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Abstract— Myoelectrically Controlled Functional Electri-
cal Stimulation (MeCFES) has proven to be a useful tool
in the rehabilitation of the hemiplegic arm. This paper
reports the steps involved in the development of a wearable
MeCFES device (FITFES) through a user-centered design.
We defined the minimal viable features and functionalities
requirements for the device design from a questionnaire-
based survey among physiotherapists with experience in
functional electrical stimulation. The result was a neck-
lace layout that poses minimal hindrance to task-oriented
movement therapy, the context in which it is aimed to be
used. FITFES is battery-poweredand embeds a standard low
power Bluetooth module, enabling wireless control by using
PC/Mobile devices vendor specific built-in libraries. It is
designed to deliver a biphasic, charge-balanced stimulation
current pulses of up to 113 mA with a maximum differential
voltage of 300 V. The power consumption for typical clinical
usage is 320 mW at 20mA stimulation current and of less
than 10 µW in sleep mode, thus ensuring an estimated full
day of FITFES therapy on a battery charge. We conclude that
a multidisciplinary user-centered approach can be success-
fully applied to the design of a clinically and ergonomically
viable prototype of a wearable myoelectrically controlled
functional electrical stimulator to be used in rehabilitation.

Index Terms— Functional electrical stimulation, EMG,
user-centered design, rehabilitation, stroke.

I. INTRODUCTION

WHEN muscle control is compromised as a consequence
of a stroke, one of the main challenges for the clinician

is to effectively rehabilitate the paretic muscles [1], [2].
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Typically, the hand function is impaired by hyperactivity of
the flexor muscles [3], resulting in a spastic closed hand
posture [2], which leads to learned non-use of the hand [4],
thus severely limiting the activities in daily living [5]. Recent
advances in stroke rehabilitation have demonstrated that by
providing information on muscle activation (proprioceptive
feedback) during activities, paretic muscles can be re-educated
as a result of motor plasticity [6]. In this context, the myoelec-
tric signal generated from volitional muscle contraction can be
used for such proprioceptive feedback (biofeedback) [7]–[9].
Even a paretic muscle (paralyzed but with a trace of volitional
control) which cannot exhibit meaningful movement or coun-
teract co-contraction, will emit a weak signal, i.e. the voluntary
myoelectric signal, that can be used as a feedback [10].

Functional Electrical Stimulation – FES – has been clini-
cally used for several decades for inducing muscle contraction
of paretic muscles, as a therapy to reeducate neuromuscular
control [11], and/or as an orthotic intervention to reinforce
muscle contraction during movements [12]. Transcutaneous
FES uses surface electrodes over the target muscle through
which current impulses are delivered to the underlying tissue,
generating action potentials in the motor nerves and, in turn,
in the muscle fibers which again produces a functional move-
ment [6], [7], [11]–[13]. By controlling the current intensity
the resulting force can be modulated and is less susceptible
to changes in electrode impedance than a voltage controlled
stimulation. Due to the high skin impedance, typically a few
k�, the stimulator needs to deliver high voltage pulses in order
to let appropriate current flow through the tissues.

By combining the two mentioned methods, a specific tech-
nique known as myoelectrically controlled functional electrical
stimulation (MeCFES) is obtained, which can provide multiple
benefits. First, muscles with weak volitional contraction can
be used to directly control stimulation of the same muscle
(homologous stimulation) [14]. Moreover, the patient expe-
riences an increased volitional movement range and force,
gets sensory feedback proportional to the volitional effort
and spasticity may be reduced by the stimulation [15]. For
example, it has been demonstrated that applying MeCFES
to the finger extensors can help the patient open the hand
and allow the physiotherapist to work with task-oriented
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Fig. 1. Experimental version of a MeCFES setup. The stimulation device
(blue box) is connected via 2 EMG electrodes (blue) over the distal part of
the triceps muscle and two stimulation electrodes (gray) over the central
part of the triceps. A further ground electrode is placed between the EMG
electrodes to establish a reference potential. A tablet is used for the user
feedback to show EMG signals and current level of stimulation intensity,
which is proportional to the volitional muscle contraction level.

therapy (TOT), which is one of the most promising reha-
bilitation strategies for stroke survivors [16]. In previous
studies [6], [14], the MeCFES was applied using an ad-hoc
developed prototype. Though portable, it was designed with
functionality in mind. In the clinical testing it was placed
on the table with wires connecting each electrode with the
device. Like other experimental setups this is often leading to
tangling and interfering with the movements involved in the
exercises [16]–[18]. These exercises are part of TOT practice,
in which the therapist guides the patient to perform purposeful
movements, such as reaching, grasping and moving objects.
These tasks are defined on an individual basis depending on
the main functional limitations in reaching movements of the
subject. Recording electrodes are placed over a ‘driving’ mus-
cle for the reaching synergy task and stimulation electrodes
are placed over the muscle(s) that needs to be activated in
order to complete the task. For example, for patients with
weak wrist/finger extensors where movement is possible but
limited, both recording and stimulation electrodes are placed
over the same extensor muscle in order to assist a functional
movement. When the extensor muscle activation is too low to
be read, the activation of the triceps or deltoid muscles (part of
the movement synergy) can be recorded to drive stimulation
to the wrist/finger extensors to open the hand for a successful
reaching and subsequent grasping movement.

The training and device setup sometimes resulted in
ergonomical problems as the device and TOT objects had
to share a limited space in front of the patient (see Fig. 1)
and long loose electrode wires were prone to tangling and
breaking.

Functionally, the MeCFES proved to be an effective and
clinically useful technique, [6], [14] therefore it was concluded
that further effort should go into designing a more ergonom-
ically and user-friendly device. Consequently, we decided to
develop a new MeCFES device, the FITFES (Fondazione Don
Gnocchi Istituto Italiano di Tecnologia Functional Electrical

Fig. 2. (a) Illustration of the signals involved in MeCFES. Upper trace:
the myoelectric signal (VEMG) containing action potentials arising from
volitional contraction of the muscle. The voltage artefacts resulting from
stimulation pulses, which would saturate the EMG signal, are blanked out
making the EMG signal visible in the window between two subsequent
stimulation pulses. Lower trace: the piphasic stimulation pulse train with
a controlled amplitude (Ie), having a positive phase (tp�, an intra-pulse
interval (ti) and a negative phase (tn). They have a repetition interval
(tr). (b) the relation between EMG level and the stimulation current. Such
relation is defined by a gain G, a saturation current Isat and an offset
current Ioff (see section Measurements, sub-section Methods).

Stimulator) for use in clinical rehabilitation of stroke patients,
applying a rigorous user-centered design approach.

With respect to standard EMG recording and FES devices
alone, the MeCFES technology, which is based on the combi-
nation of the two, adds further requirements for the electronic
circuitry, which have to be addressed for an effective EMG-
driven stimulation. A first issue is that the stimulation current
will generate a voltage which is about six orders of magnitude
larger than the recorded EMG signal. In fact, depending on the
muscle type and size, a current of several tens of mA (up to
100mA for large lower limb muscles) may be required and,
considering that the electrode impedance is around or above
1 k� [19], the correspondent voltage applied to the stimulation
electrodes may be above 100 V. This gives rise to significant
stimulation artefacts in the signal recorded by the nearby EMG
electrodes [20], since they should pick up myoelectric activity
which is in the order of 100 µV [10]. A second problem is
that electrolyte-skin interface adds a half-cell potential that
will depend upon the ion concentration [21]. This is typically
filtered by high pass filtering, but after the stimulation pulse
is delivered the residual charge on any recording electrodes
must be very low to prevent saturation of the input amplifier.
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Fig. 3. Satisfaction level of the respondents on different aspects of existing FES devices. The solid black line indicates the 30% threshold as defined
in A. Methods.

Therefore, biphasic pulse trains as shown in Fig. 2 (a) are
used: they are able to reduce both the stimulation artefacts
and the risk of electrochemical skin damage. Moreover,
it was empirically found that they are a good compromise
between reducing discomfort and maximizing muscle recruit-
ment [20], [22].

The FITFES electronics will therefore be optimized to gen-
erate a charge balanced stimulation doublet, minimize residual
charge on the recording electrodes and limit parasitic currents
(leakage currents) from the stimulator output to ground. These
measures jointly minimize generation of stimulation artefacts
in the recorded signal.

Apart from drop foot stimulators [12], FES devices for
treating the upper extremity are not specifically designed for
wearability (e.g., Biomation, Though Tech. Ltd, Curatronic,
MyndTech), wherefore a new concept has to be developed
through studying design requirements. According to this
significant wearability awareness, we hence involved the
professional end-users, i.e., physiotherapists, in the FITFES
development process, which was carried out by engineers
and industrial designers in tight cooperation. Particularly, this
process was composed of the following phases: assessment of
users’ needs, analysis of the results, extraction of the design
requirements, development of the final solution and evaluation
of its performance. In the following sections, the methods
and the results are reported for each phase. The focus of this
paper is on the development aspects of the FITFES, therefore
more clinical aspects (e.g. electrodes’ placement, patients’
opinion on FITFES performances etc.) will be considered in
future works.

II. ASSESSMENT OF USER NEEDS

A. Methods

To define the functional requirements of the FITFES device,
necessary to derive the specific ergonomic and electronic
design requirements, we developed an ad hoc questionnaire
to identify critical points of FES devices from the therapist
point of view. It was submitted to 10 physiotherapists enrolled
from our rehabilitation institute, to obtain data about users’
priorities. The questionnaire consisted of two sections: 1) the
therapist’s viewpoint regarding strengths and weaknesses of
FES devices; 2) the perception of patients’ requirements.
A 1 to 5 points Likert scale was used, naming the responses
from “completely unsatisfied” to “ completely satisfied” for
section 3) and “almost always” to “never” for section 4).

Fig. 4. Patient requirements about FES technology.

To select key aspects to be improved and, consequently,
determine the main areas where design efforts should be
concentrated, we identified the items of section 1 (physio-
therapist’s viewpoint on FES devices) that received “slightly
satisfied” or “completely unsatisfied” scores by more than
30% of respondents and the items of section 2 (patients’
requirements about FES) that were scored “almost always”
by more than 30% of respondents.

B. Results

The outcome of the survey is reported in Fig. 3 as a percent-
age of respondents scoring within the 5 categories of satisfac-
tion. The most important issues, using the 30% threshold on
the level of satisfaction, were: Wearability, Comfort/Usability,
General Appearance, User Interface, Reliability, Assistive and
Therapeutic Functions, Water Resistance, Robustness, and
Power Autonomy. Based upon these results it was decided to
address these issues first in the design of the device in addition
to mechanical engineering, ergonomy and wearability aspects
of the FITFES, including the positioning of the case on the
body of the wearer.

As for the specific requirements for arm rehabilitation,
the results are shown in Fig. 4 where the therapist’s perception
of their patients’ requirements about a FES device is depicted.

From the patients’ viewpoint, the most important FES
device’s features, exceeding the 30% of respondents’ thresh-
old, were easy usability, battery duration and safety.

We grouped two categories according to technical solutions
required for their FITFES implementation. The first group
gathers requirements that can be solved using electrical engi-
neering, whereas the second group gathers all the requirements
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that can be solved with appropriate ergonomics and mechan-
ical design.

III. DESIGN SPECIFICATIONS

The design specifications were derived from: (i) the feed-
back from previous studies (refer to Sec. I), (ii) the results
of the ad hoc questionnaires reported in Sec. II and (iii) the
intended use of the device, that is extensive use for upper
limb rehabilitation in clinical environments. All these collected
data were investigated by a multidisciplinary group composed
of physiotherapists, biomedical engineers, electronic engineers
and industrial designers, resulting in the identification of the
main features the new FITFES device should address. Those
characteristics were broken down into the following ergonomic
and electronic design specifications of the device.

A. Ergonomics

The resultant design specifications on comfort, wearability
and usability included the following points:

1. the device shall ensure tolerability and comfort, in both
standing and sitting positions;

2. the device shall be equally applicable to either the right
or the left upper limb;

3. the donning process shall be quick and intuitive;
4. the device shall have a stable fixation to the body,

without risks of slipping during movements;
5. the device shall not interfere with upper limb move-

ments;
6. the EMG and stimulation electrodes shall be positioned

along the whole upper limb;
7. ease of access and command of the device by the

physiotherapist shall be possible and guaranteed during
use;

8. EMG and stimulation electrodes shall be those commer-
cially available and easily replaceable;

9. the device shall provide visual feedback during opera-
tion;

10. the device shall have a general pleasant appearance.
These specifications were employed by engineers and indus-

trial designers to draft a conceptual layout of the device,
as reported in Sec. IV.

B. Electronics

The resultant design specifications included the following
points:

1. the electronic system, with its internal high voltage
components, shall match the designed case shape and
size so as not to interfere with ergonomics constraints;
the electronic components shall be chosen with cost and
size awareness so that they can be soldered on a single
PCB layer only.

2. the system shall include a wireless transceiver to enable
connection to a generic control unit (smartphone, tablet
or other consumer devices);

3. the system shall include a low-cost microcontroller to
handle high voltage generation, stimulation settings,
EMG signal processing and communication;

4. the system shall be capable of maintaining a separate
power supply for the real-time clock (RTC) in the
microcontroller to enable Sleep Modes and save settings
data even when the device is turned off;

5. the system shall include a single multi-purpose button to
enable quick activation/deactivation of the high voltage
electronics, to forbid the user to change parameters. The
settings should be set through a dedicated application
which should be accessible by the therapist only;

6. the system shall be capable of consuming a maximum
average current of 150 mA, including high voltage and
low voltage subsystems;

7. the system shall be capable of 100 mA stimulation cur-
rent with a voltage up to ±150 V to handle impedance
variations of the skin-electrode interface (a nominal
1 k� impedance corresponds to a voltage of ±100 V)
and for potential use also in lower-limbs through a
revisiting of the case;

8. the system shall be battery-powered using low-cost
replaceable batteries commercially available;

9. the system shall be capable of running firmware updates,
over the air, or wired to enable additional features;

10. the system shall include, for future use, an Inertial
Measurement Unit (IMU); it can be used to extract
kinematic data and understand when the device is in
use with the patient or not, therefore sending it to Sleep
Mode;

11. the internal architecture of the system shall be capable of
modular channel extension, therefore adding EMG and
stimulation channels possibly using the same low-level
system partitioning.

Our rehabilitation application domain requires a water
International Protection (IP) of 1 (dripping water) and the
adherence to this constraint can be easily achieved by adopting
several sealing solutions (e.g., silicone foam or rubber or by
using gaskets for moving parts). Considering such protection-
level, a smooth form (refer to ergonomics design specifica-
tion 10) helps water to slip away from the device. Sealing,
given water resistance awareness in the design process, can
be executed once the ergonomic solution is developed without
impacting on functionality and related design choices. The
production of custom gaskets, indeed, can be easily done
with mechanical moulds, that typically are prepared when
mass production is started. We have taken price into account
during the successive design phase, e.g., for the selection of
the electronic components, however, the final value depends
on the target market, on profit margins and the production
volume. For instance, by considering an investment to prepare
an injection moulding for the complete ergonomic solution
mass production (or vacuum moulding for the non-rigid parts)
for the complete ergonomic solution, the cost of the enclosure
can be significantly reduced to about ten Euro.

IV. DESIGN RESULTS

Taking into consideration the design requirements obtained
for both ergonomics and electronics, and the intended use of
the device, the layout of the new FITFES was drafted.
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Fig. 5. Final FITFES necklace layout during normal use.

A. Ergonomics

Using both male and female anthropometric tables, we iden-
tified the magnitude and variability of anatomic variations for
the design. These were used to define (i) feasible desired sizes
for the different subsystems and (ii) required cable lengths in
a preliminary design analysis phase. This preliminary phase
further entailed analysis of joint physiology and kinematics
of the upper arm, which defined boundaries on the range
of motion, in three-dimensional space, of all the possible
movements.

At the same time, the following solutions were considered
to address requirements #7, #8, #9: the command centre should
have three buttons and five LEDs easily accessible and visible
(#7, #9), disposable EMG and FES electrodes were chosen
(#8).

After having carefully considered the above points,
we defined a number of possible device concepts, which were
then assessed directly with physiotherapists using mock-ups
that were fabricated for the purpose. Among the several
concept solutions that were generated, a necklace layout-based
solution was chosen for this application. We present here
an analysis of the compliance of the “necklace layout” with
respect to the requirements defined in the previous section to
explain the advantages offered by this layout.

Fig. 5 shows a 3D rendering of the selected FITFES neck-
lace layout. This layout provides several advantages compared
to currently existing solutions [23]–[27]. First, the necklace
layout ensured intuitive and ease of donning “by design”
(#3), while the chosen rounded and smooth shape maximized
comfort and tolerability in any body position (#1, #10). The
device was equipped with a simple rotary joint on its back,
to allow proper cables orientation, which is additionally useful
to deal with both left or right arm application (#2). Moreover,
the realisation of two cable channels, one for each side
of the necklace, was designed to avoid entanglement with
external objects, facilitating wearability and general aesthetic
appearance. The positioning around the neck ensured stability

(#4) and freedom in the whole range of motion of the
upper limb (#5). Furthermore, the adaptation of the device to
different anthropometries was addressed by means of proper
adjustment of the cable lengths (#6). The button to start and
stop the device has been positioned at the center of the device
for ease of localization (#7); in its close proximity, three
coloured LEDs were positioned to ensure appropriate visual
feedback (#9).

Commercial electrodes were chosen (FES: Axelgaard PALS,
Fallbrook, USA; EMG: Blue sensor, MedicoTest A/S, Den-
mark), to guarantee ease of replacement (#8). Therefore, con-
sidering the compliance to the aforementioned requirements
offered by the necklace layout, we decided to adopt this
solution to proceed with the engineering development phase.

Fig. 6 (a) shows the 3D CAD of the full FITFES sys-
tem, which includes the internal PCB and battery housing.
Fig. 6 (b) shows the final device worn by a voluntary subject
in “power on” state. Fig. 6 (c) shows an example of elec-
trodes’ positioning during a possible session for treating a left
hemiplegic hand. Please note that the physical connection to
the electrodes is given preliminary here by using crocodile
connectors for the test set-up. In the final production stage,
cables with dedicated electrode connectors will be directly
soldered onto the PCB.

B. Electronics

We focused on one channel stimulation device, controlled
by two EMG channels as a minimal viable product to perform
the first experiments.

The FITFES is a wearable device, which means the power
has to be delivered from batteries. This determines the length
of time the device can be used without having to replace
or recharge the batteries. We considered the following three
operation modes: Sleep (lowest power mode), Idle (EMG
processing but no stimulation) and Active (EMG processing
and stimulating). Based on the need of providing a “good
power autonomy” from questionnaire (see Fig. 4) from the
intended use of a full working day of rehabilitation, we estab-
lished a worst case use time of the device of up to eight
hours in Active mode. Assuming a typical 5400 mWh bat-
tery (i.e., 4.5V non-rechargeable AAA for a typical capacity
of 1200mAh), the worst case of eight hours of continuous
operation can be achieved with 1200mAh/8 = 150mA average
current consumption of the device for stimulation. Though
built-in batteries as Li-Po batteries are lightweight and present
high yield, they have the disadvantages of requiring advanced
monitoring and of excluding the use of the device while
recharging. Therefore, we chose to use replaceable batteries
in the standard range, namely triple A batteries which also
come as rechargeable versions. In that way the therapist can
have fresh batteries at hand for a quick replacement without
experiencing downtime of the system. Further effort has been
put into reducing the power consumption of the electronic
circuits. It was decided to use 3 AAA batteries with a nominal
voltage of least 1.2 V and 1200 mAh capacity equalling
at least 4.3 Wh of energy at the disposal for the device
before recharging or changing the batteries. This energy is
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Fig. 6. (a) 3D plot of the FITFES including internal electronics, (b) photograph of the final device, (c) an example of electrode placement of FITFES
for treating a left hemiplegic hand: both EMG (circular shape) and stimulating (square shape) electrodes are on the wrist/finger extensor muscles.

still enough to provide eight hours up-time for the device as
typically simulation is not continuously kept active.

Fig. 7(a) shows a block scheme of the complete FITFES
module. The design of the power electronics sub-system is
crucial, because the stimulation, Bluetooth and control mod-
ules, together, can consume very diverse powers across the
above operation conditions. Using three parallel buck-boost
and linear regulators the battery voltage VBATT can be fully
utilized in the range 2.8 V – 5.5 V. The first Linear Regulator
provides 1.8V supply to power the Sleep Mode circuitry
[VRTC in Fig. 7(a)]. Another buck-boost regulator generates
the main 3.3V VMCU voltage to power the circuits involved
in Idle and Active Modes.Lastly, there is a dual output step-up
converter for generating the ± 5 V voltage for EMG amplifier,
stimulator modules and their supporting sub-circuits [VDD and
VEE in Fig. 7(a)]. We included a specific sub-circuit, using
a special discrete implementation, for high voltage (HVPS)
supply generation for the stimulation output stage. The HVPS
implements a FlyBack regulator in discontinuous conduction
mode (DCM) to generate a high voltage overdrive (with
VHVP = - VHVM) [28]. The voltage is digitally controlled to
generate up to ±150 V (300 V across VHVP and VHVM), used
to power the special circuitry for the biphasic charge balanced
current generator which will be described later. The core of
the system is the STM32L476 Microcontroller, which features
1 Mb non-volatile memory for firmware and user data storage.

Consider that while the power regulation of VRTC, VDD/VEE
and VMCU are demanded by commercial components that inte-
grate output voltage control, in case of high voltage generation
the MCU is responsible for output voltage control. The MCU
indeed, uses a PWMHV output directly triggered by an internal
hardware timer on the MCU to implement the control algo-
rithm, and reads both a differential comparator input connected
to the primary circuit of the internal FlyBack transformer, and
the generated output voltage. As high voltage can be dangerous
in general, to provide a larger number of state variables for the
control, the FlyBack sub-system comprises also a comparator
reference input that is generated by the MCU using internal
Digital-to-Analog Converters (DAC).

The system further comprises the Bluetooth transceiver,
a LED bank used to indicate the status of the device,
the IMU, the EMG amplification system and the EEPROM.
Currently, the firmware can be upgraded via a USB connec-

tion. A further inertial sensor (IMU) is present and can be
used, in future implementations, for monitoring movements.
The system includes two input channels for measuring EMG,
with specialized circuitry for stimulation artefact suppression
and one charge balanced stimulation output channel.

As the system is designed to be compliant to medical
devices regulations, LEDs with different colors (red, green,
and blue) are provided to indicate the power-on/power-off
button that is used to activate, pause or deactivate the device.
All the remaining controls are posed using the dedicated Blue-
tooth channel. The BGM13P Bluetooth 5.0 module operates
as a Generic Attribute Profile (GATT) server and implements
read, write and notification mechanisms to a remote device.
In particular, the server implements a TTY service with two
characteristics (one in read-notify and another in write mode),
and another service for EMG with a single read and notify
characteristics. The remote device can send commands to the
device using the TTY service and read EMG data using the
other service.

To generate bi-phasic stimulation the FITFES comprises
two dedicated sub-systems designated as Capacitor Charger
and Pulse Generator. The latter generates a current controlled
pulse using the circuit fully described in [29]. The Capacitor
Charger, which is controlled by the MCU, charges two elec-
trolytic capacitors with the necessary charge to pose a predeter-
mined current across the electrode load. The Pulse Generator
considers the charge across these capacitors (VPULSE+ and
VPULSE−) to generate both positive and negative pulses. All
the control signals to these sub-systems are managed by the
MCU.

Fig. 7(b) shows the simplified schematic of the EMG Ampli-
fier and filter stage. Both positive and negative terminals are
connected through two 100 k� resistors (R0) to two diode
bridges (D0 and D1) to clamp under- and over-voltages that
may result from stimulation. After a first low-pass filter stage
(R1 = 100 k�, C0 = 10 pF and C1 = 100 pF), the signal
is amplified using an AD8326 instrumentation amplifier with
20 k� gain resistor RG. The front-end injects a small offset
current through VBL and VBH (obtained through a voltage
divider, not shown) to help the system to recover after a
stimulation pulse, thus not leaving the internal nodes at very
high impedance. In our implementation the signal BIAS keeps
always active the current injection. Common mode feedback
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Fig. 7. (a) Block scheme of FITFES, with (b) simplified schematic of one EMG Amplifier and filter.

is achieved by considering the output of the AD8326 and
implementing an integrator feedback for 100 nF CF on the
reference pin of the amplifier. Signal ZERO is used to help
the instrumentation amplifier with feedback network to recover
after saturation caused by the injection of the stimulation pulse
on the body. In particular, ZERO is activated during stimula-
tion and released immediately before EMG signal acquisition.
RF0 and RF1 are 1 M� and 1 k�, respectively. The complete
front-end is powered by dual supply voltage VDD/VEE and
has a 1.59 Hz–15.9 kHz bandwidth and 28.3 dB gain. The
AD8326 output is then sent to a Bessel filtering stage [F(), 3rd

order, 500 Hz center frequency], and an adder stage to shift
the signal voltage range to 0 V—Vref for digital conversion.

Fig. 8 shows a photograph of the prototyped PCB that
includes two EMG channels and one stimulation channel.
Particularly careful placement is required for the high voltage
capacitors that occupy a considerable height. The battery pack
is placed at the bottom of the PCB, while at the top the central
button is directly connected to the button and the RGB LED
light is guided externally using custom plastic waveguides.
As shown in this photo, the mechanical constraints led to the
placement of the components following the circular layout
of the device, which is different from standard laboratory
and rapid prototyping solutions in which a simple rectangular
alignment is typically required. Here, the mechanical con-
straints, fundamental for usability, enforce a specific routing
on the PCB.

V. MEASUREMENTS

A. Methods

We used two experimental setups to demonstrate the basic
operation of FITFES. The first is implemented on a laboratory
table and comprises the device powered using the AAA batter-
ies and connected to the PC using the USB port, a Tektronix
MSO6012A mixed signal oscilloscope and a charge balancing
test circuit implemented with discrete components. Commands
are transmitted to the device using a dedicated software. The
second, comprises the device connected to the subject to
demonstrate the operation of the FES algorithm with wireless

Fig. 8. Photograph of the prototyped printed circuit board, routed to
match the mechanical enclosure specifically designed for FITFES, with
details on schematic sub-systems placement.

communication and data download. The stimulation and EMG
electrodes are positioned according to Fig. 6(c).
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Fig. 9. Electrode equivalent RC-network for testing the common mode
charge output of the stimulator. The total load resistance is set to Re =
1 k� , Ccm = 100 nF and Rref = 100 k� . The latter resistor is necessary
to provide a well-defined reference for the oscilloscope when measuring
on the floating output.

As previously argued in the introduction, a number of
properties of the stimulation pulse will influence the quality
of the measured EMG signal. Ideally the output should be
perfectly charge balanced which implies a perfect control of
the pulse shape. We chose that the amplifier should be in
Active Mode after 20 ms. Charge balancing was measured
using the electrodes equivalent circuit model reported in
Fig. 9 [21]. A common equivalent diagram of the electrode
impedance is a series resistance representing bulk tissue and
an electrode/skin interface capacitance (Cp) in parallel with
a leakage resistance (Rcm).

Slew rate as the rise time from 10 % to 90 % of the final
output current was measured using a purely resistive 1 k�
load. As the device was supposed to be used for at least a full
working day, we defined three different modes of device state:
Sleep, Idle and Active. Sleep is the system in pause without
EMG registration and transmission to the client unit. In Idle
Mode EMG is recorded and displayed on the client unit and
finally in full output we have chosen 20 mA, 50 mA and
100mA currents as representative to cover a typical stimulation
regime [22].

The principal steps of the signal processing were done in
the digital time domain. Removal of DC component using a
numerical High Pass Filter (HPF), in the form Vfiltered[n] = α
(Vfiltered[n-1] + V[n] - V[n-1]), where α = 0.8 (corresponding
to a cut-off frequency of 70 Hz), Vfiltered is the filtered
EMG signal and V is the input EMG signal. This filter is
followed by a first order FIR comb-filter with notches at
multiples of 16.6 Hz., this will have the additional advantage
for reducing possible artefacts from the power supply network
(50 Hz) and the stimulation itself (16.6 Hz). A blanking of
the first 20 ms of samples after each stimulation pulse is
applied followed by calculation of the RMS value of the
remaining samples before the next pulse. This RMS value
is fed to a piecewise linear function providing stimulation
level. A detailed description can be found in [20]. In our
implementation, blanking and repetition frequency can be
adjusted based on specific Bluetooth commands.

The relationship between EMG signal power and stimula-
tion current I (MeCFES algorithm) is taken from success-
ful previous studies in [20], that in particular, it compactly
expresses the equation I = GVEMG,RMS - Ioff, (which yields I
only for values larger than 0) further saturated at Isat, i.e., I =
Isat if I > Isat, where VEMG,RMS is the RMS value over a period

of time (preceding stimulation), at the end of the previously
introduced filtering chain.

The complete electronic system has been manufactured in a
standard FR4 substrate and the mechanical enclosure and the
necklace have been rapid-prototyped using a 3D printer and
commercially available fabric, respectively.

B. Results

The measured weight of the device without batteries is
125 g (159 g with batteries), including enclosure and prototype
cables. The weight of the necklace is 59 g, while the naked
PCB weights 30 g. Overall, the patient has to carry a weight
of 218 g during normal operation, which was assessed to
be acceptable even for long therapy sessions. The main unit
has been sintered using a Polyamide 12 material (Nylon 12),
while the flexible necklace was prototyped in faux leather with
silver finishing. The inner part of the necklace was prototyped
in micro-perforated fabric, the same material used for the
production of the part in contact with the body of backpacks.

Fig. 10 shows the measurement results obtained with
the validation circuit of Fig. 9. Load-midpoint voltage was
measured at both 100 k� and 100 k�||100 nF midpoint
to ground impedance. Hence the leakage current from the
stimulator output to ground is less than 1 mV/100 k� =
0.01 µA. The slew-rate (10-90 %) was measured at maximum
stimulation. The performance of the stimulation circuit was
evaluated by applying a stimulation pulse having a biphasic
charge balanced waveform shown in Fig. 2, where tp =
ti = tn = 0.3 ms and tr = 60 ms. It can be observed that
the requirements of timing, stability and shape are met at
both capacitive and resistive loads. At maximum stimulation
level (113 mA), not shown here for the sake of brevity,
the measured slew rate was 125 A/µs.

Power consumption was measured at three different modes
of operation, Sleep Mode, Idle and Active, for 6.9 µW, 185 mW
and 320 mW at Iout = 20 mA. Observe that during Sleep
Mode the system is powered on only for the internal Real
Time Clock and it accepts external button power on events to
possibly restore previous settings from the preceding session.
During Idle, the system accepts Bluetooth commands, and the
microcontroller is active, but the high voltage sub-system is
switched off. During Active state, all the circuits are active.

Fig. 11 shows an EMG from a healthy muscle recorded
during stimulation. First the subject contracted the muscle for
300 ms followed by relaxation. Observe that the first 20 ms
of each 60 ms stimulation epoch is zeroed out. After that,
there is a clearly identifiable volitional EMG with a peak
amplitude around 0.8V (after ADC quantization and numeric
amplification). In the relaxing phase, noise can be identified
as a stochastic signal.

Fig. 12 shows a qualitative test of myoelectrically controlled
functional electrical stimulation using the FITFES prototype,
with saturation current Isat set to 8.21 mA, Ioff = 0 and G
=1.79 V/A. The actual EMG amplitude is calculated by the
device and at the next cycle a stimulation current of the given
peak-to-peak amplitude, that follows the MecFES algorithm,
is delivered to the stimulation electrodes.
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Fig. 10. Currents and voltages of the test circuit given in Fig. 9 at 3 different stimulation levels: 20 mA, 50 mA and 100 mA output, across a pure
resistive 1 k� load for 33nF and 0 Cp. The lower traces show the voltage at the terminals and the common mode voltage.

Fig. 11. The EMG from muscle contracted at maximum voluntary
contraction during the first 300 ms, whereafter the muscle is relaxed.

Fig. 12. FITFES real-time stimulation with real EMG data.

VI. DISCUSSION

The present study aimed to develop a wearable Myoelectri-
cally Controlled FES device (FITFES) through a user-centered
design approach. For this reason, the design requirements
were set based on the results of a survey administered to
physiotherapists with experience in the use of FES. In spite
of the limited sample size of the survey, the results gave
an indication of the key expectations of end-users for next
generation FES devices, which in turn guided the definition
of specific ergonomic and electronic design requirements.

This design approach enabled the implementation of a
functional electrical stimulator with very interesting features
compared to state-of-the-art devices. While many available

FES devices still feature “benchtop” layouts, which limit the
range of possible rehabilitation use-cases, the present FITFES
device was conceived with an innovative necklace design. This
feature makes it completely portable and steadily fixed on the
body, ensuring a distributed grip around the shoulders and
the chest of the patients, hence enabling the opening of new
rehabilitation scenarios. Inter alia, the material (Nylon 12)
used for prototyping exhibits better elongation properties
and superior fracture and fatigue resistance than most other
additive manufacturing technologies, aligned to the final pro-
duction stage to increase resilience and therefore mechanical
robustness. Furthermore, given its portability, the developed
FITFES device could be combined with other technological
approaches to rehabilitation, such as, portable exoskeletons,
robotic devices and virtual reality approaches. An example
of this type of novel scenarios is shown in [30], where FES
has been utilized jointly with robotics to help patients to
follow particular trajectory paths. Another interesting work
is [31], which implemented a high density stimulation matrix
for upper limbs that took advantage of flexible PCB technology
and recent ink-jet electrode printing technology advantages.
However, such a high-density electrode matrix was stimulated
using an external RehaStim commercial stimulator and the
stimulation electronics had not been integrated onto the elec-
trode array to become wearable.

Table I, compares the main ergonomic and electronic fea-
tures of FITFES with respect to other FES devices in literature.
To the best of our knowledge, besides MeCFES, no device
integrating an EMG amplification system is available, and
state-of-the-art works typically rely on external EMG systems
to implement feedback on muscles. Based on its performance,
which was characterised through laboratory measurements,
FITFES can deliver high stimulation currents and consequently
high overdrive voltage capabilities at the output stage. Com-
pared to typical power consumption of available devices,
the results obtained with the FITFES are also very promising
given that only 320 mW are required for a 20 mA stimulation
current. Unfortunately, it is not possible to further detail the
comparison analysis on power consumption due to the lack
of specifications of operating conditions for the other devices
reported in literature. A relevant engineering aspect is the
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TABLE I
COMPARISON WITH STATE-OF-THE-ART FUNCTIONAL ELECTRICAL STIMULATORS

Jovi i

requirement of using a dedicated base-station for ZigBee and
802.15.4 devices, as they are not typically embedded in con-
sumer smartphones and tablets, thus impacting on the overall
system flexibility. Furthermore, compared to [36], in which
only the stimulation electronics is provided (designed to be AC
powered), FITFES takes advantage of the progress of MeCFES
circuitry to achieve higher stimulation currents (up to 113 mA)
and lower power consumption (0.32 W versus 5.6 W). As a
general viewpoint, the autonomy of a wearable device mainly
depends on the battery capacity, besides the specific electronic
design. A trade-off on battery design was adopted to allow
sufficient autonomy, while keeping at the same time the overall
weight low. Indeed, the achieved device weight, i.e.159 g,
is in the same order of magnitude of currently available
smartphones and can therefore be worn in a necklace layout
fashion without problems, even for prolonged rehabilitation
sessions. Furthermore, the achieved result suggests that this
design has room for increasing battery capacity, in case the
resulting operation time needs to be expanded further. Based
on these considerations, we can state that the FITFES system
is best in its class in providing high stimulation currents
compared to the state-of-the-art. Moreover, FITFES is the only
portable FES in literature capable of acquiring EMG signals
directly and of giving 300 V stimulation across the electrodes.
Thanks to this high voltage overdrive, we have achieved high
stimulation current levels, which can possibly be applied also

to lower limbs, applying again the herein presented user-
aware methodology to extract the ergonomic implications and
resulting design requirements.

FITFES is based on the results and the electronic solutions
previously developed for the MeCFES, that has already been
subject to a number of clinical studies [6], [14], [16], [20].
However, to further quantify the mechanical usability of the
FITFES and its performance through a real user experience,
further studies have to be carried out to characterise its perfor-
mance directly on patients. This would allow the validation of
the proposed design flow based on direct feedback from the
users, both therapists and patients.

VII. CONCLUSION

We have developed a novel EMG controlled FES stimu-
lation device, FITFES, using a user-centered approach with
focus on wearability and simplicity to facilitate its use in
rehabilitation. Based on users’ requirements, it has been
embodied in a necklace as a circular case integrating one
stimulation channel and two EMG channels. It has a size
of 11 cm diameter, 5 cm height and a weight of 159 g.
The electrical specifications were validated and delivery of
perfectly balanced bipolar stimulation current pulses of up to
113 mA with a maximum differential voltage of 300 V are
confirmed. The power consumption for typical clinical usage
(which requires delivery of 20 mA stimulation) is 320 mW,
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whereas in Sleep Mode it consumes less than 10 µW. This
makes it comparable with the state-of-the-art devices, paving
the way for commercial deployment. Including end users early
in the design phase should ensure a successful uptake by
rehabilitation specialists.
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