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ABSTRACT
The purpose of this final degree project is to construct a low-cost robotic hand prothesis
and to design a myoelectric algorithm for the control of its movements. Myoelectric
control consists on using EMG pattern recognition in order to predict the patient’s
intention and perform the desired movement in the robotic hand accordingly.
The first part of the project consists in the building of the robotic hand following a
previously designed model called Dextra. Dextra was designed by Alvaro Villoslada, a
former student in University Carlos III. It is composed of 5 printable modular fingers.
Each finger is actuated using a rotatory DC motor to rotate a spool, winding up a fishing
nylon line inside the finger which produces a flexion movement. The position of each
finger is independent in the hand, and it is controlled using magnetic encoders on the
motors and a PID loop that receives the feedback signal.
Once the hand is assembled and functional, the second part of the project consists in
implementing a myoelectric control algorithm for the control of the prothesis. For this
purpose, an electrode bracelet called Myo Armband is used. The armband uses surface
electromyographic signals and positioning data in order to perform gesture recognition.
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1. MOTIVATION AND OBJECTIVES
1.1 Motivation
Infection, vascular disorders, cancer, accidents, congenital deformities… These are just
some of the causes which can lead to the amputation of a limb in a patient. More than a
million and a half people in the United States live with a limb amputation and the number
is increasing with a rate of 5 to 10 thousands new amputations each year.[1] However,
when comparing to the rest of the population, amputees are still a minority, for this reason
the investment in research for improvements in prosthetic designs is very low and yet, the
cost of a good artificial limb is excessively high.
Prostheses nowadays are very restricted in terms of dexterity, voluntary movement
control and pulsatile function, but this is not just a simple cause of shortage of funds, but
another great factor is the difficulty in acquiring and processing myoelectric (or
encephalographic) signals. The electromyography was first introduced in the 1960s to
detect and treat possible neurologic disorders in hospital patients, since then both the
consistency of the signal and the computing time have been greatly improved, but the
diagnostic resolution is still highly dependent on the personal evaluation of the doctor and
his background experience[2].
In this context, open-source projects make a great difference. Open-source is the term
used to designate projects uploaded and distributed by individuals in the scientific
community which are available online under a special license agreement. The purpose of
this kind of projects is to contribute to the community by allowing other users to copy,
study, modify or improve the original source code. Open-source has a great role not only
in promoting collective intelligence, but it is increasingly relevant in the reduction of costs
in many production lines, such is the case of prosthesis manufacturing.
This project is an example of the great importance open-source collaboration has on
scientific development, and more concretely on prothesis construction and control. The
design of the robotic hand as well as its firmware and control codes are available in the
web. What is more, some Python bindings are also available in GitHub and will be used
for the testing and control of Myo Armband.

1.2 Scope of the project
This work will describe and document the construction of a low-cost hand prosthesis via
3D-printing, and the design of a myoelectric control algorithm. The myoelectric control
will use an electrode bracelet which uses surface EMGs and positioning data to recognize
some hand gestures and movements. As a result, the control of prosthetic limbs is
improved by replacing the nerve-muscle communication with a biomedical interface. The
interface receives a stimulus in the form of myoelectrical activity and returns in response
the intended movement of the patient in the prosthesis.
When a hand-amputee tries to move the missing hand, the forearm muscles contract
producing an electrical potential in the skin surface, macroscopic effect of the contraction
mechanism of the muscle fibers. The generated electric potential can be detected,
processed and analysed in order to detect the intentions of movement of the patient. In
this project, the myoelectric signals will be processed and recorded using a Myo
Armband. The Myo Armband is able to recognize 5 different hand gestures, although in
this case it will focused on 3 of them: rest, fist (hand closing) and pinch movement, since
the other two require wrist rotation, and the designed hand does not support a wrist
structure.
The ultimate purpose of the project is to construct a printable low-cost prosthetic hand
with myoelectric control. In other words, the final goal is to be able to communicate the
Myo Armband’s detection with the microprocessor embedded in the robotic hand
responsible for controlling its position.
This project can be subdivided in 4 different work paths:
•

Assembly of hand-prosthesis

•

Acquisition and processing of data from Myo Armband

•

Assembly of the biomedical interface

1.3 Objetives
In order to follow a well-structured methodology, each task in the project will be
subdivided in different subtasks. In the following table, the organization followed in the
project is exposed explaining the main requirements in chronological order:
CATEGORY

FEATURE

DESCRIPTION

Robotic hand
design
Robotic hand
assembly
Robotic hand
assembly
Robotic hand
assembly
Testing

Robotic hand designs
documentation

Look for a printable robotic hand design
online
Order the necessary components for the
robotic hand construction
Print the robotic hand parts and process
them (support scrubbing)
Following the assembly instructions sold
the micro motors to the encoders’ PCB
Check the motors correct movement

Components selection
Printing hand parts
Motor-encoder assembly
Motor testing

Robotic hand
assembly

Finger´s assembly

Robotic hand
assembly

Electronic circuit
construction

Testing

Robotic hand control

Myo Armband
algorithm

Myo Armband
documentation

Myo Armband
algorithm

Myo SDK Python bindings

Myo Armband
Algorithm

Myo Armband gesture
recognition and data
extraction

Myo Armband
Algorithm

Control program

Testing

Project testing

Joined the printed phalanxes using
screws and used a nylon fishing line to
construct the tension mechanism.
Print the PCB circuit following the
Gerber files. Check and build the
connections. Sold the electronic
components.
Connect the robotic hand to the computer
and perform some control tests
Make some research in software
applications to extract data from Thalmic
Labs' Myo Gesture Control Armband and
open-source software
Make some tests to extract data and
familiarize with the software
Use the Thalmic Labs’ software to record
data using Myo Armband
Make some connection between the
classification algorithm and the robotic
hand control software. Write a simple
program that extracts gesture recognition
information from the Myo and performs
defined movements on the robotic hand.
Try some gestures and test the
effectiveness of the prothesis to
reproduce them

Table 1.1: Project management table

2.

INTRODUCTION

2.1 Anatomy of the upper limb
The human body is made of 560 muscles approximately and only in the upper limb there
are 42 muscles and 32 bones that provide human arm with great dexterity and freedom of
movement. The upper limb is the region that extends from the deltoid muscle in the
shoulder to the hand including: the shoulder girdle, the arm, the forearm and the hand
itself. The muscles in this region can be classified into 4 different categories: muscles that
stabilize the shoulder girdle, muscles that move the arm, muscles that control the forearm
movements and finally, muscles that control the movement of the hand, wrist and the
fingers. [3]

Fig 1.1: Muscles of the upper limb

The shoulder girdle is composed of 2 bones: the scapula and the collarbone; and it
connects the upper limbs (humerus bone) to the axial skeleton through the shoulder joint.
The shoulder or pectoral girdle is the origin of the muscles that stabilize the arm
movements and it also serves as union between the muscles in the back, the chest and the
neck regions.
The arm extends from the shoulder girdle to the elbow joint and its only bone is the
humerus. This region is the origin of many muscles responsible for controlling the
forearm movements of flexion and extension. The flexor muscles of the forearm are the
Biceps Brachii, the Brachialis and the Brachioradialis. The Biceps Brachii is often the
muscle used for the control of most myoelectric prothesis and EMG studies. On the other
hand, the extensor muscles include: Triceps Brachii muscle and the Anconaeus.
The forearm is made of 2 bones: the humerus and the ulna, and it can perform 4 different
types of movement: flexion, extension, supination and pronation. The movements of the
forearm are mostly controlled by the joined work of the muscles in the arm and the
forearm. The pronator muscles are the Pronator Teres and the Pronator Quadratus. The
supinator turns the palm of the hand up and it is controlled by the Supinator muscle. The
forearm is also the origin of the extrinsic muscles of the hand that insert into the hand to
control crude movements of the hand of flexion and extension.
The hand
The hand consists of 27 bones: 14 phalanxes, 4 metacarpal and 8 carpal bones. Each finger
in the hand is made of 3 different phalanges: the proximal, the middle and the distal
phalanx, except for the thumb which consists only of 2 phalanges. Between the bones of
the forearm (radius and ulna) and the metacarpals, there are also 8 bones organized in 2
rows forming the wrist, these are the carpal bones. [4]
In the hand, there is a lot of soft tissue too forming joints and ligaments for the union
between bones. The most important joints in the hand are:
•
•

•
•

Interphalangeal joints: Hinge joints found between the phalanges in the fingers
that allow them to bend towards the palm of the hand
Metacarpophalangeal joints: Between the metacarpals and the proximal
phalanges, these are condyloid joints that allow for flexion/extension,
abduction/adduction movements and certain rotation
Carpometacarpal joint: It connects the carpal to the metacarpal bones
Radiocarpal joint: It is found in the wrist in the union between the radius bone
in the forearm and the carpal bones. It allows movements of flexion, extension
and radial and ulnar deviation.[4]

Fig 2.2: Bone structure in the hand

Fig 2.3: Interphalangeal and metacarpophalangeal joints

The hand movement is performed by the joined work of the extrinsic muscles that have
their origin in the forearm region, and the intrinsic muscles that are originated in the hand.
The extrinsic muscles originate along the forearm and allow crude movements of flexion
and extension of the wrist and the hand. The intrinsic muscles on the other hand originate
directly within the hand and facilitate more precise movements of the hand and fingers.
These muscles are categorized into 3 groups [3]:

MUSCLE GROUP
Thenar muscles

LOCATION IN THE
HAND
Lateral part of the palm

Hypothenar muscles

Medial part of the palm

Intermediate muscles

Medial part of the palm

MUSCLES

ACTION

Abductor pollicis brevis
Opponens pollicis
Flexor pollicis brevis
Adductor pollicis
Abductor digiti minimi
Flexor digiti minimi brevis
Opponens digiti minimi
Lumbrical
Palmar interossei
Dorsal interossei

Movements of the thumb

Table 2: Intrinsic muscles of the hand classification

Movements of the little
finger (hypothenar
eminence)
Movement of all the fingers

Fig 2.4: Intrinsic muscles of the hand

2.2 Skeletal muscle
2.2.1 Muscle architecture and muscle fiber anatomy
In the human body, there are 3 different types of muscle: smooth, cardiac and skeletal.
The smooth muscle is found in the walls of hollow organs and it is controlled by the
autonomous nervous system; cardiac muscle is found only in the walls of the heart and it
is controlled by the cardiac conduction system; and finally, skeletal muscle is the one
responsible for force generation and support functions. Skeletal muscle is formed by
striated, multi-nucleated muscles fibers, it is found attached to bones by tendons and it is
voluntary controlled by the somatic nervous system. [5]
Each muscle of the body is composed of many fascicles, a fascicle is formed by a
clustering of individual muscle cells called ‘fibers’. Skeletal muscle fibers are composed
of sarcomeres. The sarcomere is the basic unit of the striated muscle tissue, it is formed
by the parallel arrangement and combination of thin and thick protein filaments that gives
the muscle cells the striated appearance. The thick filaments are mostly composed of the
fibrillar protein ‘myosin’ whereas the thin filaments are principally formed by ‘actin’, and
the interaction between these two myofibrillar proteins allows the muscle to contract.

Fig 2.5: Illustration of the organization of the muscle structure from the macrostructure to the
micro-size sarcomeres

2.2.2 Motor Unit
Muscles are innervated by groups named ‘Motor Units’. Motor units are the functional
units of the muscle. A motor unit is the group formed by a motor neuron and all the muscle
fibers it innervates. When the Central Nervous System sends a stimulus to a muscle, it
produces the activation of many motor units. Each motor unit activated generates an
electric potential known as a motor unit action potential (MUAP).

Fig 2.6: EMG signals are the result of the superposition of many Motor Unit Action
Potentials

The EMG signal recorded on the muscle will be the result of the superstition of all the
MUAP of the activated motor units. [6] In order to understand the macroscopic effects of
muscles contraction, we need to comprehend the mechanisms of muscle cells at the
microscopic level and how this MUAP is generated and propagated across the muscle
cells.

2.2.3 Motor Unit Action Potential
Cell membranes are of great importance in the generation and transmission of nerve
impulses. When a cell is at rest, it has a resting membrane potential of 90 mV, this means
that there is a difference between the amount of electrical charged ions inside and outside
the cell being the intercellular space positively charged with respect to the cytoplasm. A
basic property of the cell membrane is its ability to alter its permeability to certain ions
using ion channels and pumps in order to change these concentration differences.[7]
When a cell receives a stimulus, its membrane opens some Na+ channels, sodium ions
rush into the cell and the cytoplasm becomes more positive. This creates an inversion in
the membrane potential known as depolarization. After the depolarized membrane
potential reaches a value of 50 mV approximately, Na+ channels start to close and K+
channels are opened, potassium ions come outside the cell until the original basal
membrane potential is restored. This is known as the repolarization phase.[7]
The changes in ion fluxes and membrane permeability are transmitted to neighbouring
points in the membrane creating what is known as action potential, the base of the nervous
impulse transmission.

Fig 2.7: Neural action potential

In the excitation of a muscle by a motor neuron, the action potential is propagated through
the axon of the neuron and transmitted to the muscle fibers in the neuromuscular junction.
A motor neuron will activate a group of muscle cells and the superposition of the action
potentials in the different muscle fibers is what is known as Motor Unit Action Potential
(MUAP).

2.2.4 Muscle contraction mechanism
The movement of the muscle begins with the excitation of a muscle fiber by a motor
neuron. When a nerve impulse in the form of action potential arrives to the axon terminal
of a motor neuron, it produces an alteration in the membrane’s permeability triggering
the release of acetylcholine-containing vesicles contained inside the cell to the
intermembrane space. These neurotransmitters bind to receptors in the sarcolemma
(plasmatic membrane in muscle cells) producing the opening of voltage-gated Na+
channels. Sodium charged ions come inside the muscle depolarizing the membrane, this
depolarization is the action potential which spreads down the membrane to the T-tubules.
The transverse tubules are just a continuation of the sarcolemma in charge of transmitting
the action potential into the muscle fibers. This action potential is known as Motor Unit
Action Potential (MUAP). When the MUAP depolarizes the membrane, it triggers a
release of Calcium ions stored inside the sarcoplasmic reticulum (SR) to the sarcomere
units, where calcium and ATP will work together to produce the contraction of the
myofibrils, and at greater scale the contraction of the all the muscles innervated by the
excited motor neuron.[3]
Within any contractile bundle of a muscle cell called myofibril, Calcium interacts with
protein filaments to trigger contraction. In each contracting unit or sarcomere, thin actin
and thick myosin filaments are interconnected but cannot interact in the absence of
calcium. This is because myosin binding sites on the actin filaments are all covered by a
protein called tropomyosin. A calcium sensitive complex named troponin complex is
attached to the end of each tropomyosin molecule. When calcium floods the cell, troponin
binds to it, moving tropomyosin off the binding site allowing myosin heads to bind to the
actin filaments forming cross-bridges. These cross-bridges will use the energy coming
from ATP hydrolysis to pull the thin filaments and slide them past the thick myosin
filaments producing the muscle cell contraction.[3]

Fig 2.8: Muscle contraction mechanism at the microscopic level

When the stimulus from the motor neuron ceases (the release of Ach is stopped), the
muscle fiber membrane will repolarize, the calcium voltage-gates in the SR will close and
ATP-driven pumps will move the calcium ions in the cytoplasm back into the SR. In the
absence of calcium, the troponin complex will return to its original site, the myosin heads
will detach from the actin filaments, the myofibril will recover its original conformation
and the muscle fiber will relax.[3] The contraction degree of the muscle will depend in
the number of motor units activated, the number of myofibrils and sarcomeres within each
muscle fiber activated, and the frequency of nervous impulses (APs)of the alpha motor
neurons.

2.3 Acquisition and processing of EMG
2.3.1 Myoelectric signal

Fig 2.9: EMG signal

A myoelectric signal is a biomedical signal that represents the activity of muscles’
contraction originated at the microscopic level. The device used to record EMG signals
is named electromyograph and the result is the electromyogram. The electromyographic
signal is represented as a function of time and it is described in terms of amplitude,
frequency and phase. The amplitude of myoelectric signals is stochastic in nature and its
value oscillates between 1 µV and 10mV. Its energy is contained between the 0-500 Hz
range having its maximum values concentrated in the 50-100 Hz range.[8]
2.3.2 Signal-to-noise ratio
One of the main concerns when detecting and acquiring EMG signals is the signal-tonoise ratio, that is the ratio between the usable energy of the signal and the energy coming
from unwanted noise. The noise in the signal may come from different sources but the
most common sources of noise are:
•
•
•

Power line radiation: Power sources and electronic devices create electromagnetic
fields that introduce noise in the signal in the 50-60 Hz range
Motion artifacts: They are produced by the movement of the cables or the electrodes
in the skin surface
Inherent noise in electronic components that can be mitigated by using high-quality
electronic equipment and filtering the signal.[8]

In order to obtain the maximum signal-to-noise ratio with the minimum distortion in the
signal content, it is important to accurately process the signal. For this purpose, the signal
is acquired using a differential amplifier.
2.3.3 Differential amplification
The differential amplification technique consists in recording a signal from two different
sites and substracting the obtained detections. As a result, the common elements in both
signals will be removed while the difference between them (the ‘differential’) will be
amplified. This principle is based on the idea that the electronic noise produced by power
lines radiation should appear relatively the same in both recording sites, but the EMG
signals should be different. According to this principle, the differential amplifier allows
the elimination of noise in the signal without using a notch filter that may distorts the
usable energy. The perfect differential amplifier should ideally have infinite input
impedance and zero output impedance. The accuracy to reject the common inputs in both
signals is measured by the CMRR (Common Mode Rejection Ratio).[9]

Fig 2.10: Differential amplification technique

2.3.4

EMG electrodes

The electromyograph is the instrument used to record and analyse EMG signals. To detect
the bioelectrical activity of the muscles the electromyograph is equipped with EMG
electrodes. These electrodes can be surface electrodes, needle electrodes or fine wire
electrodes. The needle and fine wire electrodes are inserted in the muscle, their use is
almost limited to neuromuscular evaluations since their application requests medical
supervision, but the quality of the EMG signal is highly improved. Skin electrodes on the
other hand are more susceptible to noise and can only be used for superficial muscles, but
they are easily implemented, and they are non-invasive. [9]

Fig 2.11: EMG electrode types

The placement of the electrodes has also a great importance in sEMG acquisition. The
most recommended EMG detecting surface is between the insertion point of the muscle
(the tendinous region) and the innervation zone where the neuromuscular junction is
found. If the electrode is placed too near to the muscle edge, there is a greater probability
of crosstalk from other muscles and distortion of the signal. But, if it is placed too close
to the tendon, the fibers in this region become fewer and much thinner resulting in a much
weaker EMG signal. [9]
In EMG acquisition, it is common to use of a reference electrode positioned in a neutral
electrically place acting as a virtual electric ground for the signal. This electrode has to
be placed far from the detecting surface. Depending on the placement of the EMG
electrodes, there are 3 different possible configurations [9]:
•

Monopolar configuration: A single electrode is used in addition to the reference one,
this configuration is usually not recommended since it usually provides a highly
noise-affected signal.

•

Bipolar configuration: It is the most commonly used configuration. It uses two
electrodes placed at 1-2 cm from each other, besides the reference electrode. These
two signals are the input of the differential amplifier that will supress the common
noise and amplify the difference between the signals.

•

Multipolar configuration: Similarly to bipolar configuration, many electrodes are
used, separated 1-2 cm from each other producing a much more enhanced EMG signal
and further reducing the noise with many stages of differential amplification.

In the last decades, the use of myoelectric signals and the study of its acquisition and
processing techniques have extended its usability from the clinical area, used for
neuromuscular pathologies diagnosis, to many different fields of application. One of the
greatest potentials of EMG processing relies on the possibility of using surface EMGs to
remotely control an electronic device. This application has a great interest both in the
robotics industry and in prosthetic design field. One of the purposes of this project is to
design an algorithm that uses this EMG signals in order to predict the gesture intended by
the user and replicate this gesture in the constructed robotic hand.

3.

PROSTHETICS: STATE OF THE ART

The word ‘prosthesis’ is defined by the Real Spanish Dictionary as “a part, device or
substance which is placed in the body to improve some of its functions, or with aesthetic
purposes [10]. Cambridge dictionary defines prothesis as “an artificial body part, such as
an arm, foot, or tooth, that replaces a missing part [11]. A prosthesis is therefore an
artificial device or structure designed to substitute a part of the human body and, in most
of the cases, help the patient to perform the functions of the missing organ. It can be
functional or purely aesthetic.
The first appearance of prostheses dates back to the ancient civilizations. These protheses
were simple, made of wood and leather, with almost no freedom of movement and their
function was restricted to comfortability of the amputee and sense of
completeness. Two of the eldest known protheses are: a 3000 years old toe, made of
wooden and leather, found in a tomb in the city of Luxor in Egypt; and a prosthetic
wooden leg, made of bronze and iron, which dates to 300 B.C, found in a grave in
Capua (Italy).[12]

Fig 3.1: 3000 years old toe found in a tomb in Egypt

Fig 3.2: The iron hand of Götz von Berlichingen

In the middle ages, accounts of hand protheses are uncommon since people rarely
survived the infection and haemorrhage produced by severe trauma and only the wealthy
could afford such advanced devices, but there are some records of hand protheses made
to enable hand-amputee knights to return to the battle field. These protheses resembled
the natural structure of the human hand, with digits that allowed flexion and extension
passive movements, although since they were made of metal, they were heavy, and their
only function was restricted to the closed grasping of the shields, reins and weapons. The
most famous example is the iron hand designed for the German knight Götz von
Berlichingen who lost his hand during the War of the Succession of Landshut in 1505.
[13]

The prosthetic field is first revolutionized in the beginning of the 19 th century when a
German dentist called Peter Ballif introduced for the first time the concept of bodypowered protheses. These protheses rely on the use of harnesses and leather bands
attached to the muscles of trunk and shoulders to transmit the tension from the preserved
muscles to control the prothesis’ movement without the help of the other hand. This
design allowed the amputee to use both hands simultaneously. The first body-powered
prostheses were affordable and durable protheses with wide range of motion and force,
and they included an interchangeable terminal device at the end of the stump. In 1948,
the design was slightly modified by substituting the leather with a sturdy cable, this way
the patient could get used to the cable tension and he was able to adjust the position of
the artificial arm without the need of visual feedback.[13] This kind of design enjoyed
considerable popularity throughout the 19th and 20th centuries and even today they are
widely used and recommended by many specialists.
In the 20th century, the prosthetic industry received another great impulse, consequence
of the increasing demand that the Great Wars created. World War I resulted in more than
4400 number of amputations and World War II produced 3475 upper limb amputees only
in the United States.[13] The first organizations of prostheses’ manufacturers appeared
around this time to cover the growing demand on limb-prostheses such as: The
Association of Limb Manufacturers of America created in 1917 (today known as
American Orthotic & Prosthetic Association) and the Amputations Association of The
Great War founded in 1920 in Canada (today known as the War Amps).
Around this time, it also took place ‘the Thalidomide disaster’ which resulted in more
than 10 thousand of malformations in new-borns. Thalidomide was a sedative drug
released to the market in 1957. It was first synthetized for the treatment of sleeplessness
but when it was discovered it alleviated pregnancy’ nauseas, it was also prescribed for
this off-label use in pregnant patients. This drug was commercialized in 46 different
countries and it four years later, it was associated with serious birth defects, causing newborns with phocomelia, a congenital disease characterized by the absence or shortness of
one or many limbs.[14] As a result, many countries cooperated inverting public funds on
the development and improvement of limb protheses. This inversion is considered a
determinant factor in the appearance of the first clinically used EMG-controlled prothesis
in 1960.
The first myoelectric prothesis was created in 1948 by a German physics student called
Reinhold Reiter. This was the first prothesis that used amplified myoelectric signals to
control motorized parts. However, Reinhold’s work was generally underestimated, and
myoelectric protheses did not reach the clinical phase until a decade later.
The first clinically and commercially used myoelectric prothesis appeared 12 years later
in Russia by the hand of the scientist Alexander Kobrinski in 1960 and it was known as
the ‘Russian Hand’. It was the product of the investigation initiated in the USSR in 1957
to help the babies affected by the ‘Thalidomide disaster’. The ‘Russian Hand’ was
powered using batteries and it was designed for patients with forearm amputation. The
control mechanism of the prothesis used the temporal features of the EMG signal,

acquired using surface electrodes placed in the active muscles of the stump. Once the
signal was acquired and processed, the output was used to drive a motor placed in the
palm of the hand. This motor produced the movement of the digits and therefore
controlled the opening and closing of the fist producing a three-jaw-chuck grasp type. It
was covered by a cosmetic skin-coloured rubber glove which made its appearance more
appealing although its weight continued to be an issue. [15]

Fig 3.3: Photograph of the 'Russian Hand’, first transistorized and portable myoelectric prothesis

The appearance of myoelectric protheses supposed indeed a transforming event in
amputees’ rehabilitation but they did not replace body-powered prostheses. Although the
cosmetic glove did offered a more realistic appearance, there were many problems
involving the tear and wear of the plastic cover. Besides, the batteries still made the
prosthesis pretty heavy and there were also many problems concerning the processing
and acquiring of the myoelectric control signals.
Since then, advances in materials engineering and the reduction in size of electronic
components have made possible the design of more ergonomic, lighter and aesthetic
models. The old gas-powered mechanism has been substituted for rechargeable cadmiumnickel batteries, and improvements in EMG acquisition and pattern recognition systems
have greatly improved the prosthetic control. But, the cost continuous to be excessively
high.
In the following paragraphs, a short presentation of the most advanced hand protheses on
the current market in terms of freedom of movement and dexterity is introduced.

Bionic prothesis I-limb

Fig 3.4: Bionic prothesis I-limb

This prothesis, designed by Touch Bionics, is one of the most practical protheses at the
moment. The key element in its success is the design of its thumb’s mechanics that allows
for a rotation of 90º preserving the hand of almost every hand movement a healthy hand
could perform.[16] The hand incorporates 4 different control mechanisms: gesture
control, muscular control, control using a mobile application and control by proximity.
This supports the user with a wide range of possible movements, 12 different movements
by defect including another 24 programmable ones.
Michelangelo prothesis
This prothesis is internally made of steel and hard-slander but it is externally covered in
a silicone elastomer. The Michelangelo hand is primarily characterized by its 6 degrees
of freedom and its water resistance. Both the thumb and the wrist are mobile allowing
greater control when performing precise movements and also greater strength in grip
movements.[16]

Fig 3.5: Michelangelo prothesis

Bebionic prothesis
Constructed by Steeper RS, the Bebionic prothesis is quite similar in terms of mechanics
to the I-limb bionic prothesis but with a reduced prize ($10.000 approximately). The last
version, bebionic 3 allows articulated movements in all the finger phalanges and two
different positions in the thumb producing a total of 14 different hand positions and a
great control in grip movements. The prothesis is controlled by muscle contraction and
actuated using 5 lineal actuators designed for a low-energy consumption. [16]

Fig 3.7: Cyberhand prothesis
Fig 3.6: Bebionic prothesis

Cyberhand prothesis
The prothesis designed by Cyberhand is one of the most expensive ones in the market. It
is a myoelectric-controlled prothesis in which the electrodes are directly connected to the
nervous endings through surgery. Thanks to this neural connection, the patient is able to
sense the prothesis’ temperature and pressure making it easier for him to accept the
prothesis.[16] The hand consists internally of 6 small motors that allow 16 degrees of
freedom in movement. It is currently considered the most advanced prothesis available in
the market.
As history has proven, the replacement the human hand is a challenging task that humans
have been facing for millennia now. Nowadays, the research on prosthetics has received
a great impulse due to the technological advances. In a close future, smaller electronic
components and advances in material engineering in the development of intelligent
materials should allow the fabrication of lighter, more flexible and effective controlled
prostheses. The current inability or complexity to develop good hand prostheses, besides
the difficulty to resemble the complicated physiology of the human hand, is mostly due
to the high cost in EMG acquisition and processing devices which consequently cause
myoelectric protheses to exceed a reasonable price.

4.

MATERIALS

Dextra Robotic hand
The robotic hand selected for construction in this project is called Dextra. This design
was created by a former student of University Carlos III, Alvaro Villoslada. All the files
needed for the construction of the hand are available in his GitHub repository including:
assembly instructions, control files, the microcontroller firmware and the CAD files for
the printable parts of the hand.
In the following section, a resume of the materials needed for the construction and control
of the robotic hand are exposed. The robotic hand is actuated using rotatory DC motors
and a transmission system formed by spools and rubber bands. To control the actuators
in the system, a microcontroller is used connected to a PC. This control system is also
composed by motor drivers used to obtain the position feedback provided by the magnetic
encoders integrated into the hand design. The following diagram explains the information
workflow within the control system:
GUI interface: motion
command

GUI interface:
visual
feedback

Position feedback

Teensy 3.2
Dextra firmware

Control system:
motor drivers

Encoder sensor
feedback

Actuation system:
DC motors

Movement
s system:
Fig 4.1: Information workflow

4.1 3D Printable parts
The first step for the construction of the robotic hand is the 3D printing of the different
parts. The parts have been designed in 3D design and the CAD files are available for
downloading in Dextra’s GitHub repository. [17]

Fig 4.2: CAD Design of Dextra hand

The parts were printed using a printer from the company Zmorp and the material used for
the printing is PLA 1.75 mm filament. The printable parts were positioned using the 3Dprinting software Repeiter Host v.2.1.6 for Windows. This program is a project of the
company Hot-World GmbH & Co. KG [18] that allows to choose the best positioning of
the CAD designs with the needed support structures in order to obtain the best possible
printing resolution. The hand is composed by 27 different printable parts listed in the
table below:
3D PRINTABLE PARTS
File name

Unity

Hand part

4

Metacarpals (gearmotors
holders)

middle.stl

4

Medial phalanx

proximal.stl

4

Proximal phalanx

distal.stl

4

Distal phalanx

spool.stl

5

Spool

motor_holder_thumb.stl

1

Thumb’s metacarpal

1

Thumb’s proximal
phalanx

proximal_thumb.stl

1

Thumb’s distal phalanx

abductor.stl

1

Thumb’s abductor

palm.stl

1

Hand’s palm

dorsal.stl

1

Hand’s dorsal

PALM

THUMB

FINGERS

motor_holder.stl

distal_thumb.stl

Table 3: Dextra 3D printable parts

Abductor: This printable part of the robotic hand takes its name from the abductor
pollicis brevis muscle in the thumb. An abductor muscle is a muscle which allows a limb
to move away from a neighbouring part or the body’s middle plane.[19] In hand, the
abductor pollicis brevis muscle is responsible for the abduction movement in the hand.
Due to the simplicity of the design of the Dextra hand, no flexion or extension movements
of the thumb are allowed.

Fig 4.3: Thumb movements in the human hand

When taking a look at the design, it can appreciated an opening where the thumb will be
supported with two holes for fixing the thumb with screws in the backside.

Fig 4.5: Representation of the abductor part in the Repetier-Host application

Dorsal: The dorsal of the hand is the structure where the principal hand parts will be
fixed. It has 4 separated surfaces where the motor-holders of the 4 modular fingers will
be screwed. It can appreciated 2 holes for the screws in each surface and a rectangular
slot for the cables in the actuator to be connected to the electronic board. It also contains
the servo motor housing through which the thumb will be connected.

Fig 4.6: Representation of the dorsal part in the Repetier-Host application

Palm: The palm is mainly a protection structure that covers the motors and the motor
holders which are laying fixed to the hand’s dorsal. Although, it also takes an important
role providing a flat grip surface for the manipulation of objects.

Fig 4.7: Representation of the palm part in the Repetier-Host application

Spool: As mentioned before, the actuation system consists of a nylon thread that
resembles the function of tendons in the natural hand. In order to flex one finger, the
motor starts rotating, rotating the spool attached to it, wrapping up the nylon and
producing the flexion. To extend the finger, the nylon needs to be unwrapped for the
rubber bands to pull the finger structure to its original place. In the figure below, two
holes can be seen, the bigger one where the motor shift will be introduced and the little
one, where the end of the nylon thread will be fixed.

Fig 2.8: Representation of the spool part in the Repetier-Host application

Distal, middle and distal: Each one of the modular fingers in the robotic hand except the
thumb are composed of three similar printable parts: distal, middle and proximal;
resembling the three phalanges in the natural fingers. In the human hand, the phalanges
have different sizes depending on the finger, however, in the Dextra hand for design
simplicity, all the four fingers are composed of the three same printable elements, which
makes them interchangeable within the hand. Therefore, the printing process for these
elements will be repeated four times.
The three structures are designed in order to be consequently connected, the middle
connected to the distal and the proximal connected to the middle. In the surface of the
parts, it can appreciated some miniature grip structures where the rubber band will be
fixed joining the phalanges and allowing the extension movement in the fingers. Each
piece also contains a channel through which the nylon line will be passed to allow flexion
of the finger by the rotatory motors.

Fig 4.9: Representation of the middle, the distal and the proximal parts in the Repetier-Host application

The thumb follows a similar structure with small alterations in the design and 2
phalanges (proximal and distal) instead of 3.
Motor holder: In the natural hand, the finger is connected to the palm through the
metacarpophalangeal joint. In the Dextra hand, this joint is substituted by a structure
called the motor holder. The motor holder is in charge of 2 different tasks: connects the
modular finger to the palm and the dorsal structures through the proximal element, and it
serves as a housing for the rotatory motors.

Fig 4.10: Representation of the motor-holder part in the Repetier-Host application

4.2 Mechanical components for construction of the robotic hand
The robotic hand is actuated using DC rotational motors to control the angular position
of printable fingers. Each finger in the artificial hand resembles the anatomical structure
of the human hand with 5 modular fingers divided in phalanges (distal, medial and
proximal) and a metacarpal part that joints each finger to the palm, with a slight
modification in the thumb structure, having only 2 phalanges and a part enabled to allow
an abduction movement with the palm. Each finger is assembled separately using nots
and screws to join the different printed parts.
The extension and flexion movement in the fingers is performed by a transmission system
made with spools and cables. For this mechanism, each finger needs a nylon thread 20
cm long approximately, a 3D printed spool and three small rubber bands. When the finger
is assembled, a nylon thread is passed through each phalanx starting from the fingertip all
the way down to the printed spool inside the motor shaft. When the motor shaft starts
rotating, the nylon thread starts rolling up and the tension in the nylon cable produces the
flexion movement of the finger. For the extension movement, the motor shaft needs to be
rotated in the opposite direction liberating the nylon thread. Additionally, a resort
mechanism is needed to restore the finger’s original position, for this purpose rubber
bands are fixed in the connection between each pair of phalanges. The rubber tension
allows the extension movement of the finger when the spool releases the nylon thread.

The mechanical components used for the Dextra hand’s assembly are listed in the
following table:
COMPONENTS FOR HAND ASSEMBLY
COMPONENT NAME

QUANTITY

Fishing line spool (0.6 mm diameter)

1

Elastic rubber bands

14

M3X14 screws

14

M3X12 screws

2

M3X8 screws

10

M3X6 screw

1

M3X12 spacer

2

M3 nuts

26
Table 4: Components for hand assembly

4.3 Electrical components for construction of robotic hand
Actuation system
In any control system, the actuation system is the group of elements responsible for
transforming control signals into mechanical actions. An actuator is a type of transducer
that transforms energy into motion. Depending on the energy used, actuators can be
classified in: hydraulic, pneumatic, thermal, mechanical or electrical actuators. The
motion produced by the actuation system can be either linear or rotatory. The electric
actuator is the most commonly used, it converts electrical energy coming from a DC/AC
power source into mechanical energy. [20]
Actuator

Type of
motion

Linear

Type of
energy

Rotatory

Hydraulic

Pneumatic

Thermal

Mechanical

Electrical

Fig 4.4: Actuators classification

An electric motor is a type of electrical actuator. In any electric motor, two parts can be
differentiated: the rotor, the rotatory part of the motor, and the stator, the stationary part.
In most DC motors, the stator is found surrounding the rotor and creating a constant
magnetic field around it. The armature of the motor is composed by several coils of wire
connected to a DC power source and arranged around the motor shaft. When DC current
runs through a wired coil, an electromagnetic force is induced on it according to Lorentz
Law, so the coil will start to rotate. In this rotation, the interaction of the two
electromagnetic fields, the one induced by the DC current flowing through the wired coils,
and the stator’s permanent magnet pole, will interact producing a rotational movement of
the motor shaft. This way, the DC motors act as transducers transforming electric energy
into mechanical motion. [21]

Fig 4.11: Electrical actuator transforms electrical energy into rotational motion

The robotic hand selected for construction is actuated using 6 DC electric actuators: 5
Pololu micro gearmotors 1000:1 used for the flexion and extension movements of the
fingers separately, and a servomotor situated in the palm of the hand that will be used to
control the abduction movement of the thumb.
Pololu micro gearmotor
These Pololu micro gearmotors are low-power brushed DC motors. A gearmotor is just a
motor with a gearbox integrated within it. This gearbox functions as torque multiplier and
speed reducer making this kind of motors perfect for fine manipulations at low speed rate.
The Pololu gearmotor used in the project include a 986.41:1 metal gearbox, meaning that
for every 1000 rotations of the driving gear, the motor shaft makes approximately one
single rotation. This motor version also includes a 4.5 x 1 mm extended motor shaft which
will also be essential for the actuation mechanism. In the following table, the principal
specifications of the motor are exposed[22]:
POLOLU MICRO GEARMOROR TECH SPECS 1000:1
Size
Weight
Shaft diameter
Shaft length
Gear ratio
Voltage
No-load speed @ 6 V
No-load current @ 6 V
Stall torque @ 6V
Fig 4.12: Pololu micro metal gearmotor
1000:1

10 x 12 x 29.5 mm
10.5 g
3 mm2
14 mm
986.41:1
6V
31 rpm
70 mA
12 kg·cm3

Table 5: Pololu micro gearmotor technical specifications

Corona Servo motor
A servo motor is a special type of rotational DC motor capable of great position control.
This type of motor is designed in such a way that it can be driven to specified angular
positions by a codified digital signal. In practice, these motors are typically used for
positioning control elements because of their high resolution in precise positioning. These
motors are also characterized by high torque performance relative to their reduced size.
In this project, the model used is the servo motor Corona DS-843 MG that is the one in
charge of the thumb abduction movement.
CORONA SERVOMOTOR DS-843 MG TECH SPECS

Fig4.13: Corona DS-843 Servo motor

Model
Nominal tension
Speed @ 6V
Torque @ 6V
Gears
Amplifier
Weight
Dimensions
Servo plug
Servo lead length

DS-843 MG
4.8 – 6 V
0,1 sec/60º
4,8 Kg m2/s2
metallic
Digital with MOSFET unit
8,5 g
23 x 9 x 23 mm
JR type
70 190 mm

Table 6: Corona servomotor Technical Specifications

Control sensors
An encoder is a type of motion sensor that generates an electrical signal as a response to
motion detection. Encoders are commonly used in electrical systems for motion control,
in order to provide information concerning the position, velocity and direction of the
device in motion. Depending on the type of motion the encoder detects, it can be linear
or rotatory. The output signal of the encoder will also be different depending on its type.
The output of an incremental encoder is a train of pulses while the absolute encoder
generates a single bit configuration signal.[23] In the following figure, it is represented a
simple classification for encoder types according to different principles:

Encoder

Type of
motion

Linear

Sensing
technology

Rotatory

Magnetic

Optical

Output
Signal

Laser

Incremental
encoder

Absolute
encoder

Figure 4.14: Encoder types classification

Magnetic Rotary Encoder
Any rotatory encoder is formed by a rotatory part, the rotor, and a sensor. In the magnetic

rotatory encoder, the rotor is formed by a disk divided into equally spaced regions in with
north and south poles alternatively distributed around the circumference. The disk rotates
with the shaft and two sensors detect the small shifts in polar configuration. There are
many different methods to detect these dipole alternations, but one of the most commonly
used is the Hall Effect sensors. [23]

Fig 4.15 Magnetic rotatory encoder

Hall effect sensors
The Hall Effect is known as the voltage difference that is produced in a conducting plate
whenever an electric current is flowing within it and a magnetic field is introduced
perpendicular to the current flow.

Fig 4.17 Magnetic encoder hall sensor
Fig 4.16. Hall Effect

The Hall Effect sensor is used to measure velocities and positions in the rotatory magnetic
encoder. The sensor is composed of a Hall chip and a permanent magnet, both placed
near the encoder’s disk. The gap between the sensor and the disk is very small, so each
time the dipole near the sensor changes, it changes the magnetic flux distributions across
the chip surface causing the voltage of the sensor to go high or low. The output of the
sensor will therefore be a quadrature signal named Hall-Effect signal. [23]
A quadrature sensor uses two Hall sensors and outputs two square wave signals. For
determining the rotation position, it needs to count the pulses in the signal, the number of
pulses represent the number of times the pole has changed from North to South. To
calculate the rotation direction, two signals need to be considered. The two square output
signals are identical but out of phase by 90 degrees one from the other. The direction of
rotation can be determined form this difference in phase by simply checking the signal
that is ahead to the other. [23]
In the control mechanism of the hand, magnetic rotatory encoders will be used as the
control sensors of the position of the hand. They will be attached in the back part of the
motors and the quadrature output signals will be feed to a microprocessor in order to
calculate the angular position and rotational direction of the motor shaft.

Pololu magnetic encoder
The Pololu quadrature encoder is formed by a dual-channel sensor board and a 6-pole
magnetic disc. The sensor board is designed to fit the back part of the Pololu micro gear
motor and once soldered, the magnetic disk is pushed onto the back shaft of the motor.
This way, the encoder senses the rotations made by the magnetic disc, coordinated with
the motor shaft.
The sensor board operates from 2.7 to 18 V and, since the disk contains 6 poles, the
sensor has a resolution of 12 counts per each rotation of the motor shaft. In the following
table, the principal technical specifications of the Pololu magnetic encoder are exposed
[24]:
POLOLU MAGNETIC ENCODER TECH SPECS
Size
Weight

Fig 4.18 Pololu magnetic encoder soldered to the
gearmotor and pinout configuration

10.6 x 11.6 mm
1g

Minimum operating voltage

2.7 V

Maximum operating voltage

18 V

Table 7: Pololu magnetic encodes Technical Specifications

Concerning the pinout of the magnetic encoder board, 6 pins can be differentiated: the
M1 and M2 pads will be connected to the power leads of the motor; the GND and VCC
pins are used to power the Hall effect sensors (2.7-18 V); and finally, the OUTA and
OUTB correspond to the output quadrature digital signals that will be feed to the
microcontroller. The following diagram shows the internal connections within the
encoder:

Fig 4.19 Pololu magnetic encoder Kit for micro metal gearmotors
diagram

Control system
Teensy 3.2
Teensy is a development board based on the microprocessor ARM Cortex M4 32 bits,
used for microcontroller development systems. It is designed in a very small footprint
which makes easier its integration into proto boards, and it has been programmed to be
compatible with both Arduino and C software libraries. For the hand’s control
mechanism, the microprocessor used will be a Teensy 3.2 board with header pins that will
be used for its solderless breadboard into a PCB.[25]

Fig. 4.20 Teensy 3.2 pinout

TEENSY 3.2 TECHNICAL SPECIFICATIONS
Processor
Flash memory
RAM Memory
EEPROM
High resolution analog pins
Digital pins I/O
PWM outputs
DAC output
Dimensions

32-bit ARM Cortex-M4 72 MHz
256K
64K
2K
14
34 (10 analog)
12
12-bit
35x18 mm
Table 8: Technical specifications of Teensy 3.2

The Teensy is a programmable platform. In order to upload code into it, the Teensy loader
application is used. This program communicates with the board and permits the
downloading of software into it. For uploading the Dextra firmware, it is also needed the
PlatformIO application, this open-source platform for IoT development is used in the
project as the build system for the Teensy 3.2. .

Motor drivers
The control command to control the robotic hand is initialized in a computer, the
computer communicates with the Teensy platform via USB and the Teensy sends signals
in order to actuate the motors. For the communication between the gearmotors and the
Teensy, it is necessary to use H-bridge motor drivers. In this project, the model to be used
will be DRV8838 Single Brushed DC Motor Driver Carrier.
Each motor driver is used to drive a single gearmotor and therefore a specific finger. The
driver shield contains two rows with 5 pins each. It has been designed in such a way that
in one side, the control signals and logic power connections are found, and the remaining
side is available for motor and motor power connections. In the following image, it can
be seen a pinout diagram of the motor drivers’ shield used in this project[26]:

Fig. 4.13. Connections between the motor drives, the microcontroller and the motor

The driver receives 2 different signals form the microcontroller: the phase and the enable
signals. The phase pin determines the direction of rotation, and the enable input is usually
a PWM signal that is intended to control the motor’s rotational speed.
The motor driver is connected to 2 different power sources: a logical power voltage, that
is commonly supplied by the microcontroller, like in this case, and a higher voltage supply
(between 0 and 11 V) to drive the DC motor. This voltage is supplied to the motor using
a reverse-protection circuit in between. However, at very low voltages, this circuit may
affect negatively the driver’s performance, in these cases the motor should be connected
to the VIN pin directly. Finally, the SLEEP pin can be used to turn off the output of the
motor to let it coast but in this project, it will not be used. The following truth table
represents the operation mode of the motor for different input signals[26]:

PHASE

ENABLE

OUT1

OUT2

MOTOR

0

PWM

PWM

L

Forward/brake at speed PWM %

1

PWM

L

PWM

Reverse/brake at speed PWM %

X

0

L
L
Table 9: Operation mode of motor drivers

Brake low

Electronic circuit
The complete electronic circuit diagram is found in the apendix of this document. The
circuit is formed by : a microcontroller (Teensy board), the motor drivers, used to control
the motors’ rotational movement with the control signals from the Teensy, the magnetic
encoders, used to give some feedback on the motors back to the Teensy, and the electric
DC motors, 5 gear motors for the fingers, and a servo motor for the thumb’s abduction.
The logic circuit is power supplied by the Teensy’s board digital voltage (3.3V), while
the remaining circuit uses an external power source of 6 V. To control this voltage supply,
the voltage regulator LM7806 TO-220 is used, also connected to a couple of capacitors
(100 µ and 10 µ) that act as filters filtering noise and any high-frequency component in
the signal to ground.

Fig. 4.21 Voltage regulator circuit

4.4 Software to control the robotic hand
In the following section, the software used to program the microcontroller and to control
the motor actuation system is reviewed. Most of the code has been developed by Alvaro
Villoslada and it is available in his GitHub repository. First, the firmware containing the
low-level logic of the program needs to be uploaded in the compatible board, in this case
the Teensy 3.2 using the application PlatformIO. Once the microcontroller is USBconnected and running the Dextra firmware, a GUI interface designed in Kivy is used to
control the position of the fingers using a simple friendly user interface.
Dextra firmware
Dextra firmware is the code loaded inside the Teensy to control the input and output
signals in the platform. The code is written in Arduino and is divided into two blocks: the
setup and the loop block. For its proper function, the main code depends on three other
libraries: Finger, MsTimer2 and Synapse. [27]
Synapse library: Synapse library is designed for the serial communication with the
Dextra hand. The library contains a single class named Synapse that initializes using a
character-based stream of type serial. The Synapse object communicates the Teensy
Firmware with the Dextra Control code written in Python and used for the GUI interface.
MsTimer2: This library developed by Javier Valencia allows the code to periodically run
a function from the interrupt context interruption the normal loop block in the software.
In the Dextra Firmware. This method is used to run the position PID loop every 10
miliseconds.

Finger library: The Finger library contains the definition of the finger class. This class
is used to create finger objects that control the input and output signals from the Teensy
to each finger. The finger constructor takes four parameters for its initialization e.g.:
Properties
• enable : Digital pin that outputs the phase signal to the motor driver. This signal
controls the rotational direction of the motor
• phase : Digital pin that outputs the enable signal to the motor driver. This signal
controls the rotational speed of the motor and therefore the finger
• encoderA : Input quadrature signal A received from the magnetic rotatory encoder
• encoderB :Input quadrature signal B received from the magnetic rotatory encoder
Methods
• readEncoder() : Reads the logical value of the encoderA and the encoderB and
computes the contervalue
• positionPID() : Control loop used to update the finger's position by outputing the
enable and phase signals
• writePosition(desiredPosition) : Method used to update the desired position of the
finger

PID Loop
This control loop is the main core of the control system. The PID loop is repeated every 10 ms
thanks to the use of the MsTimer2 library. Every time the position PID loop is executed, the
encoder count and the position setpoint at that instant are used to compute the displacement
needed in the robotic hand, and the corresponding output signals to achieve that displacement are
outputted. The PID loop workflow is explained in the following image:

Fig. 4.22 PID loop workflow

𝜃𝑚 = 𝑒𝑛𝑐𝑜𝑑𝑒𝑟𝐶𝑜𝑢𝑛𝑡 ∗

2𝜋
6000

∆𝜃 = 𝜃𝑑 − 𝜃𝑚
𝜀 = 𝑊𝑖𝑛𝑑𝑒𝑟𝑅𝑎𝑑𝑖𝑢𝑠 ∗ ∆𝜃;
𝑐𝑜𝑛𝑡𝑟𝑜𝑙 = 𝐾𝑝 ∗ 𝜀;

𝑊𝑖𝑛𝑑𝑒𝑟𝑅𝑎𝑑𝑖𝑢𝑠 = 4,5
𝐾𝑝 = 1000

The desired position 𝜃𝑑 is the setpoint established by the interface message. The position
feedback 𝜃𝑚 is performed by the magnetic encoders through digital pins pinEncoderA
and pinEncoderB. The logical values of both pins are used to calculate the encoder count.
The control value calculated in the PID loop is used to drive the dc motor into the desired
position. If the control value is positive, the phase pin value is set LOW and the motor is
driven clockwise. If it is negative, the phase value is set HIGH and the motor is driven
counterclockwise. Additionally, the control value has to reach at least a digital value of
25 (0-255 range), if not the enable value is set LOW and the motor rotation is stopped.
The function of the setup block in the Dextra firmware is to set the pinout configuration
of the Teensy. It also contains two important functions that allow the Teensy to update
the hand control and encoder values information. The magnetic encoder information is
updated using the Arduino method attachInterrupt. This method controls the value of the
encoder digital pins and every time a change occurs, it interrupts the normal functioning
of the loop to update the encoder´s information. On the other hand, the hand position is
updated using the MsTimer2 control. This library is in charge of executing the PID loop
every 10 ms for the correct updating of the fingers’ position.
In the following picture, it is represented the pinout configuration established in the
Dextra firmware:
GRND

3.3 Voltage supply
Thumb encoderPinA

Thumb phase

Thumb encoderPinB

Servo motor

Index encoderPinA

Thumb enable

Index encoderPinB

Index enable

Middle encoderPinA
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Middle encoderPinB

Index phase

Ring encoderPinA

Middle phase

Ring encoderPinB
Pinky encoderPinA

Ring enable

Pinky encoderPinB

Pinky enable
Ring phase

LED pin (L)

Pinky phase

Fig. 4.23 Pinout configuration in Dextra firmware

GUI interface
The GUI interface for control of Dextra has been designed using Kivy. Since the interface
software is written in Python, it is necessary to have a Python module to run the
application, as well as the Kivy application with all its dependencies and the control files
available in the Dextra GitHub repository. Both files are available in the control folder.
The kivy file contains the interface’s graphic design while the python file contains the
executable code, and therefore the connection to the firmware.[28]
This application is used in the project for testing the control of the robotic hand. The
interface enables to move the fingers individually and perform different gestures by
adjusting the angular position of the fingers and the abductor in the control panel.
The GUI interface communicates with the Dextra firmware inside the Teensy using the
serial communication protocol Synapse. This streaming protocol sends the position
information of the fingers and the abductor, contained into a float array of length 1x7.
These float values are converted into binary code and packed with a header and a footer
into a message that is transmitted into the PC and checked for validity within the code.
When the application is ran, a window appears with a connection panel used to establish
a connection to one of the available serial ports. Once connected, the fingers’ position can
be adjusted from the control panel.

Fig. 4.24 Connection panel of GUI interface

Fig. 4.25 Control panel of GUI interface

Myo Armband
In order to generate the control signals for the prosthesis control, we will need to define
first a method to acquire real-time EMG signals which will be processed and analysed to
predict the patient’s intention. There are 2 different ways to obtain this information: with
surface electrodes or implanted ones. Although direct acquisition of EMG signals from
the muscle is possible using intramuscular electrodes, this technique is usually discarded
for being too invasive and surface EMG acquisition is usually preferred instead. The
sEMG acquisition technique uses surface electrodes placed on the skin, these electrodes
are usually made of metal and covered in AgCl for better electronic transmission.
However, EMG signals are still very weak, noise-susceptible signals, and they are
difficult to acquire and process using conventional electrodes and analog processing. For
this reason, in this project the EMG acquisition will be done using Myo Gesture Control
Armband, a 9-th electrode bracelet designed by the Canadian company Thalmic Labs Inc.

4.5 Hardware
Myo Armband is a smart electronic sensor, capable of reading muscle activity signals
from the user’s forearm and detecting arm movements in the 3-dimensional space. It is
provided with 8 EMG electrodes, used to measure superficial electromyographic signals;
a 9-axes inertial measurement unit (IMU), used to provide a better control of the arm
movements by sensing any motion, rotation and orientation in the forearm; and a
transmission module, that can be used to send the acquired information to compatible
devices via Bluetooth. It also permits the streaming of EMG and IMU data for developers
to utilize in their applications. [29]

Fig. 4.26 Myo Gesture Control Armband

4.5.1 Technical Specifications of Myo Armband
The Myo Armband has been designed as a forearm wearable device. Its arm size can
expand between 19 to 34 centimetres (7.5-13.4 inches) thanks to 10 incorporated sizing
clips that allow the armband to fix to the forearm’s circumference. It has a weight of 93
grams and a 1.14 cm thickness. [30]

Fig 4.27 Dimensions of Myo Armband

Myo Armband is equipped with eight stainless steel EMG sensors around the arm that
stream muscle tension data for 8 different channels of 8-bit data per channel. For better
precision, it also contains an inertial measurement unit (IMU), a sensitive motion sensor
composed of a three-axis gyroscope, a three-axis accelerometer and a three-axis
magnetometer, capable of sensing movements in the three-dimensional space. Both the
muscle and motion sensors enable the application to recognize between 5 different hand
gestures: open hand, wave in, wave out, fist and pinch. [30]

Fig. 4.28 Hand gestures recognized by Myo Armband's muscle sensors

An inertial measurement unit is a motion sensor whose primary goal is to detect the
orientation of a device, meaning by this the relative rotation (yaw, pitch and roll angles)
of the sensor with respect to an inertial frame of reference. For this purpose, IMUs are
equipped with a gyroscope, which measures angular velocity; an accelerometer, that
measures linear acceleration; and a magnetometer for measuring magnetic field strength.
In order to use this sensor, first it is necessary for the Myo Armband to be positioned
correctly and synchronized with the computer via Bluetooth. For the calibration and
synchronization of the armband, Thalmic Labs released the application ‘Myo Connect’.

4.5.2

Myo Armband applications

This device is another combination example of high-technological performance with a
simple user’s interface, that attracts the attention of many different field applications. For
example, in robotics and specially for military manoeuvres, the Myo Armband can be
used to remotely control flying drones and other robots’ movements. It is also an
interesting option in the development of VR games, where it allows the user to interact
with the game by simply wearing the Myo armband. A good example of the extensibility
of applications Myo provides is found in the concert experience of the famous DJ Armin
Van Bureen, who uses the Myo Armband to bring wireless stage control to his shows. He
controls lights, volume level and stage effects in real time by incorporating hand
movements to its performances giving the audience a new level of concert experience.
[29]

Fig. 4.29 Armin van Buuren controls lights and stage effects live using MYO
Armband

The application fields of Myo Armband are numerous and diverse, but it also presents a
lot of potential in the healthcare field. Concerning its biomedical applications, Myo
Armband has captured the interest of several research teams, and many studies have been
conducted to determine its suitability for myoelectric prosthesis control, since it provides
an easy non-invasive procedure to acquire superficial electromyographic signals. The
only limitation it presents over other conventional EMG acquisition systems is its 200 Hz
limited sampling frequency. [31]

4.5.3

Myo Armband positioning

The correct placement of the Myo over the forearm muscles is indispensable for its proper
function. The Myo Armband must be slid in the dominant arm of the user, to the widest
part of the forearm, right below the elbow, where the sEMG signals are the strongest. [32]
The logo light in the Armband must be facing up when the arm is extended, and the palm
is facing down. To get a strong connection with the muscle, it is also important to have
the Myo in direct contact with the skin (no clothing), to secure the armband if necessary
with the incorporated sizing clips and let it warm for 2 minutes every time it is turned on.

Fig. 4.30 Correct positioning of the Myo Armband

Fig. 4.31 Channel numbers in Myo
Armband

In this position, the principal electrode, the one containing the logo which corresponds
with channel number 4, it will be positioned parallel to the longitudinal axis of the
humerus. Myo Armband has been designed to acquire EMG signals in specific muscle
sites, therefore this positioning is important. In the following table, the principal muscles
controlled by each electrode channel in the Myo armband are identified for a right-handed
user [33]:
CHANNEL NUMBER
CH1
CH2
CH3
CH4
CH5
CH6
CH7
CH8

MUSCLES
F. Carpi Ulnaris
Anconeus
F. Carpi Ulnaris
E. Digiti Minimi
E. Digitorum
E. Carpi Ulnaris
E. Digitorum
E. Pollicis Longus
E. Carpi Radialis Longus
E. Carpi Radialis Brevis
Brachioradialis
Brachioradialis
F. Digitorum superficialis
F. Carpi Radialis
Table 10: Muscle-channel correspondence in Myo Armband

4.5.4

Myo Connect: Calibration and Synchronization

The Myo Connect application is available for free download in Thalmic Lab’s webpage
and it is used to pair Myo Armband with a compatible computer and set up its initial
configuration.
When Myo Connect is downloaded and executed, the application launches automatically
and a guideline with instructions for the initial configuration of the Myo Armband appears
on the screen. First, Myo Armband needs to be connected to the computer with the USB
standard cable and the USB Bluetooth adapter. Then, it needs to be registered assigning
a name to the Myo Armband, “MyMyo” for example. [34]
Once the device is registered and updated, it can be disconnected from the USB cable and
a connection via Bluetooth will be established turning the incorporated LED blue. For its
proper function Myo will be calibrated and synchronized by performing the 5
recognizable hand gestures. In some occasions, it is necessary to wear the armband for a
couple of minutes to warm it up, when it is ready to use, the armband transmits a long
vibration and the application will ask for a resynchronization process.[34]
Every time a registered Myo Armband is used for any application, it needs to be paired
with the computer using Myo Connect. The Armband Manager in the application’s menu
will be used to connect and disconnect the device, to turn it off, and to recalibrate it. It
also allows to create a personal profile to calibrate the device personally.

Fig. 4.31 Myo Connect Armband Manager

4.6 Myo SDK Algorithm
Myo SDK is a software package designed by Thalmic Labs company to enable software
developers to access the data recorded by Myo Armband and create applications on this
basis. [35]This package contains: binary executables, drives, header files written in
C/C++, libraries, documentation and code samples needed for the correct communication
with the Myo Armband. The following figure illustrates the architecture of the Myo SDK:

Fig. 4.32 Myo SDK

The key element of the SDK is the library ‘libmyo’. This library exposes all the Myo
Armband’s functionalities using a plain C API. The SDK also incorporates C++ bindings
which allow programs written in different programming languages to interact with the
Myo Armband and access the classes and methods contained in the SDK. [35]

4.7 Python bindings for the Myo SDK
In this project, the programs written to interact with the Myo device are written in Python.
Myo-python is a python module CFFI wrapper designed by Niklas Rosenstein and
available in its GitHub account.[36] It is designed in order to access data from Thalmic
Labs' Myo Gesture Control Armband in python. Some of the tools available in the GitHub
repository are: documentation, some examples and the main library.
The myo-python bindings are based on ctypes, which is a built-in Python module to
interact with shared libraries. [1] These bindings interact with the Myo Armband in a
similar way to the C++ SDK, by implementing a Device Listener object which will be
invoked for every event coming from the myo-device.
There are two different ways of interacting with the Myo device: reading data when
needed by implementing a myo device listener feed object or creating a listening device
that is synchronized to the Myo object and receives all the incoming data from the
armband. [37] In this project, a listening device approach will be used by creating a
personalized listening object which receives the gesture recognition from the Myo
Armband and sends a message to the Teensy, so the gesture is replicated on the robotic
hand.
The following figure illustrates a simple code using the myo-python module:

First the myo library is initialized in order to import the necessary classes from the
secondary libraries. Then a Hub oject is initialized. This Hub object is essential in the
correct functioning of the listener device. The hub is used to run the handler function, in
this case a listener device, every 500 ms. The handler function takes an event object as an
argument and returns a handler result which can be: true, false or none. The hub can be
stopped intentionally with the stop function or automatically, if the handler result is false.
If the handler result is true or none, it will run infintitily.
In this simple example, some functions of the DeviceListener class are altered in order to
perform a specific task. This program gives a specific task for 3 situations: if connected,

it prints a welcome message on the terminal, it sends a short vibration to the Myo
Armband, and requests the battery level of the device which will be stored in the event
object for later printing in the terminal. The on_pose function is also altered so when a
double tap pose is executed by the user, the function will return False, stopping the Hub
connection.

5.

METHODS

5.1 Robotic hand design selection
The first step will be to decide the mechanical design of the hand-prosthesis. Since the
focus of this work will be centered in the control of the artificial hand and the processing
of the EMG signals rather than in the mechanics of the prosthesis itself, a decision was
made to copy an already existent model. One of the most interesting options and the
elected design is the prototype created by a former student of University Carlos III, Alvaro
Villoslada. His design “Dextra” consists on a low-cost, printable, human-sized robotic
hand. [38]
Dextra design
The model was chosen for 2 reasons: the affordability of the construction and the dexterity
shown by the prototype. The element responsible for this freedom in movement is the
finger module. Dextra is composed of 5 modular fingers: 4 interchangeable finger
modules with a small variation in the thumb. The linear movement of the fingers is
accomplished using 5 DC micro gearmotor (one for each finger). When the motor is
actuated, it starts rotating pulling the fishing line inside the fingers converting this rotation
into a flexion motion in the fingers.[38]

Fig. 5.1. Open source hand prothesis from HackadayIO created by Alvipe

One of the basic references to measure the relative dexterity of robotic hands is the one
published by Mark Kutosky in 1989 which exposes a taxonomy of human grasps models.
Kutosky classifies and describes 16 different human grasps based on the level of
dexterity, the stability and power of the grasp, precision, detail…[39] Among these 16
movements, Dextra is able to reproduce 12 out of the 16 movements, which is a
remarkable level for such a simple design, and more than enough for the current work,
where only three of these movements will be intended.

Fig. 5.2. Grasp models for the Dextra robotic hand

5.2 3D-printing
The files containing the CAD designs were downloaded from the GitHub repository in
stl format. The software Repetier Host v 2.1.6 version 1.4.18 was used to prepare the parts
for printing. This program allowed to find the best position and orientation of the parts in
the printer’s platform to reduce the supporting structures to the minimum. The parts were
printed in PLA plastic. The 15 parts were printed in different days but the whole printing
process took approximately 12 hours to complete. After the printing, the printed structures
were processed in order to remove the unnecessary support structures.

Printable part
Abductor
Palm
Dorsal
Spool
Motor-holder
Middle
Distal
Proximal
Motor-holder
Proximal thumb
Distal thumb

Unity

Printing time (s)

Filament
(mm)

1
1
1
5
5
4
4
4
4
1
1

38 min 45 s
1 h 10 min
1h 2 min
6 min 12 s
29 min 6 s
14 min 17 s
10 min 57 s
20 min 24 s
29 min 6 s
18 min 15 s
12 m 58 s
11 h 32 min 24 s

3713
5931
5161
252
2367
1167
920
1736
2367
1528
1115
55,303 m

Total

In some of the printable parts, the printing process had to be repeated because of unwanted
defects, trying a different orientation to decrease the number of defects. One example of
this was the printing of the phalanges. When printed with the part of the rubber bands
facing down, the orifices through which the nylon thread had to be passed closed due to
layer shifting in the printing processes occluding most of the conducts. In these cases,
these parts had to be reprinted using a different orientation, with the rubber bands’ part
facing up, which resolved the problem. In the following image, we can observe how the
blue printed finger presents more defects than the reprinted one in orange:

Fig 5.3: The first printed (blue) with undefined structures, the
reprinted (finger) with a better definition

Fig 5.4: The two different orientations used in the
printing of the middle part

5.3 Micro actuators assembly
The actuators assembly is one of the most important steps in the hand’s assembly process
since it will later determine the movement capability of the hand. First, some female
header pins were soldered to the pinout of the encoders. These pins were implemented in
order to make the cable soldering easier later on. After this, the gearmotors were soldered
to the encoders. The PCB board of the encoders was soldered to the back side of the
motor. This step was repeated for the 5 micro gearmotors. The soldering in the motor
leads had to be fast in order to prevent damaging the motor’s gearbox. Once soldered, the
magnetic disc of the encoder was pushed onto the motor protuberance over the encoder’s
soldered PCB.
Once the encoders were correctly soldered to the motors, the printed spools had to be
inserted onto the motor shafts. But, the spools were not correctly printed, and the hole
was not big enough. At this moment, a driller was used to make the hole big enough for
the motor shaft to fit. In the figure below, we can see the assembled micro-actuators for
the 5 fingers:

Figure 3: Five DC motors after soldering the encoder and inserting the spool

5.4 Motor testing
After the soldering of the motors to the encoders, the correct functioning of the motors
needs to be tested, since the soldering may have damaged the gearbox. For this reason,
the next step was to build the circuit for the control of a single motor on a proto board and
perform some tests on the motors.
For the motor testing, the GUI interface design for the Dextra control and the Dextra
firmware were used. First, the Teensy was plugged to the PC USB port and the firmware
was uploaded using Platform IO IDE in Visual Studio Code. When the firmware was
successfully uploaded and running, the GUI interface designed for the Dextra movement
control was opened.

At this point, some problems appeared regarding the application. The application was
compatible with Python2 and the application was last updated on 2016, this means it did
not adjust to the depreciation of Python2 that took place on January in 2020. One of the
most important changes from version 2 to 3 is the manipulation of binary data. In Python2,
the string and bytes were the same byte type object , but in Python3 they differ one from
the other [40], changing the application’s behaviour. As a result, after downloading the
application, some minor changes had to be done to adapt it to Python v3.8. The modified
code can be found in the annexes at the end of the document.
For the motor testing, the circuit was powered using a power source of 5 V with a current
of 500 mA approximately. Each motor was tested individually several times. Two of the
motors resulted to be damaged and had to be replaced by new ones, repeating the
soldering process and testing again. In the following picture, it can be seen the testing of
one of the motors in the already printed circuit:

Figure 4: Motor testing of an encoded motor

The motor testing supposed the greatest drawback in the evolution of the project. The
motors ran sometimes indefinitely which meant the connection to the encoders or the
software was failing. The proposed solution was to examine the code. After close
examination, it was determined the connections might with the teensy or the motor were
failing. The problem seems to be in the wiring of the electric circuit, a possible solution
for future development would be substituting the cables and studying individually the
outputs of the encoder using an oscilloscope, but these methods were outside of the
reachability of this project due to the shortage in time and resources.

5.5 Hand assembly
For each finger, the motor-holder part and the proximal joint of each phalanx were joined
using a M3 nut and a M3x14 screw. A rubber band is also used resulting in an articulated
joint. This process was repeated with the proximal-middle joints and the middle-distal
articulation, for each of the 5 finger modules.
To integrate the tendon, a 15cm long fishing line thread was cut, one of the ends was tied
to the motor spool using a knot secured with glue, and the thread was passed through the
lower side of the motor holder and the three tendon channels to the tip of the last phalanx
where the fishing line was secured with another knot and drop of glue.
Finally, the servomotor was assembled and inserted in its corresponding housing in the
dorsal part of the hand and it was fixed using the own motor’s crews. The four modular
fingers (all except the thumb) were screwed in their corresponding place in the palm using
M3x10 screws. The abductor part and the dorsal part were also joined together, with M3
spacers in between, placing the palm part covering the actuators and securing it with
screws.

5.6 Myo Armband Data Extraction
After the robotic hand was constructed and functional, the myoelectric control algorithm
had to be designed. There has been many studies and literature relating the use of Myo
SDK MATLAB Mex Wrapper, a software package created by Mark Tomaszewski [2]
that access data from Thalmic Labs' Myo Gesture Control Armband in m-code. Some
examples are: “Hand Gesture Recognition Systems with the Wearable Myo Armband”
by E. Kaya and T. Kumbasar [41], “A testing system for a real-time gesture classification
using surface EMG” by Konstantin Akhmadeev [42] and “Design of a Software
Architecture and Practical Applications to Exploit the Capabilities of a Human Arm
Gesture Recognition System” by Fabrizio Eloy Ramírez and Marco Segura-Morales [43].
This is the main reason that pushed to start working with the Myo Armband using
MATLAB and the SDK MATLAB Mex Wrapper in first instance.
The MATLAB wrapper allowed us to record EMG signals in the 8 different Myo
Armband’s channels. In the following figure, a plot of the EMG signals recorded in the
different channels is shown displayed using MATLAB code. Comparing the plots of a
signal recorded during a fist hand gesture, with one recorded while performing the spread
fingers gesture, it can be appreciated the differences between both signals are very small
and the noise in the images makes the differentiation even more difficult.

Figure 5: EMG recorded with the Myo Armband and displayed with MATLAB code of a fist gesture and a spread
fingers gesture

Along the project, the MATLAB Wrapper was studied and developed but at the end, a
decision was made to use the Python bindings to interact with the Myo Armband for two
different reasons:
1- The code from the Dextra application to interact with the Dextra firmware was also
written in Python allowing a direct communication instead of having to develop new
code or looking for a via to connect the MATLAB code to the Python application
2- The python bindings offered an easier way to interact with the Myo Armband and
react under a gesture recognition event which was the purpose in the end.
Nevertheless, the MATLAB Mex Wrapper does provide an interesting alternative if
Machine Learning algorithms would be taken in consideration, but this is outside the
scope of this project.
The python bindings provide an easy way to access the data from the Myo Armband. In
order to get familiarized with the software, there are some examples available along with
the main library in the GitHub repository. [3] In this case, we concentrated in the third
example that allows for live EMG streaming. As mentioned before, in order to use the
myo bindings we need to have previously connected the Myo Armband to the computer
with the Myo Connect application.

In the following figure, it is displayed an 8-channel recording of the EMG while
performing 4 different recognizable hand gestures in the Myo Armband: fist, fingers
spread, wave in and wave out.

Figure 6: EMGs extracted with the myo python bindings of the different recognizable gestures in the Myo Armband

5.7 Gesture recognition control system
In this section, the high-level control developed to control the robotic hand with the Myo
Armband will be briefly explained. This control system as explained before is an
automatic, gesture recognition based system which uses the Myo Armband’s internal
software to detect some hand poses in the user. When a hand pose is detected, the program
sends some previously position commands to the control electronic in the Dextra. These
position commands are manually taken, meaning they would be pre-programmed in order
to execute specific grip movements. To communicate with the Teensy board, the synapse
communication protocol in Python is used.
But first, some prerequisites for the correct functioning of the program:
1- The Teensy board needs to be connected to the USB port and running the Dextra
firmware
2- The Myo Armband needs to be connected to the Myo Connect application. The
application manager in the settings of Myo Connect can be used to synchronize the
Myo Armband via Bluetooth
3- The electronic circuit needs to be powered constantly by a power source of 5V
4- The program needs to import 2 different libraries: the myo library and the synapse
library for the communication with the Teensy board. These libraries need to be in
the same folder as the python script
5- The program needs to be ran with Python v.3.8 in a computer with MacOs or
Windows since the MyoConnect application is only available for these operating
systems
There are 2 essential python libraries which need to be downloaded and imported into the
program. The Synapse library for the communication with the serial port and therefore
the firmware of the Teensy board, and the myo library which allows to establish a
wirelessly communication with the synchronized Myo Armband. In the first lines of the
code, we import these libraries:

Next, we create a personalized Listener class for our connection with the Myo Armband.
This Listener takes a myo Device Listener object as an argument and modifies some of
its methods in order to have a specific behaviour under some specific events. The Listener
is initialized with a rest pose. When connected to a Myo Armband, it displays a welcome
message with the name assigned to the Myo in the terminal, and afterwards it emits a
short vibration to the Armband to check it is correctly synchronized. The most important
modified method in the on_pose function. This function determines the behaviour of the
program and therefore the robotic hand when a pose is detected in the Myo. The function
is modified to send some position commands when one of the three positions is detected:
fist, relax and double-tap poses. In order to send position commands to the Teensy, the
program uses the write_set_point_list function in the Synapse library.

The main program has 2 parts: first, it uses the synapse communication to scan the
available serial ports and tries to connect to the first connected device in the serial port,
the Teensy board. If it connects correctly, a message is displayed on the terminal.
Secondly, it initializes a myo Hub object in charge of running the listener device. This
Hub runs the listening device and checks for events every 500 ms. In this case, the
program runs undefinitely, therefore it has to be stopped from the terminal window.

In order to check the correct functioning of the gesture control system, we used Arduino’s
serial monitor and we loaded a different program into the Teensy. A simpler program
used to print on the serial monitor the values received through the serial port. The results
of these tests were successful which meant the communication between the Myo
Armband and the Teensy was effective.

6.

RESULTS AND EVALUATION

In the following section, an evaluation of the final results is going to be carried out taking
into consideration the main objectives of the project and exposing which should be the
main future development routes.
Throughout the evolution of this final degree project, different unexpected drawbacks
have appeared, some of them related to the low quality of the equipment, such is the case
of the difficulty found in the correct printing of the Dextra parts, or the printing of the
electronic board, and some arbitrary unlucky coincidences such is the case of the
depreciation of Python2 in the middle of the project which invalidated the use of the
previous Dextra control application.
At the end, we have achieved to construct a simple, low-cost robotic hand. A hand with
a wide range of movements and easily replicable that has a lot of potential to be used as
a robotic hand or a low-cost hand prosthesis. Unfortunately, due to the unreliable
behaviour of the encoders, a decision was made not to test the control system directly on
the constructed hand since a prolonged rotation of the motors could have damage the hand
or the motor itself. Nevertheless, this project has been at the end satisfactory. Some of the
most important goals achieved as a result of this bachelor thesis are enumerated below:
Construction of the robotic hand Dextra: Although the control of the robotic
hand has not been possible, the encoder control can be resolved making a deeper
analysis of the behaviour using a oscilloscope and reassuring the motors connections
with better wiring components, substituting the rigid cables for more flexible ones. In
the following figure, it can be seen the resulted constructed hand:

Figure 7: Result of the constructed Dextra hand

The construction of an actuation system for the robotic hand. This process not
only involved the soldering of the motors to the encoders and the following tests but
also the study of the control PID loop, the basis of the Dextra firmware, and a deep
understanding of the interaction of each element in the actuation system: the actuator,
the sensor and the control board. In addition to this, the GUI interface developed for
the Dextra firmware was also modified and actualized during this project in order to
make it compatible with Python v.3.8.
The most important contribution overall has been the development of a
communication program between the Myo Armband and the Teensy. This
communication has a lot of potential not only in the control systems for myoelectric
protheses but also supporting a way of communication between electrical systems and
the Myo Armband, myoelectrical bio signals and electric devices. This program is also
an excellent example of the possibilities that open-source software brings to the
scientific community. And the other way around, this code has been published in a
public GitHub repository allowing new interested software developments and engineers
to take it to the next step.
Despite of its reduced capability to currently replicate movements, this project has a great
potential in the design of low-cost myoelectric-controlled robotic hands and protheses. It
is also of great interest in the educational field for the study in universities and schools
since it comprises a knowledge in mechanics, electronics and informatics.

7. FUTURE WORK
The design of the perfect hand prosthesis will not only depend on replacing the anatomical
structure with a construction of similar dexterity and providing it with prehensible
function, but it is also of great importance to find a control substitute for the hand-brain
complex. In this sense, the current line of work in this project is interesting, since a simple
myoelectric control system is presented as a possible solution. However, ultimately the
design of a hand prothesis is always resumed to a trade-off between dexterity,
comfortability of the patient (weight, pressure..) and price. Some possible future routes
in this project would be:
Machine learning EMG control
The most interesting future line of work at the moment is the amplification of the number
of movements the hand is able to replicate, which is currently 3. To do this, a potential
solution would be, instead of using the internal hand-gesture recognition tool, to use the
data extracted from EMG muscle and motion sensors in the Myo Armband in order to
train a machine learning algorithm to recognize a greater number of hand gestures. This
approach has another great advantage which is the personalization of the prothesis
control, since the algorithm could be trained with data recollected from the patient making
the control system more specific and reliable.
Sensorial feedback
The robotic hand design constructed in this project can be used in different fields and for
different purposes although the ultimately objective contemplated in this project, being
this project a bachelor thesis in Biomedical Engineering, is its use as a myoelectric handprothesis.
In the last decades, there has been many advances in the development of hand protheses
as we have seen before, with new intelligent biomaterials, the introduction of EMG-based
control systems and the design of lighter and more ergonomic protheses. However, there
are still many difficulties in the accommodation of myoelectric protheses to the patients.
This is due to the lack of sensorial feedback in the embedded control systems of these
designs, where the actuation system is completely oblivious to user participation. In this
common situation it is interesting to investigate possible solutions to integrate a haptic
feedback control system on the design. This implementation would allow the user to
obtain some sensorial feedback on the force he is using and to detect sliding sensations,
which would ultimately offer him a better control over his hand prosthesis. [44]

8. APPENDIX
7.1 Budget
The development of this thesis relied on the use of many resources. Some of the material
used is charge-free, such is the case of the software installation available for free on the
internet, some of it is included within the company resources, for example the 3D-printers
used for the printable parts of the prosthesis. But, the rest of the material including the
electronics components of the prosthesis and the printing plastic will need to be registered
in the cost of the project.

Components

Unit price (€)

Unity

Subtotal

22,20

5

111

8,30

3

24,9

3,24

5

16,2

Pololu 1000:1 Micro Metal Gearmotor HP
6V with Extended Motor Shaft
Magnetic Encoder Pair Kit for Micro Metal
Gearmotors, 12CPR, 2.7-18V (HPCB
compatible)
DRV8838 Single Brushed DC Motor Driver
Carrier
Corona DS-843 MG Digital Servo

10,84

1

10,84

Teensy 3.2

22,40

1

22,40

Voltage regulator 5 V

1,60

1

1,60

Fishing line spool

9,99

1

9,99

Elastic orthodontic rubber bands 1/8 "

4,37

Pack of 100

4,37

M3X14 bolts

5,79

Bag of 50

5,79

M3X12 bolts

6,98

Bag of 50

6,98

M3X8 bolts

6,41

Bag of 50

6,41

M3X6 bolts

5,02

Bag of 50

5,02

M3X12 spacers

0,44

2

0,88

M3 nuts

5,26

Bag of 100

5,26

Capacitor 100 uF

1,56

Bag of 5

1,56

Capacitor 10 uF

1,81

Bag of 5

1,81

50

1

50

PLA filament spool
Printed circuit board

Total price

285,01 €

7.2 Python codes
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

import myo
import synapse as sy
class Listener(myo.DeviceListener):
def __init__(self):
self.pose = myo.Pose.rest
def on_connected(self, event):
print("Hello, '{}'!".format(event.device_name))
event.device.vibrate(myo.VibrationType.short)
def on_pose(self, event):
self.pose = event.pose
if self.pose == myo.Pose.double_tap:
setpoint_list = [10.0,0.0,0.0,0.0,0.0,0.0]
elif self.pose == myo.Pose.fingers_spread or self.pose == myo.Pose.rest:
setpoint_list = [10.0,0.0,0.0,0.0,0.0,0.0]
elif self.pose == myo.Pose.fist:
setpoint_list = [10.0,11.1,12.2,13.3,14.4,15.5]
message = sy.write_setpoint_list(ser,setpoint_list)
if __name__ == '__main__':
serial_port_list = sy.scan_serial_ports()
print("Connecting to serial port list:", serial_port_list[0])
ser, status = sy.connect_to_serial(serial_port_list[0])
if status:
print("Connected!")
else:
print("Connection error")
myo.init()
hub = myo.Hub()
listener = Listener()
while hub.run(listener.on_event, 500):
pass
print('Bye, bye!')

Modified synapse library to adapt to Python v. 3.8
1.
2.
3.
4.
5.
6.
7.

import serial
import time
import struct

8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.

FLOAT_SIZE = 4
MESSAGE_SIZE = 30
DATA_POINTS = 6

HEADER = chr(0x7E)
FOOTER = chr(0x7E)
FINGER_ADDRESS = [chr(0x01),chr(0x02),chr(0x03),chr(0x04),chr(0x05),chr(0x06)]

def scan_serial_ports():
serial_port_list = []
portname_start = ["/dev/ttyUSB","/dev/ttyACM","COM"]
for port in portname_start:
for i in range(10):
portnum = str(i)
portname_full = ''.join([port,portnum])
try:
ser = serial.Serial(portname_full, 115200, timeout=1)
ser.close()
serial_port_list.append(portname_full)
except serial.SerialException:
None
return serial_port_list
def connect_to_serial(port_name):
try:
ser = serial.Serial(port_name, 115200, timeout=1)
ser.setDTR(False)
time.sleep(1)
ser.flushInput()
ser.setDTR(True)
time.sleep(2)
status = True
except serial.SerialException:
ser = None
status = False
return ser, status
def check_message(message, check):
xor_check = 0x00
for i in range(len(message)):
for j in range(len(message[i])):
xor_check = xor_check^ord(message[i][j])
xor_check = chr(xor_check)
if(xor_check==check):
return True
else:
return False
def get_message(ser):
message = ''
in_byte = chr(0x00)
i = 0
while(ser.read()!=HEADER): None
while(ser.inWaiting()>0):
in_byte = ser.read()
if(in_byte!=FOOTER and i<MESSAGE_SIZE):
message += in_byte
i += 1
elif(in_byte!=FOOTER and i==MESSAGE_SIZE):

63.
check = in_byte
64.
elif(in_byte==FOOTER):
65.
return message, check
66.
67. def read_data_list(ser):
68.
data_list = []
69.
i = 0
70.
message, check = get_message(ser)
71.
for j in range(DATA_POINTS):
72.
if(message[i]==FINGER_ADDRESS[j]):
73.
data = ''
74.
i += 1
75.
for k in range(FLOAT_SIZE):
76.
data += message[i]
77.
i += 1
78.
data = round(struct.unpack('f',data)[0],4)
79.
data_list.append(data)
80.
return data_list
81.
82. def write_setpoint_list(ser,setpoint_list):
83.
check = chr(0x00).encode()
84.
message = HEADER.encode()
85.
for i in range(DATA_POINTS):
86.
data = struct.pack('f',float(setpoint_list[i]))
87.
message += FINGER_ADDRESS[i].encode() + data
88.
check = check^FINGER_ADDRESS[i].encode()
89.
for j in range(FLOAT_SIZE):
90.
check = check^data[j]
91.
message += check + FOOTER.encode()
92.
try:
93.
ser.write(message)
94.
except serial.SerialException:
95.
raise
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