was mentioned that
technology is used for various benefits, including people’s health, and on this occasion, for
the control of diabetes, there is an insulin pump. These devices are used to avoid injections
and make it easier to administer insulin doses. A good controller is needed to have a good
control of the daily insulin dose in real time for patients, and this is where this research
focuses: on developing type-1 and type-2 fuzzy systems for controlling the insulin dose in
real time.

It is important to mention that in the literature, there are few works related to our
proposal, and the most relevant are mentioned below. In [2], the authors of this work
developed an embedded system using an FPGA microcontroller for insulin injection;
however they did not integrate intelligent techniques into their work. Furthermore, in [3],
a case study of insulin injection pumps was presented to analyze the behavior of users
of different ages and stages of diabetes in a controlled space. In [4], a comparison was
performed of two hybrid closed-loop systems in adolescents and young adults with type
1 diabetes (FLAIR). Here, a multicenter, randomized, crossover trial is presented, and
the authors of this paper carry out a comparative study between different countries with
the aim of testing whether the new automatic methods are more efficient than traditional
manual methods.

This paper is organized as follows: Section 2 presents the basic concepts to better
understand the application. The description of the problem and the methodology are
presented in Section 3. Results of type-1 and type-2 fuzzy systems and their comparison
are presented in Section 4, and finally, in Section 5, the conclusions are presented.

2. Background and Basic Concepts

Some basic concepts such as type 1 diabetes, type-1 and type-2 fuzzy systems, artificial
pancreas, intelligent control, and continuous insulin pump are explained in this section to
understand better the application and the contribution.

2.1. Type 1 Diabetes

Type 1 diabetes disease is considered the second most chronic disease and most
frequently presents in childhood [5]. When we talk about type 1 diabetes, we are referring
to a condition where the pancreas does not produce insulin, and this means that there is an
excess of glucose that remains in the blood [6], for which it is important to take into account
the desired glucose levels [7]. If these problems persist, and no attention is paid, it can
generate several serious problems, for example, in the heart [8], eyes, kidneys, etc. In these
times of the COVID-19 pandemic, some patients who had certain diseases [9] including
diabetes showed greater complications when infected and were more vulnerable [10,11].

Constant, real-time monitoring is essential to make medical decisions; if a real-time
monitor is added for each patient, with personalized insulin supply control for each person,
better results can be obtained. Today, there are various technologies that have been added
to treat and control type 1 diabetes. Ordinarily, intramuscular insulin supply was common,
which is one of the best known approaches, but there are also glucose monitoring devices.
Glucose monitoring allows people to know if their glycemic goals are being met. Previously,
the glucose level was measured in the urine using a copper reagent, but today, there are
portable devices that can measure it based on a drop of blood or by using a continuous
monitoring device. In the search for alternatives for patients with diabetes, a predictive
suspension pumps with low glucose level (PLGS) can be found; these devices that use this
technology interrupt the administration of insulin when it is detected so that the glucose
value of the sensor reaches or decreases to the glucose limit within a period of time [12].

There are several kinds of devices that are coming into the market with the objective
of facilitating glucose control for people with diabetes [13]. Moreover, it is important
to mention that different technological tools, computing techniques, and mathematical



Mathematics 2023, 11, 730 3 of 13

models are used to research and develop new advances for people with type 1 diabetes.
For example, in [14], mathematical models are presented to help to understand and predict
the dynamics within the glucose regulation system, and this part is very important because
based on these models’ possible behaviors, methods can be developed and contribute to
the health of people and to other work, where they also use techniques to predict glucose
concentration using image processing and machine learning [15]. There is also what today
is called an artificial pancreas, which is glucose-sensitive automated insulin administration
and works using computer techniques such as PID control, i.e., combining glucose control
with insulin administration; in short, it is a system that provides automatic control of
blood glucose levels and assists in the administration of insulin. Several studies have been
carried out, and it has been seen that insulin pumps help to improve the quality of people’s
lives [16] since they provide better control in daily social activities as well as the use of
the different interfaces developed as in [17], which presents two ways to implement an
MPC (model predictive control) for a smartphone-based artificial pancreas system. There
are also investigations where the authors [18] performed a system based on derivatives
of fractional order with the objective of regulating the supply for an insulin pump with
the objective of regulating diabetes. Therefore, though we can continue giving different
examples, it is easy to see that researchers want to reach the same goal, which is to obtain
support for people with type 1 diabetes.

Diabetes and Stress

There are many myths that say that a scare can cause diabetes, but there is no es-
tablished foundation; however, for people who have this tendency, increased stress can
accelerate the beginning of this disease, and a person who is constantly subjected to stress
can develop health problems. Stress is characterized by violent nervous tension that is
maintained in addition to being accompanied by a significant degree of anxiety, and it
can be said that there are different types of stress such as psychological, social, economic,
physiological, and psychosocial [19,20]. When a person is under stress levels, they can have
symptoms such as headache, chest and back and neck pain, cold sweats, insomnia, etc., in
some systems such as the metabolic, cardiovascular, and gastrointestinal systems, among
others. Only in Latin America is work stress a psychosocial factor, and it is considered an
epidemic of modern working life. When some people are under stress, they are susceptible
to consuming an excess of calories, which can cause weight gain and variations in their
glucose levels, which is especially concerning in people with diabetes. In addition, the
emotional stress generated by living with a person with diabetes can negatively affect
treatment adherence, quality of life, and disease control [21].

Stress can cause an increase in blood glucose levels. The increase in stress at chronic
levels will depend on the vulnerability of each person, their ability to protect and respond
to the body, and their self-esteem as well as the social support they have [22]. Each of
these factors is very important because each can result in a stress with high levels, which it
can generate a significant change in glucose, and if the control is not the adequate at that
time, it could generate significant changes in people’s health. Different levels of stress have
different effects on each person. For example, some hardly eat, while others eat an excessive
amount, and some turn to junk food or try to over-exercise when they feel stressed to try to
release it. However, there is also oxidative stress, which is a process that our body generates
before various situations that have to do with the food that is ingested, solar radiation,
pollution, and even excessive exercise. Oxidative stress plays a very important role in the
development of diabetes complications due to excessive oxidative activity [23]. Just as
there is stress that affects people with diabetes, there are also techniques that can be used to
manage stress and maintain metabolic control, such as paying attention to one’s breathing,
social support, and progressive relaxation, among others [24].



Mathematics 2023, 11, 730 4 of 13

2.2. Fuzzy Logic and Applications

Nowadays, systems that make use of fuzzy logic can be visualized in a more common
way and can be seen in everyday life, such as in household appliances, industrial processes,
medical measurement instruments, etc. Since fuzzy logic was proposed, we have witnessed
that its applications have increased to this day. It was originally proposed in 1965 by
Professor Zadeh, who presented the theory of fuzzy sets to deal with imprecision and
uncertainty. A fuzzy set is defined as a class of objects that have degrees of membership,
and these present the degree of truth with which a certain element belongs to a fuzzy
set [25–27]. Different examples are presented to explain the fuzzy set concept, and many
times, the word “fuzzy” itself is misunderstood in its meaning. A simple example is
explained using the height of people: when it is said that a person is tall, for some, being
tall refers to measuring more than 1.90 m, but for others, being tall refers to measuring
more than 1.70 m. Each person has their perspective, so ranges can be managed; that is,
membership functions such that, for example, height can be represented with more datasets
(see Figure 1).
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Figure 1. Fuzzy set representation.

In Figure 1, it can be seen that there are three linguistic values, namely short, medium,
and tall, that can be used to classify people based on their height; for example, a person
who is 1.68 m tall could be considered to be of average height, and a person who is 1.70 m
could be in the range of consideration as a tall person but could also be considered as
medium. This is just one example of how a fuzzy system would be considered, but it is
also important to mention that one of the first commercial applications of fuzzy logic was
in the control of cement kilns and later in navigation systems for automobiles [28]. One
of the areas where fuzzy logic is implemented in a very competitive way is in the control
area, making different types of controllers to improve the performance of applications and
obtain a better result in the implementation.

Type-1 fuzzy systems are the most used, but other types of systems have also been
found more recently, such as generalized systems and type-2 fuzzy systems, because the
values used in the development of type-1 membership are considered to be accurate [29].
However, if the level of information is not adequate to establish the membership functions,
then it would not work to establish the membership functions with this precision, but if it is
regarding fuzzy systems that can be further generalized due to their interval values, these
intervals could become fuzzy [30]. Therefore, each interval of the membership function
would become an ordinary fuzzy set, and this is what is called an interval type-2 fuzzy
set [31], which can be visualized in Figure 2.
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Mathematical definition of membership function type-1 is obtained by in Equation (1):

A = {(x, µA(x)) | x Є X} (1)

Let us consider fuzzy set A, A = {(x, µA(x)) | x Є X}, where µA(x) is called the
membership function for the fuzzy set A. X is referred to as the universe. The membership
function associates each element x Є X with a value in the interval [0, 1].

Mathematical definition of membership function type-2:
A type-2 fuzzy set to be named can be represented as follows [32] in Equation (2):

Ã =
{(

(x, u), µÃ(x, u)
)∣∣∀x ∈ X, ∀u ∈ Jx ⊆ [0, 1]

}
(2)

A type-2 fuzzy set (also called a generalized type-2 fuzzy set) denoted Ã, also called
membership function of Ã, is about the product cartesian X × [0, 1] in [0, 1], where X is the
universe for the primary variable of Ã, x. the membership function of Ã is represented as
µÃ(x, u) or µÃ, and it is called membership function type-2 (Equation (2)).

Fuzzy systems have had applications in several areas, and one of them is medicine;
for example, in [33], the authors mention that there are different patients, and each one
has different behavior patterns and coordination, especially in patients with diabetic
cardiomyopathy. Since they have Parkinson’s, they used a fuzzy system for the prediction
of falls and the estimation of diabetic cardiomyopathy disorders, and as inputs, they took
the height, gyroscope, age and weight of the patients. The outputs were the RMS error,
estimation, and identification. The test was performed with 20 patients, and good results
were obtained. The solution was fast and in real-time conditions. The fuzzy systems used
were type-1, and in this example, we can also see fuzzy systems that are applied to patients
to control their hypertension during anesthesia [34] as well as to diagnose certain types of
diseases through these fuzzy systems and detection of cardiac arrhythmias [35,36].

In [37], studies developed from 2007 to 2018 are presented, including the current state
of the use of fuzzy systems in the field of medicine for the diagnosis of diseases, and it
is demonstrated that fuzzy logic has been used with satisfactory results. In the area of
medicine, different methodologies are used to diagnose the disease by analyzing the history,
symptoms, and clinical data of people. The study presents the benefits of using fuzzy logic
for this area, which is an important detail to mention. These systems could be available to
people, and some important issues could be identified before going directly to the doctor
or even helping through medicine to diagnose diseases. Some areas within medicine where
fuzzy systems have been applied are in the heart, breast cancer, cholera, brain tumor,
asthma, liver, viral diseases, etc. [38–40]. Many applications begin with developing studies
with type-1 fuzzy systems but when, for example, the images or databases have a high level
of noise or uncertainty, the outcome can be unsure. In these cases, type-2 fuzzy systems
could work better and obtain better performance and model better the uncertainty.



Mathematics 2023, 11, 730 6 of 13

Some studies in medicine also use fuzzy type-2 systems. For example, in [41], the
authors present a proposal to design a robust and optimal controller for the supply of
medicine for the automatic control of blood pressure, as all human systems also have
uncertainty problems, such as variations in certain parameters, disturbances, or external
noises. That is why for each patient with different characteristics, an adequate supply of
medicine is needed for good control. On many occasions, PID controllers have been used,
even in controllers for health at a commercial level, but in some cases, with the management
of uncertainty, a more robust control would be needed that adapts to the characteristics
of each individual since all the physiological variables that a person may have are of an
uncertain nature and can negatively affect their health, which is why in these cases tests are
carried out with type-1 fuzzy systems and then type-2 [42] to better model the uncertainty.
In the area of diabetes, research papers have also emerged, and everything possible is done
to contribute to scientific knowledge and provide work ideas so that in the future, these
ideas are taken to improve applications. In [43], the authors present a fuzzy system to
classify the glycemic index for patients with type 2 diabetes into four types: great decrease,
decreases followed by stabilizing, stabilizing, and then increasing. In this research, some
authors such as in [44,45] also performed a fuzzy system for glucose control in diabetic
patients. Many intelligent techniques are applied in several health areas to improve the
quality of people’s lives [46–50].

3. Problem Description

As previously mentioned, type 1 diabetes is a disease that can have serious health
complications if it is not treated properly. Research has been carried out in relation to this
disease, and controllers have even been designed for the delivery of the necessary insulin.
However, there are many different types of extra problems unique to each individual, such
as different situations involving stress or some other external problem that can influence
their glucose levels. In this situation, a common controller will not be able to completely
regulate what we call uncertainty or noise, which can represent the different levels of stress
experienced by people or the external factors that influence each one of them, affecting their
glucose levels in real time. The human, as mentioned above, can experience a great deal of
uncertainty, which in this case will be called noise, which will be added to the system as
an extra signal. The real-time controller will model the noise, and in the event of glucose
disturbances, the insulin pump can supply the optimal dose needed to maintain control of
the diabetes with the aim of improving people’s quality of life.

The human body generates signals before any behavior, and in this case, the noise is
represented by the signal established by the following equation:

y = lb + (ub− lb). ∗ rand(sp f , 1) (3)

The working model can be seen in Figure 3.
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The development model contemplates a module named noise, which is represented by
a module that generates a signal that can be small or very high so that the system models
the adequate supply of insulin in different levels of uncertainty that the patient may have.
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Three types of error were considered: root mean square error (RMSE), mean square error
(MSE), and mean absolute error (MAE) (see Equations (4)–(6)).

RMSE =

√√√√ 1
N

N

∑
i=1

(real valuei − estimated valuei)
2 (4)

MSE =
1
N

N

∑
i=1

(real valuei − estimated valuei)
2 (5)

MAE =
1
N

N

∑
i=1
|real valuei − estimated valuei| (6)

where N is the number of errors, and before using the fuzzy systems, the performance was
simulated using PID control; then, the type-1 and type-2 fuzzy systems were designed to
compared results and to achieve the control of the insulin in each person. The fuzzy system
has one input and one output.

4. Simulation Results

As the first execution, PID was performed, and then, different types of fuzzy systems
were design to test the model using three or five membership functions. By changing the
rules, 15 different fuzzy inference systems (fis) were developed, and results for the PID
controller and the 15 fuzzy systems are presented in Table 1.

Table 1. Results for the PID and type-1 fuzzy control for optimal supply of insulin.

Controller RMSE Error MAE Error MSE Error

PID 21.0947 17.8862 444.9858
Type-1

Fuzzy controller RMSE error MAE error MSE error

fis 1 28.810 27.560 830.003
fis 2 20.347 15.710 413.990
fis 3 26.973 21.559 727.514
fis 4 19.149 14.562 366.694
fis 5 18.271 13.746 333.821
fis 6 17.640 13.150 311.176
fis 7 19.318 14.750 373.199
fis 8 19.745 15.144 389.882
fis 9 16.783 15.180 281.679
fis 10 11.883 8.950 141.201
fis 11 11.874 8.879 140.979
fis 12 11.912 8.960 141.892
fis 13 11.871 8.908 140.911
fis 14 11.955 8.975 142.929
fis 15 15.655 11.375 245.088

Average 17.479 13.827 332.064

When the type-1 fuzzy system was developed with different membership functions
and rules, the error decreased until 11.871 with the fis 13. The parameters of the best fuzzy
system used to achieve the control of the insulin pump injection are presented in Figure 4,
and rules are illustrated in Table 2. In this case, the linguistic values for the variables used
in the set rules are VL, very low; L, low; M, medium; H, high; and VH, very high. The
number of rules is the combination of the input and output membership functions. It is
important to mention to the reader that the fis number of 13 was the one that obtained the
best result for the 15 tests carried out.
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Table 2. Rules used in the type-1 fuzzy system.

Input Output

VL L
VL H
VL M
M L
M H
M M

VH L
VH H
VH M
L L
L H
L M
H L
H H
H M

The parameters of the membership functions are presented in Table 3.

Table 3. Parameters of the type-1 membership functions.

Linguistic
Variable

Membership
Function Type Values

Input

VL Gaussian 3.382 1.01 × 10−15

L Gaussian 3.85 14.45
M Triangular 24.56 30.58 35.1
H Gaussian 3.542 42.97

VH Gaussian 5.586 64.81

Output
L Gaussian 0.5763 0.9286
M Triangular 2.726 3.276 3.926
H Gaussian 0.5174 5.761

After obtaining results with the type-1 fuzzy systems, the type-2 fuzzy system tests
were performed, and results are shown in Table 4. The best type-2 fuzzy system is presented
in Figure 5, and parameters of each membership functions are presented in Table 5.
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Table 4. Results for the type-2 fuzzy control for optimal supply of insulin.

Type-2
Fuzzy Controller RMSE Error MAE Error MSE Error

fis1 10.948 12.592 119.853
fis2 6.638 8.282 44.064
fis3 7.655 9.265 58.605
fis4 6.319 8.601 39.935
fis5 7.143 9.425 51.028
fis6 6.834 9.116 46.709
fis7 7.391 9.673 54.633
fis8 5.621 11.235 31.592
fis9 8.293 14.543 68.767

fis10 5.060 16.941 25.606
fis11 2.318 10.199 5.374
fis12 4.854 6.498 23.564
fis13 5.854 7.498 34.272
fis14 6.081 7.725 36.977
fis15 4.274 5.918 18.267

Average 6.352 9.834 43.950
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Figure 5. Best type-2 fuzzy system to control the insulin pump injection.

Table 5. Parameters of the type-2 membership functions.

Linguistic
Variable

Membership
Function Type Values

Input

VL Gaussian 7.43 −10.1 7.114
−4.21

L Gaussian 7.43 14.8 6.649 20.7

M Triangular 14.6 31.2 35.1 24.7 36.2
39.722

H Gaussian 5.6 38.529 4.99 44.429
VH Gaussian 7.43 64.887 7.43 70.787

Output
L Gaussian 0.862 −0.542 0.759

0.731

M Triangular 1.791 3.258 3.841 2.621
3.931 4.941

H Gaussian 1.408 7.29 1.02 8.03
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After obtaining results using type-1 and type-2 fuzzy systems with three different
types of error, a statistical test was performed as presented in Tables 6–8.

Table 6. Results for Student’s t-test using RMSE error in type-1 and type-2 fuzzy controllers.

Controller N Mean Deviation Std. Mean of Std.
Error

Type-1 15 17.48 5.33 1.4
Type-2 15 6.35 1.96 0.51

T value = 7.58; p-value = 0.000; DF = 28

Table 7. Results for Student’s t-test using MAE error in type-1 and type-2 fuzzy controllers.

Controller N Mean Deviation Std. Mean of Std.
Error

Type-1 15 13.83 5.23 1.4
Type-2 15 9.83 2.97 0.77

T value = 2.57; p-value = 0.016; DF = 28

Table 8. Results for Student’s t-test using MSE error in type-1 and type-2 fuzzy controllers.

Controller N Mean Deviation std. Mean of Std.
Error

Type-1 15 332 209 54
Type-2 15 43.9 26.7 6.9

T value = 5.31; p-value = 0.000; DF = 28

As can be sees in Tables 4–6, there is statistical evidence to say that there is a significant
difference in the results presented although we used different types to calculate the error
with regard to type-2 (more than 95% confidence). Basically, type-2 fuzzy systems generated
a significant increase in the controller, enabling better control for the insulin dose in response
to disturbances.

The statistical test was a critical point to test the insulin control supply in real time
using fuzzy systems when the type-1 fuzzy system the minimum error was 11.87, as
mentioned above. Taking into account that people’s health is very important, system with
greater robustness, such as the fuzzy type-2 system, was developed, which in many cases
can give better results because it has better response in uncertainty. When we performed
the tests with the ype-2 fuzzy system, the behavior of the control improved, and we can
verify it with the result of the statistical tests that were carried out previously.

5. Conclusions

Health is one of the most valuable things that human beings have because if they are
not healthy, in addition to affecting their personal health, it can have a negative impact
on the people around them. The importance of having an optimal control of disease is
paramount; in this case, a person with type 1 diabetes can stop worrying about their
optimal dose supplied by the insulin pump in case they have a stressful situation or some
external or even internal factor that could affect their glucose levels, which would improve
the emotional condition of the patient and family members. Fuzzy systems, thanks to
their versatility, are adaptable to several characteristics and situations that the patient
may present. In this case, it was verified that type-2 fuzzy systems for insulin supply
pump control work better than type-1 fuzzy systems and the PID since the patient is
exposed to situations where noise levels could occur at low levels or at high levels of
uncertainty, and the fuzzy model type-2 helps in these cases. In the last section of the paper,
a statistical Student’s t-test was performed to prove the efficiency of the type-1 and type-2
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fuzzy systems, and results showed that a type-2 fuzzy system can model the uncertainty
in a better way to obtain the best control of insulin using pump injection in real time.
The statistical comparison was a very important part of the results, as it demonstrates a
significant difference in real-time insulin control. These results show with more than 95%
confidence that using type-2 fuzzy systems to control insulin supply works better, and
people can have an optimal insulin supply in real time, with no need to manually check.
The statistical test was required to be able to numerically visualize the operation of type-1
and type-2 fuzzy systems and verify which is the best for this type of case study.
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