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Abstract. The problem of treating chronic wounds has become a critical condition for
patients who suffer from chronic diseases such as diabetic foot disease, as this condition
has become life-threatening for many people in the world. Electrical stimulation devices
have played an important role in treating many cases and directly affected the development
of therapeutic techniques and health care in the field of treatment and healing of wounds
of all kinds. In this paper, the electrical stimulation device is designed by simulating
the design of all the characteristics and parts of the device based on Matlab Simulink
in addition to the Arduino platforms Integrated Development Environment (IDE) and
fritzing. The model designed and proposed in this study provides the characteristics of
current, voltage and variable frequencies. It is suitable for many medical conditions and
different types of wounds, whether they are acute or chronic, by providing a direct or
monophonic current signal with different strengths and variable periods that help in the
healing process.
Keywords: Matlab Simulink (MS), Integrated Development Environment (IDE), Direct
Current (DC), Monophonic Current (MPC)

1. Introduction. Internal and external electrical currents control the internal biological
electrical cellular system through the exchange between internal and external cells at the
cell and organism level, which is necessary to maintain the basic physiological processes
of the body in general and the skin in particular [1]. The wound healing process is attrib-
uted to one of the functions of the skin, in addition to protecting the internal organs from
external damage and maintaining the internal cellular balance by producing cellular cur-
rents, which in turn assist in the wound healing process by stimulating cells to migrate to
the wound site and close it [2]. When the patient suffers from a problem in the functions
of the skin, this may affect the process of generating internal cellular currents, and this
leads to a delay in the healing process of wounds, such as patients who suffer from chronic
diseases such as diabetes mellitus and loss of growth factor [3,4]. Researchers considered
the problem of chronic wounds and wound healing to be a major problem, which led most
of them to develop several therapeutic methods to accelerate wound healing, such as anti-
septics, antibiotic growth factors, pressurized oxygen, and bioengineered skin substitutes,
and physiotherapy methods such as Electrical Stimulation (ES) and nanogenerators [5,6]
as well as polymeric hydrogel membranes that act as wound dressings augment the heal-
ing process [7]. The focus of attention and attraction for the majority of researchers is
the ES devices because of their great role in activating cells and assisting the migration
of fibroblasts and stem cells towards the cell sites [8]. The areas of application of electri-
cal stimulation devices differ within health care applications, and through studies, they
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have had a great role in treating wounds, especially for patients who lack natural skin
properties and those who suffer from chronic diseases and diabetes mellitus, as they have
a great role in stimulating skin cells migration to wound sites and stimulating cells fi-
brous and help them spread and accelerate the healing process [9]. This paper proposes a
model for simulation designing an electrical stimulation device using Matlab and Arduino
simulation, encompassing various therapeutic functionalities for wound treatments.

2. Electrical Stimulation. The wound healing process is a very complex process that
goes through several stages, including coagulation, cellular multiplication, proliferation
and bacterial infections associated with this process [10]. If the skin is damaged, internal
currents are created to help generate the four processes to speed up the healing process,
but in the case of chronic disease, the skin loses the ability to perform the healing process
and reduces functionality by 25% [11]. Here comes the role of ES devices that compensate
for the skin functions to increase wound healing. The ES is constructed with certain
properties as follows.

1) Voltage
As described in [3], the Electromotive Force (EMF) that can move charged particles

when two electrodes are linked to the body is voltage (V) (ions across cell membranes
in damaged tissues). The amount of voltage applied to the wound during healing can
range from 1 mv to hundreds of volts per mm area of the skin.

2) Current
As mentioned in [3,12], electro-stimulation devices utilize two types of currents:

Direct Current (DC) and Monophasic Pulsed Current (MPC). In wound healing, these
currents are applied with polarity, with the cathode and anode charged to generate
currents that mimic or enhance the disrupted internal polarized current following tissue
damage. Figure 1 illustrates the DC and MPC waveforms. Based on previous studies
[3,12,13], these currents can be categorized into four different types, depending on the
specific wound characteristics.

Figure 1. The current waveforms in the ES device

3) Method for applying the ES device
Many studies have been done within the field of using electrical stimulation devices

in the treatment of wounds, but all of them agree with the principle for wound healing
process as shown in Figure 2.

Several studies have explored the use of electrical stimulation devices based on the
principle mentioned above. In one study [13], a conventional electrical stimulation device
was utilized, resulting in increased migration of fibroblast cells in the wound area using
voltage ranging from 25 to 100 mV and current ranging from 2 to 3 mA. Another study
[14] focused on nanogenerators to enhance cell migration in smaller wounds, with applied
currents ranging from 10 to 50 µA. In a separate study [15], a flexible printed ES device
with a gauze dressing was used to generate low voltage (4 to 40 V) and high voltage
(40 to 100 V), demonstrating improved wound healing with low voltage application. In
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Figure 2. The basic principle of ES device

summary, based on the reviewed studies, electrical stimulation devices vary in therapeutic
values and techniques, with voltage ranging from millivolts to over one hundred volts and
current ranging from microamperes to milliamperes. This study aims to design a simulated
model that accurately represents the outputs of an electrical stimulation device within
these voltage and current ranges.

3. Proposal Design of ES Device. According to the principle design of the ES de-
vice as in Figure 3, the proposed design aims to design an ES device that has several
characteristics and solves most of the problems facing ES devices:

• Design an easy-to-use, compact, wearable device.
• Works to save power and electrical energy by designing rechargeable outlets and
power sources.

• Able to deal with different types of wounds by generating different values of current
and voltage of different frequencies.

Figure 3. The hardware connection of ES device with patient

As in Figure 4, the ES design depends directly on the continuous voltage source, which
is provided by a lithium battery, ranging in value from 3 to 3.7 volts [16]. Then the volt-
age output from the battery is amplified utilizing DC to DC converter [17,18], the whole
system parameters voltage, current and frequency can be controlled using Arduino [19] to
generate different types of signals waveform like the direct current DC and monophonic
current MPC with low or high voltage intensity applying through H-bridge [20] to ensure
voltage control. The stages of designing the simulation of the proposal electrical stimu-
lation device can be divided into several stages, including the battery and the charging
mechanism, voltage converting and amplification, control the voltage, current, frequency
waveforms.
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Figure 4. The proposed design of the ES device

4. Simulation Design and Result of ES Device. The ES device is designed using
Matlab Simulink, through which necessary properties for the ES device voltage and cur-
rent can be generated. The reason for using Matlab is that it gives flexibility in dealing
with waves, especially in medical fields such as the brain [21], heart signals, ES, and others.
The fritzing Arduino platform is used to allow ES device schematic diagram simulation
and design.

4.1. Battery and charging. A lithium-ion battery with a capacity of 3.7 volts was used
as the main power source. Table 1 shows the characteristics of a Li-ion battery.

Table 1. The Li-ion battery characteristics

Parameters Settings
Nominal voltage 3.7 V
Rated capacity 1 Ah

Full charge voltage 4 V
The initial state of charging 95%

The charging source for the battery is represented by a secondary battery that charges
the battery if the percentage of charge in the primary battery drops below 95% when the
state of charge of the main battery is equal to or less than this percentage the secondary
battery will work through the circuit breaker to ensure the continued provision of power
to the rest of the device and to prevent interruptions.
The Matlab function block in Figure 5 will read and detect the SOC of battery 1 (B1)

if it is less than or equal to 95% and the circuit breaker (BK 4 and BK 2) will be in a
short circuit and discharge the battery (B2) in (B1) to reach the full charging state. The
output of the charging and discharging of the battery unit is shown in Table 2 for 30 s
sampling times.

4.2. DC to DC boost converter unit. In this unit, the DC voltage is enlarged to
different values that are suitable for the applications to be used in the wound healing
process and to make the device suitable for many applications. This unit depends on
several data during the design of the boost converter as in [24]. Figure 6 illustrates the
working principle and the modelling of the boost converter.
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Figure 5. The battery and charging using Matlab

Table 2. The output of the battery unit

Parameters Settings
Output voltage 3.72 V
Output current 0.52 Ah

SOC 99%

Figure 6. The boost converter circuit

The boost converter works based on the switches on and off modes:

• A. Switch on and Diode off.
• B. Switch off and Diode on.

The time of the duty cycle is defined as

T = Ton + Toff (1)

where Ton is the on-time of the switch, and Toff is the off-time of the switch.
The switching frequency is defined as

F = 1/T (2)

where T is the full-time period of Equation (1).
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The duty cycle (D) is

D = Ton/T (3)

Using the KVL for mode A to analyze the steady-state operation of the boost converter:

Vi = VL (4)

where Vi is the input voltage, and VL is the inductor voltage.
The duty cycle will equal the Ton only. Again recall KVL for mode B:

Vi = Vo + VL (5)

The voltage relationships in all cases depend on the amount of voltage in the inductor,
so choosing the value of the inductor in the design is very important. Figure 7 shows the
Matlab Simulink of the boost converter as below.

Figure 7. The boost converter using Matlab Simulink

In this design, a wave generator was used to control the working time of the switch for
the on and off period, and a variable resistance associated with the output unit was used
to control the amount of voltage and the amount of current that will be supplied to the
rest of the device units as shown in Table 3.

Table 3. The simulation of boost convertor using Matlab

Vin (V) Iin (A) Fs (Hz) L (H) Dc Io (A) Vo (V) C (µf)
3.7 0.5 200 0.001 95 0.85 150 33
3.7 0.5 200 0.001 60 0.36 36 33
3.7 0.5 200 0.001 40 0.18 18 33
3.7 0.5 200 0.001 10 0.03 3.5 33
3.7 0.5 200 0.001 5 0.02 2.8 33

Table 3 shows that adjusting the duty cycle in the boost converter affects the output
voltage and current. With a duty cycle of 95%, the voltage can reach a maximum of 150 V
and a minimum of 2.8 V. These voltage levels are well-suited for the electrical stimulation
device in various wound healing applications.
In Matlab Simulink, voltage and current sensors are used as measurement units, which

will later be replaced by Arduino models. The key principle involves providing a PWM
signal to the solid-state switch within specific time intervals determined by the duty cycle.
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4.3. Current waveform control. In this section, a simulation process was designed
to generate two types of currents: Direct Current (DC) and pulsed monophasic current.
These currents aim to meet the requirements of wound healing in order to enhance the
device’s versatility.

The electrical stimulation device generates different types of current signals by inte-
grating the user’s analogue input signal with the boost output signal. This integration
process is facilitated by the analogue-to-digital converter with a PWM signal, as shown
in Figure 8.

Figure 8. The current waveform control unit

The output of the control unit is illustrated as in Figure 9 below.

Figure 9. The current waveforms are produced by the control unit.

The output of the boost converter is illustrate as in Figure 10 below.

Figure 10. The output of the boost converter is controlled by the wave-
form control.



408 F. J. JASEEM, J. K. ABED AND A. R. AJEL

Usually, direct current is used in the process of healing wounds with a low current and
low voltage intensity for intermittent periods to avoid burns that may occur during the
treatment process, while alternating the monophasic current is used with high intensity
and intermittent and long periods to treat chronic wounds.

4.4. Arduino control unit. This unit is considered the main part of the design of the
electrical stimulation device as in Figure 11, through which all functions of the device
are controlled and the appropriate values for treatment are chosen in terms of voltage,
current, and type of treatment wave concerning the type of wound.
This unit is divided into several stages, as follows:

• VCF controller
• Voltage and current driver
• Voltage and current sensors
• Display unit

Figure 11. The ES device schematic diagram using fritzing

Table 4 shows the parameters used to design the ES device using the fritzing platform.
The variable resistor allows for selecting of voltage, current and frequency as below:

X = analogRead(A) (6)

where X is the analogue variable selected by a variable resistor, and A is the analogue
pin of the Arduino.
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Table 4. The parameters of the ES using Arduino

Unit Lable name Function
Arduino UNO rev3 Main controller
Relay KY-019 Apply the voltage according to the PWM signal

H-Bridge L298 Voltage and current driver
Boost converter MT3608 Step up converter
Voltage sensor ARD718 Voltage measurement
Current sensor ACS712 Current measurement

LCD LCD 16X2 Screen monitor
Variable resistor R Using A/D for selecting the treatment techniques

Battery Li-ion 3.7 V 0.5 Ah main DC source

Perform mapping function for Equation (6):

y = map(X, 0, 1023, value1, value2) (7)

where y is a new variable in digital form, value1 is the minimum value, and value2 is the
maximum value.

Equation (7) can be used for any variables of the ES device based on the user selection.

5. Simulation and Control of the ES Using Arduino. In this part, the process of
simulating and calibrating the outputs of the power transformer using Arduino and the
available readings from the sensors based on Equations (6) and (7) as shown in Table 5
below.

Table 5. The control and calibration procedure

Vo of the boost Io of the boost Vsensor (analogue) Isensor (analog)
150 V 0.85 A 1023 1023
2.8 V 0.02 A 0 0

To match the same reading the mapping Equation (7) was used based on Table 3, using
the formula below:

Vsensor = map(Vo , 0, 1023, 150, 2.8) (8)

Isensor = map(Io , 0, 1023, 0.85, 0.02) (9)

The voltage-current control and selection are based on the same principle of the control
and calibration procedure that perform on voltage and other variables as shown in Table
6.

Table 6. The voltage and current output of the L298

R1 (analogue voltage) R2 (analog current) Vo to relay Io to relay
10 12 2.8 0.024
90 84 16.8 0.082
615 620 91.2 0.41
1020 1022 146 0.78

The PWM signal of Arduino generated by the analogue signal of the R3 is used for
waveform selection which will be applied to the patient through the output of the relay
to select the wanted frequency by using Arduino ADC as Table 7.

Again Equation (7) can be called for different types of frequency values according to
the healing techniques.
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Table 7. The frequency generator values

Analog signal of R3 Generated PWM Generated frequency in Hz
0 0 1

1023 255 200

6. Conclusion. ES devices have an effective impact in the field of health care because of
their ability to deal with many medical applications, which include stimulation of muscles
or human tissues and restoring the cellular activity of damaged or chronically diseased
skin. Many studies were conducted in this field, but few of them used the methods of
designing electrical stimulation devices, as most of the studies sought to study the effect of
these devices on the therapeutic field and their ability to treat and heal chronic wounds. In
this paper, a simulation of the electrical stimulation device was designed by the proposed
model using Matlab and Arduino. The simulation results proved that the main objective
of the design is to control the amount of voltage and current that is produced by the
boost converter and make them different values that are suitable for most applications
of the electrical stimulation device in the field of wound healing. The properties used by
Arduino make it easy to control different ranges of current, voltage, and frequency to
produce different shapes and values of therapeutic waves. In future work, the ES device
can be implemented based on the simulation results in this research paper, and ES device
monitoring technique can be used through the Internet of Things to make the device more
flexible and efficient for people who are unable to move or who suffer from chronic diseases.
In addition, one can enhance the present research by designing embedded systems based
on FPGA to implement the classifier within real-time environment [23-36].
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