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ABSTRACT

MECHANICAL MODELLING AND DESIGN OF THE 4
FINGERS OF AN ANTHROPOMORPHIC ROBOTIC HAND

Anthropomorphic robotic hands aim to resemble the functions and appearance
of human hands. The increasing interest in their design arises from their importance in
many medical and engineering applications. Controlling flexion and extension of each of
the 4 fingers of an anthropomorphic robotic hand requires 3 motors to have full control
of its joints. This study aims to construct a model for the 4 fingers to enable full control
of all of their joints using only 2 motors by utilizing the correlation between proximal
interphalangeal (PIP) and distal interphalangeal (DIP) joints of human finger to use a
single motor for their control. A mechanical model is established for a single finger with
correlated PIP and DIP joints to be generalized for the 4 fingers. Inverse kinematics is
solved for the angles of the joints in terms of fingertip position. Transfer functions are
derived for the change in tendons lengths during flexion to find the appropriate design
of the pulleys controlling them. Hand parts are designed, 3D printed, and assembled
accordingly, and then controlled using an Arduino microcontroller. Joints angles of
the 4 fingers are measured over their full range of motion to calculate their correlation.
Inverse kinematics gives a unique solution for each different fingertip position, but the
ratio between the correlated angles should be assumed slightly different than that of
a human hand for an algebraic solution to exist. The derived transfer functions are
found to be nonlinear and increasing, meaning that the designed pulleys need to be
spiral instead of perfectly circular. However, circular pulleys are used for the designed
hand for simplification. Measured PIP and DIP joint angles show strong correlations

for all fingers and over the full range of motion for all joints.

Keywords: Robotics, Anthropomorphic Hands, Interphalangeal Joints Correlation,

Inverse Kinematics.



vi
OZET

ANTROPOMORFIK ROBOT ELIN 4 PARMAK MEKANIK
MODELLENMESI VE TASARIMI

Antropomorfik (insansi) robotik el galigmalari, amputeler igin robot elin insan
eline benzetilmesini ve elin islevlerini yerine getirilmesini amaclamaktadir. Insansi elin
her bir parmagin fleksiyon ve ekstansiyon hareketleri i¢in 3 eklem icin 3 motor ile kon-
trol edilmesi gerekir. Bu ¢aligmada tam kontrol i¢in insan 4 parmaginin Proksimal
interfalangeal eklem (PIP) ve Distal Interfalangeal eklem (DIP) eklemleri arasindaki
iligkiden yararlanilarak her bir parmak icin 3 yerine 2 motor kullanilarak mekanik bir
model olusturulmustur. Kuvvet , servo motor ve kasnaklar ile kontrol edilerek ten-
donlarla parmak eklemlerine iletilir. Her bir parmak pozisyonu i¢in ters kinematik
hesaplanmis fleksiyon ve ekstansiyon hareketlerinin fark: acilarda tendon uzunluklar:
i¢in transfer fonksiyonu c¢ikartilarak kasnaklarin uygun geometrik tasarimi olusturul-
mustur. Insansi elin parcalar1 bu modele uygun olarak tasarlanmg, ii¢ boyutlu yazici
ile basilip birlegtirilmistir. Kontrolii Arduino mikrodenetleyicisi ile yapilmistir. 4 par-
magin eklem acilari, hareket acikliklar1 boyunca 6l¢iimiis ve eklemler arasi iligki hesa-
planmigtir. Ters kinematik analiz her farkli parmak ucu pozisyonu igin benzersiz bir
¢Oziim sunar, ancak cebrisel bir ¢oziime ulagmak i¢in PIP ve DIP arasindaki iligkiye
ait oran insan elinden biraz farkl oldugu varsayilmigtir. Tiiretilmis transfer fonksiyonu
dogrusal olmayan ve artan bir iligkiyi ortaya c¢ikarmigtir. Bu da tam dairesel kasnak
yerine spiral olmasi gerektigini gosterir. Bununla birlikte tasarimi basitlestirmek icin
dairesel kasnaklar kulanilmistir. Olgiilen PIP ve DIP eklem acilar1 tiim parmaklarin

hareket acikiklar1 boyunca kuvvetli bir iligkiyi gostermigtir.

Anahtar Sézciikler: Robotik, Insans: el, Interflakans eklem korelasyonu, ters kine-

matik.
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1. INTRODUCTION

1.1 Motivation

Biomechatronics is a trending field of both industry and research, since it is
achieving great improvements in rehabilitation, mainly in replacing amputees’ limbs.
The robotic hands available in the market have the ability to perform various tasks with
high reliability and accuracy, and have quite robust designs. However, a large number
of them are not anthropomorphic; i.e. they do not try to mimic the natural human
hand in both anatomy and functionality, but they are almost totally dependent on the
design itself from a mechanical point of view. Nevertheless, a remarkable effort has been
made in the research literature to enhance the design and control of anthropomorphic
hands. The results of such efforts are pronounced in fairly advanced robotic hands

with complex designs and functions that are similar to those of a human hand.

However, one problem arises when the motion of PIP and DIP joints of the four
fingers is considered. That is, there is a tradeoff between the instantaneous angles of
those joints and cost in terms of power consumption, weight and price. If one tendon
is attached to the distal phalanx and controlled by one motor is used to flex a single
finger, the angles of PIP and DIP joints would be arbitrary during flexion, and a full
control of both joints could not be achieved since 2 degrees of freedom are present but
only one actuator is used. The only guaranteed fact is that the joints will be fully
extended at their maximum extension position and vice versa for their flexion. To
overcome this problem, two separate motors can control their corresponding tendons
which are independently attached to the distal and middle phalanges, and this can
produce precise control of PIP and DIP joints during finger flexion and extension. The
drawback of the latter approach is using a second motor, which lays a doubled cost

especially when it is applied on the four fingers.



1.2 Objectives

The main purpose of this thesis is to introduce an efficient way to fully control
both PIP and DIP joints of the four fingers of an anthropomorphic hand. The aim is to
avoid the randomness of the angles of those joints during flexion, as well as to reduce the
cost of using extra motor. For this purpose, a correlation between human PIP and DIP
angles that was found in the literature is utilized to design an anthropomorphic robotic
hand [6]. This correlation is first modelled and simulated, and then implemented

physically on a designed hand.

1.3 Thesis Outline

This thesis is divided into 5 chapters. In Chapter 2, background information
about the hand anatomy and physiology is introduced. This includes explanation of the
basic structures found in a human hand and their functionality of performing different
tasks. In addition, the concept of anthropomorphic hands is introduced with some
examples of existing hands and the different approaches used in their design. The
related research papers utilized in this thesis to optimize the design are also given.
Chapter 3 explains the methodology of modelling, designing, and implementing the
hand, as well as the materials and tools used for this purpose. The final results of
modelling and implementation are given in Chapter 4. Finally, the results are discussed
in Chapter 5, along with the advantages and limitations of the design, with suggested

improvements and future work that can be done.



2. BACKGROUND

In this chapter, brief information about the anatomy and functions of human
hand is given. Additionally, anthropomorphic robotic hands are discussed, and the

research papers on which this thesis relies are also introduced.

2.1 Human Hand

The human hand is a very complex organ that serves in performing different
motor and sensory tasks. Both left and right hands are extremely essential in helping
the human manipulate objects, change their shapes or positions, collect resources in
the environment, and use tools to gather such resources and provide protection. These
functions and many others are achieved by the ability of the human hand to grasp
objects in the reach of the arm benefiting from its 27 degrees of freedom [7]. This can
also provide alternative input or output assistance for impaired people, such as helping
visually impaired people read braille texts, and enabling people with hearing or speech
loss communicate with others using sign language. Sensory feedback of the hand is
significantly helpful in identifying objects and extracting physical information about

their shape, weight, texture, weight, size, orientation, compliance and temperature [8|.

A healthy human hand has five digits, the first being the thumb, followed by the
index finger, the middle finger, the ring finger and the little finger. The thumb has 5
degrees of freedom giving humans a great functional advantage. Each one of the other
4 fingers has 4 degrees of freedom; 3 for flexion and extension and one for adduction
and abduction. The other 6 DOFs of the hand are left for the translation and rotation

of the wrist [8]. Figure 2.1 shows the bones of a human hand [1].
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Figure 2.1 Bones of the human hand [1].

2.2 Human Finger

Fingers are the 4 digits other than the thumb. In spite of having different sizes
and functions, they all share similar mechanical properties with their shared 4 DOFs.
The thumb, on the other hand, serves different functions and has different anatomical
and mechanical properties with its distal and proximal phalanges connected by the
interphalangeal (IP) joint. The proximal phalanx is connected to the metacarpal bone
by the metacarpophalangeal (MCP) joint, which enables the thumb to flex and extend
along with the IP joint. The metacarpal bone can perform rotation on 3 axes by the

carpometacarpal (CMC) joint [8],[9].



A typical human finger consists of three bones, which are the proximal, mid-
dle, and distal phalanges. These phalanges are connected through two interphalangeal
joints, by which extension and flexion occurs, and these joints are the proximal inter-
phalangeal (PIP) joint and the distal interphalangeal (DIP) joint. The force required
for motion is transmitted from the forearm muscles to the phalanges by tendons, which
can be flexors or extensors. Flexor tendons extend from the anterior forearm muscles
and pass from the volar side of the hand and attach to their respective insertion points
of the finger phalanges, while extensor tendons emerge from the posterior forearm mus-
cles and attach to the phalanges passing from the dorsal side of the hand. Tendons
are held in place by means of special ligaments known as retinacular ligaments, which
provide an efficient tunneling system for the tendons to pass underneath them tightly
[10]. The proximal phalanx of each finger is able to flex, extend, adduct and abduct
by means of the metacarpophalangeal (MCP) joint that connects it to the metacarpal
bone located inside the palm of the hand. The 4 metacarpal bones are based on 8
carpal bones that connect to the ulna and radius joint located in the forearm creating
the wrist or the radiocarpal joint [9]. Figure 2.2 shows the basic structures found in a

human finger [2].

Extensor
Tendon

Middle

MCP  Proximal Fl
roxima exor Phalans

Joint Phalanx Tendon
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Ligaments

Figure 2.2 Bones, tendons and ligaments of a human finger [2].

2.3 Anthropomorphic Hands

Anthropomorphism is the ability of a non-human entity to resemble human
traits, emotions, or intentions. Therefore, anthropomorphic robotic hands aim to mimic

human hands in both anatomy and functionality. Although it is possible to design



robotic hands that can achieve far better dexterity than a human hand meaning less
resemblance to it, anthropomorphic designs are more preferred for specific applications,
as in prostheses that are intended to replace amputees’ upper extremities, remotely
controlled hands operated by a human, and humanoid robots. In spite of their physical
limitations, the design of anthropomorphic hands can be optimized by studying the

mechanical properties of human hands in vivo and applying that to robotics [11].

Many designs of anthropomorphic hands have been suggested and implemented
in the literature and industry since the 1980s, following various approaches and hav-
ing different levels of complexity. One of the recent anthropomorphic hands, which is
considered to be the most advanced one so far, is the “Highly Biomimetic Anthropo-
morphic Robotic Hand”. Its reputation comes from the realistic design of the hand
phalanges that look exactly like the human ones, with detailed anatomical features like
tendons, joints that utilize ligaments for a smooth motion, with an extensor hood and
tendon sheaths that play a critical role in supporting the other parts and enhancing
both anatomical appearance and functional abilities of the hand. This hand uses 10
servo motors to control the 5 fingers and can perform a wide variety of gestures allowing

it to grasp objects of different sizes (Figure 2.3) [3].

Biomimetic
robotic hand

Extensor

10 Dynamixel E hood

servos
Intrinsic
muscles

Figure 2.3 The Highly Biomimetic Anthropomorphic Robotic Hand [3].



Another recent anthropomorphic hand was developed at Bogazi¢i University.
The researchers used 13 BLDC motors that control the 5 digits and the wrist to provide
high torque and controllability, and they came up with a design that gives more freedom
for the metacarpal bones to slightly move as in the human hand. The usage of BLDC
motors in the tendon-driven hand allows using the included hall sensors to provide

real-time position information to be used for control purposes (Figure 2.4) [4].

Both of those hands use tendon-like strings to transmit the force from motors
to fingers as mentioned above, as well as many other hands [12],[13],[14],[15]. Other
force transmission methods involve using gears, belts, and other mechanical methods
rather than tendons [16],[17],[18], which can be considered less anthropomorphic from
an anatomical point of view. Different types of motors are used according to the

applications, such as electrical motors [16],[19],[20] and pneumatic actuators [21],[22].

Figure 2.4 The anthropomorphic hand developed at Bogazi¢i University [4].



2.4 Correlation between PIP and DIP Joint Angles

Many studies have shown that angles of PIP and DIP joints of each of the 4
fingers are strongly correlated during flexion and extension [6],[5],[23]. Van Zwieten et
al. tried to find a mathematical expression that describes this correlation in healthy
individuals, aiming to identify individuals showing pathologies. They used one healthy
and one pathological datasets to establish a 2 dimensional kinematic model plotting
PIP against DIP angles. Although their goal was not to calculate the correlation but to
find an algebraic formula for the relationship, the non-linear plot of their fitted model

(Figure 2.5) shows that DIP and PIP angles increase together [5].
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Figure 2.5 A fitted model of the relationship between of DIP and PIP angles [5].

A study conducted by Hahn et al. measured the angles of PIP and DIP joints
during index finger flexion, and found a very high correlation of 0.986 between them.
By looking at the plot provided by that study which shows data collected from several
individuals (Figure 2.6) it can be noticed that the relationship between PIP and DIP
joints is almost linear over the whole range of motion, except for the angles near
the maximum and minimum of the range which vary among individuals with a small

deviation [6].
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3. METHODS

The workflow of this thesis can be recognized as 6 main successive steps. First,
a general model of a single finger is built to achieve the desired correlation between PIP
and DIP joints and independence of MCP joint. Second, an inverse kinematic model
is built to derive the required PIP, DIP and MCP angles that correspond to a specific
fingertip position. Third, the relationship between the motors rotation and finger angles
is derived through forward kinematics to relate motors rotation to fingertip position
aiming to find the transfer functions. Next, the hand parts and pulleys used to convert
the rotational motion of motors into a linear motion are designed and assembled based
on the simplified kinematic model. After that, a microcontroller is used to control the 4
fingers and produce different gestures in order to test the ability of the hand to perform
different types of motion and to show the correlation between PIP and DIP and the
independence of MCP joint. Finally, the angles of PIP and DIP joints are measured

during flexion to check if their desired correlation is achieved.

3.1 Modelling a Single Finger

A single mechanical model is built for all the fingers as they all share the same
motions of flexion and extension, taking into account the differences in their lengths.

Since only flexion and extension are considered, the constructed model is 2 dimensional.

For one finger, two non-elastic tendons are used; one to flex the PIP joint and
another to extend the DIP joint. Extension of PIP and flexion of DIP are carried
out using elastic tendons. One actuator is used to control both non-elastic tendons
since their angles are correlated during motion. MCP joint is controlled by two non-
elastic joints for its flexion and extension which transmit the force produced by a single
actuator. Non-elastic tendons pass through tunnels added to the fingers to simulate
retinacular ligaments. Elastic tendons are modelled to fulfill their passive functions

by opposing the pulling of non-elastic tendons. Therefore, one elastic tendon connects
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the distal and middle phalanges at their flexion side, while another one connects the

middle and proximal phalanges at their extension side.

Figure 3.1 shows the established model of the finger. When motor 1 rotates to
pull non-elastic tendon 2, its length decreases causing the flexion of PIP joint. At the
same time, the length of non-elastic tendon 1 increases, allowing elastic tendon 1 to pull
the distal and middle phalanges together and flex the DIP joint. Consequently, PIP
and DIP joints can be flexed together using one motor, and they also extend together
in a similar manner utilizing elastic tendon 2 and rotating the motor in the opposite

direction.

Non-elastic
Tendon 3

Non-elastic
Tendon 1

T T

To Motor 2 To Motor 1 Metacarpal

i \

Proximal

Non-elastic Non-elastic
Tendon 4 Tendon 2
MCP Joint PIP Joint DIP Joint

Figure 3.1 Mechanical Model of Finger.

3.2 Inverse Kinematics

A typical 3-joint planar robot arm model is used to solve the inverse kinematics
of a single finger. However, the assumed linear correlation between PIP and DIP joints
must be considered, which reduces the number of variable joint angles from 3 to 2,
taking into account the range of motion of each joint to match those of human fingers
[26]. After the algebraic formulas of the model are derived, they are implemented
using Processing software to visualize the change in finger angles during flexion and
extension. The simulation is built in such a way that makes the fingertip always

following the mouse cursor on the screen, changing the finger angles accordingly.
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3.3 Derivation of Transfer Functions

Results from the solution of the inverse kinematics are used in the derivation of
transfer functions between motors rotation and finger angles. Some assumptions are
made to simplify the model and to allow generalization over different fingers: Taking
into account that the model is 2 dimensional, all phalanges are assumed to have the
same width. The length of each phalanx therefore does not have any effect on the
model, allowing it to be adopted for all fingers. Retinacular ligaments are taken to be
symmetric around the joints, making an initial angle at full extension with the axis
of rotation which is assumed to be the same for PIP and MCP joints. After deriving
the transfer functions of the 4 non-elastic tendons, the relationship between them is
plotted using MATLAB, and the solution of the inverse kinematics is added to produce

the generalized transfer functions.

3.4 Hand Design and Assembly

Since the hand to be designed is intended to be anthropomorphic, the design of
hand elements is considered to resemble those of a human being. The main elements
the design is concerned with are bones, joints, retinacular ligaments, tendons, and

pulleys, which need to be designed one after another, respectively.

3.4.1 Bones Design

To achieve the optimum anthropomorphism possible for the hand bones, they
are chosen to have the same 3-dimensional shape of human bones. For this purpose,
multiple options are available, such as utilizing data collected from MRI, CT or other
types of scanning. However, MRI and CT scans taken in vivo would have some defects
due to the interference with the surrounding tissues and structures, which requires
further modification and gap filling, consuming more time and losing some information

about the original shape. Better detailed 3D images of hand bones can be obtained by
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taking the bones of a dead hand, cleaning them from any excess tissues and scanning
them directly. This was actually done using a Next Engine Laser scanner and published
publicly under the Creative Commons - Attribution - Share Alike license as 3D object
files [24]. To use these files for the hand design, they are compared to hand bones
photos found in anatomy books to ensure their validity [1],|9], and they are found to

be valid for the whole design.

Printing the bone files is performed using a Zortrax 3D printer of the model
M200. ULTRAT material is used for the prints, due to its relative flexibility compared
to PLA which makes it less fragile; a quality of importance that arises when moving
parts are involved such as joints in this case. It also shows less shrinkage rate than ABS
material during printing, avoiding printing errors that eventually produce unusable

prints [25]. The color of selection is ivory to give the bones a realistic look.

Bones that are connected with joints that have negligible motions are joined
together to be printed as a single part. Although the thumb is outside the scope of this
thesis, its bones are printed separately for demonstration. As a result, 16 distinct parts
are printed to form a complete right hand: 5 distal phalanges, 4 middle phalanges,
5 proximal phalanges, 1 metacarpal of the thumb and one part that combines the

remaining 4 metacarpals and the 8 carpal bones.

3.4.2 Joints Design

Joints of interest are designed to be able to perform flexion and extension. Other
motions with which this thesis is not concerned are not considered, which are adduction
and abduction, as they can create further complications and arbitrary motions. For
each of the four fingers, three joints are added: DIP, PIP and MCP. The IP, MCP and
CMC joints of the thumb are also added only for demonstration.

Since only flexion and extension are concerned, hinge joints are used. A single

design is made and added for all joints using Microsoft 3D Builder software. The joint
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is held in place by an axis of rotation made of a stainless-steel cylindrical pin with a

diameter of 1 mm. Joint design and dimensions are shown in Figure 3.2.

(b)

Figure 3.2 Joint design and dimensions. (a) Side view. (b) Upper view.

One important factor that should be considered while designing joints is range of

motion. To include that in the hand design, joints are designed based on data collected

from actual human hand by a study that measured normal and functional range of

motion for each of the hand joints [26]. For this thesis, the normal range of motion is
to be used for joint design, as it represents the maximum and minimum angles possible

for each joint. Table 3.1 shows the normal range of motion of human hand joints. Note

that the aforementioned study did not measure the range of motion of CMC joint, so

it is designed to be 0-90°, as it is outside the scope of this thesis. Based on the results

of that study, the joints are designed to have the same range of motion with additional

10 degrees for each joint to allow for slightly wider ranges.

Table 3.1
Normal range of motion of human hand [26].

0-27° (15% of the population)

Thumb Fingers
MCP IP MCP PIP DIP
0-56° (85% of the population)
5-73° | 0-100° | 0-105° | 0-85°

After designing the joints and adding them to their corresponding bones prop-

erly, the bones are printed again to examine the functionality of each joint in terms of

producing a smooth motion that is not interrupted by any obstacle, as well as being

able to move over the whole range of motion without failing to reach the maximum
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and minimum of that range. The distance between each two adjacent joints for every
finger is then measured using the same software used for the design, rounded to the

nearest integer and reported to be used for the Matlab model.

3.4.3 Retinacular Ligaments and Tendons Design

Two types of tendons are used: non-elastic and elastic. Industrial threads with a
cross-sectional diameter of 1 mm are used as non-elastic tendons for their high bending
compliance compared to other materials like plastic or metals, which is an important
property that prevents tendons from acting as passive materials and adding extra forces
to the system. Rubber bands are used as elastic tendons with a circular cross-section

that has a diameter of 1 mm.

Tendons need to have freedom to change their lengths near joints to allow flexion
and extension, while they must be held in place on the bone surface. This is done in
humans using retinacular ligaments which act like tunnels that contain tendons inside.
Here, those tunnels are designed using Solid Edge 3D modelling software. Fach tunnel is
shaped so that it follows the topology of each finger, with a fixed inner diameter over the
length of each tunnel of 2 mm to reduce friction with tendons that have a cross-sectional
diameter of 1 mm. Moreover, further friction can significantly affect the motion caused
by tendons that pass adjacent to each other on the surfaces of metacarpal and proximal
phalanges. This is avoided by dedicating one separate tunnel for each tendon. Friction
between tendons can also occur in the wrist, so some small tunnels are also added.
Starting and ending points of each tunnel are determined based on 2 criteria: joints
should not stop their flexion before they reach their maximum possible flexion angles,
and bones topology has to be considered. Therefore, after designing bones and joints,
flexion and extension are simulated using Solid Edge and the dimensions of the tunnels
are identified accordingly. For each finger, the middle phalanx has a single tunnel on
the flexion side, and both metacarpal and proximal phalanges have 2 tunnels on the

flexion side and another 2 on the extension side.
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Elastic tendons should also have tunnels to pass through them. Such tunnels
are created inside the phalanges instead of making them external, which does not affect
their performance since they are meant to be passive elements. Each tunnel has a fixed
diameter of 1.5 mm to contain an elastic tendon with a cross-sectional diameter of 1
mm. The PIP flexor attaches to the distal phalanx, passes through the middle phalanx
and attaches to its proximal end. The DIP extender connects the distal end of the
middle phalanx with the proximal end of the proximal phalanx passing through both

of them. Figure 3.3 shows the tunneling system used in the design of the index finger.

(@) (b) (c)

Figure 3.3 Tunneling system of the index finger. (a) Back view. (b) Front view. (c) Side view.

3.4.4 Pulleys Design

Converting the rotational motion of the motors to linear motion happens by
means of pulleys. The usage of 2 motors corresponds to 2 pulleys. However, the

resulted transfer functions show that tendons controlled by a single motor change
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their lengths differently. This means that each motor should control 2 pulleys that
rotate synchronously but have different perimeters. Transfer functions show non-linear
relationships between PIP flexor and DIP extensor, as well as between MCP flexor
and MCP extensor. This non-linearity involves trigonometric functions of multiple
angles. Additionally, another dependency arises from the transfer functions between
MCP angle and the rate of change of PIP and DIP angles. All of that makes modelling
non-linear pulleys very complex especially with the geometric differences between the
uniform modelled phalanges and the 3D printed phalanges that have uneven cross-
sections for each one of them. For reasons of simplicity, pulleys are designed to produce
linear transfer functions for every tendon pair, considering that the original non-linear

functions are all monotonic and can be approximated to linear functions.

Each motor controls 2 circular pulleys designed as a single part, stacked over each
other and given different diameters based on their lengths change during flexion and
extension. The circular design is chosen to achieve linearity. Given the aforementioned
differences between the mathematical model and the designed fingers, pulleys diameters
are found by physical measurement of their lengths. All tendons are attached to their
corresponding insertion points on the phalanges and passed through their dedicated
tunnels. Every tendon is pulled and released to produce full flexion and full extension
of the finger, and the change of its length is measured using a ruler accordingly. These
changes are translated into pulley diameters, so that each pulley has a range of rotation

equals to 2 radians or about 114.6 degrees.

The 3D models are designed using Microsoft 3D builder software. All pulleys
have the same physical dimension except for their diameters which depend on their
associated tendons. Every 2 pulleys controlled by the same motor are stacked over
each other sharing the same center. To allow the motors to rotate the pulleys, a hole is
designed in the middle of each double-pulley system so the motor shaft can fit tightly
inside it. Eventually, 8 double-pulley systems are designed; 4 to control MCP joints
and 4 to control the correlated PIP and DIP joints. Figure 3.4 shows the design of a
single double-pulley system.
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Figure 3.4 Double-pulley system design. (a) Front view. (b) Side view.

3.4.5 Hand Assembly

After 3D printing all the hand parts and pulleys, phalanges are attached to-
gether using stainless-steel pins through joints. FElastic tendons are passed through
their tunnels and attached to their respective insertion point, then superglued to them
to insure stability. For each finger, DIP is maximally flexed and its elastic flexor is
attached unstarched. The same is applied for PIP extensor, where the joint is max-
imally extended and the elastic tendon is also attached unstarched. Following that,
non-elastic tendons are superglued at their insertion points and passed through their

tunnels.

To control pulleys rotation, servomotors are the actuators of choice. They were
chosen due to their easy controllability compared to DC or BLDC motors. The specific
model used is SG90 due to its availability and low cost. This micro servo is relatively
small and light having a weight of 8 grams. It has a stall torque of 1.8 kg.cm and
operates at 4.8 volts with a maximum power supply of 6 volts. They can rotate 180
degrees which is more than the desired maximum rotation of each pulley that equals to
114.6 degrees. The angle of the motor shaft is controlled using pule width modulation
(Figure 3.5) [27]. Eight of these servos are used to control the 4 fingers, while the
thumb is left without motors or tendons attached but still allowed to move its joints

manually as it is outside the scope of this thesis.
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Figure 3.5 SG90 servomotor [27].

The motors are fixed on four 3D printed columns to mimic the human arm. An
elliptic base is designed, and 3D printed to hold the columns in place. The hand is
fixed vertically and superglued to the columns for further stability. Motors controlling
the index and middle fingers are set at 180 degree position while motors controlling
the ring and little fingers are set at 0 degree position as the two sets of motors are
positioned oppositely, and then the pulleys are fixed to the motors shafts. For each
finger, the smaller pulley that controls MCP joint is positioned above the larger one
controlling the interphalangeal joints in order to prevent interference between tendons
and pulleys that are mechanically independent. The hand is set in such a way that all
its fingers are maximally extended, and non-elastic tendons are pulled tightly, attached,

and superglued to their pulleys. Figure 3.6 shows the hand after assembling all its part.

3.5 Fingers Control

Servomotors that transmit the force to fingers are controlled using Arduino
microcontroller. The board of choice is Arduino MEGA 2560, since it has 12 PWM
output pins which are enough to control the used 8 servos. The microcontroller is
operated at 6-20 volts, which means that the external power supply used for the servos

can also supply the Arduino board with power (Figure 3.7) [28].

To control the PWM output of the microcontroller, a code is written in a ded-

icated IDE in C++ programming language, and then uploaded to the Arduino board
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Figure 3.6 The anthropomorphic hand after assembly.

using USB cable. The power supply, servos and microcontroller are all grounded to-
gether to prevent voltage fluctuations, and the servos inputs are connected to Arduino
PWM pins 5 to 12. Figure 3.8 shows a block diagram of the electrical components

connections designed using Fritzing software.

Multiple codes are written to demonstrate different gestures. C++ instructions
that are meant to flex or extend MCP joints and keep the interphalangeal joints un-
moved take into account their dependency on each other that was found in the transfer
functions, and coordination between both motors of each finger is necessary for this
specific type of motion to eliminate that dependency which is not present in real life. To
demonstrate the ability of the hand to produce different gestures, the microcontroller

is programmed to perform 4 of them, which are:



Figure 3.7 Arduino MEGA 2560 microcontroller [28].

Full extension and flexion of all fingers together.
Full extension and flexion of each finger independently.
Full extension and flexion of the interphalangeal joints only.

Full extension and flexion of the MCP joints only.

MADE IN

ITALY

Figure 3.8 Block diagram of the electrical components connections.
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3.6 Measuring Joint Angles

To test whether PIP and DIP angles of the designed hand satisfy the correlation
found in human hands, those angles are measured using a transparent protractor at
different flexion angles. For each finger, the motor controlling MCP joint is set at
5 evenly separated positions over its full range of motion. The fixed angles between
the positions are based on the motor rotation; therefore, the angles are measured
and reported. For each one of those 5 positions, the same process is followed for the
motor controlling interphalangeal joints keeping in mind that MCP joint angle is fixed,
covering the whole range of motion too. However, 10 data points are taken instead of 5
to get more accurate results. Consequently, 400 angles are measured and reported; of
which half are PIP angles and the other half are DIP angles, and 20 correlation tests
are to be conducted; 5 for each of the 4 finger with 10 data points per test.

SPSS software is used to perform 20 linear correlation tests, each producing a
coefficient called Pearson’s r; a measure that quantifies strength of the relationship

between PIP and DIP angles.
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4. RESULTS

In this study, kinematic models are built for the 4 fingers of an anthropomorphic
hand with correlated PIP and DIP angles, of which the solutions are presented in this
chapter in two parts; inverse kinematics for the finger angles in terms of fingertip
position, and forward kinematics for tendon lengths change in terms of finger angles.
The intended 4 hand gestures are shown and the results of PIP and DIP correlation

tests are reported too.

4.1 Inverse Kinematics

For a typical 3-joint planar robot arm, there are infinite solutions to the inverse
kinematics given the dependency of the 3 angles. However, two angles of each finger
of the anthropomorphic hand are linearly correlated. This presents the possibility or
having unique or finite solutions, but adds extra complexity to the workflow which is

done based on Figure 4.1. The rotation matrix and its inverse in a 2D plane are:

cosa  sin«
R, = (4.1)

—sina cos«

1 cos —sino
R~ = (4.2)

(o'
S1n & COSs ¢

The position of the fingertip is calculated in terms of finger angles as:

(.T,y) = R¢(P + Rgl (M + R92D)) (43)
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Therefore, inverse kinematics can be solved as follows:

R,'(z,y) = P+ Ry, (M + Ry,D) (4.4)

Figure 4.1 Model used for inverse kinematics.

Substituting, expanding and simplifying the matrices produces 2 equations:

xcosp —ysing = Msin6, + Dsin(6; + 65) (4.5)

rsing +ycosyp = P+ Mcost + D cos(0; + 05) (4.6)

Due to the correlation between DIP and PIP joints, a coefficient ¢ that can be

introduced to represent this linear relationship and to use a single angle for both joints

such that:

0= 01 =C 92 (47)
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Substituting Eq. 4.7 in Eq. 4.5 and Eq. 4.6 gives:

0
xcosp —ysing = Msinf + Dsin(0 + —) (4.8)
c
: 0
xsing +ycosp =P+ Mcosf + D cos(f + —) (4.9)
c

The coefficient ¢ depends on the range of motion for PIP and DIP joints, which
are 0° to 105° and 0° to 85° respectively, meaning that ¢ should equal to % or 1.24.
Substituting this value in Eq. 4.8 and Eq. 4.9 gives 2 equations that cannot be solved
algebraically due to the resulting terms sin(£26) and cos(%20). This problem can be
solved by assuming a more simple value for ¢ that can produce an algebraic solution
and still be acceptable for the model. The value ¢ = 1 is close to the original value of

1.24 and it simplifies the equations to:

xcosp —ysiny = M sinf + D sin(20) (4.10)

xsinp +ycosyp = P+ M cosf + D cos(20) (4.11)

Squaring both equations, adding them, expanding and simplifying the result

gives the following equation with the usage of trigonometric identities:

4PDcos®0 +2M (P + D)cosf + P> + M? + D* —2PD — 2°> —y* =0 (4.12)

This is a quadratic equation to which to the solution is:

1 —b £ Vb? — dac

2a

0 = co (4.13)

where:

a=4PD (4.14)
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b= 2M (P + D) (4.15)

c= P*+ M?+ D*—2PD — 2% — y? (4.16)

The solution with the negative sign produces complex values or out of the range
of motion for the angle 6, therefore, it is ignored and only the solution with the positive

sign is considered.

Simulation of the model using Processing software is shown in Figure 4.2, where
the angles are updated to place the fingertip at the position of mouse cursor. The range
of motion of the fingertip is also calculated and plotted based on the joints’ ranges of
motion assumed to be from 0 to 100 degrees each. The updated values of the joints

angles are also shown in real time.

PIP = DIP = 44
MCP =11

Figure 4.2 Simulation of the inverse kinematics.
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4.2 Transfer Functions

To derive the relationship between the motors rotation and finger angles, the
single finger model described in Chapter 2 is used. As mentioned before, an angle
made by the end of a retinacular ligament at flexion side, the axis of joint rotation,
and the beginning of the retinacular ligament of the adjacent phalanx at the same
side is assumed to be the equal for both MCP and PIP joints at maximum extension
equaling 120 degrees, and those 3 points form an isosceles triangle with the axis of
rotation being its vertex and its legs labeled = on Figure 4.3. That specific angle was
chosen be slightly larger than the maximum range of motion to avoid exceeding that
range. DIP and PIP joints angles are assumed to be equal based on the results of the
inverse kinematic model. Motor rotation causes change of non-elastic tendons length;
therefore, transfer functions are represented as changes in tendons lengths. When the

finger is flexed or extended, the lengths aq, as, a3, l1, and [y change accordingly:

Tre

4= Te0e (4.17)
ag = 387"090 (4.18)
as = ;TSTOQO (4.19)
I = /222 — 222 c0s(120° — ) = V2z+/1 — cos(120° — ¢) (4.20)
ly = /222 — 222 c0s(120° — ) = v224/1 — cos(120° — 6) (4.21)

The length x can be calculated in terms of r as follows:

= 2r (4.22)
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The lengths /; and I; can be rewritten as:

L=2V27r \/1—cos(120° — ) (4.23)

ly = 2V2 1 \/1 — cos(120° — 6) (4.24)

The initial length of [; and [, at full extension can be found by substituting 0

degrees in their equations, giving the same formula for both lengths:

1=2vV2r \/1—cos(120° — 0) = 2v/3r (4.25)

Figure 4.3 Model used to derive the transfer functions.
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The changes in tendons length can be formulated as follows:

Aflexoryep =1 -1 (4.26)
Aextensorycp = ay (4.27)
Aflexorprp =21 — Iy — Iy (4.28)
Aextensorprp = a; + as + as (4.29)

By substituting the values of ay, as, asz, l;, and [y, transfer functions can be

found:

Aflexoryep(p) = r(2v3 — 2v/24/1 — cos(120° — ) (4.30)
T
Aextensorycp(p) = 180° (4.31)

Aflexorprp(p,0) = 1(4v3 — 2v/2(1/1 — cos(120° — @) + /1 — cos(120° — 6))
(4.32)

r(p + 260)

4.
180° (4.33)

Aextensorprp(p,0) =

The resulted functions show that changes in the lengths of tendons controlling
MCP joint are only affected by the joint angle itself. Figure 4.4 is a plot of length
change of MCP flexor tendon against MCP extensor tendon over the joint’s full range
of motion which is from 0 to 100 degrees. However, PIP flexor tendon and DIP extensor
tendon change their lengths as a function of the interphalangeal joints as well as MCP
joint, which implies a partial dependency between the three joints. Figure 4.5 shows

multiple plots, each corresponds to a different value of MCP angle covering its full
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range of motion and represents the length change of PIP flexor against DIP extensor
over the two joints’ full range of motion taken here to be from 0 to 100 degrees based
on the previous inverse kinematic model. The length 7 in the model does not change
during motion and does not have an effect on the ratio between the length change of
each pair of tendons as it is algebraically omitted. Therefore, it is not considered as a

variable affecting the lengths change and is assumed to equal 5 for the plots.
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Figure 4.4 Change in MCP tendons lengths over their full range of motion.
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Figure 4.5 Change in interphalangeal tendons lengths over their full range of motion for different
values of MCP joint angle.
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4.3 Hand Gestures

The anthropomorphic hand was successfully able to perform the intended 4
gestures that can produce other variations too. Figure 4.6 shows those gestures at full

flexion.

<)

Figure 4.6 Hand gestures performed by the anthropomorphic hand. (a) Full flexion of index finger.
(b) Full flexion of middle finger. (c) Full flexion of ring finger. (d) Full flexion of little finger. (e) Full
flexion of all MCP joints.(f) Full flexion of all interphalangeal joints.(g & h) Full flexion of all joints.

4.4 Correlation between PIP and DIP angles

Correlations between interphalangeal joints for the designed hand are shown in

Table 4.1 along with their significance. Among 20 reported correlations, 3 correlations
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are significant at the 0.01 level, while the rest are significant at the 0.001 level. In-
terphalangeal joints angles are plotted against each other for the index finger (Figure

4.7), middle finger (Figure 4.8), ring finger (Figure 4.9), and little finger (Figure 4.10),

Table 4.1
Correlations between the designed interphalangeal joints. *: p<0.05. **: pp<0.01. ***: pp<0.001.

Index Finger Middle Finger Ring Finger Little Finger
MCP | Correlation | MCP | Correlation | MCP | Correlation | MCP | Correlation
angle | (Pearson’s r) | angle | (Pearson’sr) | angle | (Pearson’sr) | angle | (Pearson’s r)

0 0.834** 0 0.965%** 0 0.896%** 0 0.868**

22 0.929%** 31 0.969*** 29 0.949%** 32 0.917%%*

44 (0.898%#* 53 0.944%** 51 0.944%%* 49 0.928%**

7 0.864** 82 0.968*** 84 0.939%** 81 0.937#**

112 0.931%** 119 0.973%%* 118 0.945%%* 120 0.947+%*
100 |
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Figure 4.7 Measured index finger’s angles during flexion.
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Figure 4.10 Measured little finger’s angles during flexion.
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5. DISCUSSION AND FUTURE WORK

5.1 Inverse Kinematics Model

The solution of the inverse kinematics shows that there exists a unique solution
for the finger angles for each specific fingertip position in the 2D plane. This arises
from the fact that even though there are 3 angles involved in the model, 2 of them
are linearly correlated being PIP and DIP joint angles, which converts the model to a
2-angle problem, since one of the 3 original angles is just a linear function of another
one. Therefore, this model can be thought as solving the inverse kinematics of a 2-
joint arm with one main difference which is that the second arm changes its length as a
function of the angle of correlation. Inverse kinematics for a 2-joint arm has 2 different
solutions, but since the joint angles cannot be negative for our model only one solution

is considered.

As has been shown in the results, an algebraic solution for the actual range of
motion of the correlated joints cannot exist. However, approximation of the angles ratio

2" order polynomial formula. Approximating

from 1.24 down to 1 produces a solvable
the ratio up to 1.5 instead produces another solvable polynomial equation but of the
5" order. Using a ratio that equals to 2 produces a 3™ order polynomial equation.

2nd

The first ratio was chosen since a order polynomial equation is simpler and easier

to solve and it is the closest to the original ratio.

Visualizing the solution shows that the fingertip has a range of motion of a
special shape that is different than those of 2-joint and 3-joint arms. There are 2
reasons the range of motion is special; the limited range of angles motion and the

PIP-DIP correlation.
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5.2 Transfer Function and Pulleys Design

The main goal of deriving the transfer functions of the tendons is to realize
the design of the pulleys. For each finger there are 2 pulley pairs, one pair controls 2
tendons that transmit a motor’s force to MCP joint while the other pair controls the
interphalangeal joints. The derived transfer functions describe the 2D geometric shape
of the pulleys needed to generate the appropriate changes in tendons lengths. Taking
the MCP-controlling pulley pair as an example, if the flexor pulley is designed to be
a perfect circle then the other should be a spiral that changes its radius according to
the ratio of length change between MCP flexor and extensor tendons. The same logic

applies to the pulley pair that controls the interphalangeal joints.

The resulted transfer functions are nonlinear, and their plots show that each
tendon pair has an increasing relationship. By looking at the graphs (Figures 4.4 and
4.5), the nonlinearity does not appear high, and the designed and 3D printed pulleys
were all circles based on that observation, especially that there are no available tools to
draw 3D spirals based on complex nonlinear functions. The requirement for the plots
to be always increasing is to set the vertex’ angle of the isosceles triangles xxl; and
zxly (Figure 4.3) to be larger than the range of motion of the joint that has the highest
range, otherwise the physical implementation of the finger will cause the joints to fail

reaching their maximum flexion possible.

Even though the relationship between the interphalangeal-controlling tendons
depends on the supposedly uncorrelated MCP joint, all different plots shown in Figure
4.5 look to be identical but shifted in both x and y directions. This means that
the motor rotation and the pulley design does not change for different MCP angles.
However, initial extension and flexion lengths should be set for the interphalangeal-
controlling tendons depending on the current MCP angle. This explains why the
dependency of the interphalangeal pulleys on the MCP pulleys is only partial and
does not imply correlation. In the physical implementation, this can be translated
into coordination between the 2 motors of a single finger which can be reached by

implementing the transfer functions in the software controlling the motors, not by
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considering that dependency in the physical design which adds extra complexity to
it. For that reason, 2 separate pulley pairs were designed for each finger, but the
function controlling the interphalangeal pulleys in the Arduino code took into account
the dependency on MCP angles which was assumed to be linear for the same reasons

mentioned above.

5.3 Overall Design and Implementation

The hand showed an acceptable speed of fingers flexion and extension that
was dependent on two factors; the maximum motor speed and the delays between
angle-changing instructions in the Arduino code. The speed can be increased by using
better motors which adds to the overall cost. When all motors work together at the
same time, the power consumption was 2.53 Amperes at its maximum. Given that 6
volts are required to maximize the motors output, a separate battery can be used to
allow portability. High temperature increase was noticed in the motors, which caused
permanent damage in 3 of them and were replaced later. Using a relay that delivers

power to the motors only when they move can solve that problem.

Friction was noticed between some of the 3D printed joints even though they
were designed to have gaps that allow smooth motion. This was caused by slight
imperfections in the prints adding some excess material; a problem that was solved
by cleaning that excess material or repeating the print. The prints can be improved
by using 3D printers with higher capabilities of printing with thinner layers and using
better temperature regulations systems. Even though the material used for printing
which is ULTRAT was chosen for its low fragility compared to other materials, one joint
was broken due to repeated motion. This is because the dimensions of the joints are
small, and they are limited by the dimensions of the phalanges. Solving this problem
can be done by using metal joints instead of designing them as a part of the phalanges

themselves.

Non-elastic tendons used in the design were all tightened during assembly. How-
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ever, they showed loosening as the fingers flex and extend. This can be explained by
the linear relationship on which the pulley design relies instead of the nonlinearity
found by the mathematical model. Extra nonlinearity and hence tendons loosening is
added due to the unique topology of every single phalanx, where each one does not have
a consistent cross-section over its whole length, which complicates the mathematical
modelling and generates different transfer functions for different fingers. One solution
is to use cylindrical phalanges that have equal and consistent cross-sections, and to
design pulleys with the nonlinear transfer functions. Another solution is to place the
motors between joint so that they control them directly without the aid of pulleys and
tendons. However, both solutions do not serve in the intended anthropomorphism since
the bones shape in the first solution does not resemble those of humans, and the motor

placement with the absence of tendons does not mimic the human hand’s anatomy.

5.4 Correlation Analysis of the Designed Hand

As the results of PIP and DIP correlation show, all tests have shown correlations
with Pearson’s r coefficient higher than 0.8, which means that all correlations are strong
[29]. Comparing that to the PIP-DIP correlation in human hand that equals to 0.986
[6], it can be said that the desired high correlation is present In the desired hand. This

is also supported by the significance of all correlations.

The plots that represent PIP against DIP angles for the index, ring, and little
fingers show a similar behavior. At the beginning of flexion, DIP angle increases rapidly
while PIP angle remains constant or undergoes very small changes, then both angles
start flexing together until PIP joint reaches its maximum flexion angle. This behavior
can be a result of two factors. First, it can be caused by different forces and torques
along the finger and its joints, such as friction between joints. Kinetic modelling of
the finger can give more details about the contribution of different forces in causing
this behavior. However, friction can be just a result of imperfections in the prints as
mentioned before. The second factor is the usage of circular pulleys to represent linear

transfer functions which are found by the model to be nonlinear. This was discussed
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earlier this chapter as an explanation of loose tendons, which is noticed to be related
to this behavior. The PIP flexor is loose at maximum extension of the finger. When
flexion starts, it starts to tighten while DIP angle increases until the tendon is tight
enough to flex the PIP joint. This kind of behavior is not highly noticed for the middle

finger which might be due to its topology that evens out the nonlinearity.

For all fingers except for the index, the maximum DIP flexion angle increases as
MCP angle increases. This is due to the dependency of PIP-DIP relationship on MCP
joint angle that was discussed before. The DIP joint of the index finger always reaches
its maximum flexion angle regardless the MCP joint angle. This may be a result of

overstretching the elastic DIP flexor tendon during hand assembly.

5.5 Future Work

The main goal of this thesis is to model the PIP-DIP correlation to derive trans-
fer functions that help in designing pulleys that control tendons. Since the nonlinear
solution of the model was implemented here as linear for simplification, the next step

is to find a solid way of designing pulleys with nonlinear relationships.

The model set for this thesis is merely kinematic, meaning that forces and
torques are ignored. As was discussed before, forces might have an effect on the transfer
functions that determine pulleys design especially at joint locations. By studying the
hand kinetics in the future, such effects can be added to improve the transfer functions.
This can also help deciding the appropriate motors to use in order to avoid overheating

and damage caused to them, and provide better output and more consistent motion.

Since control is done using servomotors with no sensors, the only control variable
available is the angle of motor shaft, which provides inaccurate information about the
finger’s state. To collect more reliable data about the hand’s state, sensors can be
added to provide information about the phalanges’ orientation and applied forces on

them to be used as feedback that serves in a more convenient way of control.
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Only flexion and extension of the 4 fingers are considered for this thesis, but
this is only a small step towards anthropomorphism. The next step would be studying
the thumb in a similar manner to investigate if it is possible to decrease the number
of used motors as was done here without affecting its motion. Adding the ability to

adduct and abduct the 4 fingers also contributes to the intended anthropomorphism.

Anthropomorphic features considered in this thesis are the relationships between
the finger’s joins, hand bones anatomy, and the force transmissions method by using
tendons and locating the motors in the arm. More anthropomorphic properties can be
included in future studies such as studying the tensile properties of the used tendons,

joints design, and retinacular ligaments design.
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APPENDIX A. INSTRUCTIONS MANUAL FOR
BUILDING THE HAND

This section is a step-by-step guide to build the hand that is introduced in
this thesis. All required materials and components (other than the 3D printer and
filaments) are listed in Table A.1. Additionally, 3D printing files for the hand parts are
listed in Table A.2.

Table A.1
Parts and tools used in the anthropomorphic hand

Part Count Notes
3 screws and different types of
SG90 micro servomotor 8 horns must be included with each
motor
1 mm non-elastic synthetic thread 1 At least 10 meters long
1 mm stainless-steel bar 1 At least 25 cm long
Arduino MEGA board 1 -
Breadboard 1 -
DC power supply 1 -
Male-male jumper cable 27 -
Diagonal pliers 1 -
Cross slot screwdriver 1 -
Superglue . Recommended to be accompanied
with activator

1- Parts numbered 1 to 15, which represent the phalanges, are 3D-printed with
a layer thickness not more than 0.14 mm. Layer thicknesses that exceed this value
were found to produce prints that have different dimensions than the desired ones.
Filament material is recommended to be ABS, PETG, ULTRAT, or similar. PLA

is not recommended due to its high rigidity that results in breaking the joints with



Table A.2
3D printing files

Part No. | File name Description
1 1C.stl Thumb’s metacarpal bone
2 1P.stl Thumb’s proximal phalanx
3 1D.stl Thumb’s distal phalanx
4 2P.stl Index finger’s proximal phalanx
5 2M.stl Index finger’s middle phalanx
6 2D.stl Index finger’s distal phalanx
7 3P.stl Middle finger’s proximal phalanx
8 3M.stl Middle finger’s middle phalanx
9 3D.stl Middle finger’s distal phalanx
10 4P stl Ring finger’s proximal phalanx
11 4M.stl Ring finger’s middle phalanx
12 4D .stl Ring finger’s distal phalanx
13 5P.stl Little finger’s proximal phalanx
14 5M.stl Little finger’s middle phalanx
15 5D.stl Little finger’s distal phalanx
16 wrist MCP.stl Wrist and metacarpal bones
17 pillars.stl Motor pillars
18 base.stl Hand base
19 p21.stl Index finger’s MCP pulley
20 p22.stl Index finger’s interphalangeal pulley
21 p31.stl Middle finger’s MCP pulley
22 p32.stl Middle finger’s interphalangeal pulley
23 p4l.stl Ring finger’'s MCP pulley
24 p42.stl Ring finger’s interphalangeal pulley
25 p51l.stl Little finger’s MCP pulley
26 p52.stl Little finger’s interphalangeal pulley
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repetitive motion. For this thesis, ULTRAT was used for its low fragility and shrinkage
rate during printing. For the best result, it’s recommended to place the phalanges on
the printing plate at their posterior side to avoid adding loads of support around the
joints. It’s strongly recommended not to add any support inside the channels inside
which the elastic and non-elastic tendons are supposed to pass, since any tiny excess

material can introduce an obstacle that block the insertion of tendons.

2- Parts numbered 16 to 26, which represent the wrist and metacarpal bones,
the pillars of the arm, the base and the pulleys are 3D-printed with a layer thickness
not more than 0.14 mm. Filament material is recommended to be PLA since these

parts are relatively large. Note that part 17 must be printed twice.

3- Servo motors are fixed on the pillars as shown in figure 3.6 with screws using
a screwdriver. Note that for each pillar, the lower 2 motors are fixed such that their
screws are applied from the shaft side of the motors, while the upper 2 motors are fixed
such that their screws are applied from the opposite side of the motors. Note also that
the shafts of all motors of a single pillar are all aligned at the same side, which is the

opposite side of the alignment of motor shafts on the other pillar.

4- Motors are connected to Arduino MEGA, and then connected to the DC
power supply as shown in figure 3.8. The voltage of the power supply must be set to

be 6 volts, while the current is recommended to be at least 2.5 amperes.

5- Arduino code shown in Appendix B.1 is uploaded to the Arduino MEGA
to set the initial positions of the motor shafts that correspond to full extension of the
fingers. Board type and port number should be set correctly before uploading the code,

and the power supply must be turned on.

6- For each motor, the horn with the single blade is cut in half such that it can
fit tightly inside its dedicated space in each one of the pulleys.

7- Pulleys are fixed on the motors by plugging their horns into the motor shafts
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while the power supply is turned on and Arduino MEGA is connected to the computer.
Note that each motor has its own distinct pulley as shown in figure A.1. Note also that
all pulleys must be fixed such that their horn blades are pointing exactly to the right

as shown in figure A.2. Pulleys are secured in place using their dedicated screws.

Figure A.1 Locations of pulley with respect to motors.

Figure A.2 Initial orientation of each pulley.

8- The power supply is turned off, and the pillars are attached to the base as
shown in figure 3.6. To ensure stability, it’s recommended to use superglue at the

attachment site.
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9- Parts numbered 1 to 16 are connected to each other to form the hand through
joints. For each joint, the stainless-steel bar is cut to a length that can fit properly

inside the joint, and then the two bones are joined together using the pin.

10- Elastic tendons are attached to the 4 fingers in a similar manner for each
finger. For each tendon, a tight knot is made, superglued, and the other side of the
tendon is passed inside its tunnel and pulled from the other side. While pulling, a
second knot is made on the other side and superglued to the bone at the tunnel exit
point, and the first knot is also superglued to the bone at the tunnel entrance point.
The result should be such that the distal tendon is maximally flexing the DIP joint
and the proximal tendon is maximally extending the PIP joint when no external force

is applied to the joints (Figure A.3).

(a) (b) (©)

Figure A.3 Insertion of elastic tendons for one finger. (a) Back view. (b) Front view. (c) Side view.

11- Non-elastic tendons are attached to the 4 fingers in a similar manner for
each finger. A total of 16 tendons are cut from the non-elastic thread, with a length

of 60 cm each. For each tendon, a tight is made, superglued, and the other side of
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the tendon is passed under the tendon’s insertion point and then inside its tunnel or

tunnels, and pulled from the other side. (Figure A.4).

!———-.
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Figure A.4 Insertion of Non-elastic tendons for one finger. (a) Back view. (b) Front view.

12- Part 16 is attached to the top side of the pillars through the 4 attachment

point using superglue as shown in figure 3.6.

13- The power source is turned on and the 4 non-elastic tendons of each finger
are attached to their 2 pulleys as shown in figure A.5. When each tendon is attached
to the pulley, it’s pulled tightly and passed under its insertion point on the pulley,
and then superglued to it while pulling. Each finger must be fully extended while its
tendons are attached. It’s recommended to start attaching the extension tendons first

then the flexion tendons to ensure full extension.
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tendon 1 tendon 3

tendon 2 tendon 4

Figure A.5 Attaching tendons of one finger to their pulleys.

14- The Arduino program can be then changed by uploading different programs

to produce various motions and gestsres (Appendix B).



APPENDIX B. ARDUINO CODES

B.1 Arduino Code for Initial Motor Positions

#include <Servo.h>

Servo IP2;

Servo MP2;

Servo IP3;

Servo MP3;

Servo IP4;

Servo MP4;

Servo IP5;

Servo MP5;

int £2[] = {11, 12, 180, 10, 160, 50};

int £3[] = {9, 10, 180, 10, 160, 50};

int f4] = {7, 8, 10, 180, 50, 160};

int 5[] = {5, 6, 10, 180, 50, 160}
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int Speed = 50; //the lower the faster

int longDelay = 1000;

int IP;

int MP;

void setup() {

[P2.attach(f2]0]);

MP2.attach(f2[1]);

IP3.attach(f3]0]);

MP3.attach(f3[1]);

IP4.attach(f4[0]);

MP4.attach(f4[1]);

IP5.attach(f5[0]);

MP5.attach(f5[1]);

IP2.write(f2[2]);

delay(1000);

MP2.write(f2[4]);
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B.2

delay(1000);

IP3.write(£3[2]);

delay(1000);

MP3.write(f3[4]);

delay(1000);

[P4.write(f4]2]);

delay(1000);

MP4.write(f4[4]);

delay(1000);

IP5.write(f5[2]);

delay(1000);

MP5.write(f5[4]);

delay(1000); }

Arduino Code for Different Postures Demonstration

include <Servo.h>

Servo IP2;
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Servo MP2;

Servo IP3;

Servo MP3;

Servo IP4;

Servo MP4;

Servo IP5;

Servo MP5;

int f2[] = {11, 12, 180, 10, 160, 50};

int £3[] = {9, 10, 180, 10, 160, 50};

int f4]] = {7, 8, 10, 180, 50, 160}

int 5[] = {5, 6, 10, 180, 50, 160};

int Speed = 50; //the lower the faster

int longDelay = 1000;

int IP;

int MP;

void setup() {

o1



[P2.attach(f2[0]);

MP2.attach(f2[1]);

IP3.attach(f3[0]);

MP3.attach(f3[1]);

IP4.attach(f4[0]);

MP4.attach(f4[1]);

IP5.attach(f5[0]);

MP5.attach(f5[1]);

IP2.write(f2[2]);

delay(1000);

MP2.write(f2[4]);

delay(1000);

IP3.write(f3[2]);

delay(1000);

MP3.write(f3[4]);

delay(1000);
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[P4.write(f4]2]);

delay(1000);

MP4.write(f4[4]);

delay(1000);

IP5.write(f5[2]);

delay(1000);

MP5.write(f5[4]);

delay(1000);

void loop() {

FullFlex2();

FullExtend2();

FullFlex3();

FullExtend3();

FullFlex4();

FullExtend4();
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FullFlex5();

FullExtend5();

FullClose();

FullOpen();

MCPclose();

MCPopen();

[Pclose();

IPopen(); }

void FullFlex2() {

for (int i =1 ;i <= Speed ; i++) {

IP = map(i, 1, Speed, f2[2], £2[3]);

MP = map(i, 1, Speed, f2[4], £2[5]);

IP2.write(IP);

MP2.write(MP);

delay(15);

o4



delay(longDelay);

void FullFlex3() {

for (int i =1 ;i <= Speed ; i++) {

IP = map(i, 1, Speed, {3[2], £3[3]);

MP = map(i, 1, Speed, £3[4], £3[5]);

IP3.write(IP);

MP3.write(MP);

delay(15);

delay(longDelay);

void FullFlex4() {

for (int i =1 ;i <= Speed ; i++) {

IP = map(i, 1, Speed, f4[2], f4[3]);

MP = map(i, 1, Speed, f4[4], f4[5]);
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[P4.write(IP);

MP4.write(MP);

delay(15);

delay(longDelay);

void FullFlex5() {

for (int i =1 ;1 <= Speed ; i++) {

IP = map(i, 1, Speed, {5[2], {5[3]);

MP = map(i, 1, Speed, 5[4], £5[5]);

IP5.write(IP);

MP5.write(MP);

delay(15);

delay(longDelay);

26



void FullExtend2() {

for (int i = Speed ;1 >=1;1i){

IP = map(i, 1, Speed, {2[2], £2[3]);

MP = map(i, 1, Speed, f2[4], £2[5]);

[P2.write(IP);

MP2.write(MP);

delay(15);

delay(longDelay);

void FullExtend3() {

for (int i = Speed ;1 >=1 ;i) {

IP = map(i, 1, Speed, £3[2], £3[3]);

MP = map(i, 1, Speed, £3[4], £3[5]);

IP3.write(IP);

MP3.write(MP);
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delay(15);

delay(longDelay);

void FullExtend4() {

for (int i = Speed ;i >=1; i) {

IP = map(i, 1, Speed, f4[2], f4[3]);

MP = map(i, 1, Speed, f4[4], f4[5]);

[P4.write(IP);

MP4.write(MP);

delay(15);

delay(longDelay);

void FullExtend5() {

for (int i = Speed ;1 >=1;1i){
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IP = map(i, 1, Speed, 5[2], £5[3]);

MP = map(i, 1, Speed, f5[4], £5[5]);

IP5.write(IP);

MP5.write(MP);

delay(15);

delay(longDelay);

void FullClose() {

for (int i =1 ;i <= Speed ; i++) {

int IP2c = map(i, 1, Speed, 2[2], £2[3]);

int MP2c = map(i, 1, Speed, £2[4], £2[5]);

int IP3c = map(i, 1, Speed, £3[2], £3|3]);

int MP3c = map(i, 1, Speed, f3[4], £3[5]);

int TP4c = map(i, 1, Speed, 4[2], f4[3]);

int MP4c = map(i, 1, Speed, f4[4], f4]5]);
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int IP5c = map(i, 1, Speed, f5[2], £5[3]);

int MP5c¢ = map(i, 1, Speed, f5[4], £5[5]);

delay(15);

IP2.write(IP2c);

MP2.write(MP2c);

IP3.write(IP3c);

MP3.write(MP3c);

IP4.write(TP4c);

MP4.write(MP4c);

IP5.write(IP5c¢);

MP5.write(MP5c¢);

delay(longDelay);

void FullOpen() {

for (int i = Speed ;1 >=1;1i){



int IP2c = map(i, 1, Speed, 2[2], £2[3]);

int MP2c = map(i, 1, Speed, f2[4], {2[5]);

int IP3c = map(i, 1, Speed, {3[2], £3|3]);

int MP3c = map(i, 1, Speed, f3[4], £3[5]);

int IP4c = map(i, 1, Speed, f4[2], f43]);

int MP4c = map(i, 1, Speed, f4[4], f4]5]);

int IP5c = map(i, 1, Speed, {5[2], {5[3]);

int MP5¢ = map(i, 1, Speed, f5[4], £5[5]);

[P2.write(IP2c);

MP2.write(MP2c);

IP3.write(IP3c);

MP3.write(MP3c);

[P4.write(IP4c);

MP4.write(MP4c);

IP5.write(IP5c¢);

MP5.write(MP5c);
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delay(15);

delay(longDelay);

void MCPclose() {

for (int i =1 ;i <= Speed ; i++) {

int IP2c = map(i, 1, Speed, {2[2], 120);

int MP2c = map(i, 1, Speed, f2[4], {2[5]);

int IP3c = map(i, 1, Speed, {3[2], 120);

int MP3c = map(i, 1, Speed, f3[4], £3|5]);

int IP4c = map(i, 1, Speed, f4[2], 70);

int MP4c = map(i, 1, Speed, f4[4], f4[5]);

int IP5c = map(i, 1, Speed, {5[2], 70);

int MP5c¢ = map(i, 1, Speed, f5[4], £5[5]);

delay(15);

IP2.write(IP2c);
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MP2.write(MP2c);

IP3.write(IP3c);

MP3.write(MP3c);

[P4.write(IP4c);

MP4.write(MP4c);

IP5.write(IP5¢);

MP5.write(MP5c);

delay(longDelay);

void MCPopen() {

for (int i = Speed ;1 >=1 ;i) {

int IP2c = map(i, 1, Speed, 2[2], 120);

int MP2c = map(i, 1, Speed, f2[4], £2[5]);

int IP3c = map(i, 1, Speed, {3[2], 120);

int MP3c = map(i, 1, Speed, f3[4], £3[5]);



int IP4c = map(i, 1, Speed, f4[2], 70);

int MP4c = map(i, 1, Speed, f4[4], f4]5]);

int IP5c = map(i, 1, Speed, {5[2], 70);

int MP5c¢ = map(i, 1, Speed, f5[4], £5[5]);

[P2.write(IP2c);

MP2.write(MP2c);

IP3.write(IP3c);

MP3.write(MP3c);

[P4.write(IP4c);

MP4.write(MP4c);

IP5.write(IP5¢);

MP5.write(MP5c¢);

delay(15);

delay(longDelay);
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void IPclose() {

for (int i =1 ;1 <= Speed ; i++) {

int IP2c = map(i, 1, Speed, {2[2], 70);

int IP3c = map(i, 1, Speed, {3[2], 70);

int IP4c = map(i, 1, Speed, {4[2], 120);

int IP5c = map(i, 1, Speed, {5[2], 120);

delay(15);

IP2.write(TP2c);

IP3.write(IP3c);

IP4.write(IP4c);

IP5.write(IP5¢);

delay(longDelay);

void TPopen() {

for (int i = Speed ;1 >=1;1i){
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int IP2c = map(i, 1, Speed, 2[2], 70);

int IP3c = map(i, 1, Speed, {3[2], 70);

int IP4c = map(i, 1, Speed, {4[2], 120);

int IP5¢c = map(i, 1, Speed, {5[2], 120);

[P2.write(IP2c);

IP3.write(IP3c);

[P4.write(IP4c);

IP5.write(IP5c¢);

delay(15);

delay(longDelay);
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