OP CCESS

International Journal of Innovations in Science & Technology

RESEARCH & INNOVATION 2
< L]
IJIST

De81gn and Development of Functional Electrical Stimulation
Circuit

Masood Ahmad Atrbab'* Tameem Ud Din!, Hamza Rehman?, Shahkaar Ahmad Khan?

Awais Munir?

'Department of Computer Systems Engineering, University of Engineering & Technology

Peshawar, Pakistan.

*Department of Mechatronics Engineering, University of Engineering & Technology

Peshawar, Pakistan.

*Cotrespondence: arbabmasood@uetpeshawar.edu.pk

Citation | Arbab. M. A, Din. T. U, Rehman. H, Khan. S. A, Munir. A, “Design and

Development of Functional Electrical Stimulation Circuit”, IJIST, Vol. 8 Issue. 10 pp 4072-

4088, November 2026

Received | Sep 24,2026 Revised | Nov 04, 2026 Accepted | Nov 07, 2026 Published | Nov

09, 2026.

NOISIAI

unctional electrical stimulator (FES) is a device that creates controlled electrical pulses

with a specific waveform to contract or relax muscles when it’s placed in the correct

position. The device is useful for patients with strokes or any spinal injury and they have
lost or weakened the nerve control to their muscles. This study focuses on the design and
development of a portable, single channel, biphasic and inexpensive FES circuit using Arduino
Pro Mini [1]. A 7.4 V two-cell Li-ion battery feeds a 20 kHz PWM-driven DC-DC boost
converter (L. = 100 uH, C = 100 uF) that supplies up to 40 V to a MOSFET H-bridge. A
resistive divider closes the voltage loop and holds the feedback signal within +0.1 V of its set-
point, while a 10 Q shunt and an LM358 amplifier (28.5 mV/mA) monitor the load current.
If the output reaches 40 V, the device stops stimulating for 2 s. Symmetric biphasic pulses
were delivered at 30 Hz, with pulse widths of 224-1280 us and a 150 ps interphase gap. The
device operates entirely through the skin with no need of invasive methods using surface
electrodes. The working frequency used is 30Hz, the pulse width is varied from 224-1280us.
Through experiments the output voltage was observed from 12.0-30.0 Vpp and PWM duty
cycle from 19-62%. Beyond this level, the subjects began to experience mild discomfort. The
experiments were performed on healthy subjects with the followed data. For participant 1 the
voltage range was 12.0-22.6 Vpp and PWM duty cycle ranged from 19-49%. Respectively for
participant 2 the voltage was 14.0-30.0 Vpp and PWM duty cycle from 23-62%. The reason
for this variation can be different like ion concentration in muscles, sensitivity, skin thickness
ot subcutaneous fat layer. The FES system at the moment works as a voltage-controlled system
but for future improvements multi-channel direct current controlled systems can be added.
Functional electrical stimulation (FES) is a technique that uses low electrical currents to
stimulate the nerves of the body muscles that has lost their senses such as in paralysis. This
paper presents the design and development of a single-channel, biphasic FES device using an
Arduino controller. The circuit consists of a DC-DC boost converter to generate high voltage,
an H-bridge to produce biphasic pulses, a feedback mechanism for output control, and a pulse
width modulation module. The device stimulates wrist flexion through surface electrodes on
the Flexor Digitorum Superficialis (FDS) muscle. Experiments conducted on two healthy
subjects demonstrate the ability to control pulse width (224 — 1280us) and the voltage
amplitude (up to 30V) to elicit muscle contractions. Mild wrist flexion is observed above 12
V. The portable Arduino-based device offers advantages such as cost-effectiveness, precise
output regulation through feedback, and safety enhancements to prevent reverse current.
Further clinical testing can affirm the therapeutic applicability for neuromuscular conditions.
This FES device system can be enhanced to multi-channel capabilities and adaptive control
algorithms.
Keywords: Functional Electrical Stimulation; Biphasic Pulse; Boost Converter; Closed-Loop
Voltage Control; Portable Stimulator; Wrist Flexion; Rehabilitation.

Abbreviations:
ADC Analog-to-Digital Converter
CCM/DCM | Continuous/Discontinuous Conduction Mode
CvV Coefficient of Variation
FDS Flexor Digitorum Superficialis
FES Functional Electrical Stimulation
NPRS Numeric Pain Rating Scale
PWM Pulse-Width Modulation
SD Standard Deviation
Vpp Peak-to-Peak Voltage
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Introduction:

Functional electrical stimulation (FES) is one of the techniques that uses low electrical
currents to stimulate the nerves supplying muscles in patients with conditions such as stroke,
spinal cord injury, or multiple sclerosis. FES stimulates nerve fibers to trigger muscle
contractions similar to natural activation by the central nervous system of our body, which
allows patients to perform day-to-day functional tasks. FES devices generate short pulsed
currents via surface or implanted electrodes by depolarizing motor neurons. Key technical
parameters are pulse shape, amplitude, duration, and frequency. Biphasic symmetrical pulses
with constant interphase intervals are preferred to ensure charge balancing [2]. Pulse
frequencies of 10-60 Hz are typical for muscle stimulation.

This paper focuses on designing a single channel, biphasic, voltage-controlled FES
device with closed-loop feedback and current monitoring for wrist and finger flexion using an
Arduino as controller. The system consists of a DC-DC boost converter to generate high
voltage from a 7.4 V two-cell (25) Li-ion battery; an H-bridge circuit that generates biphasic
pulses; voltage-divider feedback for closed-loop output-voltage regulation and shunt-resistor
current monitoring; pulse width and amplitude modulation for the desired stimulus; and
electrodes placed on the FDS muscle. The aim is to develop a low-cost, portable FES system
with precise output regulation. Performance is evaluated by stimulating wrist flexion in healthy
subjects. This can provide a foundation for multi-channel devices with improved muscle
control. Potential applications include stroke rehabilitation and improvement of hand
function.

There are two main types of stimulator in the market: the constant voltage type [3] and
the constant current type [4][5][6][7]. The constant voltage type has an advantage in preventing
discomfort with changes of load resistance due to electrode contact, but the stimulating
current may decrease, which degrades stimulation performance. The constant current
stimulator has more stable stimulating performance since a constant charge is supplied to the
nerve regardless of impedance changes on the skin. This method, however, may cause
discomfort due to the voltage increase needed to overcome changes in load impedance. Prior
works have explored current-controlled electrical stimulation systems [8][9][10][11]. While
advancing FES, most are either single-channel or require multiple power supplies without
integrated feedback regulation. There is a need for portable solutions which provide enhanced
control and safety.

Further prior art in FES systems includes multi-channel designs and closed-loop
control approaches as well. [12] developed a 24-channel biphasic stimulator which uses high-
voltage ICs to support wrist and finger gestures; FPGA-based control avoided unipolar
induced tissue damage. [13] presented a 4-channel IoT electro-stimulator built from boost
converters, H-bridges and an inertial sensor, with PID control of the ankle joint at 200 ps and
50 Hz. For high-voltage biphasic pulse generation, Tamtrakarn proposed a dual-output boost
converter topology using a single inductor and supply, generating pulses above 100 V [6]. [14]
presented an easy-to-implement multimodal electro-stimulator based on a PIC16F873A
microcontroller, a boost converter, an H-bridge and a power management unit; however, it
has no safety features to prevent accidental or excessive stimulation. [15] developed a
programmable FES system that enables grasping through wrist flexion using an op-amp-based
current source and an accelerometer, but it has not been tested in a clinical setting.

Recent Developments (2022-2026):

Many of the stimulators published since 2022 are portable, open-source or cheap to
build. Trout et al. used an Arduino and a bidirectional Howland current source to make a
three-channel stimulator with £150 V compliance and a rise time of about 2 us [16]. [17]
shared the design of an eight-channel constant-current stimulator for FES cycling that can
give biphasic pulses of up to 150 mA, 1000 us and 100 Hz. For faster rise times, Wang et al.
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paired a flyback converter with a switched-capacitor output stage in a small battery-powered
unit [18]. Multi-purpose stimulators aimed at clinics were reported by [19] and by [20].

Chip-level work has focused mostly on efficiency and on keeping the charge balanced.
[21] reached 86% end-to-end efficiency at 6 mA by letting a boost converter supply only the
voltage that the electrode actually needs. [22] held the residual charge below 3 mV using two
control modes, and [23] lowered the compliance voltage needed by implementing pulse-
frequency modulation technique. Electrodes are changing as well. In a textile sleeve driven at
40 Hz and 300 ps, [24] found that dry electrodes gave the same torque as hydrogel pads and
were a little more comfortable.

On the control side, newer systems decide when and how hard to stimulate from
surface EMG and inertial sensors [25][26], or from a brain—computer interface [27]. The
clinical picture is encouraging but incomplete. For upper-limb rehabilitation after stroke, one
review found Fugl-Meyer improvements of around 5.4-5.6 points with FES [28], and another
found 7.8 points when FES was combined with robotics [29]. The same literature points out
that devices are still hard to carry, calibrate and put on [30], and that there is little agreement
on stimulation parameters [31].

Limitations:

Limitations of existing systems include lack of feedback mechanisms for precise
output control [8][9][10][11], reliance on multiple power sources [9][11], and minimal safety
features to prevent over-stimulation [8][9][10][11]. Most lack buffered feedback for output
regulation and rely on bench-top equipment for control and monitoring. Where cheap designs
do have feedback, the papers rarely give numbers showing how well the output is regulated,
and fewer still test the device on people.

Research Obijectives:
The objectives of this work are to:

Design and Development of a DC-DC boost converter that raises a 7.4 V 2S Li-ion
battery to a regulated output of up to 40 V.

Regulate the output voltage in closed loop so that the feedback signal stays within 0.1
V of the set-point by the user (about 1.1 V at the output).

Generate symmetric biphasic pulses at 30 Hz, with pulse widths adjustable from 224
to 1280 us and a 150 ps interphase gap to keep the frequency constant.

Monitor the load current through a 10 Q shunt resistor (28.5 mV/mA after
amplification) and stop the output for 2 s when it reaches 40 V or over current detected.

Test the device on two healthy participants and record the output voltage, PWM duty
cycle and self-reported movement at 20 parameter settings, keeping discomfort below 7 on
the Numeric Pain Rating Scale.

Novelty and Contribution:

Previously developed low-cost stimulators do not have output regulation and shut off
functions [14], require multiple power sources [9][11] or use an untested current source [15].
More recent open-source designs have used a Howland Current Source to achieve 150V
compliance [16]. Other designs have increased the number of channels and added IoT
components [13][17]. This design has four key differences:

A single 7.4V battery is used and there is no mains connection or additional power
source.

Both phases are created using one boost converter and a discrete level-shifted H-
bridge meaning the amplitudes of both phases are equal.

The closed-loop regulation, shunt current sensing and over-voltage trip are all
controlled using 8-bit Arduino Pro Mini [1].

The output voltage and duty cycle are recorded for all 20 settings for 2 participants.
Few low-cost designs have this level of detail on published results.
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Materials and Methods:

Requirements and specification
7.4V 2S Li-ion input - output up to 40 V - 30 Hz - 224-1280 ps biphasic pulses

(L e din / o

Boost converter
L = 100 pH, C = 100 pF, 2N7002PW, 1N4007W
Egs. (1){3) design calculations

H-bridge with level shifters

(biphasic output stage)

Feedback and controls
10 k/1 k voltage divider - 10 & shunt + LM358

Biphasic pulse timing
2 potentiometers (pulse width, voltage) M DN Ay G2l LY

Closed-loop voltage control
+0.1 V band - one-step duty adjustment

—

Safety: over-voltage trip at 40 V
output off for 2s

/Firmwm (Arduine Pro Mini)

3. Bench testing (oscilloscope)
Output voltage regulation - ripple - pulse symmetry - fault shutdown

| Redesign/retune
> 1

| (retum to steps 1-2)
~ /s

4. Human testing (2 healthy participants)
Electrodes over FDS - 30 Hz - 5 pulse widths x 4 voltage settings
2-3 sessions per setting - NPRS stop rule (= 7)

!

5. Evaluation
Vpp and PWM duty per setting - mean + SD - self-reported movement (0-10)
Comparison between participants and with literature

I

[Contlusinns, limitations and future work)

Power DCIDC BC

ﬁ
il
I~

Parameters Controller Feedback Bi-phasic Pulse Generator

Figure 1. (a) Research flowchart of the study: hardware design, firmware development,
bench testing, human testing and evaluation. (b) Functional diagram of the proposed system.
The materials and methods used to develop a practical electrical stimulation circuit are
discussed in the section that follows. This project was funded by the National Research
Program for Universities (NRPU), Higher Education Commission (HEC), Pakistan. The
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research workflow is shown in Figure 1(a) and the functional diagram of the system in Figure
1(b). This is a closed-loop system and consists of a power supply, a microcontroller,a DC/DC
voltage boost converter, and an H-Bridge, as illustrated in Figure 1. In this study, a Functional
Electrical Stimulator was developed using an Arduino Pro Mini [1] microcontroller [14] for
controlling the logic, feedback, and other relevant circuitry. The FES was designed to generate
a biphasic waveform with variable duty cycle and voltage amplitude. The following materials
were used in the development of this device: Arduino Pro Mini [1] microcontroller, DC/DC
Boost converter [15], H-bridge [16], Potentiometer, Operational Amplifiers for feedback [17],
Electrodes, and 7.4 V two-cell (2S) Li-ion battery. The microcontroller was programmed to
generate a constrained Pulse Width Modulation (PWM) signal, which was then fed as an input
to the boost converter. The boost converter generated high voltage from the 7.4 V two-cell
(25) Li-ion battery. The high voltage generated was then fed into an H-bridge circuit, which
converted a DC signal to a biphasic feedback mechanism. The feedback signal was fed back
into the microcontroller. A potentiometer was also used to control the pulse width of the
stimulus. The electrodes were connected to the output of the H-bridge circuit, and the stimulus
was applied to the targeted muscles of the person. To evaluate the effectiveness of the FES, a
pilot study was conducted on two healthy adult participants.

Ethical Statement:

This study was performed in accordance with the Declaration of Helsinki. This study
was performed in accordance with the Nuremberg Code. Ethical approval was not received
for this human study because the device that was developed is of a non-interventional nature.
The muscle stimulator was designed to produce mild stimulus current to arm muscles, that is
in no way dangerous to the subject and is conducted by the developers on themselves, with
full control on the current. All adult participants provided written informed consent to
participate in this study.

Electrical Safety Measures:
The following measures were applied in all experiments:
e The firmware limited the boost output to 40 V. If the output reached 40 V, for example
with a shorted or detached electrode, the PWM and H-bridge signals were switched
off for 2s.

e The voltage set-point could not exceed the potentiometer maximum (ADC count
700), and the duty cycle changed by one step per control iteration, so the intensity
could not jump suddenly.

e The two phases had the same amplitude and width and were separated by a 150 ps
interphase gap, so no net DC current reached the skin [2].

e An LM358 amplifier buffered the shunt signal from the circuit, which kept the high-
voltage stage away from the microcontroller input.
e Stimulation stopped at once if discomfort reached 7 on the Numeric Pain Rating Scale

[32], or whenever a participant asked.

Hardware Design:

The hardware of the Functional electrical stimulator is designed with five modules,
which contains a DC/DC boost converter, an H-bridge, a feedback circuit, a processing unit,
and a parameters control circuit as shown in Figure 2. The processing unit is a microcontroller
(Arduino Pro Mini [1]) to (1) generate the PWM signal for the high speed switching of the
transistor in boost converter; (2) generate a timing signal to control the transistors of H-bridge
which creates a biphasic waveform from the boosted DC voltage; (3) analyze the feedback
coming from the Op amp to ensure a stable boosted voltage; (4) monitoring the manual
parameters controlled by the Potentiometers; (5) detect an abnormal electrode condition,
when the output reaches 40 V, and stop the stimulation for 2 s; (6) adjust the PWM.
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Figure 2. Hardware Architecture
The H-bridge [33] and boost converter [34] are crucial parts of the stimulator, and the
circuits are presented in Figure 3. There are two parameters of the FES device which we are
controlling using manual parameter controllers. In this part of the circuit, we are using two
potentiometers to control the pulse width of the muscle stimulus signal and the boost
converter voltage, and the circuit is presented in Figure 3. The analog outputs of this module
are fed into the microcontroller for comparison and generation of required PWM and pulse
width of the stimulus. The DC/DC boost converter module is boosting the 7.4 V two-cell
(25) Li-ion battery voltages. The pulse width modulated (PWM) signal is applied at the gate of
MOSFET, as presented in Figure 3. To keep the required high voltage at the output of BC in
mind, the value of the inductor placed in the BC can be schematized as shown in the Equation
(1) [15][18] waveform by precisely controlling the switching of transistors in the H-bridge
using the microcontroller.
The boost inductor was sized with the standard boost-converter relations [35][30]. In
continuous conduction, the ideal duty cycle is

_1-vi
D= Vo )
and the inductance needed for a given ripple current is

(Vi-D)
= s aiL) @

The boundary between continuous and discontinuous conduction is
_ D@ —-D)*RL
Lesie = @) 3)

where L is the inductance (H), Vi the battery voltage (V), Vo the boost output voltage
(V), D the duty cycle, fs the switching frequency (Hz), AIL the peak-to-peak inductor ripple
current (A) and RL the equivalent load resistance (£2).

The H-bridge applies +Vo and —Vo across the electrodes, so the peak-to-peak
stimulus is 2Vo. With Vi = 7.4 V and fs = 20 kHz, Eq. (1) gives D = 0.51 at Vo = 15V (30
Vop, the highest level used on participants) and D = 0.82 at the 40 V maximum. The stimulator
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draws only a few milliamperes on average; the 11 k€ feedback divider alone draws 1.4 mA at
15 V. RL is therefore several kilohms, and Eq. (3) puts Lei in the millihenry range.

The selected 100 uH inductor (CD127R, 12 X 12 X 7 mm) is well below Leg, so the
converter runs in discontinuous conduction mode. We chose this on purpose. The inductor
current returns to zero every cycle, the right-half-plane zero of the boost converter moves far
above the loop bandwidth, and the firmware's step-wise duty control stays stable. The 100 uF
output capacitor C1 holds the output between pulses. The measured duty cycles (19—62%) are
higher than the ideal values because of losses in the 1IN4007W diode, the MOSFET on-
resistance and the inductor winding.

The feedback circuit, which is another important module of the FES device circuit, is
based on the shunt resistance [37]. The output voltage is sensed by a 10 k€ /1 kQ divider
(ratio 1/11), so 40 V gives 3.64 V at the ADC input. The load current flows through a 10 Q
shunt (R5), and the voltage across it is amplified by an LM358 in non-inverting configuration
with a gain of 1 + R14/R12 = 1 + 10 kQ/5.4 kQ = 2.85. This gives a sensitivity of 28.5 mV
per mA. The current flowing through the shunt resistor generates the voltages which are
passed through an operational amplifier and fed into the microcontroller. The microcontroller
processes the analog feedback and generates the stimulus and PWM accordingly. The use of
operational amplifier also adds a layer of protection between high voltage generated at BC and
applied to the skin and the microcontroller.

11
)]
o0 Lhighr Vet (= 40 V)

i Dt I I
L
vz u3
P-MOSFFT P-MOSFET

FES OUT
{elartrodes)

RaT L +

= Ita AL
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Figure 3. Functional Electrical Stimulator Circuit Schematics
Voltage-Controlled versus Constant-Current Stimulation:

A constant current stimulator forces a set current through the tissue, and its output
voltage rises or falls with the skin—electrode impedance. A voltage-controlled stimulator fixes
the voltage, and the current (I = V/Z) changes with impedance [3][4]. The proposed device is
voltage-controlled. The closed loop regulates the boost output voltage, and the shunt current
is measured only for monitoring and fault detection. Current is not the control variable, and
the device does not claim constant-current regulation.
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Table 1. Component Specification and Selection Criteria.

Block Ref. Component / value Selection criterion
Power - 28 Li-ion battery, 7.4 V (6.0-8.4 V) Single supply,
portable, no mains
Controller | — Arduino Pro Mini [1] (ATmega328P, 10-bit | Low  cost,  small,
ADC) [5V/16 MHz or 3.3 V/8 MHZ] hardware PWM timers
Boost L1 100 uH, CD127R (12 X 12 X 7 mm) DCM at light load (Eq.
3), compact
Boost Q2 2N7002PW N-MOSFET, 60 V Rated above the 40 V
output, logic-level gate
Boost D1 1N4007W rectifier, 1000 V Voltage margin, low
cost
Boost C1 100 puF electrolytic Holds output between
pulses
Boost R1 100 k€ Discharges Cl1  at
switch-off
Feedback | R2/R3 10 kQ / 1 kQ (ratio 1/11) 40 V maps to 3.64 V,
inside ADC range
H-bridge | Q3, Q4 | 2N7002PW N-MOSFET (low side) 60 V rating
H-bridge | U2, U3 P-MOSFET (high side) [P-MOSFET part | Switches the high-
no.| voltage rail
H-bridge | Q1,Q5 | 2N7002PW level shifters; R4/R8 100 k<2, | Drive high-side gates
R7/R11 10 kQ from logic level
H-bridge | R6, R9, | 1 kQ gate resistors Limit gate current
R10, R13
Current R5 10 € shunt 0.1 V at 10 mA, low
sense loss
Current Ul M358, gain 2.85 (R14 10 kQ, R12 5.4 kQ) | 28.5 mV/mA, single
sense supply
Controls | — Two potentiometers (pulse width, voltage) | Read by 10-bit ADC
Electrodes | — Surface electrodes [electrode pad type/size] | Reusable, standard
with FES electrode cable (RehaMove) FES connector

Firmware Design:
The firmware was written using C++ and the Arduino framework. It had two loops.
One for stimulation of the biphasic pulses and one for the control of the voltage by changing
the duty cycle of the boost PWM. The firmware follows these steps:
Configure the I/O pins and statt the boost PWM at 20 kHz with 0% duty cycle. Both
INT and IN2 of the H bridge will be pulled low.
Read the duty cycle potentiometer and voltages. Use the ADC to convert them to
values between 0 and 1023 (10-bit). Duty cycle will be scaled to give values between 224-1280
us. Voltage will be limited to 700.
Calculate expected feedback voltage from the voltage divider. This can be calculated

as VEB = Vset R3/(R2+R3). The voltage will be accepted within £0.1V. The duty cycle will
be increased by one if the voltage is below this range. Decreased by one if the voltage is above
the range. This will continue until the voltage is within range. Since the duty cycle only changes
by one at a time the output voltage will increase/decrease gradually.

Set IN1 high for one pulse width. Turn both IN1 and IN2 off f for 150us. Set IN2
high for one pulse width. Turn both IN1 and IN2 off for the remainder of the 33.3ms (30Hz).
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This means IN1 and IN2 are never on simultaneously. So there is no shoot through current
in the H bridge.

If the output voltage reaches 40V (electrode shorted or disconnected) the boost PWM
and H bridge signals will be turned off for 2 seconds and then go back to step 2.
Experimental Setup and Protocol:

This section of study discusses the design of test to evaluate the applicability and
design of the functional electrical stimulator. An oscilloscope was used to analyze the working
of H-Bridge and DC/DC Boost Converter modules. The factors evaluated were evaluated are
(1) the ability of the designed stimulator to produce stimulus in the wrist muscles; (2) The
effectiveness of the boost converter by analyzing the PWM value and the amplified voltages;
(3) The effect of changing the pulse width of the stimulus signal.

The logic of the conducted tests was to analyze the behavior and stability of the circuit
by varying the pulse width of stimulus, the variation in the applied voltage in the boost
converter, and when the subject of the test is changed. The tests were conducted on multiple
healthy persons by applying the Biphasic stimulus. The frequency of the stimulus signal was
30 Hz, and it was kept same for all the tests.

The tests were performed on two healthy subjects (male 1: 1.68m, 62kg, Body Mass
Index 22kg/»” and male 2: 1.68m, 60kg, Body Mass Index 21.3kg/#7”). The parameters of
electro-muscle stimulator were the following: varied pulse duration ranging from minimum
224us to maximum 1280us, frequency of 30Hz, and variable amplitude (duty cycle) spanned
trom 19% to 62%. The electrodes were placed over the Flexor Digitorum Superficialis muscle,
and the position of the electrodes are shown in Figure 4.

Two healthy adult males were chosen because this is a proof-of-concept study of the
device's electrical performance and safety, not of therapeutic effect. Healthy participants give
an intact, repeatable neuromuscular response, so changes in output can be attributed to the
device and not to impairment, and no patient was exposed to an unvalidated device.

Surface electrodes were connected through a FES electrode cable and placed over the
FDS muscle belly, 3 inches (7.6 cm) apart (Figure 4). Each of the 20 settings (five pulse widths
at four voltage settings) was applied in 2—3 sessions of 10—15 min each. The peak-to-peak
output voltage across the electrodes and the PWM duty cycle were measured with an
oscilloscope. After each setting, the participant rated the wrist and finger movement on a 0—
10 scale (0 for no movement, 10 for full wrist flexion) and the discomfort on the NPRS. The
values in Tables 2 and 3 are one representative session / mean of the 2-3 sessions.
Repeatability was assessed from the spread of the output across the five pulse widths at each
set-point (Table 4).

Figure 4. Electrode placement over the flexor digitorum superficialis on the anterior
forearm

The parameters for stimulation were determined so that the individuals’ safety is
ensured along with the enhancement of stimulation signal and to minimize the participant
discomfort. Discomfort or pain levels were assessed using the Numeric Pain Rating Scale
throughout the course of the experiment. Participants were given clear instructions on how to
use the scale, and they were asked to promptly communicate any changes they perceived [32].
The scale’s range spans from 0 to 10, where 0 indicates the absence of pain or discomfort, and
10 represents the most extreme pain imaginable. It had been predetermined that if the reported
pain or discomfort reached a level of 7 or higher, the experiment would be halted immediately,
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or it could be stopped at the participant’s request at any point. The subjects were sitting on a
chair with both arms resting on the desk in these experiments. The individuals were instructed
to relax the muscles and leave the arms in neutral position. The biphasic muscle stimulator
signal was applied to produce wrist and finger flexion.

Results and Discussion:

This section reports the bench performance of the hardware and the results of the
tests on two participants.
Hardware:

The hardware was constructed according to the design, featuring biphasic FES, a
maximum output of 40 V from the 7.4 V 2§ Li-ion battery, a buffered feedback circuit, and
potentiometer based 2 controllers for pulse width and applied voltage. Refer to Figure 5 for
with buffered feedback.

As depicted in Figure 5, the core of the circuit is the processing module. It facilitates
the generation of PWM, generation of signals to create a biphasic stimulus, and monitoring of
the feedback from stimulus.

4 "Ll -
Figure 5(a). Constructed Electrostimulation Circuit: Illustrated Design of the FES device

Circuit. On the left is the boost converter, in the center the processing module, and on the
right, the H-Bridge module with isolated feedback. (b); it is the best evidence for symmetry.
Bench Performance:

Bench performance was measured with an oscilloscope. The boost converter held its
set-point up to 40 V. Above 40 V the output fell under load, so 40 V is the maximum regulated
output. Participants were stimulated at up to 30 Vi, (a 15V boost output), mostly near 20 V.
The output ripple was below the oscilloscope's resolution at the range used and did not show
on the trace.

The positive and negative phases had the same amplitude and width. Both phases are
taken from the same rail with identical timing and a 150 us gap between them, so the net
charge per pulse is nominally zero. At a fixed set-point, the coefficient of variation of the
output across the five pulse widths was 2.3-5.9% for participant 1 and 4.4-7.6% for
participant 2 (Table 4). Converter efficiency and current stability were not measured in this
study.

Physical Hardware Evaluation:

Table 2 and Table 3 present the results of the physical hardware test on two subjects.
During the evaluation of the physical hardware, the frequency of the stimulus was kept
constant at 30 Hz. The response of the stimulus signal and the values of different parameters
were measured. The controllable values are the pulse width of the stimulus signal and the
intensity of the signal which is peak-to-peak voltages. Pulse width varied across settings, while
adjusting the stimulus intensity via the potentiometer. This analysis aimed to examine muscle
stimulation and observe targeted muscle movement. After setting the value of the pulse width,
the voltage value was controllable. The value of the second column is the output of
potentiometer value sampled by 10-bit built-in ADC of the Arduino Pro Mini [1]. The 700
value is mapped to the maximum value in the firmware.
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Table 2. Outcome of experiments conducted on participant 1

Pulse Width | Voltage Controller * | Voltage,-, | PWM
224 ps 400 13V 21%
500 174V 31%
600 192V 39%
700 22.6 V 49%
512 ps 400 12V 19%
500 16V 27%
600 184V 35%
700 20V 47%
768 ps 400 13V 21%
500 174V 31%
600 192V 39%
700 22.6 V 49%
1024 ps 400 12V 20%
500 152V 27%
600 19.6 V 39%
700 21V 47%
1280 ps 400 126V 21%
500 16 V 27%
600 19V 39%
700 21V 45%
Table 3. Outcome of experiments conducted on participant 2.
Pulse Width | Voltage Controller * | Voltage,-, | PWM
224 us 400 14V 24%
500 18V 31%
600 21V 42%
700 30V 61%
512 ps 400 152V 24%
500 192V 35%
600 224V 50%
700 28V 60%
768 ps 400 152V 27%
500 22V 45%
600 24V 51%
700 30V 62%
1024 ps 400 156V 26%
500 192V 33%
600 21V 45%
700 28V 58%
1280 ps 400 144V 25%
500 192V 35%
600 208V 46%
700 27V 62%
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Table 4. Output at each controller setting: mean * SD across the five pulse widths

Controller | P1Vpp | P1 | PIPWM | P2Vpp | P2 | P2PWM P2 - P1
) CV (%) ) CV (%)
400 125+ 0.5 | 40% | 20409 | 149+ 0.7 | 44% | 252+ 1.3 | +2.4 V (+18.8%)
500 164+ 1.0 | 5.9% | 28,622 | 195+ 1.5 7.6% | 358 = 5.4 | +3.1 V (+19.0%)
600 191 +04 | 23% | 382+ 1.8 [21.8+ 1.4 | 6.3% | 46.8 £ 3.7 | 2.8V (+14.5%)
700 | 214+ 1.1 ] 53% | 474+ 1.7 [ 286+ 1.3 | 47% | 60.6 £ 1.7 | +7.2V (+33.4%)
All 17.4 — - 212 — N +3.9 V (+22.2%)

With two participants, no inferential test is meaningful, so the results are summarized
descriptively in Table 4

Across all tested pulse width values in Table 2, muscle movement was absent in subject
1 when the voltage controller remained below 500. A slight movement was however observed
at 500 and 600 value of voltage controller for up to 1024 us pulse width. A mild movement
was observed for all values of pulse width when the voltage controller value was maximum.
For the 1280 us pulse width signal, mild movement was observed even at a voltage controller
value of 600. Figure 6 illustrates a graphical comparison of muscle response and applied
voltage. The data of the tests performed on second participant are presented in Table 2I. The
performance of the developed FES exhibited a pattern for the second healthy subject that was
very similar to that observed on the first subject, mentioned above. Figure 6 illustrates a
graphical comparison of muscle response and applied voltage of the two participants.

The electrical muscle stimulation (EMS) device we designed and developed was based
on the use of Arduino Pro Mini [1] as a controller. Unlike previous efforts which focused on
applications or hardware components [13][14], this study introduced the complete hardware
of a biphasic single channel FES device. The device was able to generate constrained PWM,
which was fed as input to the boost converter, resulting in the generation of high voltage from
the 7.4 V DC battery. This high voltage was then fed into an H-bridge, which created a
biphasic stimulus. We also incorporated a feedback mechanism into the design to enable better
control over the amount of voltage applied to the muscles of the person. In addition, we used
a potentiometer to control the pulse width of stimulus and enhance the control over the
output.

The device met its design targets within the limits set for participant safety. Like most
low-cost stimulators [13][14], it uses an H-bridge, and it adds a buffered feedback path, an
over-voltage trip at 40 V and a firmware limit on the set-point. Furthermore, safety measures
were integrated into the firmware, restricting the output High Voltage to ensure subject safety.

(a) Participant 1 (b) Participant 2

30 4

25 1
Pulse width
G 2aps
=M= 512ps
== 768 ps

‘/ /
1 = | =
e ,9—’
st e
151 < 1 .f/
/ G
- 1024 ps

104 1 1280 ps

Output voltage, peak-to-peak (V)

500 600 700
Voltage controller setting (ADC count)

Figure 6. Effect of Applied Voltage on Muscle Stimulation-(left) Participant 1 Muscle
Response to the Stimulus, (right) Participant 2 Muscle Response to the Stimulus
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Voltage controller setting (ADGC count)

400
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The FES device we developed has several advantages over conventional muscle
stimulation devices. First, it is cost-effective, as the use of Arduino Pro Mini [1] as a controller
and the other components used in the device are readily available and relatively inexpensive.
Second, it is portable and runs from a single battery. Third, it is non-invasive and uses surface
electrodes only. Its safety and usefulness for patients have not yet been tested.

When altering the pulse width of the stimulus signal, there’s a lesser impact on hand
and finger muscle movement compared to changes in applied signal intensity achieved by
voltage adjustments. No hand and finger muscle movement were observed below 12 V.
Movement started with voltages exceeding 12 V. Notably, Figure 6 illustrates an intriguing
observation: lower pulse width yielded a steeper muscle movement intensity curve than higher
pulse width. Higher pulse width led to more spontaneous movement variation in response to
applied signal intensity changes.

Proof of Concept:

To demonstrate the feasibility of the proposed Arduino-based biphasic FES device,
preliminary testing was conducted on two healthy adult subjects. The aim was to evaluate the
ability to control key stimulation parameters and elicit targeted muscle contractions.

The Flexor Digitorum Superficialis (FDS) muscle was chosen for wrist flexion as it is
a major flexor in the anterior forearm [38]. Bipolar surface electrodes were placed over the
muscle belly as shown in Figure 4, with 3 inches (7.6 cm) inter-electrode distance.

Key Stimulation Parameters:

Pulse width and intensity, were systematically varied to characterize the FES response.
Pulse width ranged from 224 us to 1280 us, adjusted via the microcontroller. Intensity was
controlled by changing the output voltage of the DC-DC converter module from 12 V to 22.6
V. Frequency was fixed at 30 Hz.

As summarized in Tables 2 and 3, no visible muscle contraction occurred below 12 V
for both subjects across all pulse widths. Above 12 V, mild FDS activation and wrist flexion
was observed, with increased intensity at higher voltages. Consistent with Figure 6, lower pulse
widths gave a steeper rise in movement once the threshold was passed. This indicates the
ability to modulate movement through parameter adjustments.

The preliminary results demonstrate basic functioning of the FES device - it could
deliver biphasic stimulation at the wrist flexor muscle in a controlled manner. The intensity
and nature of muscle contraction could be varied by changing the stimulus voltage and pulse
width respectively. This proof of concept on healthy individuals provides a foundation for
efficacy testing in patient populations with neuromuscular deficits.

Limitations and Future Work:

The 30 Hz stimulation frequency is within the 10-60 Hz range typical for muscle
stimulation [2] and below the 40 Hz and 50 Hz used by [24] and [13]. Our pulse widths (224—
1280 ps) are longer than the 200-300 ps used in those studies and extend past the 1000 ps
maximum of [17]. Visible wrist flexion began above 12 V,;, at every pulse width.

Most recent stimulators are current-controlled and report thresholds in milliamperes
[16][17], so our voltage thresholds cannot be compared with theirs directly. Logging the shunt
current would make that comparison possible. The 40 V limit is far below the 150 V
compliance of [10]. It was enough for the forearm, but larger muscles or high-impedance skin
may need more.

Only two healthy male participants were tested. Movements were self-reported and
not measured with any devices such as a goniometer or IMU, and current and efficiency were
not logged. The results show that the device can produce wrist flexion in healthy forearms.
The study has further limitations:

Movement was self-reported, not measured with a goniometer or IMU.
The shunt current was used only for fault detection; it was neither logged nor regulated.
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Converter efficiency was not measured.

The 1IN4007W is a standard-recovery rectifier; an ultrafast or Schottky diode would reduce

switching losses at 20 kHz.

The device has not been tested against IEC 60601-2-10 [39].

An ESP32-based version with a 12-bit ADC and wireless control has been prototyped
and will be evaluated in future work.

Conclusions:

This study designed and built a low-cost, portable, single-channel biphasic FES device
controlled by an Arduino Pro Mini [1] and powered by one 7.4 V Li-ion battery. The boost
converter regulated its output up to 40 V, and the firmware kept the feedback within £0.1 V
of its set-point. At fixed set-points, the coefficient of variation of the output across five pulse
widths was 2.3-7.6%.

Symmetric biphasic pulses at 30 Hz and 224—1280 us produced visible wrist flexion
above 12 Vpp in both participants. The outputs were 12.0-22.6 Vpp for participant 1 and
14.0-30.0 Vpp for participant 2, at duty cycles of 19-62%, and participant 2 received on
average 22% more voltage. Voltage had a stronger effect on movement than pulse width.

Once validated, the device could serve as a low-cost tool for hand rehabilitation post-
stroke, in clinics and at homes, and as a platform for FES research and teaching. The present
results are limited to two healthy participants and self-reported movement, without current or
efficiency measurements.

Before any clinical use, we recommend testing the device against IEC 60601-2-10 [39]
and adding current logging and a current limit to the firmware. Trials in stroke patients should
then be run with ethics approval and objective outcomes such as the Fugl-Meyer upper-
extremity score [28].
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