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Abstract

Mpyoelectric prosthesis requires a sensor that can reliably capture surface electromyography (SEMG) signal from amputees
for its controlled operation. The main problems with the presently available EMG devices are their extremely high cost, large
response time, noise susceptibility, less amplitude sensitivity, and larger size. This paper proposes a compact and affordable
EMG sensor for the prosthetic application. The sensor consists of an electrode interface, signal conditioning unit, and power
supply unit all encased in a single package. The performance of dry electrodes employed in the skin interface was compared
with the conventional Ag/AgCl electrodes, and the results were found satisfactory. The envelope detection technique in the
sensor based on the tuned RC parameters enables the generation of smooth, faster, and repeatable EMG envelope irrespective
of signal strength and subject variability. The output performance of the developed sensor was compared with commercial
EMG sensor regarding signal-to-noise ratio, sensitivity, and response time. To perform this, EMG data with both devices
were recorded for 10 subjects (3 amputees and 7 healthy subjects). The results showed 1.4 times greater SNR values and
45% higher sensitivity of the developed sensor than the commercial EMG sensor. Also, the proposed sensor was 57% faster
than the commercial sensor in producing the output response. The sSEMG sensor was further tested on amputees to control
the operation of a self-designed 3D printed prosthetic hand. With proportional control scheme, the myoelectric hand setup
was able to provide quicker and delicate grasping of objects as per the strength of the EMG signal.

Keywords Surface electromyography - Myoelectric prosthesis - Signal-to-noise ratio (SNR) - Control scheme - Grasp types

1 Introduction

Surface electromyography (SEMG) is a non-invasive tech-
nique for the assessment of the myoelectric signal. It is usu-
ally preferred because it is painless and quite easy to acquire
[1]. The precise measurement and analysis of SEMG sig-
nals are utilized in various applications that include clinical
diagnosis of neuromuscular disorders, the study of muscle
fatigue, and control of prosthetics. Nowadays, SEMG has
been established as a primary source of control for prosthetic
hands due to their ease and intuitiveness [2—4]. A single-
channel sSEMG is sufficient to detect different activations of
upper-limb muscles for numerous applications in rehabilita-
tion and human—computer interface (HCI) [5].

Surface myoelectrodes give the basic assessment of the
EMG signal under the skin. These are categorized into wet
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and dry type electrodes. Silver—silver chloride (Ag/AgCl) is
a wet type electrode which provides good signal quality and
low electrode—skin impedance, but have some limitations
also. These electrodes may cause irritations and allergies to
skin, and their long-time use can degrade the quality of the
signal because gel in the electrode dries with time. Moreo-
ver, these require skin preparation, which increases the time
and cost of measurement [6, 7]. These limitations make the
wet electrodes unsuitable for the prosthetic application. Dry
electrodes, on the other hand, do not require gel as well as
skin preparation procedure reducing time and effort to set up.
Although these electrodes may have higher skin—electrode
impedance and susceptible to motion artifacts, however,
there is a possibility of getting stronger SEMG signal with
these electrodes [8]. Laferriere et al. [9] proposed dry flex-
ible electrodes and compared its performance with the com-
mercial Ag/AgCl electrodes for detecting muscle contrac-
tions under different loading conditions. A finely machined
toothed silver electrode was developed for acquiring EMG
signal, which showed performances similar to gelled type
electrode and better than flat silver surface [10].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13534-019-00130-y&domain=pdf

468

Biomedical Engineering Letters (2019) 9:467-479

The myoelectric prosthesis mainly consists of a device
for capturing EMG signal, a controller for processing these
signals and generating a control command in real-time to
drive actuator mechanically linked with the prosthetics [11,
12]. The operation of smart EMG based prosthesis, work-
ing as an artificial substitute to missing limbs, is affected by
numerous factors like change in position of the electrode,
variation in the level of muscle contraction, the positioning
of the forearm and limb orientation [13].

A control scheme in myoelectric prosthesis translates the
information contained in the EMG signal to control com-
mand for actuation of prosthetic devices. The proportional
scheme is a non-pattern recognition based myoelectric con-
trol scheme in which the speed and force of the prosthetic
hand is controlled using the intensity of the EMG signal in
a proportional manner [14, 15]. Such a scheme relies on
factors like characteristics of EMG sensor, data acquisition
system, sensor position on the skin, physiology of muscles,
and muscle fatigue for proper generation of control com-
mands [16, 17].

The most common noise sources interacting with the
EMG signals are inherent noise, motion artifacts, electro-
magnetic noise, and crosstalk [18-20]. For correct recogni-
tion of EMG signal patterns, the sensor typically consists
of electrodes and signal conditioning unit. Noise removal,
signal boosting, and signal translation are the key tasks
performed by the signal conditioning section present in the
EMG system. Moreover, the quality of the myoelectric sig-
nal for operation of prosthetics largely depends on the signal
conditioning circuitry of the EMG detection unit [21]. The
quality of the EMG signal can be evaluated by the estima-
tion of signal-to-noise (SNR) values through automatic or
manual detection of myoelectric bursts and baseline noise
from the signal in the time domain [22].

Modern EMG systems with a large number of fea-
tures offer a high-quality recording of myoelectric sig-
nals. However, the main issues with all these commercial
EMG systems are their extremely high cost, non-portabil-
ity, complexity, and inability to provide an open source

platform [23, 24]. Clinical diagnostics requires high-
end EMG equipment capable of giving high quality and
multichannel signals. Such devices mainly target offline
data analysis. Hence, there is no bar on their response
time [25]. Whereas for prosthetic control, moderate qual-
ity EMG device with less response time (below 300 ms)
and a high degree of intuitiveness are required [26, 27].
Also, the device should be simple, affordable, and com-
pact enough to fit inside the prosthetic hand socket [28].
Table 1 describes the technical specifications and cost of
some commercially available EMG devices [29-31].

In the proposed work, a compact-sized sSEMG sensor
has been developed for the upper limb prosthetic applica-
tion. The high sensitivity and increased SNR feature of the
sensor allow faithful detection of weaker strength SEMG
signal, particularly from amputees. These parameters of
the sensor, along with its lower (fast) response time, offers
the smooth and faster operation of the prosthetic device.
The sensor produces a smooth linear envelope output of
0-5 V, which is proportional to the intensity of the EMG
signal. Section 2 describes the materials and methods of
the designed sSEMG sensor. Section 3 deals with the exper-
imental setup for the assessment of sensor performance.
Results and discussion are provided in Sect. 4. Section 5
describes the application of developed EMG sensor for
prosthetic hand control. Finally, the conclusion is given
in Sect. 6.

2 Materials and methods
2.1 Design and construction of the sensor

The proposed sEMG sensor mainly consists of silver palette
electrodes as an electrode interface, a signal conditioning
section, and a power supply unit all embedded in a single
structure. Figure 1a shows the block diagram of the proposed
sEMG sensor.

Table 1 Technical features of
available EMG sensors

Ottobock 13E200

Myo armband Myoware muscle sensor

Input 74V 37V 5V

Output type 0-5 V envelope Differential (+2.5 mV) 0-5 V envelope, dif-
ferential (2.5 V)

Type of electrodes Stainless steel Stainless steel Disposable Ag/AgCl

Number of channels 1 8 1

Power supply External Integrated External

Weight 45¢g 93g 9g

Output accessibility

Price $400

Easily accessible

Does not provide open
source platform

$200 $37.95

Easily accessible
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Fig.1 a Block diagram representation of the proposed EMG sensor, b detailed circuit for the envelope detector

2.1.1 Design of skin interface

The skin interface of the sensor was designed using three
silver palette electrodes of 1.24 cm diameter each. All the
electrodes were embedded in the sensor base at an inter-
electrode distance of 1.25 cm, which is shown in the Fig. 3a.
The two electrodes at the end position are intended for target
muscles while the middle electrode serves as a reference to
make the whole arrangement a differential one. This con-
figuration of electrodes minimizes the motion artifacts which
occurs due to the movement of electrode cables [32]. Silver
metal as a surface myoelectrode serve several advantages
such as the good property of biosignal conduction as well
as biocompatibility, does not require skin preparation, works
well under sweat and wet conditions, cheaper for long-term
use, non-toxic and non-reactive, etc. [8—10].

2.1.2 Design of signal conditioning circuitry

A signal conditioning circuitry consisting preamplifier, a
band-pass filter, inverting amplifier and envelope detector,
was designed for converting the raw SEMG signal directly
from the electrodes to an even voltage signal. Figure la
describes the different stages involved in the EMG signal
conditioning unit.

In the pre-amplification stage, an instrumentation ampli-
fier (i.e., INA 128P IC) was employed which offers benefits
like high common-mode rejection ratio (CMRR), low offset
voltage, low power consumption, and adjustable gain. To
prevent the saturation and instability of subsequent amplifier

stages, a gain of this stage adjusted to a lower value of 11.4
[33].

A band-pass filter has been added with a lower cut-off
frequency of 11.4 Hz and the higher cut-off frequency of
323.7 Hz. This stage was implemented to remove the motion
artifacts and external noises of low frequencies and noises
occurring at high frequencies. The band pass filter circuit
was realized with a gain of 2.92 to increase the voltage level
of the filtered signal. The overall transfer function of the
designed band-pass filter is described in Eq. (1).

12,181,527.95>
(52 +166.661s + 5201.05) (52 + 4837.01s + 4,137,219.2181)
ey

The second stage of amplification was done at a gain of
109.7 to increase the amplitude of the EMG signal to a level
such that it can be easily accessed by storage as well as con-
trol devices. The overall gain achieved until this stage was
3700.

An envelope detector circuit comprising a precision recti-
fier circuit and low pass RC circuit shown in Fig. 1b, was
implemented to produce a linear envelope of amplified and
filtered EMG signal [34]. This stage was realized such that
the amplitude of the EMG signal remains unaffected by
other factors except for muscle excitation [35]. The time
constant of the RC filter should be ranged from 10 to 150 ms
to produce a clear envelope of EMG signal [36, 37]. Charg-
ing and discharging time constant of the RC filter circuit
mainly regulates the rise and fall time as well as the shape of
the generated envelope [38]. The value of R and C was tuned
manually to achieve a time constant of 110 ms, which leads

G(s) =
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to the generation of the smooth and faster envelope with
less rise time and sufficient fall time, intended for prosthetic
application. The output of this stage is a linear envelope of
0-5 V, which is proportional to the strength of muscle con-
traction. An LED connected across the final output of the
envelope detector indicates the production of EMG signal
in terms of its glowing intensity.

2.1.3 Power supply unit

Power supply unit in the sensor includes: (1) a recharge-
able lithium-polymer battery of 3.7 V, 240 mAh capacity
(2) a step-up chopper (3) unipolar to bipolar supply cir-
cuit. Figure 2 shows the block diagram and the detailed
circuitry for the incorporated power supply unit. MT3608
step-up converter module (from Aerosemi) has been uti-
lized as a step-up chopper in the power supply unit. It
mainly includes a power MOSFET which receives fixed
switching frequency from automatic pulse frequency mod-
ulation. The chopper circuit with adjustable gain increases
the amplitude level of dc voltage from the battery (i.e.,
3.7-12 V). To power, the active components present in
the signal conditioning circuitry, a specific circuit shown

in Fig. 2b was incorporated which converts the unipolar
voltage from the chopper to bipolar supply (i.e., 12 V to
+6 V). The integration of the power supply unit within the
sensor module eliminates the requirement of an external
dual power source which can make the acquisition setup
complex and bulky.

2.1.4 Sensor description

Figure 3a depicts the rear view of the sensor, i.e., sen-
sor base showing the electrode interface whereas Fig. 3b
describes the front view of the sensor comprising the
signal conditioning circuitry and power supply unit. The
dimension of the developed sensor is 25 x 70 mm?, which
can be further reduced (up to one-third of the original
dimension) by using small size SMD (surface-mount
devices) components and professional tools for fabrica-
tion. The power consumption of the developed sensor was
estimated 30 mA using the datasheets of the components
employed in the circuitry.

Fig.2 a Block diagram of the (a)
power supply unit, b detailed r - =
circuitry for the power supply = dju::nent
unit l
Rechargeable 3.7V Step-up Single-dual +Vec
battery chopper supply Vee
(b)
L Da
o NN ; B O +6V
3.7V _I D3 e
g —
e
o 6V

Step-up chopper Single-dual supply

Fig.3 a Rear view of the devel-
oped sensor, b front view of the
developed sensor

@ Springer




Biomedical Engineering Letters (2019) 9:467-479

471

3 Experimental setup for assessment
of sensor performance

3.1 Selection of sensor for comparison

In order to validate the performance of the developed SEMG
sensor, its output characteristics were compared with the
commercial EMG sensor. Referring to Table 1, it was
observed that Ottobock 13E200 and myoware muscle sensor
are the two devices which provide similar kind of output as
the developed sensor (i.e., linear envelope). Out of these two
devices, myoware muscle sensor was selected for compari-
son because of its low cost, easy availability, and decent per-
formance in prosthetics [2]. EMG data were acquired from
a total of 10 subjects (3 amputees and 7 intact) using both
the sensors for determining their output parameters. Ethical

Table 2 Details of amputees participated in EMG data acquisition

S.no. Gender Age Weight (kg) Type of amputation Reason of
amputa-
tion

1. Male 20 50 Transradial (left Accident

hand)

2. Male 50 85 Transradial (right Accident

hand)

3. Male 12 25 Transradial (right Accident

hand)

approval was taken from the Ethical committee, Institute
of medical sciences, BHU, Varanasi before performing this
experiment. Details of each amputee participated in this
work with their type, and the reason for amputation are
described in Table 2.

3.2 Positioning of sensors

For acquiring the EMG data, both the sensors were attached
to the forearm muscles of subjects as shown in the Fig. 4. As
the developed sensor is dry electrode based, it was attached
using velcro tape, whereas the myoware muscle sensor was
fixed through disposable Ag/AgCl electrodes. The target
electrodes of both the sensors were placed at flexor carpi
radialis and flexor carpi ulnaris while the reference elec-
trode of the myoware sensor was placed at the elbow portion.
These specified muscle groups on the forearm are directly
responsible for the palm and wrist movements of interest
[23].

3.3 Defining the level of muscular contraction

The EMG data for all the subjects were recorded for a dif-
ferent level of contractions (i.e., contractile force) of their
forearm muscles. As the amputees cannot perform natural
hand activities with their residual limb, therefore, to main-
tain uniformity in EMG data, same activities were decided
for amputees as well as healthy subjects. The different levels
of contractile force were selected from the force exerted by

Fig.4 Attachment of both the sensors on different subjects
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Fig.5 a Sensing area of the FSR band, b output circuit for the band, ¢ attachment of band to the forearm, d attachment of the developed sensor
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Fig.6 Force voltage calibration curve for FSR band

flexor muscles on the force sensitive resistor (FSR) during
contraction. A highly sensitive band comprising FSR was
developed for the measurement of muscular contractile force
in terms of voltage. The FSR sensing portion was encased
in a 3D printed structure for proper distribution of muscu-
lar contractile force over the contact surface area. Figure 5
shows the sensing area of the designed FSR band, its volt-
age divider circuit for converting the change in resistance of
FSR to voltage output and its attachment to the forearm for
measuring contractile force. Using the force curve from the
FSR datasheet (FSR 406) and circuit in the Fig. 5b, a force
voltage calibration curve was obtained, which is shown in
Fig. 6 [39]. From the obtained calibration curve, a maximum
of six different levels of muscular contractions was defined
for recording EMG data, which are indicated in Table 3. The
output voltage of the 6th level corresponds to the maximum

@ Springer

Table 3 Allocation of different levels of muscular contractions

FSR output voltage (V) Force (N) Contraction level
0.8 0.18 1
1.25 0.2 2
1.7 0.3 3
22 0.5 4
2.8 1 5
32 2.5 6

voluntary contraction (MVC) of the forearm muscle. Attach-
ment of developed sensor and FSR band was done together
on the forearm muscles as shown in Fig. 5d for recording
EMG signal at different contraction levels.

3.4 Data acquisition

EMG data acquisition was performed using NI ELVIS II*
hardware and Lab VIEW 2015 software interface. As per the
levels defined in Table 3, the subjects were asked to perform
6 different levels of muscular contractions of their forearm,
and 10 repeated readings were recorded for each level. Dura-
tion of each reading was 6 s. All the data were acquired at a
sampling rate of 2kS/s.

4 Results and discussion

The developed EMG sensor mainly depends on the perfor-
mance of the electrode interface as well as the employed sig-
nal conditioning circuitry. There are several measures used
to quantify the quality of electrodes. The most prominent
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are electrode—skin contact impedance and signal-to-noise
ratio (SNR) [40].

Similarly, the overall output performance of the devel-
oped sensor can be analyzed by various characteristics like
SNR, amplitude sensitivity, and response time. Therefore the
performance parameters of the proposed electrode and the
sensor were separately determined and compared with that
of the standard system.

4.1 Electrode performance

The performance of silver palette electrodes embedded in
the sensor was compared with the standard disposable Ag/
AgCl electrodes regarding electrode—skin impedance and
signal-to-noise ratio (SNR).

4.1.1 Electrode-skin impedance

Grimnes’s method was used for determining the elec-
trode—skin impedance of individual surface electrode [41].
A constant sinusoidal current of 50 pA at 50 Hz (generated
by a voltage controlled current source) was passed through
the skin from one electrode and exited from the other. The
impedance values for the proposed electrodes and disposable
electrodes were obtained and recorded using Lab VIEW with
NI ELVIS II'" hardware interface at a sampling frequency of
2kS/s. The location of both the electrodes was kept the same
for measurement of each impedance. Impedance versus time
plot for both the electrodes was obtained using the recorded
data for 15 min. The impedance values for the proposed
electrode showed a decrease over time, which is quite clear
from Fig. 7. In general, the lower impedance is desired for
better conduction of electrodes [40]. A comparison regard-
ing observed impedance values for both electrodes is pro-
vided in Table 4. After a certain settling time, dry metal
electrodes show comparable impedance values to that of wet
type electrodes [8].

4.1.2 Electrode SNR

Assessment of noise performance of the proposed electrode
was analyzed through evaluation of signal-to-noise ratio
(SNR). SNR was determined as the ratio of root mean square
(RMS) value of raw EMG signal recorded during muscular
contraction to the RMS value of the undesired signal (i.e.,
baseline noise) recorded while the muscle is at rest [22]. The
raw EMG signals with both the electrodes were recorded
for maximum voluntary contraction (MVC) of the forearm
muscle, whereas the undesired signals were recorded for no
contraction. The data of 6 s duration were acquired for each
subject. Using Eq. (2), the SNR value was evaluated for each
subject. Average SNR values of all the subjects determined
for both the electrodes are mentioned in Table 4. The result
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0 150 300 450 600 750 900

Time(s)

Fig.7 Obtained impedance response for both the surface electrodes

Table 4 Performance comparison for surface electrodes

S.no. Type of electrode Area (mm?) Imped- SNR (dB)
ance
(kQ)
Disposable Ag/AgCl 314 48 244
2 Silver palette 120 59 26.7

in the table shows that the proposed electrode provides simi-
lar SNR values as the conventional Ag/AgCl electrode.

RMSsignal

noise

4.2 Sensor performance
4.2.1 Output

Figure 8 shows the EMG signals for 6 different levels of
muscular contractions (i.e., activities) of an amputee
recorded with both the sensors. To quantitatively analyze
the similarity between the signals of both the sensors a two-
tailed paired t-test was conducted. The similarity test was
performed using EMG data of all the 10 subjects consid-
ering their every level of muscular contraction separately.
The result showed high Pearson’s correlation coefficient
(r>0.95) with p value <0.0001, revealing the pairing were
significantly effective.

4.2.2 SNR

To analyze the signal quality of both the sensors, their
SNR values were determined. EMG signals using both
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Fig. 8 Envelopes produced by the two sensors for six different levels of muscular contractions of an amputee

the sensors were acquired for the same contractile force
of forearm muscle (i.e., for MVC) while noises were
acquired for no contraction. Figure 9a shows an EMG
waveform indicating baseline noise and signal strength,
whereas Fig. 9b, c describes the recorded baseline noises
for a subject with both the sensors. For each subject, SNR
value was calculated using Eq. (2) considering data of 6 s

(a)

5.0

duration. Table 5 gives the evaluated SNR values for all
the subjects with both the sensors. In the results, higher
SNR values were observed for the developed sensor as
compared to the commercial sensor. SNR measures the
quality of the EMG signal and can range between 10 and
50 dB under ideal, simulated situations [42].
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Fig.9 a SNR calculation from recorded EMG envelope, b baseline noise for myoware sensor, ¢ baseline noise for developed sensor
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Table 5 Evaluated SNR by sensor type

Subject Sensor SNR (dB)
1 Developed 32.86
Myoware 24.08
2 Developed 32.46
Myoware 23.32
3 Developed 32.66
Myoware 22.92
4 Developed 32.86
Myoware 23.52
5 Developed 33.02
Myoware 22.49
6 Developed 32.78
Myoware 23.20
7 Developed 33.06
Myoware 23.86
8 Developed 33.25
Myoware 23.36
9 Developed 33.17
Myoware 23.93
10 Developed 33.47
Myoware 23.24
Average value Developed 32.95
Myoware 23.39

4.2.3 Sensitivity

Sensitivity analysis was performed for both the sensors to
test the ability of the developed sensor module in detecting
EMG amplitude variations from various subjects. Ampli-
tude sensitivity for the sensors was evaluated as the ratio

of incremental change in the EMG output voltage to the
change in the muscular contractile force (i.e., input to the
EMG sensor) [43, 44]. A plot was obtained for a correspond-
ing change of average EMG voltage (for subjects) with a
change in muscle contractile force for both the sensors. The
slope of the obtained linear curve was calculated to give the
sensitivity of the sensor. Figure 10a, b shows the sensitivities
of both the sensors for all the subjects and only amputees.
The results showed that the developed sensor was 45% more
sensitive than the myoware sensor in detecting signal from
all the subjects whereas in the case for only amputees it
was 70% more sensitive than the myoware muscle sensor.
Sensitivities of both the sensors were determined at a fixed
gain value at which their SNR is maximum. Because as we
increase the gain of an EMG system above a certain value,
its baseline noise increases, which decrease the SNR value
of the system [22].

4.2.4 Response time

The response time of the sensor was evaluated in terms of
rise and fall time of its output envelope. Rise time was meas-
ured as the time required for the envelope to rise from 10 to
90% of its largest value. Conversely, fall time was calculated
as the time taken by the envelope to fall from 90 to 10% of
its maximum value [45]. Figure 11 shows the estimation of
rise and fall time from the produced EMG envelope. Rise
and fall time was computed from the EMG envelopes gener-
ated with both the sensors placed at the same muscle group
for similar contractile force. For each subject, response times
were determined for all the 6 levels of muscular contractions
(defined in Table 3) using both sensors.

(a) (b)
] 20
20| ® Developed sensor » = Developed sensor]
e Myoware 3 184/ ® Myoware -
| 4 1.6 »
5 sensitivity= 0.2943 VIN - %1‘4_ o
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o P _e 2 1.2 /
b | . e -
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A g 1.0 A
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w Wig 9
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Fig. 10 a Sensitivities of sensors for all the subjects, b sensitivities of sensors for only amputees
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Fig. 11 Rise and fall time calculation from an EMG envelope

Table 6 Rise and fall time for both the sensors

Muscular con-
traction level

Rise time, 7, (ms) Fall time, #; (ms)

Myoware Developed Myoware Devel-
sensor oped

sensor
1 260 110 190 300
2 280 110 220 360
3 310 130 230 390
4 340 140 270 430
5 370 160 310 480
6 380 170 350 490
Average 323 136 261 408

In Table 6, the first six rows indicate the average rise and
fall time calculated for each contraction level considering all
the subjects while the last row gives the overall rise and fall
time for the sensors. The rise time for the developed sensor
was obtained to be 57% faster (lower) than the myoware sen-
sor whereas the fall time for the sensor was observed 36%
higher in comparison to the commercial sensor. Since the
myoelectric control signal has a delay time of about 300 ms

Mean Absolute
value

0-5V
envelope

from the time when user intention is given, the rise time of
the developed sensor is better and suitable for the intuitive
application [17, 27, 46].

5 Sensor utilization for prosthetic hand
control

The developed sensor was further utilized to control the
operation of a 3D printed prosthetic hand by capturing the
EMG signal from amputees. For this, a 3D printed hand
prototype was prepared and was intrinsically actuated using
two high torque servomotors (MG-995) [47]. Fingers were
equipped with silicon fingertip for improving the grasping
capability of the hand. A microcontroller chip (Arduino
Nano) was installed inside the hand which receives analog
input from the EMG sensor and provides a digital output
to servomotors. All the electrical, as well as electronic
components present within the hand, were powered using
2000 mAh, lithium-ion battery.

The proportional control strategy was implemented in the
microcontroller section, which translates the EMG signal
from the sensor to PWM output for driving servomotor. This
strategy provides proportional actuation of the prosthetic
hand fingers as per the intensity of the EMG signal, i.e.,
larger strength of EMG signal corresponds to the greater
grasping force of fingers to close the hand. Figure 12 shows
the scheme for the generation of control commands for real-
time operation of the 3D printed prosthetic hand.

The sEMG sensor was attached on the residual forearm
stump of amputees as shown in Fig. 3 for real-time control
of the designed prosthetic hand. The amputees were able
to dexterously grasp different shaped objects with the hand
using their muscular contractions (i.e., the intensity of EMG
signal). Figure 13 shows the grasping of various objects with
the prosthetic hand, using EMG signals from an amputee.

The proportional myoelectric control provides the oper-
ating speed of the prosthetic hand that is dependent on the
intensity of the EMG signal. This feature enables intuitive
control and faster-grasping capability to the hand [14, 15,
48]. The operation speed of the myoelectric hand setup was
analyzed in terms of its response time. An experiment was
performed in which response time (i.e., Closing/opening

Microcontroller

—-{ Gain W PWM Generator ]»Wml

cycle Output

3D printed
hand

Fig. 12 Generation of control command using EMG signal from the sensor
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Table 7 Response time of hand with both the sensors
Prosthetic hand Full closing time  Full open-
(ms) ing time
(ms)
With developed sensor 350 650
With myoware muscle sensor 550 450

Fig. 13 Grasping of various objects performed by prosthetic hand
using EMG signals from an amputee

time) of the prosthetic hand with both the sensors was
determined from their recorded video of hand operation.
The full closing and full opening time of prosthetic hand
fingers with both the sensors are provided in Table 7. Faster
closing and slower opening operation of the prosthetic hand
was observed with the developed sensor as compared to the
myoware sensor. Based on the survey report of amputees,
researchers recommended 300-400 ms as the acceptable
closing time for the myoelectric prosthesis [27, 46, 49].
The operating speed of the prosthetic hand is primar-
ily regulated by the combined effect of EMG sensor delay,
microcontroller processing time, and the response time of
the servomotor. Processing time of the Arduino nano micro-
controller (in generating control command) and response
time of the servomotor (MG-995) as per their datasheets are

40 ms and 160 ms [27]. Therefore, analyzing Tables 6 and 7
it can be concluded that the closing time of the hand mainly
depends on the rise time of the EMG sensor envelope and
conversely the opening time depends on the fall time of the
envelope.

6 Conclusion

In this paper, a dry electrode based SEMG sensor has been
designed for upper limb prosthetic application. The compact
structure of the sensor makes it wearable for a long time
used inside the prosthetic hand socket. The Silver palette
electrodes used in the sensor showed decent performance,
i.e., electrode—skin impedance and SNR values as compared
to the standard Ag/AgCl electrodes.

The developed sensor showed better output parameters
such as SNR, sensitivity, and response time as compared to
the commercial sensor. Comparison of full features between
both the sensors is provided in Table 8.

The sensor was successfully tested on amputees for the
real-time controlled operation of the developed prosthetic
hand. Implementation of a proportional control scheme ena-
bles the grasping force of the hand fingers proportional to
the EMG signal strength. Amputees based on their EMG
signal intensity were able to grasp different shaped objects
with the hand.

The higher sensitivity with greater SNR values of the
developed sensor facilitates reliable detection of SEMG sig-
nal from subjects (particularly amputees) and yield smoother
operation of the prosthetic device. The operating speed (i.e.,
closing/opening time) of the prosthetic hand is highly influ-
enced by response time (i.e., rise and fall time) of the sen-
sor. The lower (faster) rise time of the sensor offers faster
closing of the prosthetic hand fingers to grasp the objects
(when the muscle is activated) whereas higher fall time pro-
vides some delay in the opening of hand fingers to prevent
the immediate release of grasped objects (when the muscle
is instantly relaxed). The tuning of RC parameters in the
envelope detection stage of the sensor was mainly respon-
sible for the generation of a smoother envelope with lower
rise time and higher fall time. The developed EMG sensor
implemented with proportional control strategy was able to
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Table 8 Comparison of
Features
the developed sensor with
commercial myoware sensor Output type

Electrode type
Inter-electrode distance
Power supply unit
Power consumption
Mass

Dimension

SNR

Sensitivity

Rise time

Fall time

Price in the commercial market

0-5 V EMG envelope 0-5 V EMG envelope

Disposable Ag/AgCl Silver palette
4 cm 1.25 cm
External Integrated

9 mA 30 mA

9¢g 42¢

20% 52 mm? 25X 70 mm?
23.39dB 32.95dB
0.159 V/IN 0.2943 V/IN
323 ms 136 ms

261 ms 408 ms
$37.95 Prototyping cost ($13)

provide smooth and faster operation of a prosthetic hand
with control on grasp force.

The dry electrodes integrated in the skin interface of
the sensor offers several benefits over the conventional Ag/
AgCl electrodes such as cheap for longer-time use, does not
require any skin preparation, does not causes allergies and
skin irritation when used for longer duration, signal qual-
ity remains consistent over time, good performance under
sweat and wet conditions etc. Also, the presence of power
supply within the sensor eradicate the need for external bipo-
lar supply, which can create a complexity to the acquisition
setup. The power consumption of the developed sensor is
higher than the myoware sensor however with a recharge-
able battery of 350 mAh it can last up to 11 h of continuous
use. Larger mass and dimension are some demerits of the
designed sensor which can be overcome by using tiny sized
SMD components and specialized tools for fabrication.

In future work, the EMG signals acquired with the sensor
for different muscular contraction levels can be easily classi-
fied to achieve individual finger movement of the prosthetic
hand. This will enhance the number of grip patterns for a
more precise and natural grasping of objects. Also, such a
simple, effective, and low-cost sensor can be deliberately uti-
lized in the development of the affordable myoelectric hand.
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