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Abstract- Functional electrical stimulation is an
assistive technique that utilizes electrical discharges to
produce functional movements in patients suffering
from neurological impairments. In this work, a
biphasic, programmable  current- controlled
functional electrical stimulator system is designed to
enable hand grasping facilitated by wrist flexion. The
developed system utilizes an operational amplifier
based current source and is supported by a user
interface to adjust stimulation parameters. The device
is integrated with an accelerometer to measure the
degree of stimulated movement. The system is
validated, firstly, on two passive electrical loads and
subsequently on four healthy volunteers. The device is
designed to deliver currents between 0-30mA, and the
error between the measured current and simulated
current for two loads were -0.967+0.676mA and -
0.995+0.97mA. The angular data from the
accelerometer provided information regarding
variations in movement between the subjects. The
architecture of the proposed system is such that it can,
in principle, automatically adjust the parameters of
simulation to induce the desired movement optimally
by measuring a stimulated movement artifact (e.g.,
angular position) in real time.

Keywords- Function Electrical Stimulation,
Programmable Stimulator, Wrist Flexion, Grasping

I. INTRODUCTION

Across the globe, an estimated 2.5 million people are
affected by spinal cord injury (1), and about 33 million
people are affected by stroke, with the majority of cases
reported in low and middle-income countries (2). Severe
impediment of voluntary motor control is a feature of
stroke and spinal cord injuries. The functional loss of the
utility of limbs is a consequence of the secondary process
post the disruption of the neuron’s standard structure and
its network after the injury (3). The loss of voluntary
motion control affects the ability to perform everyday
activities and negatively impacts an individual’s quality
of life. As a consequence of long-term care, the affected
individuals experience tremendous social and economic
challenges.
Functional stimulation is a

electrical neuro-
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rehabilitative intervention based on the application of
electrical pulses to an actuating muscle group to generate
functional muscle contractions (4) in patients with
impairments due to stroke or spinal cord injury. Muscle
activation due to FES is characterized by synchronous
activation of muscle groups (5) and quick activation of
fast-twitch fibers over slow-twitch fibers (6). For
functional electrical stimulation to be successful, the motor
neurons, muscle tissues, and neuromuscular junctions must
be healthy (6).

Several prostheses have been designed using FES for
various applications to promote and restore voluntary
motor function after an injury. Intervention through FES
emphasizes on improving strength, range of motion and
stability. FES can be used to rehabilitate both upper and
lower limbs. Lower limb rehabilitation focuses on gait
(7), prevention of foot drop while walking, and restoration
of the ability to sit, stand and walk (8). In contrast upper
limb rehabilitation focuses on restoring the functional
ability of the arms (9) to complete activities such as
bathing, drinking, and eating (10). Rehabilitation
focusing onrecovering the ability to grip and grasp is vital
to perform these activities. In this work the hand grasping
movement enabled by wrist flexion is considered.

Existing clinical FES systems are primarily based on
circuits that utilize transformer and MOSFET
architectures. These designs generally have a large
component count and are bulky (11). On the other hand,
designs based on operational amplifiers have the
advantages of flexible and efficient design without large
components, but they have not been validated in clinical
scenarios (12). Furthermore, the response evoked by
standard functional electrical stimulator systems based on
the considerations explained in Section 2.2 is nonlinear and
dynamic (13). Existing systems cannot adjust the
parameters of stimulation to compensate for
unpredictable effects like fatigue, variation in response to
change in electrode positioning, voluntary contribution to
the movement, and level of spasticity (14). The current
solution to this problem is to introduce stimulation with
large intensity to generate exaggerated muscular
responses to compensate for these effects at the cost of
early onset of muscle fatigue (15). Therefore, there is a
need for solutions that can effectively tackle this issue.
The use of external sensors to capture movement and
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muscle contraction dynamics allows for assessing the
effects mentioned above and compensating for the same.
Integration of motion (16) and EMG sensors (17) with
the stimulation unit enables the collection of vital
information of human motion and muscle contraction.
The information gathered supports the development of
control strategies (18) to overcome the mentioned
challenges.

Therefore, this work aims to design, test, and validate a
biphasic programmable electrical stimulator system that
can enable hand grasping and continuously measure the
degree of stimulated movement in real-time. The
developed device is characterized by performing circuit
simulations and experimental tests on resistive loads.
Subsequently, to validate the effectiveness of the device
to facilitate the grasping motion, an experiment was
conducted on healthy human subjects where the response
to the electrical stimulation was captured using an
accelerometer.

In Section 2 of this work, the primary components of
a standard FES system are described along with the
essential technical and clinical considerations that must
be taken into account while designing FES systems.
Section 3 presents the development of an FES system to
enable hand grasping. This section also provides
information regarding the experimental setups and
approach. In Section 4, the characteristics of the device
and results of the experiments conducted on passive
electrical loads and healthy human participants are
reported. The findings and limitations of this work are
discussed in detail in Section 5 before concluding this
work in Section 6.

II. COMPONENTS AND DESIGN CONSIDERATIONS OF
AN FES SYSTEM

A.  Components of an FES system

An FES device comprises of an electrical stimulator
component capable of delivering the electrical pulses for
stimulation and a pair of electrodes to deliver the pulses to
the tissues.

Electrical Stimulator: The electrical stimulator is
responsible for generating the electrical pulses. The
generated pulses can be either voltage regulated or current
regulated, as discussed in Section 2.2. The electrical
stimulator may employ several waveforms for
stimulation. The monophasic pulse, biphasic pulse, and
exponential pulses have been considered in numerous
research settings (19). Figure la & 1b illustrate the
monophasic and  biphasic  pulses, respectively.
Furthermore, a charge-balanced biphasic stimulation
pulse with an interphase delay is also generally
considered and illustrated in Figure lc. The advantages
and limitations of these pulses are discussed in Section
2.2. The electrical stimulators may also employ either
one or multiple channels to deliver the pulses. A multi-
channel system with switch settings allows the delivery of
the stimulation to different muscle

groups.
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Fig. 1 Various rectangular pulses used for functional
electrical stimulation. a) monophasicpulse b) Biphasic
charge balanced pulse ¢) Biphasic charge balanced pulse
with interphase delay

A

Electrodes: Electrodes form the interface between
the stimulating device and the tissue. Stimulation can be
delivered to the target tissue using
surface(transcutaneous), percutaneous, or implantable
electrodes. The former two being minimally invasive and
invasive, respectively, are not considered in this work. On
the other hand, transcutaneous electrodes are non-
invasive and are placed on the surface of the body.
Generally, the electrodes are self-adhesive and are pre-
gelled to reduce the electrical impedance at the point of
contact. The drawback of these electrodes is that deep
underlying muscle groups are not easily accessible. As a
result, a pulse of larger intensity is required to obtain a
response, which in turn also excites undesired muscles
(20).

B. Design considerations of an FES system

Before designing an FES system, it is essential to consider
attributes related to the technical, practical, and clinical
aspects of the device. The characteristics of the pulse-like
the shape, intensity, duration, and frequency, are some
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technical aspects, while the placement of the electrodes
for stimulation and the effects of stimulation on tissues
are the practical and clinical aspects of FES.

» Voltage and Current Controlled Stimulation: The
stimulus injected to excite the cells can take the form of
voltage or current pulses. In voltage-controlled
stimulation, the current flowing through the tissue
cannot be precisely controlled as the current depends
on the impedance at the electrode-tissue interface. In
current-controlled stimulation, the current flowing
through the tissue can be precisely controlled (21).
Therefore, current controlled stimulation is preferred
over the former.

Pulse Amplitude, Duration and Frequency: The
characteristics of a stimulus pulse apart from the type of
waveform used is described by its amplitude, duration,
and frequency. The degree of motion produced by a
muscle in response to electrical stimulation can be
regulated by varying the amplitude, pulse
duration/width, and frequency of the stimulating
current. The stimulation amplitude corresponds to the
magnitude of the delivered current. It directly affects
the degree of contraction. Large stimulation intensities
invoke stronger contraction in muscles (22). The
relationship between muscular activity and pulse
amplitude is described in (23). The pulse
duration/width is the duration for which an electrical
pulse is present. Long pulse duration requires a small
amount of current to generate a response, while short
pulse duration requires a more considerable amount of
current to generate a similar response (24). The relation
between duration against the degree of nerve
recruitment during transcutaneous electrical stimulation
is illustrated in Figure 2. The recruitment follows
Equation 1 (25), where recsa is the value where
recruitment saturates, T is the time constant of rising
recruitment, and PDO is threshold pulse duration, such
that rec = 0, for PD < PDO.
rec = recey  [1 — e(~(PD-PDO)/7] (1)

The stimulation frequency, on the other hand, controls
the delivery rate of the electrical pulses. High-frequency
stimulation triggers additional muscle contractions
(before the muscle relaxes) compared to low-frequency
stimulation (26). Multiple prolonged contractions
induce a sustained force where no single contraction is
observed.
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Fig. 2 Illustration of a typical muscle

recruitment curve depending on pulse width for a
Constant amplitude (25).

Stimulation Waveform Type and Shape: The
stimulation waveforms used for FES can be rectangular
or non-rectangular. Non-rectangular pulses such as
exponential, sinusoidal, and Gaussian have been
previously implemented in research settings. Although
they offer advantages over rectangular pulses (27), they
are not pursued further in this work. The rectangular
pulses used for FES can be broadly classified as
monophasic and  biphasic  waveforms. When
monophasic pulses are used for stimulation, the current
only flows in one direction between the electrodes. It is
documented that upon prolonged stimulation, the
electrode potential gradually drifts towards more
negative values. This effect has two implications.
Firstly, the efficacy of the stimulation increases as
currents with smaller amplitudes are sufficient to trigger
the tissues (28). Secondly, due to the negative electrode
potential, several electrochemical reactions (29) occur
at the interface, which is harmful to the tissues. On the
other hand, when biphasic pulses are used, the current
flow is bi-directional, and the second phase of the pulse
is used to reverse the electrochemical reactions at the
interface (29). Therefore, the harmful effects of the
reactions at the interface can be avoided. A charge
balanced biphasic pulse, however, has the tendency to
subdue tissue responses, which would otherwise
normally be observed with monophasic stimulation.
Therefore, an interphase delay is introduced between the
positive and negative phases in order to restore the
response threshold (28). Figure 1(a), (b), and (c)
illustrates typical monophasic, biphasic, and biphasic
pulse with interphase delay waveforms.

Placement of Electrodes: The placement of the working
and return electrodes impacts the type of muscle
contracted. It is essential to identify optimal electrode
positions for an individual (30) and utilize small sized
electrodes (31) to stimulate a specific group of muscles
without unwanted co-activation. For instance, Figure 3
shows the ideal position of the electrodes for wrist
flexion and grasping action.
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Fig. 3 Optimal electrode placement determines the group
of muscles activated. The figure illustrates the placement
of electrodes for enabling the grasping action induced by
flexion. The negative electrode is placed slightly higher to
the medial condyle and between the wrist and finger
flexor. The positive electrode is placed over the flexor
surface of tendons on the forearm (32).

+ Electrode-Skin Interface: The nature of the electrode-
skin interface determines the effectiveness of the
current delivered during FES. The electrode skin
interface can be decomposed into the electrode-
electrolyte interface and the electrolyte-skin interface.
Figure 4 illustrates the electrode-electrolyte interface.
Charges distributed locally across the electrode-
electrolyte interface correspond to a capacitive double
layer (Cd), which creates a potential difference across
the electrode-electrolyte interface, known as half-cell
potential (Vh) (33). The resistance offered to the flow
of charges through the double layer, and the electrolyte
are represented by Rp and Rs in Figure 4, respectively.
The skin-electrolyte interface is illustrated in Figure 4.
The layers of the skin (epidermis, dermis and
subcutaneous) are electrically modelled as parallel RC
components. Stimulated current flows between the
electrodes through the electrolyte. The current flows
through the epidermis by - (a) lipid-corneocyte matrix
pathway and (b) appendageal pathway (34). Structural
variations at the interface and electroporation of the skin
change the electrical properties at the interface (35).
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electrolyte - skin VGJ:T Vider lT
interface Epidermis t
o || L JE ]
Dermis |
_ |
2Rd
Subcutaneous \
[ayer
Layers of Skin

Vhe:half cell potential electrode Cd: capacitive double layer

Rs: electrolyte resistance Ve:potential drop (epidermis)
Re:resistance epidermis Vder:potential drop(dermis)
Ccapacitance dermis Rdl:resistance subcutaneous layer

Rp: double layer resistance
Ce:capacitance epidermis
R resistance dermis
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Fig. 4 Tllustration of the electrode-electrolyte- skin
interface. (a) The electrode- electrolyte-skin interface.
The skin is represented by three layers - epidermis, dermis
and the subcutaneous layers (33). (b) The equivalent
model of the electrode-electrolyte-interface.

* Clinical Considerations: There are several clinical
considerations for the use of electrical stimulation to
artificial actuate muscles. Some considerations are the
maximum current intensity, skin injuries and irritation
due to electrodes (36), effect of stimulation on subjects
with thick subcutaneous layers (37), and interaction of
the stimulator with other wearable devices
(pacemakers, Holter monitors) (38).

Figure 5 illustrates the system level block diagram of the
developed system. The main subsystems of this device
include a power system module, microcontroller unit,
output driving module, data logging unit through serial
interface, and an external motion sensor.

Accelerometer

«-é‘ GPIO

G« | |DAC

Transconductor

L

Ul'and Data Log

U

Qutput Driving module

0C-DC Boost 4
Converter

Power Supply Module

Fig. 5 Block diagram of the programmable functional
electrical stimulatorsystem

Power system module

A9V 600mAh (Hi-Watt) battery was used to sustain the
power requirements of the system. The XL6009 DC-DC
boost converter was used to step up the voltage to a

desired level of £16V. The boosted voltage is utilized for
the rail-rail supply for the output driving stage. A
dedicated 3.3V LDO is used to power the microcontroller
unit.

Processing unit

The processing unit of the device is based on the
STM32F446 (STMicroelectronics), featuring a 32-bit
cortex M4 core. The unit facilitates the generation of pulse
trains, acquiring the data from the accelerometer, and
transmit and receive serial data from a user interface. The
microcontroller is programmed to operate in two modes,
as shown in Figure 6. In the first idle mode, no peripheral
functions are performed, and the device is idle. In the
second mode, the peripheral functions are executed as
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required by the user. The microcontroller is configured to
generate two independent uniphasic pulse trains with
varying amplitude and duration using the internal digital
to analog converter. The individual pulses are fed to the
input of the driving modules. Furthermore, the
microcontroller is configured to obtain the data from the
accelerometer through the 12C interface.

Output driver module

The output driving module primarily consists of a
difference amplifier and an improved Howland current
source as the voltage to current converter. The difference
amplifier segment of the output driving module is utilized
to convert the two single uniphasic signals from the
microcontroller DAC to a single biphasic wave.

Open COM
Port

Stimulation
Mode

Parameter
Updates

’ DAC Out

X no
Stimulation
Mode

Fig. 6 Illustration, represents the flow of operation of the
device.

y20Hz
Read ADXL ’

The uniphasic signals between 0 and 3.3V is mapped to a
biphasic signal between 0-250mV. The output of the
difference amplifier is supplied to the input of
transconductor stage (Howland Topology). Figure 7
illustrates the incorporated Howland circuit. A two
operational amplifier topology is used where a buffer
(A1) is inserted into the inverting terminal of the amplifier
A2 to improve the output impedance of the system. The
advantage of the circuit is its superior current drive
capability (39). In Figure 7, if the resistor ratio (R1/R2)
equals (R3/R4+Ro), then the current at the output is only
dependent on the input voltage Vi and Ro and
independent of the load. This is however an ideal
scenario. Resistor tolerance and mismatches are known
to affect the precision of the current delivered at the
output (40).
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Fig. 7 Schematic of the output driving module. With the
use of well-balanced resistors, the current through the
load is dependent on Viand Ro

Data logging and user interface

A user interface (hosted on a computer) designed using
Python allows the user to communicate with the
microcontroller. The user interface allows the user to
switch between operation modes and commands the
microcontroller to transmit the data acquired from the
accelerometer through a serial interface for storage.

Motion sensor

An ADXL345 digital accelerometer was used to measure
the linear acceleration with respect to positional changes.
The accelerometer was configured to measure with a 2g
range and 12-bit resolution. The data was sampled at
20Hz, and the raw 12-bit signal was converted to the g
value.

III. EXPERIMENTAL SETUP AND PROTOCOL

The objectives of the experiments were to assess (a)
accuracy of the current delivered by device with respect
to the simulated outputs (as described in A), (b)
characterize the digital to analog converter, (c) assess the
ability to measure the movement induced time- locked
with stimulation, and (d) demonstrate the ability of the
current injected by the device to enable hand grasping task
facilitated by flexion of the wrist.

A. Experiment 1: Testing the device on resistive loads

To assess the accuracy of the current delivered by the
device with respect to the simulated outputs, the device
was tested against two resistive loads (220Q and 330Q).
The selection of loads is based on estimated forearm
impedance values at theoretical low frequencies derived
from the Cole-Cole plot (41 42,43,44). Nine DAC values
(corresponding to current levels between 4 - 30mA) were
programmed through the user interface, and the current
through the loads was measured. The error of the output
current with respect to the simulated current was
determined.
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B. Experiment 2: To Demonstrate the ability to
facilitate hand grasp Participants

Four healthy volunteers (three males and one female,
aged between 22-58 years) were recruited for the
experiments after informed consent. Table 1 lists the
information of the four subjects recruited for the study.
The subjects are identified in this work as S1, S2, S3, and
S4. The inclusion criteria were: age older than 18 years,
sufficient proximal arm function, no skin allergies, no
metallic or electrical implants, not pregnant, and no
known cardiovascular condition.

Table 1 Information of the Subjects Recruited for the Study
Experimental process

Subj | A | Sex | Height | Weig BMI
ect ge (cm) ht (kg/m2)
(Kg)
S1 24 | Male | 180 70 21.6
S2 22 | Male | 180 66 20.3
S3 58 | Male | 162 65 24.8
S4 53 | Fem | 157 72 29.2
ale

Before starting the experiment, general anthropometric
data such as age, height, and weight were collected.
Subsequently, electrodes and accelerometers are placed
on the body. The electrodes (Physio Future International,
Dimension: 5cm x Scm) were placed on the right
forearm, as shown in Figure3 after cleaning the surface
of the skin. Each participant was made to sit comfortably
with their arms resting on the table and supported against
gravity without any constraints or contraptions. An
accelerometer was placed on the dorsal region of the palm
using a velcro band to faithfully capture the grasping
motion. For all participants, the stimulation was delivered
at the electrode site using biphasic current pulse trains
with atrain duration of 7s. The pulse frequency was set to
S0Hz. During the experiment, the pulse duration and
stimulation intensity were varied. A combination of four
pulse duration (200us, 220us, 240us, and 260us) and five
stimulation intensities (19.04mA, 21.76mA, 23.12mA,
25.84mA, and 27.2mA) were chosen as variable
parameters. The current intensities are determined based
on five digital to analog count levels - 2800, 3200, 3400,
3800 and 4000. If a participant experienced muscle
fatigue or pain, the stimulation was turned off instantly.

Data analysis

The data recorded were exported and analyzed using
MATLAB (R2020b, MathWorks Inc). The raw
accelerometer data were filtered using a median filter to
remove spike- based artifacts. The grasping angle (along
the flexion-extension axis) was calculated using Equation
2, and the roll angle (along the longitudinal axis of the
forearm) was calculated using Equation 3.

6 = arccos (zg/ (X% + Y?q + %)) (2)
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IV RESULTS
A. Device characteristics

Table 1 describes the simulated characteristics of the
device. Figure 8 illustrates the simulation of a stimulation
protocol where the pulse duration is 200us, and
frequency is 50Hz. The rise time and settling time of the
circuit is 7.26us and 19.10us, as illustrated in Figure 9.
Simulations revealed that for RC load combination (R
varying from 200Q to 1kQ and C varying from 8uF to
12uF), the -3dB frequency (current magnitude vs.
frequency) is at 80kHz.

Table 2 Simulated Device Characteristics

Features Desription
Amplitude 0-30mA
(programmable)
Frequency Range 20-5kHz
(programmable)
Pulse Width, Duty 200 - 1000us
Cycle (programmable duty
cycle)
Settling Time 19.10us (0 - 3.3V step
input)
Rise Time 7.26us (0 - 3.3V step
input)
-3db Freq (Current 80kHz for RC load
Magnitude vs combination
Frequency) (R varying from 200
Qto 1kQ
and C varying from 8u
F to 124 F)
%y
y — 004~ B0 F
400084F — 4000 10,F — 4000 124F
i R0 45F 000 10F — i 2,
000 80F — 8000 10,F — 6000 124F
A 00 B 10 10F =10 13F
q
ty
t
gl
3
0
5‘
0
4
A0
0 § 0 16 0 | %
Time (ms)

Fig. 8 Output biphasic current pulse wave for various
load combinations for a 3.3V input. The pulse duration of
the positive half is 200us.
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Current (mA)

4= 10% value
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Time (;1s)

Fig. 9 Output of the system for a 3.3V step input. The rise
time is 7.26yus and settling time is 19.10us.

B. Testing the device on resistive loads

Figures 10a and 10b illustrate the measured current
values against the programmed current values for Loads 1
and 2 respectively. The correlation between the measured
and programmed current values is high (Load 1: r=0.997
and Load 2: r=0.994). The error (mean+SD) between the
current values is -0.976+£0.676mA for load 1 and —
0.995£0.97mA. The error between the loads was
0.018mA+0.9104mA. Figure 11 illustrates the linear
input-output relationship between the digital to analog
converter count and the measured output current. The
simulated and experimentally determined sensitivities are

0.0073mA/DAC count and 0.0068mA/DAC count
respectively.
30 ——lter 1
~lter 2
ter 3 /

225 ——lter 4 =

E ~lter 5 ==

%2 ter 6 -

5

o

315

3 .

ng) /

s10 =

P
5
5 10 15 20 25 30
Programmed Current (mA)
(a)
0 ~lter 1
~lter2
lter 3 - /
2B ~ters )
£ +lter § y
ot Hter 6 /
§> 20 P
5 4
3 -
315 /
g %
2
©
210 7
5 10 15 20 25 30
Programmed Current (mA)
(b)

Fig. 10 A close relationship between the measured and
programmed current was observed for (a) Load 1 - 220Q
and (b) Load 2 - 330Q.
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Current (mA)
>

500 1000 1500 2000 2500 3000 3500 4000
DAC counts

Fig. 11 Input - output characteristics of the system. The
relationship was linear. Figure illustrates the relation
between the stimulation current injected in response to a
range of voltages sent out by the microcontroller’s digital
to analog converter.

C. C Testing the device with subjects

Figure 12 represents the continuous measurement of the
grasping angle for a particular protocol stimulus (pulse
width = 240 and I = 23.12mA) for a sweep time of 7s.
From the figure, it can be seen that the movement of the
wrist saturates after a gradual rise period. Additionally, it
is observed that the range of movement is unique for each
subject. While S1 and S3 show a large range of motion,
S4 and S2 hardly show any considerable movement from
the resting position. It is also interesting to note that the
time taken to reach the saturation level also varies
greatly.

0
-sp0d0 il
—SOP2AO-3400 e
0 —spmosn o~
SUPHA0-H00

L) !

4

(_') / Mwww““’"
2 r W e

0 , /‘d

I | /

By |

o)}

2

Measurement Time (seconds)

Fig. 12 Continuous measurement of the grasp angle and
corresponding stimulation pulse train (normalized in this
illustration) with pulse width: 240, DAC level: 3400
(23.12mA).

Figures 13a-d represents the mean angle (grasping)
measured after saturation for varying current levels and
pulse duration. S1 showed the most extensive range of
motion (107°) and S4 showed the smallest range (30°) at
27.2mA and pulse width = 220us. As a general trend, it
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was observed that as the current levels increased, the
magnitude of motion also increased. Except for S4, the
response to stimulation beyond 21.76mA was quite
significant. S4 showed considerable motion only after
25.84mA. It was also observed for S2, that the degree of
grasp observed with pulse widths = 200us and 220us at
19.04mA and 21.76mA was more significant than for
pulse widths = 240us and 260us. An unusually large
variation in the measurement of angles was observed for
S1 for pulse widths = 220ps and 200us at current
amplitude 25.84mA. Furthermore, from the data, it was
interesting to note that a consistent trend between the
degree of motion and pulse width (while keeping the
pulse amplitude constant) was not observed for any of
the subjects.

120
- PW =200
sz
mss3

54

19.04mA 21.76mA 23.12mA
Current (mA)

2
8

Degree of Hand Grasp
N 2 2 =
s B &5 38 8

L5 PW =220

.S

100 EEs3
23.12mA

54
Current (mA)

@
3

Degree of Hand Grasp
N 2 @
o B & 8

19.04mA

21.76mA

st PW =240
-2
120 S|
'S4

2

21.76mA 23.12mA
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s>
120 mms3

80 3
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.

JAml Hm

19.04mA 21.76mA 23.12mA
Current (mA)
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Degree of Hand Grasp
o B8 & 2

Degree of Hand Grasp
3
8

3

Fig. 13 Mean degree of movement (grasp) in response to
the stimulus intensity for S1-4. (a) pulse width (PW) =
200, (b) 220, (c) 240 & (d) 260 (note: For S4, data was

not collected for PW=200 and [=27.2mA)

During the experiment, apart from the movement about
the flexion-extension axis, a rolling motion was also
observed about the longitudinal axis of the forearm.

Figures 14a- d illustrate the mean degree of roll. Except

for S1, the rolling motion observed for other subjects was
in the negative direction. For S1, the rolling motion was
in the negative direction for stimulation amplitude less

than 25.84mA (except pulse width = 260us at 23.12mA),
exceeding which would cause a rolling motion in the
positive direction. Additionally, a positive rolling motion
was observed for S2 for amplitudes 23.12mA and
25.8mA at pulse width = 200us. Maximum rolling in the
negative direction was observed for S4 (-69.59- for PW =
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260us, I =27.2mA), and maximum rolling in the positive
direction was observed for S1 (76.836°for PW = 200us, I
=27.2mA).
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Fig. 14 Mean degree of movement (roll) in response to the
stimulus intensity for S1-4. (a) pulse width (PW) = 200,
(b) 220, (c) 240 & (d) 260. (note: For S4, data was not

collected for PW=200 and [=27.2m

V DISCUSSION

In this work, a biphasic electrical stimulator was
designed. A novel feature of this system is the use of an
operational amplifier based current source over
conventional transformer and MOSFET architectures.
The designed system is also programmable and the
stimulation current controlled, where the current injected
through the electrodes can be precisely controlled by
varying the output DAC counts on the micro-controller.
The output current therefore, is not effected by the
variations in the impedance at the electrode-tissue
interface.

Input-output relationship of the device: Figure 11
shows a linear input-output relationship. The sensitivity
of the system (0.0068mA/DAC count) is small enough to
allow for precise control of the output current as required
by FES systems. The sensitivity can be altered if required
by adjusting the gains of the difference amplifier. DAC
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values between 0-4096 allow for the selection of
stimulation amplitude between 0-28mA (experimentally
determined value). The difference between the simulated
and experimental measured current values increased at
larger DAC counts, and as a result, the maximum current
measured was 28mA as opposed to the design value of
30mA. In subsequent design iterations, the overall range
of the current can be increased if needed without much
change to the present hardware framework. The supply
rail of the output driving module needs to be boosted, and
the resistor Ro in Figure 6 must be decreased to increase
the overall current range.

Performance of the device against passive electrical
loads: The experimentally measured current values
through both the loads showed a high correlation to the
simulated values. The error of the output current with
respect to the simulated current for load 1 and 2 are -
0.976+£0.676mA and -0.995+0.97mA, respectively. The
error between the loads is low (0.018mA+0.9104mA).
From the simulations and experimental data, it is
encouraging that the current through the ranges of load
(that mimics the human forearm as previously
mentioned) is similar, and no considerable variations are
seen.

Reduced current range: The drop in the overall range of
current amplitude, as previously mentioned, can be
attributed to factors such as (a)the tolerance of resistors
and resistor mismatch, (b) inaccuracies of the DAC, and
(c) op-amp input offset voltage. An obvious solution to
mitigate the effect of resistor tolerance is to utilize
resistors with lower tolerance but at the price of higher
development cost. A trade-off between cost and precision
must be considered in subsequent development iterations.
The relation between the degree of stimulated
movement and pulse amplitude: The degree of
stimulated grasping movement in response to the range
of the current pulse amplitude applied in the experiment
(19.04mA-27.2mA) varied for the subjects. For all
subjects, as the current amplitude increased, the degree of
movement also increased. Additionally, a considerable
movement was seen for all subjects after 21.76mA
except for S4, who showed considerable movement only
after 25.84mA. These observations are in accordance
with the peak activity - amplitude relationship seen in
(23). In this study, it appears that the range of amplitudes
applied was in the linear range, and the range of
amplitudes where the motion saturates is not entirely
tested.

Inter-subject variation in the degree of movement:
The inter-subject variations in the degree of movement
can be attributed to (a) the effect of body type,
subcutaneous tissue(fat) thickness and (b) non optimal
placement of electrodes. As mentioned in Section

2.2 currents of high amplitude are required to evoke
muscle activation in subjects with thick subcutaneous
layers. In our study, S4 has a large BMI (categorized as
overweight), and a weak response to the injected current
was observed. Inter-subject variation in the degree of
movement is also known to depend on electrode
positioning. Determining the optimal position of the
electrodes for an individual is therefore vital to evoke
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comparable contractions.

Co-activation of unwanted movements: In this study, a
rolling movement was observed about the longitudinal
axis of the forearm. The direction of the rolling movement
also varied between subjects. The rolling motion is an
additional motion observed during the flexion and is not
an intended action. The co-activation observed is
probably due to the size of the electrodes used in the study.
Large-sized electrodes tend to activate neighbouring
muscles and bring about unwanted muscle responses. To
mitigate this effect, it is possible to reduce the size of the
electrode and use multiple smaller target electrodes or
use braces to stabilize the motion and prevent motion in
unwanted directions. The former solution is more
attractive as it provides an opportunity to stimulate more
delicate and complex movements

Continuous measurement of stimulated movement:
The angles measured using the wrist accelerometer was
crucial for obtaining information regarding the flexion
movement. The data provided sufficient information
regarding the same, and therefore, the location of the
sensor was ideal. The motion due to electrical stimulation
is a dynamic process dependent on unpredictable factors,
as described in Section 2.2. In order to compensate for
these factors, the general solution is to introduce currents
with large amplitudes to generate magnified and
exaggerated muscle response (15). However, this solution
induces fatigue and is inefficient. The ability of the device
developed in this work to measure angles continuously
and in real-time, provides a suitable possibility to
develop elegant solutions to adjust the stimulation
parameters (like the amplitude, pulse duration and
frequency) automatically to an optimal setting.

Limitations and future considerations: In this work,
experiments were conducted only on healthy volunteers.
Going forward the effectiveness of this system must be
clinically validated on subjects with upper limb paralysis.
Additionally, testing on a larger sample size of
participants will help understand the reason behind the
variations observed in response to the stimulation. For
future experiments - (a) a more comprehensive range of
stimulation parameters must be considered so that
relationships between the parameters and the response
generated can be understood in detail and determine
metrics such as threshold level and saturation level, (b)
perform repeated measurements on the same subject to
assess variations in successive measurements, (c) take
into consideration muscle selectivity to eliminate
unwanted contractions, (d) an appropriate method to
locate optimal electrode positions, and (e) a design to
measure subjective comfort during stimulation.

VI CONCLUSION

In this work, a biphasic, programmable current-controlled
functional electrical stimulator system was developed to
enable grasping. The system uses an operational amplifier
based current source over conventional transformer and
MOSFET architectures. The device was validated against
two resistive loads and on healthy human participants.
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The device can deliver currents between 0-28mA, and the
error between the measured current and simulated current
for the two passive electrical loads were -0.976+0.676mA
and -0.995+0.97mA.

Testing on healthy participants revealed the capability of
this device to enable hand grasping. During the
experiments, inter-subject variations in the degree of
movement and a rolling motion about the longitudinal
axis of the forearm was observed. The integration of an
accelerometer with this system facilitated the
measurement of angular information during the task. The
ability of the device to capture angular movement will
enable the development of solutions to adjust stimulation
parameters automatically to induce movements with
desired trajectory. Going forward, we believe that testing
the device on patients with upper limb paralysis will
provide insights on the clinical effectiveness of the
device.
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