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Abstract

Persons with upper-limb amputations face severe problems due to a reduction in their ability to perform the activities of daily
living. The prosthesis controlled by electromyography (EMG) or other signals from sensors, switches, accelerometers, etc.,
can somewhat regain the lost capability of such individuals. However, there are several issues with these prostheses, such as
expensive cost, limited functionality, unnatural control, slow operating speed, complexity, heavyweight, large size, etc. This
paper proposes an affordable transradial prosthesis, controlled by the muscular contractions from user intention. A surface
EMG sensor was explicitly fabricated for capturing the muscle contraction information from the residual forearm of subjects
with amputation. An under actuated 3D printed hand was developed with a prosthetic socket assembly to attach the remaining
upper-limb of such subjects. The hand integrates an intuitive closed-loop control system that receives reference input from
the designed sensor and feedback input from a force sensor installed at the thumb tip. The performance of the EMG sen-
sor was compared with that of a traditional sensor in detecting muscle contractions from the subjects. The designed sensor
showed a good correlation (r>0.93) and a better signal-to-noise ratio (SNR) feature to the conventional sensor. Further, a
successful trial of the developed hand prosthesis was made on five different subjects with transradial amputation. The users
wearing the hand prototype were able to perform faster and delicate grasping of various objects. The implemented control
system allowed the prosthesis users to control the grasp force of hand fingers with their intention of muscular contractions.

Keywords Electromyography - Transradial prosthesis - Control system - 3D printing - Signal-to-noise ratio

Introduction

Upper-limb amputation has an immense effect on the
patient’s body image and working capability. The majority
of upper-limb losses are transradial, i.e., below-elbow, which
are mostly reported from developing countries [1, 2]. Acci-
dents, malignant tumours in bone or muscles, infections,
etc., are the chief reasons responsible for such amputations
[3]. Prosthetic arms are considered the primary solution to
below-elbow amputations, as these are capable of restoring
some functions of the missing limb. Based on functional
capability, these are classified as body-powered and exter-
nally-powered prostheses [4]. The body-powered prosthesis
consists of hooks, which are controlled by cable. Initially,
the hook remains closed; when body power pulls the cable
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through the harness, the hook opens to grasp the object.
The main disadvantage of the body-powered prosthesis is it
requires considerable body power to actuate the prosthesis,
produces unnatural grasping for objects, and creates discom-
fort while wearing [5].

Externally powered prostheses, on the other hand, are bat-
tery operated and are controlled by bioelectric signals like
electromyography (EMG), electroencephalography (EEG),
electrocorticography (ECOG), and from other electrical
signals generated by sensors and switches [6, 7]. EMG and
EEG techniques are mostly preferred for controlling prosthe-
ses because of their non-invasiveness, whereas ECOG and
TMR are invasive techniques [8, 9]. EEG can be a decent
option for directly controlling the prosthetics with brain sig-
nals. However, there are several issues with these signals
such as low reliability, low accuracy, low user adaptability,
low data transfer rate, and complex acquisition setup [10].

A myoelectric prosthesis is a type of externally powered
prosthesis, which utilizes EMG signals from the residual
upper-limb of patients to operate the terminal device, using
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a suitable control system [11, 12]. EMG can directly reflect
the motion intention of the user through muscular contrac-
tions, which can be utilized to control prosthetics intuitively.
Moreover, EMG requires easy acquisition setup and are reli-
able as compared to other means [13—-15]. Nowadays, EMG
has become a prominent source of control for the upper-limb
prosthesis [16—18].

The control system used for hand prosthesis mostly con-
sists of an upper-level control or control strategy for trans-
lating the input EMG signal to control instruction and low-
level control for generating final output based on the force,
velocity, or position feedback [19, 20]. The feedback can
be supplied using different tactile sensors that are present
within the prosthetic devices. To achieve precise and delicate
grasping of objects with the hand, low-level control is used
along with upper-level control [21, 22].

In the last few years, there is tremendous progress regard-
ing the development of biomimetic hand prosthesis. Sub-
stantial researches have been performed, resulting in the
evolution of anthropomorphic myoelectric hands, which can
offer features such as multiple grip patterns, precise grasp-
ing, and individual finger movement [23-27]. The operation
of these prosthetic devices is based on a pattern recognition
system receiving inputs from single or multi-channel EMG
devices or other devices like pressure sensors, inertial meas-
urement units (IMU), Hall effect sensors, etc. However, most
of these products are still limited to research works only, i.e.,
their clinical applicability is yet to be realized. The reason
behind the unacceptability of these prosthetic devices among
users is expensive cost, large size as well as weight, com-
plexity, unnatural control, speed of operation, etc.

Bebionic v3, Michelangelo, Vincent evolution 3, and
I-limb quantum are some commercialized prosthetic hands
having great features such as multiple grip patterns, pre-
cise grasping, lightweight, individual finger operation, etc.,
which can restore the lost functionality of upper-limb ampu-
tees [28—31]. However, these devices are too much expensive
for the amputees, which belong to low-income countries.
Moreover, these hands are based on sophisticated control
systems, which require enormous pieces of training for
their reliable operation [32-34]. The survey report reveals
that more than 85% of persons with transradial amputations
belonging to developing countries cannot afford functional
prosthetics [2, 35, 36]. The majority of these patients are still
using either cosmetic or body-powered prostheses, which
cannot fulfill their basic life needs.

Patients with amputation require a simple, affordable,
fast, lightweight, robust, and dexterous hand that can per-
form activities of daily livings (ADLs) with minimum train-
ing efforts. Increasing the number of features may enhance
hand prosthesis functionality, but this can also increase
the cost, complexity, and weight of the prosthesis [24,
37, 38]. Therefore, while designing a prosthetic hand, all
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the parameters should be considered carefully such that it
becomes affordable and functional enough to accomplish the
prosthesis user’s basic requirements.

This work presents a low-cost transradial prosthesis con-
trolled by muscular contractions from the user’s intention. A
specific wearable EMG sensor was designed for the reliable
detection of muscle activity from the residual upper-limb of
amputees. The sensor’s ability to capture the EMG signal
was compared with that of a commercial sensor. A closed-
loop based position control system was formulated and
implemented in real-time for an indigenously prepared 3D
printed hand prosthesis. In the control system, the designed
sensor produced the reference input, whereas a force sensor
installed at the thumb tip of the developed hand provided
feedback. Further, the developed hand prosthesis was tested
on below-elbow amputees for executing various grasping
tasks.

Materials and methods
EMG sensor

Surface electromyography (SEMG) is the non-invasive
approach for the measurement of the electrical activity of
muscle. The bioelectric signal measured by this technique
has a magnitude of <10 mVp-p, which consists of signifi-
cant information in the frequency range of 0-500 Hz. Sur-
face EMG can be applied to estimate the intention, force,
limb angle, and level of muscle contraction of the subject
[39-42]. These features are utilized in several applications,
including the study of neuromuscular disorders, muscle
fatigue analysis, and control of assistive devices [16—18].

This research mainly emphasizes the development of
myoelectric hand prosthesis, which requires a low-cost,
wearable SEMG device capable of providing a good-qual-
ity signal with an open-source feature. As the commercial
research-grade, devices can be expensive and are unable to
provide an open-source platform [43, 44]. Therefore, in this
work, an explicit EMG sensor was designed for the applica-
tion of prosthesis control.

Sensor design

The sEMG sensor was designed using three-electrode con-
nectors, a pre-processing hardware section, and a power
supply unit, all integrated into a single structure. The block
diagram of the sensor describing its various parts is shown
in Fig. 1.

Surface electrodes provide the crude assessment of bio-
electric signals under the skin. Stainless steel buttons were
incorporated as the electrode connectors, which attach to the
skin through Ag—AgCl electrodes for capturing raw EMG
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Fig. 1 Block diagram of the proposed sensor

signals. The two target electrode connectors were mounted
on the 3D printed sensor chassis at an inter-electrode dis-
tance of 3 cm, while the third connector was freely held
for connecting the reference electrode [45]. Such a differen-
tial arrangement of electrodes diminishes the possibility of
movement artifacts, which typically arise due to electrode
cables’ motion [46, 47]. Figure 2b depicts the rear view of
the sensor showing the electrode connectors.

The pre-processing hardware section of the sensor was
designed with a sequence of stages such as a preamplifier,
a band pass filter, an amplifier, and an envelope detector.

An instrumentation amplifier (IC-128P) having features
such as low offset voltage, high common-mode rejection
ratio (CMRR), low power consumption, and adjustable gain

Preprocessing EMG intensity

circuitry indicator Power switch

Lithium-polymer battery

Fig.2 a Sensor’s front view, b Sensor’s rear view

E{, E; — Target Electrodes

E; — Reference Electrode

High-pass Low-pass - Envelope
filter filter Ampliher detector 05V
EMG output

was employed as a preamplifier stage. A band pass filter
(i.e., a high pass filter followed by a low pass filter) of a
bandwidth of 20-350 Hz was incorporated to filter out the
low and high-frequency noise components from the raw
EMG signal [48]. Sallen key type second order high and
low pass filter circuits were employed for the band pass filter
stage. The amplitude of the filtered EMG signal was further
enhanced using a simple inverting amplifier. Until this stage,
overall gain of the amplifiers was achieved around 3500. To
generate the linear envelope of the filtered and amplified sig-
nal, an envelope detector stage consisting of a precision rec-
tifier circuit and a low pass RC circuit was used [49]. Such a
step makes the amplitude of the EMG signal unchanged by
the other factors except for the contraction of muscles [50].

Reference connector

Target connectors

3D printed
chassis
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The various components present within the preprocessing
section was powered through a 3.7 V, 250 mAh rechargeable
battery. A dual power supply circuit was used in series with
a step-up booster circuit to produce a bipolar supply (from
the battery) for powering active components [44].

Sensor description

The sensor’s front and rear views are described in Fig. 2a,
b showing the various components of the sensor. The front
side of the sensor mainly displays the preprocessing circuitry
and the power supply. The final output produced by the sen-
sor was a 0—5 V linear envelope proportional to the intensity
of muscular contraction. A light-emitting diode (LED) on
the front view indicates the strength of the captured EMG
signal. To power on the device, a single pole double throw
(SPDT) slider switch was employed. The power consump-
tion of the sensor was estimated as 25 mA using the data-
sheets of the used components.

Sensor validation

Correlation with conventional sensor The ability of the
designed sensor in detecting muscular contractions from
the forearm of subjects was compared with a traditional
sensor (Myoware). Myoware muscle sensor from Sparkfun
Electronics is a low-cost sensor, which has decent applica-
tions in prosthetics [17, 18, 51, 52]. Both the sensors were
positioned at flexor carpi ulnaris muscles one after one, and
acquisitions of EMG signals were performed for four dif-
ferent contractions: (1) maximum voluntary contraction
(MVC), (b) 75% of MVC, (c) 50% of MVC and (d) 25% of
MVC. The percentage of contraction was measured with the
help of a handheld dynamometer (form AD instruments).
The flexor muscles (i.e., carpi ulnaris and radialis) situated
on the forearm are mainly responsible for flexion/exten-
sion of fingers and wrist [53]. Approval was taken from the
Ethical Committee, Institute of Medical Sciences, BHU,
Varanasi, before performing the experiment. Both the sen-
sors were placed in contact with the skin via disposable Ag—
AgCl electrodes. The EMG data were captured using a data
acquisition (DAQ) device with a sampling rate of 1 kHz.
A correlation analysis was performed between the recorded
EMG signals from the two sensors.

Signal-to-noise ratio The noise performance of both the
sensors was quantified in terms of signal-to-noise ratio
(SNR). SNR was evaluated as the ratio of the root mean
square (RMS) value of the signal for MVC to the RMS value
of the signal for no contraction, i.e., baseline noise [54]. Fig-
ure 3 describes the waveform indicating the EMG signal and
noise level for determining SNR. Utilizing each recorded
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Fig.3 EMG waveform showing the signal and noise level

data of 5 s duration, SNR values for both the sensors were
computed for all the ten subjects (using Eq. 1).

RMSsignal

noise

Development of hand prosthesis
3D printed hand parts

3D printing offers to manufacture low-cost, lightweight,
decent strength, and customized products as per our design.
A hand (along with socket) model was custom-made and
was 3D printed using fused deposition modelling (FDM),
employing polylactic acid (PLA) filament of 1.75 mm diam-
eter[55]. The printing was performed with a filling density of
50% and the extruder temperature set at 220° C [56]. All the
printed parts were assembled to form the hand prototype and
its socket assembly. The socket consists of two pre-allocated
space to fit servomotors.

Actuation

The hand fingers were actuated using two digital servo-
motors (DS-3225) located on the prosthetic socket (i.e.,
away from the palm). Such a scheme is referred to as
extrinsic actuation, which provides a more natural and
biomimetic weight distribution to hand [57]. Flexion
of hand fingers was produced by motor-tendon based
actuation, whereas extension was provided by elastic
elements attached to the phalangeal joints. Any angular
displacement to the servomotor (through pulley) pulls the
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tendons to flex the fingers. Such a method translates the
high torque of the servomotor to amplified linear flexion
force without any loss of speed [27]. Figure 4a describes
the primary actuation method for the hand fingers. Out
of the two motors, one was used to actuate the thumb
and the index finger while the other motor actuated the
rest fingers. The hand was able to provide a total of two
degrees-of-freedom (DOF) since each finger had two
joints. Such a mechanism is underactuated, where the
numbers of actuators are < the number of DOF [27]. The
servomotor accepts PWM input to produce angular dis-
placement in the range of 0—180° and maximum torque
up to 25 kgf cm. High tension fishing line of 0.6 mm was
incorporated as a tendon.

Force sensor

A force-sensitive resistor (FSR) was installed at the
thumb tip to monitor the contact force while finger-object
interaction (i.e., grasping). To promote even distribution
of grasp force over the contact surface area, FSR was
sandwiched between two thin layers of polydimethylsi-
loxane (PDMS) material [58]. Figure 4b shows the instal-
lation of a force sensor at the tip of the thumb. A simple
voltage divider circuit was incorporated for translating
the change in resistance to the output voltage. The output
of the force sensor in 0-5 V serves as a feedback signal
providing information about the prehension force dur-
ing grasping. FSR is a low-cost and optimum sensor for

Servomotor

Control system

The Control system in a myoelectric prosthesis mainly
decides how the actuation of fingers will be done in accord-
ance with the input EMG signal [33]. The proposed control
system in Fig. 5 typically consists of an upper-level control,
which converts input EMG signal from the sensor to control
command, and low-level control, for producing manipulated
output (i.e., final control command) based on the force feed-
back from the FSR. The proportional control scheme with
a force feedback mechanism was employed to control the
angular position of the servomotor. The controller in the
system proportionally regulates the servomotor’s angular
displacement via pulse width modulation (PWM) signal gen-
erated as per the reference and feedback signal [60, 61]. In
the upper-level control, the root mean square (RMS) signal
feature was used to generate the control signal.

An algorithm for the whole control scheme was devel-
oped on the Arduino software platform and was burned on
the microcontroller unit (Arduino Nano). Two special condi-
tions were incorporated into the control algorithm:

(1) During grasping of an object, when the difference
between reference and feedback signals exceeds a
threshold value, the actuators are turned off automati-
cally. Since the servomotors are non-back-drivable, the
object will remain in a grabbed position by the hand
fingers. This approach will prevent physical damage
to the target object during grasping and will save the
battery.

measuring the force over the current sensors in prosthesis (2) However, for switching on the motors again and open-
applications [59]. ing the hand fingers, an EMG signal (from the user) is
needed above another threshold value.
(a) (b)

Proximal phalange Metacarpal D PR T R T S e

Distal+Middle phalange - i v i
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Fig.4 a Actuation scheme for hand fingers, b Installation of FSR at the thumb tip
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Fig.5 Proposed control system for the hand prosthesis

Complete hardware setup

Figure 6a,b describes the complete setup for the 3D printed
prosthetic hand. A microcontroller circuit within the
installation receives analog inputs from the EMG sensor
and FSR and provides a digital output (PWM) to the two
servomotors. A rechargeable battery of 3.7 V, 2000 mAh
with a charging module was included in the hand setup
for powering the microcontroller and the motors. Silicone
caps were used for all the fingers for enhancing the grasp-
ing capability of the hand. Through prosthetic socket and

Elastic element

Microcontroller Battery charging
section module

Fig.6 Description of the developed hand prosthesis
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velcro strap, the hand was easily attachable to the residual
limb of the transradial amputee.

Hand prosthesis trial
Subjects

The developed hand prosthesis was tested on five different
subjects with transradial amputation. The details of patients
who participated in the hand trial with their type and the
reason for amputation are mentioned in Table 1. Before
performing the experiment, written consent was taken from

socket
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Table 1 Details of amputees participated in prosthetic hand trial

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

1 Male 20 50kg  Transradial(left hand)  Accident

2 Male 50 85kg  Transradial(right hand) Accident

3 Male 12 25kg  Transradial(right hand) Accident

4 Female 25 52kg  Transradial(right hand) By birth

5 Male 30 61kg  Transradial(right hand) Accident

each subject contributed to this trial. In this work, two differ-
ent hands set up were prepared for left and right-hand pros-
thesis user. The prosthetic hand and the EMG sensor were
attached to the residual forearm stump of the individual, as
shown in Fig. 7a, b. The sensor’s target electrodes were posi-
tioned at flexor carpi ulnaris muscle, whereas the reference
electrode was placed near the elbow region.

Real-time testing and analysis

Subjects were instructed to contract their forearm muscles
at different intensities for accomplishing activities of daily
living (ADL). Participants using their intent of muscular
contractions attempted several grasping tasks. Each task was
tried fifteen times for 30 s duration, and the number of cor-
rect attempts was recorded. Also, the time needed for execut-
ing each grasping action was estimated for all the subjects.

_____________________________________________

Battery
Microcontroller

. " Servomotors
Terminal device

Fig.7 Experimental setup of hand prosthesis on a participant

To obtain the relation between the strength of muscular
contraction and grasping force, the real-time value of EMG
and contact force (in voltage) were measured for each grasp-
ing activity. Both the reference and feedback signals were
measured considering all the subjects.

An experiment was done in which a subject was instructed
to fully close/open the hand fingers frequently, and the video
was captured for the same. From this recorded video, the full
closing/opening time of the hand was extracted.

Results
Performance of designed EMG sensor
Sensor’s raw output

The sensor’s raw EMG output (i.e., amplified and filtered)
and its frequency spectrum recorded for MVC of a subject
are presented in Fig. 8a, b.

Similarity with traditional sensor

Figure 9a, b shows the EMG signal envelopes obtained
using the conventional sensor and the designed sensor
for four different muscular contractions of the forearm.
The envelope patterns for both the sensors were observed
almost similar. For the designed sensor, the EMG signal
saturates at MVC however, this is not a problem as this
feature was added intentionally in the sensor to obtain a

Residual forearm
stump
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Fig.8 a Raw EMG signal from the sensor, b Frequency spectrum of the raw signal
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Fig.9 EMG envelopes obtained using. a Conventional sensor, b Designed sensor

smooth envelope of signal through an envelope detection

scheme.

A similarity analysis performed between the signals
recorded with both the sensors showed an excellent corre-
lation coefficient (r> 0.93) with p-value <0.0001, reveal-
ing the pairing was significantly effective.
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SNR comparison

Sensor wise SNR values determined for all the ten sub-
jects are presented in a box whisker’s plot in Fig. 10. The
designed sensor displayed very high SNR values as com-
pared to the conventional sensor.
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Fig. 10 Box chart showing the variation of SNR for both the sensors

Hand prosthesis operation

Figure 11 depicts the several activities performed by a user
using a hand prosthesis, i.e., open, close, grasping sponge
ball, plastic container, plastic bottle, glass container, soft
drink glass, ceramic cup, and copper bottle.

Plastic container

- N

The number of correct grasping activities executed by
the subjects out of 15 efforts for each activity is provided in
Table 2. The average percentage of success (of all the sub-
jects) for achieving each grasping action is mentioned in the
last row of the table. The overall success rate was observed
at 95.4% for all the grasping efforts.

For all the subjects, the variation of time elapsed for per-
forming each grasping action is shown in Fig. 12.

Figure 13 shows the amplitudes of EMG and contact force
(i.e., grasping force) for each grasping activity. A good cor-
relation (r>0.994) was observed between both these ampli-
tude points for all the actions. This feature revealed that the
EMG signal amplitude produced by the sensor is propor-
tional to the intensity of muscular contractions. Therefore,
the grasping force of the hand is directly related to muscle
contraction. Using the intent of muscular contractions, sub-
jects can control the prehension force of the hand fingers.

The average full closing/opening time for the hand for
several attempts was reported 400/550 ms. The chief rea-
son responsible for the big difference between the closing
and opening times of the prosthetic hand was the enve-
lope detection technique used in the EMG sensor [49].
However, this can be considered as an advantage to the

Fig. 11 Grasping tasks performed by a prosthesis user
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Table 2 The number of correct grasping actions performed by the subjects

Number of attempts (15)

Numbers of the correctly executed grasping task (for 30 s)

Sponge all  Plastic container ~ Plastic bottle ~ Glass container ~ Soft drink glass Ceramic cup  Copper bottle
(water filled) (water filled)  (water filled)
Subject 1 15 15 15 14 14 12 13
Subject 2 15 15 15 15 13 14 14
Subject 3 15 15 15 15 14 14 14
Subject 4 15 15 14 14 14 13 15
Subject 5 15 14 14 15 14 14 14
Overall success % 100 98.7 97.3 97.3 92 89.3 93.3

EA Sponge ball
2.5+ & Plastic container
E= Plastic bottle
= 2.0 % % o Glass container
E Softdrink glass
§1.5- @ % Ceramic cup
g @ e Copper bottle
£
= 1.0
0.5 1 L] 1 1 L] L] 1

Grasping activity

Fig. 12 Variation of time elapsed for performing each grasping action
for all the subjects

= EMG

2.5+ -+ Contact force

2.0+ 1 - Sponge ball
s ’ 2 - Plastic container
‘;‘ 3 - Plastic bottle
g 157 4 - Glass container
_é 5 - Soft drink glass
S 1.0+ 6 - Ceramic cup
€ 7 - Copper bottle
<

0.5

0.0 T T T T T T 1

T
0 1 2 3 4 5 6 7 8
Grasping activity

Fig. 13 Amplitudes of EMG and contact force (in voltage) for each
grasping activity

prosthetic system because a faster opening time may
immediately release the grasped object.

Each participant used the hand prosthesis continuously
for two hours a day, and there was no complaint of mus-
cle fatigue. The participants revealed that the prosthesis
operation was fast and usual, like a real hand. Subjects also
disclosed that the prosthesis was comfortable during use.
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Discussion

The frequency spectrum of the raw EMG signal produced by
the developed sensor illustrates that the signal is dominant
between the frequency ranges of 20-300 Hz. The sensor
was capable of generating a linear envelope proportional to
the contraction intensity of the forearm muscle. For distinct
hand actions, the sensor produces an EMG envelope of dif-
ferent magnitude and pattern.

The designed sensor showed an excellent correlation
with the commercial sensor in capturing EMG signals
from the forearm muscles of the subjects. Moreover, the
developed sensor presented a better noise performance (i.e.,
SNR > 30 dB) than the conventional sensor. Under ideal con-
ditions, the SNR of the EMG signal ranges between 10 and
50 dB [62]. These features revealed that the designed sen-
sor could prove to be a complement to the traditional sen-
sor for controlling prostheses. The designed sensor also has
some limitations (1) it requires new disposable Ag—AgCl
electrodes every time for functioning which can make the
system expensive for long time use, (2) its size is too large
to fit inside the socket assembly. Designing high-quality dry
electrodes can completely replace the use of disposable elec-
trodes in the sensor and can reduce the overall cost of the
EMG system [63]. Moreover, using miniature-sized SMD
components and professional tools for fabrication, the size
of the sensor can be reduced (up to one-fourth of the original
size) [49].

The underactuated 3D printed hand developed in this
work was realized with the closed-loop based proportional
control system in which feedback was provided by the force
sensor mounted at the thumb tip. The proportional controller
receiving intention based EMG input from muscular con-
tractions provides an intuitive control output to prosthet-
ics [13, 14]. Users with hand prosthesis attached to their
remaining upper-limb were able to precisely grasp differ-
ent shaped objects using the intention of muscular con-
tractions. The FSR at the thumb tip senses contact force
during finger-object interaction and avoid physical damage
to fragile objects by providing feedback to the controller.
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Table 3 Comparison of the
developed prosthetic hand with
a commercial hand

Parameters Developed hand prosthesis Ottobock sensor hand
Weight 350 g (with socket) 460 g (without socket)
Material Polylactic acid (PLA) Silicone

Fabrication method
Dimension

DOF

Number of grip pattern
Number of actuators
Actuation method
Control system
Feedback

Full closing time

3D printing (FDM)
175x85 x 35 mm

Moulding
184 %80 x 40 mm

2 1

1 1

2 1

Dc motor-tendons Dc motor-worm gear
Proportional Proportional

force force

400 ms 300 ms

Battery
EMG source
Price in the commercial market

3.7 V, Lithium-polymer, 2000 mAh
Self-designed EMG sensor
Prototyping cost ($50)

7.2V, Lithium-ion, 2200 mAh
13E200 myobock electrode
$42,000

The inclusion of low-level control (i.e., feedback) enhances
the precision in grasping up to a maximum extent [64, 65].
However, the implemented control system offers a limited
number of grip patterns to the hand. Still, it is simple, low-
cost, less bulky, and reliable than the pattern recognition
based control system, which requires inputs from multiple
sensors [26, 37, 38, 66].

A comparison of some important features between the
developed hand and a commercially available hand has been
presented in Table 3 [67]. The proposed prosthesis offers
comparable features with the commercial hand; the only dif-
ference is the closing of the commercial hand is faster (i.e.,
with a closing time of 300 ms). However, the full closing
time of 400-500 ms can be considered sufficiently accept-
able for hand prosthesis operation [68]. Also, compared to
the available multi-functional hands, the hand prosthesis
provides a limited number of grip patterns; this is the main
drawback of the developed system [28-31]. Increasing the
number of EMG sensors, formulating a pattern recognition
based control scheme, and increasing the number of actua-
tors can enhance the number of grip patterns of the pros-
thetic hand. However, such an approach will also increase
the overall weight of the prosthesis system and will increase
complexity.

Conclusion

In this research, a low-cost transradial prosthesis controlled
by the intention of muscular contractions from the user
was developed. A specific, open-source EMG sensor was
designed for reliable detection of the muscular activity from
the residual upper-limb of persons with amputation. The
sensor performance was validated with a traditional EMG
sensor. An underactuated hand prosthesis was developed

with a closed-loop based proportional control system that
utilizes EMG input (from the sensor) as a reference and grip
force input (from the FSR) as feedback.

Further, the developed prosthetic hand was tested on five
subjects with below-elbow amputation for the execution
of various grasping tasks (with a success rate >95%). The
intended control system allowed faster and intuitive opera-
tion of hand with control on grip force.

Although the developed hand has limited functionality,
it is still simple, low-cost, lightweight, have fast operating
speed, delivers control like a natural hand, and does not
require prior training sessions. These features are sufficient
to increase the acceptability rate of hand prostheses among
amputees. Even though the proposed prosthesis system
appears to be less clinically acceptable as compared to the
commercial one, with enhanced features and design, it can
make a real clinical difference to be used by the user.
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