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ABSTRACT

Background of the study: Stroke survivors 

are at high risk of paralysis, either in one 

form or another. In the following context, 

rehabilitation has been a practical domain to 

cater to the challenges and limitations faced 

by stroke individuals. To be precise, 

electrotherapy has proven to be a promising 

solution for pain and spasticity. This project 

aims to take an optimistic approach by 

integrating TENS and FES into a single 

system and, concurrently, designing a 

Bluetooth-controlled app to enable remote 

control of the device's modes and 

parameters.  

Methodology: A battery powers the SET 

Unit and the user operates the device through 

a Bluetooth mobile app. The input is fed to 

the microcontroller that processes the input 

and sends control signals to the TENS or 

FES unit. The selected module generates 

electrical pulses delivered to the patient's 

body through electrodes placed at the 

specified area. Simultaneously, feedback is 

provided to and from the mobile app to 

adjust the parameters or send real-time 

updates of the therapy session.  

Results: The results consisted of obtaining 

monophasic waves and controlling the pulse 

width modulation (PWM) and pulse 

amplitude within the range of 1-50 mA for 

TENS and 1-100 mA for FES. These 

parameters were successfully varied using a 

smartphone application.   

Conclusion: Smart Electrotherapy Unit 

(SET) will bring innovation in rehabilitation 

and physiotherapy, providing an exhaustive 

solution to pain management and muscular 

movement.  

Keywords: Paralysis, rehabilitation, 

electrotherapy, remote control, functional 

electrical stimulation, transcutaneous 

electrical nerve stimulation. 

 

INTRODUCTION 
For decades, peripheral nerve stimulation has been widely used to overcome medical disorders 

involving peripheral nerves, such as stroke and chronic pain. The peripheral nervous system 

performs all voluntary and involuntary actions. Thus, any sort of pain or difficulty during 

muscular movement is directed to the nerve tissue1-3. The mechanism of action is known to have 

been initiated in 1960, termed the Gate Control Theory proposed by Melzack and Wall. According 

to this theory, the spinal cord acts as a” gate,” allowing or blocking the pain signals from travelling 

to the brain.  
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At the spinal cord level, the pain sensation is detected by specialized nerve endings called 

“nociceptors,” which are essentially sensory receptors that initiate the transmission of pain 

perception to the brain3-5. In the context of stroke-induced paralysis, electrotherapy has been a 

promising solution for pain and spasticity6-8. The term encompasses medical interventions for 

both central and peripheral nervous systems, inducing physiological responses in the nerves or 

tissues of the human body. This response is beneficial in providing pain relief, tissue repair, 

strengthening and restoring muscle movements, and improving the body's overall functioning2. 

Thus, for techniques like Transcutaneous Electrical Nerve Stimulation (TENS) and Functional 

Electrical Stimulation (FES), peripheral nerve stimulation distinguishes itself as the specialized 

modality in the modulation of peripheral nerves. Electrotherapy is a sub-technique that utilizes 

mild electric currents to regulate neural activity. Thus, the goal of designing a Smart 

Electrotherapy Unit (SET Unit) is to provide rehabilitation by integrating the two different 

electrotherapy interventions, including                Transcutaneous Electrical Nerve Stimulation (TENS) and 

Functional Electrical Stimulation (FES), to assist individuals with stroke-induced paralysis. The 

prototype uses electrical impulses to stimulate muscles and nerves for therapeutic purposes, along 

with the enhanced features of controlling with a mobile application. This allows users to 

customize their therapy sessions and progress at their own pace.  Moreover, TENS is a battery-

operated device that uses low-voltage electric currents to deliver electrical impulses via electrodes 

attached to or near the pain area at the skin's surface. It blocks the nerve fibres that carry pain 

signals to the brain. TENS is a cost-effective, non-pharmacological approach employed to address 

both acute and chronic pain condition 9-11.Similarly, FES is an assistive technology that stimulates 

muscles to restore muscular movements. It targets the efferent nerve fibres or motor nerves that 

transmit the electrical impulses directly from the CNS to the target muscle to contract or cause 

movement. Moreover, the motor nerves control voluntary and involuntary movements as well. 

This technology has been immensely beneficial, especially for restoring movement after 

paralysis. Electrical discharges stimulate muscle contractions for tasks including gripping keys, 

holding toothbrushes, standing, and walking12. The Smart Electrotherapy Unit is designed in 

different   stages, including hardware design, Bluetooth-controlled app design, data collection and 

interpretation, and testing and validation. In the hardware process, the circuitry was designed and 

integrated into one to obtain the desired output signals. Moreover, for the software design, we have 

used MIT App Inventor to design the Bluetooth-based application to smartly control the device, 

allowing the users to select the type of therapy and adjust different modes and parameters as per 

choice. Several types of research have been done in designing the TENS and FES unit, controlling 

through Arduino, and developing a mobile application. Moreover, previous studies related to 

peripheral nerve stimulation have also been done. A few of them are discussed below. 

 

1. The first research was about a three-week PNS used to determine the effect on reducing chronic 

hemiplegic shoulder pain.  Twenty-five participants in total, 13 treated with PNS   and 12 with 

usual care. Percutaneous electrodes were given for PNS and outpatient PT by the therapist, 

along with exercises, for usual care. Shoulder discomfort decreased and lasted for more than 12 

weeks post-treatment. Thus, a Three-week PNS is safe and effective13. 

2. This study observed the impact of TENS and FES             on stroke patient's gait characteristics. Thirty 

stroke patients, 15 each divided into TENS and FES. TENS stimulates sensory nerves (sural 

nerve of the paretic limb), and FES is used for motor nerves (below the fibular head in the paretic 

limb). Immediate improvement in speed is only possible in FES; thus, FES can restore walking 

ability faster14. 

3. A simple design and step-by-step transcutaneous electrical stimulator (TES) prototyping is 

presented. The stimulator contains three primary modules: a DC-DC boost converter, a Full H-

bridge driver, and a Microcontroller unit. The stimulator is easy to use for non-invasive spinal 

cord stimulation. This could be beneficial for many communities globally. However, testing it 

in specific settings designed for TESCS will help understand how the stimulator influences the 
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nervous system15. 
4. Propose a TENS system that can relieve any patient’s muscular pain and sprain using an 

electrical current. The duty cycle is controlled using the PIC18f4550 microcontroller. The user 

must select the mode from continuous or burst mode. Frequency, amplitude, and width in 

continuous mode can be adjusted using analogue input to ADC of PIC18F4550. Under the 

patient's control, the current gradually increases until tingling is felt. Symmetric waveforms with 

variable frequency (50-100Hz) were generated using the Timer module of PIC18F4550 16. 

 

METHODOLOGY 
 

The study design bench testing of the device is conducted to evaluate the operational performance 

of the SET Unit and ensure that it follows the safety protocols and is ready to be tested on human 

subjects. This will be followed by human trials, where several participants will test the device and 

provide real-time feedback, which will be used to further optimize the effectiveness of the SET 

Unit before introducing it to the market The study includes 20 healthy participants (10 males and 

ten females; 20-45 years) for initial trials. This sample size is sufficient to assess the SET Unit's 

functionality and user satisfaction while ensuring practical preliminary evaluation and data 

analysis. Moreover, participants provided informed consent and exhibited their willingness to 

participate in the study. Patients with implanted devices, such as pacemakers, and severe or open 

wounds at the electrode placement site were excluded from the trials. The study was conducted 

with the approval of the Research Ethics Committee, NED University of Engineering and 

Technology. 

Figure 1 displays the experimental protocol of the study. The procedure was explained to all 

participants, who were instructed to sit and relax. Next, the participants were divided into two 

groups (Group A and Group B), comprising an equal number of participants in each group: 5 males 

and five females. The experiment began with a Cold Pressor Test (CPT) to measure the pain 

threshold. After experiencing 10 seconds of maximum pain CPT, the participant removed their 

hand from the cold water. CPT was performed twice: before and after the stimulation. Following 

the initial CPT test named CPT1, the participants rested for 30 minutes. Both groups then received 

15 minutes of stimulation, with Group A using the Commercial TENS unit (Intensity Combo III, 

USA) and Group B using our developed SET Unit. After stimulation, both groups underwent a 

second CPT named CPT2.  

 

    Cold Pressor Test (CPT) 

    The Cold Pressor Test is used to study pain intensity and response by exposing the human body to 

frigid temperatures, typically around 1-4°C. The method induces nociceptive thermal pain and 

measures the pain threshold reported by each participant. The experiment began with the protocols 

mentioned in various studies17,18,19. Following this, all participants were instructed to submerge 

their leading hand up to their wrist in ice-cold water at a water temperature between 1°C and 4°C. 

The moment pain became unbearable for the participant, they withdrew their hand from the chilled 

water. Pain intensity was measured using the numerical pain intensity scale after 10 seconds of 

hand withdrawal from CPT. 

 
Figure 1. Experimental Protocol of the study 
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A. Development of Smart Electrotherapy Unit 

 

Selection of Battery/ Power Supply 

Selecting the correct battery for the SET unit is crucial for the device to work properly. The TENS 

and FES units mostly require a voltage range of 0-100 volts. The choice depends on the 

specifications and may vary from one device to another. Thus, we will use either a 9V rechargeable 

battery for our SET unit or another as needed. 

 

User Interface and Control 

A battery powers the SET Unit, and the user operates the device through a Bluetooth mobile app. 

The modes and parameters are customizable; for example, selecting TENS or FES mode and 

setting the pulse duration or intensity is entirely up to user preference. 

 

The Control System 

This input is fed to the control system, where the microcontroller processes the input and sends 

control signals to the TENS or FES unit. The selected module generates electrical pulses through 

a pulse generator such as a 555 timer IC. The pulse generator also controls the device's parameters, 

such as intensity or pulse frequency. These pulses are delivered to the patient's body through 

electrodes placed at the area of therapy needed. Simultaneously, feedback is provided to and from 

the mobile app to either adjust the parameters (the user inputs the command) or send real-time 

updates of the therapy session (through the microcontroller). Figure 2 displays the block diagram 

of the SET unit. 

 

Software Bluetooth App Design 

The hardware design was completed by designing a Bluetooth app using a Bluetooth module HC-

05 to develop an interface controlled through the mobile app to allow the users to select their 

respective mode (TENS or FES) for using the device. Controlling the SET unit using the Bluetooth 

app is a novelty in our project. The MIT App Inventor is used to design the application, named 

'SET_UNIT.' 

 
Figure 2. Block Diagram of SET Unit 

System Architecture 
 The design consists of hardware and software design. 

Hardware Design Key Components  

The following components mentioned below were used in designing the SET unit. Figure 3 

displays the component list. 
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1. Arduino UNO 

Arduino is used for creating electronic projects. It consists of a microcontroller (programmed 

circuit panel) and Software that runs on the computer. This board comes with six inputs of 

analogue, 14 digital input or output (I/O) pins that can be used for PWM generation, a USB 

connector, and a reset button. The Arduino Uno replaces the PWM generator circuit in this work20. 

 

2. MOSFET IRF9640 

The IRF9640 metal oxide semiconductor field effect transistor (MOSFET) is efficient enough to 

produce low power output. It is used for switching purposes and amplifies electronic signals. Signs. 

MOSFET is a three-terminal transistor consisting of a source, body, drain, and gate terminal. 

However, the body and source are internally short-circuited, making the transistor a three-terminal 

device21. 

 

3. Potentiometer 

A potentiometer is used to regulate the output current that is injected into the human skin. It also 

changes the terminal voltage. Thus, the body's current flow can be adjusted to avoid discomfort22. 

 

4. Resistors 

Resistors are used to limit the amount of current flowing through a circuit. 

 

5. Capacitors 

Capacitors are used to ensure smooth operation and minimize electrical interference. It also 

reduces the electrical hazards for patients and operators. 

 

6. Power Supply/battery 9V 

A 9V battery provides a compact and portable power source, making it suitable for our project to 

operate in remote locations without access to mains power. 

 

7. Step-up transformer 

A step-up transformer can provide the required voltage boost. In this circuit, the required voltage 

is 60V, with a 1:10 ratio of transformer21. 

 

B. Software Design Components  

 

Bluetooth Module 

The HC-05 module is a cost-effective and reliable solution for adding Bluetooth capabilities to 

various electronic devices and projects 

. 

MIT App Inventor 

MIT app inventor is used to build an application to control an electrotherapy unit remotely through 

a smartphone via Bluetooth (HC-05 module). The design editor is a drag-and-drop interface that 

lays out the elements of the application user's interface. In contrast, the block editor in an 

environment in which the app inventor visually lays out to describe their app's logic using colour-

coded blocks that snap together like puzzle pieces to describe the program23. 

 

Working 

Using the mobile application, Arduino will receive the command to activate the TENS or FES 

circuit. The Arduino will direct the MOSFET (Metal Oxide Semiconductor Field Effect Transistor) 

to turn ON. The low-voltage current from the power supply (9V) will begin to flow. The present 

voltage is inconsistent/ fluctuating and needs to be stabilized. This is done in voltage regulation, 

where a capacitor (10-100 microfarad) smooths out the AC voltage. Next, the stable, low voltage 
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needs to increase. For this, a step-up transformer will increase the voltage to a higher or desired 

level. 

 

 
 

Figure 3. Components Used in the Design of the Prototype 

 

Prototype Design 

The prototype is designed in two phases: Hardware (shown in Figures 4 (a, b and c) and 

Software (shown in Figures 7,8 and 9) Application.  

 

A. Circuit Diagram and Hardware implementation 

 

 

a. Circuit Diagram of SET Unit b. Final Breadboard Circuit 
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c. Multisim Circuit 
Figure 3. a, b, and c show the final circuitry and representation of the SET Unit 

 

 

 

A. Smartphone Application 

 

 
 

Figure 5. User Screen interface first & final screen                                
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Figure 6. Coding Blocks of MIT App Inventor 

  

 

 

RESULTS 
A. Analysis of Experimental Procedure  

The results from the experimental process are displayed in Table 1 below. The outcomes for pain 

perception for commercialized TENS and SET units were compared to determine their 

effectiveness using the visual analogue scale.  The participants rate their pain levels on a numerical 

scale that is employed to evaluate the intensity of pain, ranging from 0 to 10, where mild or no 

pain lies on the left side of the scale closer to 0, and intolerable pain is rated at the right, close to 

10.  Analysis of demographic data revealed no statistically significant difference (p > 0.05) in age 

and pre-pain intensity across two groups (Group A: age =25.5 ± 2.31 years and pain intensity =7.7 

± 1.49) and (Group B: age = 25.2 ± 2.67 years and pain intensity = 7.5 ± 1.43). The post-pain 

intensity scores of Group A (p = 0.0001) and Group B (p = 0.0012) exhibited a significant 

difference compared to the pre-pain intensity scores of both groups 

 
Cold Pressor Test Results (CPT)  

Subject 

GROUP A 

Subject 

GROUP B 

Pre-Pain 

Measurement 

Intensity 

Post-Pain 

Measurement 

Intensity 

(After TENS 

Therapy) 

Pre-Pain 

Measurement 

Intensity 

Post-Pain 

Measurement 

Intensity 

(After Testing 

SET Unit) 

1 8 6 1 7 4 

2 9 6 2 9 6 

3 8 5 3 5 2 

4 7 4 4 7 3 
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5 6 3 5 8 5 

6 9 5 6 6 2 

7 5 2  7 9 5 

8 7 3 8 8 5 

9 8 5 9 6 2 

10 9 6 10 5 2 

Table 1. Results of the Experimental Procedure show changes in pain intensity levels of CPT before and after 

applying TENS and SET therapy. The pain intensity overall decreases after the treatment 

 

Analysis of Parameters of Smart Electrotherapy Unit (SET Unit) 

The results from the prototype are shown below (Figure 10).   The Pulse Width Modulation (PWM) 

varied in the range 0-10, during which time the duty cycle changed from 9% to 99%. The voltage 

level was achieved at a maximum of 60 V after stepping up the voltage using a step-up transformer. 

We successfully achieved monophasic waves, like the standard research, as these pulses have an 

add-on advantage in allowing precise selection of muscles or nerves in stimulating and are 

relatively more straightforward to generate than other waves, such as biphasic waveforms. 

Moreover, our prototype's pulse amplitude (mA) is paramount. We have targeted the parameter 

within the range of 1-50 mA for TENS, which is acquired by 80% of TENS units; the range is 

safer and comfortable enough to provide pain relief and is below the motor threshold, the value at 

which we induce muscle activity. In contrast, 1-100 mA for the FES unit is targeted after a 

thorough study and keeping up with almost 80% of the research work. Arduino Uno, Bluetooth 

HC-05, LM324 IC, and MOSFET IRF9643 drive our circuit. According to Figure 9, the coded 

blocks display the working of the smartphone application.  Considering the block of pulse 

amplitude, when the value is not equal to 0, we subtract the initial value from 1 to obtain the result. 

Similarly, when the value is not equal to 10, then we add 1 to it to acquire the final value. For 

instance, when the present number is four, and we need to decrease the pulse amplitude, the 

subtract button will be pressed, the coding block will read the value as not equal to 0, subtract one 

from it, and the result will be 1. The opposite is true for increasing the pulse amplitude. 

 

 
Figure 7.. Obtained Monophasic Waves 

 

DISCUSSION 
The Smart Electrotherapy Unit is designed under different stages, including hardware design, 

Bluetooth-controlled app design, data collection and interpretation, and testing and validation. In 

the hardware process, the circuitry was designed and integrated into one to obtain the desired 

output signals. Moreover, for the software design, we have used MIT App Inventor to design the 

Bluetooth-based application to smartly control the device, allowing the users to select the type of 

therapy and adjust different modes and parameters as per choice. The whole circuit is driven by 
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Arduino Uno, which acts as the main board to connect hardware with software applications. 

Furthermore, the circuit is designed to produce efficient therapy for stroke-induced paralyzed 

patients, which can be easily performed at home. This saves the time of visiting rehabilitation 

centers, leaving a burden of maintaining consistency by the patients and their caretakers. Thus, 

with the advent of technology, our design has vast applications in rehabilitation and medical 

devices23,24,25. The TENS unit works on the mechanism of Gate Control Theory. As a result of the 

electrical current activating nerve cells, the transmission of pain signals is disrupted, and your 

perception of pain is altered. Concurrently, it boosts the production of endorphins, the natural pain-

killing chemicals produced by the body, activating the body's innate capacities to alleviate 

pain4,26,27. Moreover, Neuromuscular electrical stimulation is the core principle of FES unit. It 

involves delivering appropriate and regulated electric current via electrodes placed on the skin, 

stimulating the nerves that cause muscle contraction. This enhances muscle strength and restores 

functional movement, usually after paralysis25,28,29,30. Previous studies have shown to treat 

paralysis, such as chronic hemiplegia using TENS and improve motor function as well as provide 

comfort    from excruciating pain31. Further, it was studied   that applying TENS on a stroke patient's 

muscle or nerve belly significantly reduces spasticity27. Similarly, numerous studies have been 

done to                        determine the therapeutic benefits of FES, in cases   such as ischemic or hemorrhagic 

stroke, where significant therapeutic effects were observed in patients32. Based on the research, 

our prototype   effectively deals with stroke-related paralysis and demonstrates an innovative 

solution in providing a comparatively reliable and affordable device consisting of dual-mode 

therapy. The experimental results significantly strengthen our study by providing robust evidence 

of the effectiveness of our SET unit. The data demonstrate that the SET unit functions efficiently 

as a stimulation device, underscoring its potential for commercial application. We also compared 

our device with the benchmark and observed the standard and proposed parameter range, to 

validate the device. The subjects that received the therapy were satisfied and content with the 

smartphone control and adjustable scale. Our prototype is cost-effective and user-friendly as 

compared to already existing market devices. The TENS and FES units  are expensive and available 

as separate devices33,34.The SET unit can be utilized in conjunction with EEG system35, 

neuromodulation17,36,37,38 and neurofeedback devices 39,40 and  can also be integrated with advanced 

machine learning 41,42 approaches to diagnose and intelligently manage peripheral pain conditions. 

 

CONCLUSION 
In this paper, an Arduino-controlled innovative electrotherapy unit prototype has been proposed. 

The designed system efficiently stimulates TENS and FES's peripheral nerves and muscles. Smart 

Electrotherapy Unit (SET) will bring innovation in rehabilitation and physiotherapy, providing an 

exhaustive solution to pain management and muscular movement. This cutting-edge technology 

will allow all users to operate the device single-handedly and perform electrotherapy 

simultaneously. 
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