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Abstract—Controlling the level of anesthesia is a very complex,
difficult and important process in which precision and
performance is very important. Fuzzy controllers are one of the
most efficient methods compared to other controllers, due to the
impact of the expert in the rule set and determining the dosage
based on the expert's knowledge. Due to the high complexity of
anesthesia, synthesizing the theoretical models of the physiological
principles is difficult. In this research, the modeling strategy is
developed using fuzzy logic by considering the minimum cost in
equipment and time. To develop a simple, economic and reliable
method to control the depth of anesthesia, parameters such as
mean blood pressure, heart rate, age and weight are considered as
the model input. The proposed method is applied to 10 patients in
caesarean section in Isfahan hospital and the simulation results
are compared with the dose injected by the anesthesiologist. The
experiment results show that the mean error rate of the results of
the proposed method and the exact dose injected to patients is
13% for fentanyl and 3/2% for Morphine, which proves that the
Morphine error rate is much lower compared to the error rate of
the initial dose injected by anesthesiologist before surgery.
Keywords—Fuzzy controllers, vital sign parameters, controlling
the level of anesthesia.

I. INTRODUCTION
Applying an appropriate anesthetic dose to the patient and
achieving a desirable anesthetic depth have always been
considered as important problems for anesthetists. Creating an
optimal anesthetic depth in surgery is not only a guarantee of
unconsciousness and anorexia, but also a guarantee for the
patient to recover more easily and quickly after the surgery.
During anesthesia process, various drugs with multiple effects
are prescribed for the patient whose overall purpose is to create
a state of unconsciousness, forgetfulness and analgesia.
Choosing optimal and effective medicine for each patient is the
anesthetist's responsibility. General anesthesia is a complex
process which involves the following steps: pre-anesthetic
evaluation of general anesthetic drugs, examination of the
patient's heart and respiratory condition, analgesic control of
the air admission, fluid control, post-operative pain control, and
pre-anesthetic assessments. Before surgery, an anesthetist has a
meeting with the patient to determine the best and most
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appropriate medications and doses according to the patient's
condition. The significance of these values is related to their
effect on the safety of the anesthetic process. The information
used for this assessment includes age, weight, medications
used, and the history of general anesthesia. Based on current
medical conditions, an anesthetist may evaluate this
information once more on the surgery day and make necessary
changes [1-2].
In the Operating Room (OR), two important opioids,
Fentanyl and Morphine are currently used. Fentanyl is 200 to
250 times stronger than Morphine. It is mainly used as a
precaution and sedative before anesthesia in the operating
room. Today, Fentanyl is widely used for anesthetic and pain
relief. In some countries, abusive use of Fentanyl has become
commonplace because it has the same effects as heroin and
even it can be more destructive. The onset of the effect in
intramuscular injection is 7-15 minutes, and in intravenous
injection is 21 minutes. The peak effect of this drug is 20-30
minutes in intramuscular injection and 3-15 minutes in the
intravenous injection. The medication duration is 1-2 hours for
intramuscular injection and0.5-1 hour for intravenous injection.
Fentanyl binds with opioid receptor agonists, which affects the
pain and thus exerts an analgesic effect on moderate to severe
pain. The sleeping effect of this drug is very low and it rarely
releases histamine. The side effects of this drug include
diminished diastolic blood pressure and decreased oxygen
saturation, nausea and vomiting [3].
Morphine is a very strong opioid (derived from opium) and
the most important opium compound. The percentage of
Morphine in dried opium may range from 4% to 21%. Its effect
mechanism works through the effect on the central nervous
system, which alleviates pain. Morphine is a highly addictive
drug. Drug tolerance and physical and psychological
dependence are rapidly evolving. Morphine, however, is one of
the most popular medicines for acute and severe pain and is on
the world health organization's list of essential medicines.
Morphine has a complex effect on the nervous system, and
stops some areas and acts on others. . In general, it can be said
that morphine has a moderating effect on the autonomic
nervous system, with symptoms such as sedation, drowsiness,
pain relief, low body temperature, anti-vomiting effects, and

inhibitory effects on the respiratory system through nerve
centers. But at the same time, Morphine causes the nausea and
stimulates the vomiting center on the ventricle (stimulation of
vomiting) and the core of the pupils' mise. It also causes ileus
by controlling the movements and contractions of the
preloaded. In the Morphine drug, the onset of the effect is 15 to
30 minutes and its peak is 45 to 90 minutes after the injection,
and its duration is 4 to 6 hours [4].
The first anesthetic feedback controller was designed to
control the intravenous drug with intelligent and adaptive
control strategies for a multi-input model [5]. Several studies
have been done since then and different strategies and control
methods have been used. Earlier, the researchers used the
proportional, derivative, and integral class feedback control [6].
Although the human body is a highly non-linear and complex
system and may experience different conditions during
anesthesia, each patient's response to drug injection is
significant. Therefore, it is only difficult to apply a proportional
integral derivative controller for monitoring anesthesia. Neural
network and fuzzy network controllers are suitable for
controlling nonlinear systems [8].
Fuzzy controllers have been used to control the depth of
anesthesia in the new era. Examples of these articles are found
in references [8-12]. Fuzzy controllers and the neural network
are used to control nonlinear systems. The design of neural
network systems for controlling the in vivo anesthetic of
Sevoflurane using EEG power spectrum data and heart rate
data of 250 patients can be found in [13]. The neural network
has been tested using a set of 10 data from 4 patients. The
system was able to achieve an objective level of anesthesia
with an accuracy of 94%, which is anesthetic control. Some
algorithms have been developed using Electroencephalography
(EEG) or a two-way indicator. In [14], EEG monitoring for OR
is easy to use with blood pressure and heart rates. In [15], an
anesthetic drug injection was simulated on a patient during a
two-hour operation using a bipartite index as well as a fuzzy
controller. EEG-based methods are widely used to estimate the
depth of anesthesia in the research areas, but are not still
commonly used in ORs, due to excessive labor, bisector power
consumption (BIS) costs, and lack of knowledge about
decoding the BIS signal; there are still some hesitations about
the reliability of BIS, such as some muscle harmony that affect
the same frequency spectrum. But the vital signs, unlike the
BIS, are always available and do not need to be decoded and
taken directly by an anesthetist. Today, the depth of anesthesia
in the operating room is controlled by clinical symptoms such
as blood pressure, heart rate, body movement and respiration.
During surgery, in addition to anesthetic drugs, drugs such as
muscle relaxant, respiratory distress, analgesic and hypnotics
are used. This makes it difficult to interpret the symptoms of
anesthesia, and check the patient's consciousness during
surgery.
In this study, controlling the depth of anesthesia is desirable
and reduces the time needed to reach the depth of anesthesia
and increases the resistance of the system and its adaptation to
other patients. In this study, according to vital signs including
the patient's mean blood pressure, heart rate, age and weight,
the amount of drug required for the patient is determined and
ultimately applied to the injection device.

II. FUZZY LOGIC
The human brain defines and values sentences by
considering various factors based on inferential thinking,
whose pattern in mathematical language and formulas, if not
impossible, would be very complicated. Fuzzy Logic is a new
technology that replaces the methods used to design and model
a system which requires advanced mathematics, using language
values and expert knowledge. The fuzzy logic foundation is
based on the theory of fuzzy sets. This general theory is a
classical theory of collections in mathematics. In the classical
theory of collections, an element is or is not a member of the
set. In fact, the membership of the elements follows a zero and
one pattern. But the theory of fuzzy sets extends this concept
and proposes a graded membership. In this way, an element
can be a member of a set to some extent (not completely). In
this theory, the membership of the members of a set is defined
by the function u (x), in which x denotes a specified member,
and u is a fuzzy function that determines the degree of
membership in the corresponding set, and its value is between
zero and 1 as shown in Equation (1).
A ̃={(x,u_A (x))|x∈X}

(1)

III. DESIGNING THE FUZZY CONTROLLER
Controlling the anesthesia depth by the proposed method is
dependent on the vital parameters of variables such as blood
pressure, heart rate, temperature, oxygen, etc. To ensure the
patient anesthesia during an operation, the anesthetic level
should be kept constant. In this section, the fuzzy controller
will be designed in such a way that its language rules are
determined by an anesthetist. The input variables of Fuzzy
controller include mean blood pressure and heart rate, age and
weight, and the related data have been extracted from the
anesthesiology team of Isfahan Educational Hospital. The
expert database was created through interviewing the
anesthesiologist of this hospital and studying the records of the
patients during the operation of the required database. The
closed loop system includes a patient model, fuzzy rules, and
fuzzy controller. Figure 1 shows the block diagram of the
various components of the closed loop system in the anesthetic
maintenance phase.

Figure 1. Block diagram of the closed loop system.

The heart rate, the mean systolic and diastolic blood
pressure, and the age and weight of the test subjects are
obtained from the patient model of these parameters. Input

parameters that are also considered as vital signs are used as
input for fuzzy rules. Finally, the output of the control of the
injection rate of Fentanyl and Morphine is determined and
transmitted to the patient model. With regard to the changes in
the input, that is, blood pressure and heart rate, the injection
rate is also controlled and changed.

IV. FUZZY RULES OF ANESTHETIC DATA
In this section, the surgical procedure and the amounts of
injected anesthetic drugs are investigated. In the case of
caesarean section, ten people have been investigated.
According to the data obtained from the educational hospital of
Isfahan, four types of heart rate input, blood pressure, age and
weight are considered as reference for the administration of
anesthesia and narcotics.
In practice, the fuzzy data rules are collected by the expert
and analyzed and simulated. In the following, the data obtained
in practice are categorized as five parameters VL, L, M, H,
VH, which in fact represent very low, low, moderate, high and
very high amounts of the injection dose.
In the cesarean section, the subjects are between 27 and 30
years and they weigh between 66 to 95 kilograms. In practice,
apart from opioid drugs, other anesthetic drugs have been used
which have a steady state and are not included in this study. In
each of the 10 patients, the anesthetic drug was used as an
anesthetic and also an anesthetic gas of Isoflurane of 1% and an
hour of operation. Based on the obtained data, the default
values for parameters of mean blood pressure, heart rate, age,
weight, Fentanyl and Morphine are classified into five groups
of fuzzy parameters: VL, L, M, H and VH, respectively for
drug injection. Table 1 shows the fuzzy input parameters
including mean blood pressure, heart rate, age and weight, and
Table 2 shows the fuzzy output parameters including Fentanyl
and Morphine with their ranges.
In the next step, the database of simplified fuzzy rules (if then) according to the knowledge of the expert (anesthetist) and
fuzzification, parameters of mean blood pressure, heart rate,
age, weight, dose rate of Fentanyl and Morphine are discussed.
In this case, the average blood pressure is considered as the
first input of the system; the second one is the heart rate, the
third one is the age, and the fourth one is the weight. Fentanyl
is the first output of the system and Morphine is considered as
the second one. The next step is to apply fuzzy rules and create
a fuzzy inference system based on the data obtained in
MATLAB software. The method of fuzzy, fuzzy Mamdani and
defuzzification are considered central in this research.

TABLE I. INPUT FUZZY PARAMETERS INCLUDE A) AVERAGE BLOOD
PRESSURE, B) HEART RATE, C) AGE AND D) WEIGHT.
(A)
blood pressure
(mmHg)
100< BP ≤108
108<BP≤116
116<BP ≤124
124<BP ≤132
132<BP ≤140

Fuzzy
categorization
VL
L
M
H
VH

(B)
Heart rate
(bpm)
60< HR ≤70
70<HR ≤80
80<HR ≤90
90<HR ≤100
100<HR ≤120

Fuzzy
categorization
VL
L
M
H
VH
(C)

Age

Fuzzy
categorization
VL
L
M
H
VH

1< Age ≤20
20< Age ≤40
40< Age ≤60
60< Age≤ 80
80< Age ≤100
(D)
Weight
(Kg)
1< Weight ≤20
20< Weight≤40
40< Weight ≤60
60< Weight≤ 80
80< Weight≤100

Fuzzy
categorization
VL
L
M
H
VH

TABLE II. OUTPUT FUZZY PARAMETERS INCLUDE A) FENTANYL AND B)
MORPHINE.
(A)
Fentanyl
(µg)
70< Fentanyl ≤90
90< Fentanyl ≤110
110< Fentanyl ≤130

Fuzzy
categorization
VL
L
M

130< Fentanyl ≤150
150< Fentanyl ≤170

H
VH

(B)

V. SIMULATION
System inputs are parameters of blood pressure, heart rate,
age, and weight, which have turned into fuzzy parameters. In
MATLAB, a new project is created using the FIS toolbox. The
membership functions of blood pressure, heart rate and age,
and output of Fentanyl and Morphine are considered triangular.
Fuzzy linguistic rules related to cesarean section are
implemented using the “ruleedit” command.

Morphine
(mg)
6<Morphine ≤9

fuzzy
categorization
VL

9<Morphine ≤12

L

12<Morphine ≤15

M

15<Morphine ≤18

H

18<Morphine ≤21

VH

In Figures 2 to 6, the fuzzy relationship between the
injection rate of Fentanyl and Morphine and other input has
been identified. The relative injection error of the injected drug
by the specialist in the first stage as well as the injected dose by
simulation compared to the final dose of the drug is calculated
through the following equation. The error of all graphs is
calculated through the following formula:
100

i

1, 2, 3, … , 10

(2)

In this case yfi is the final dose value and is the initial dose or
simulation dose. As shown in Figure 2-a, except the first and
seventh subjects, in the rest of the population, the dosage of the
injected Fentanyl is in accordance with the recommended dose
by the anesthetist and the final injection drug.
Anesthesiologist's error rate in this drug is 0% and the
simulation error rate is generally 13%. In Fig. 2-b, the error
rate of the injected drug by the specialist to the final injection
drug is 19.6% and the error rate of the simulation drug versus
the final injection drug is 3.2%. Therefore, for Morphine,
according to the results, the drug used in simulation is more
accurate.
In Figure 3-a, it is also observed that the dose of Fentanyl is
accurately equal to the recommended dosage by anesthetist and
final injection drug. The visible irregularities in the chart are
due to the effect of interference inputs on one another. In Fig.
3b, the injected dose of Morphine increases with oscillation
when the average blood pressure increases (higher than 110).
The error rate of the injected drug by the specialist to the final
injection drug is 19.6% and the error rate of the simulation
drug versus the final injection drug is 3.2%. Therefore, the drug
used in simulation is more accurate for Morphine, according to
the results. In Figure 4-a, it is observed that when the heart rate
increases, which is a sign of patient's alertness, the rate of
injection of Fentanyl is increased, so that the patient returns to
the anesthetic state, although due to the influence of other
factors in the injection, such as blood pressure, weight and age,
in some cases, there are some disorders. The dosage of injected
Fentanyl is accurately equal to the recommended dose by
anesthetist and final injection drug. In Figure 4-b, the error rate
of injected Morphine by a specialist to the final injectable drug
is much higher than the amount of error in the simulation
compared to the final injection drug. Therefore, the drug used
in simulation is more accurate for the injected Morphine,
according to the results. In Fig. 5-a, it is also observed that the
increase in age, increases the amount of injected Fentanyl, due
to the resistance of the body against the anesthetic drugs; also,
the anomalies are due to the effect of other factors on the drug.
The dosage of injected Fentanyl is accurately equal to the
recommended dose by anesthetist and final injected drug. In
Figure 5-b, the increase in age increases the amount of injected
Morphine, but again due to the interference of other inputs,
irregularities are observed. The error rate of the injected drug
by the specialist to the final injectable drug is much higher than
the amount of error in the simulation compared to the final
injected drug.

(a)

(b)
Figure 2. The amount of injected dose of a) Fentanyl; and b) Morphine; (-o) The initial dose of injection by anesthetist, (-*) - Final dose rate and (-+) Injection dose rate by simulation.

(a)

(b)
Figure 3. Fuzzy relation between the input of the mean blood pressure and
the amount of injected dose of the drug; a) Fentanyl; and b) Morphine; (-o) The initial dose of injection by anesthetist, (-*) - Final dose rate and (-+) Injection dose rate by simulation.

(a)

(b)
Figure 4. Fuzzy relation between the mean heart rate input and the dose of
injected drug a) Fentanyl and b) Morphine; (-o) - The initial dose of injection
by anesthetist, (-*) - Final dose rate and (-+) - Injection dose rate by simulation.

(a)

(a)

(b)
Figure 6. Fuzzy relation between the weight and the amount of injected
dose of drug a) Fentanyl and b) Morphine; (-o) - The initial dose of injection by
anesthetist, (-*) - Final dose rate and (-+) - Injection dose rate by simulation.

As shown in Figure 6-a, weight variation cannot accurately
determine the dosage of injected Fentanyl since according to
the figure, the dosage of an injected drug is the same for the
people who do not weigh more than 75 kg. Therefore, there are
other important factors in determining the rate of drug
injection. At this stage, the dosage of injected Fentanyl in
simulation is equal to the recommended dosage by the
anesthetist and the final injected drug. In Fig. 6- b, the amount
of injected Morphine by simulation, as well as by the specialist,
is less than actual value. However, the error rate of the injected
drug by the specialist to the final injected drug is much higher
than the simulation error rate to the final injected drug.
Therefore, the drug used in simulation is more accurate for the
injected Morphine, according to the results. In all graphs, the
error rate of the injected drug by the specialist was 0% for
Fentanyl and 19.6% for Morphine, but the pharmacokinetic
error rate was 13% for Fentanyl and 3.2%forMorphine;
therefore, due to the amount of errors, using Morphine through
simulation is better due to its lower error rate.
V. Discussion and Conclusion

(b)
Figure 5. Fuzzy relation between the age and the dose of injected drug a)
Fentanyl and b) Morphine; (-o) - The initial dose of injection by anesthetist, (*) - Final dose rate and (-+) - Injection dose rate by simulation.

In this study, we examined and simulated the control of a
patient's anesthesia depth during the operation through vital
signs including heart rate and mean blood pressure, age and
weight parameters using MATLAB. Due to the fact that vital
signs are always available, they can be used easier and more
efficiently than other parameters. The specialist's mean error
rate between the initial value and the final injection rate was
0% for Fentanyl and 19.6% for Morphine. However, the error
rate of the proposed system in determining the dosage of the

drugs, between the final injection rate by the specialist and the
system output was13% for Fentanyl and 2.3% for Morphine.
Therefore, due to this error rate, the application of Morphine
has been done more accurately by simulation, but the Fentanyl
system has not responded well enough, and the amount of this
error can be reduced using intelligent combination prediction
algorithms. The proposed system can increase the reliability of
patients' anesthesia as a prescriptive dosage of anesthetic drugs
and help clinicians determine the dosage of anesthetic drugs.
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