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Resumo

Apesar da maturidade atingida pelos robots sociais e de serviço, a preensão e manipulação de ob-

jectos nesses casos são limitadas pela imprecisão na representação do ambiente e pela ocorrência de

colisões inesperadas. Os sistemas existentes são caros mas destros ou acessı́veis e robustos mas

limitados a preensões simples. Nesta tese é desenvolvida uma mão robusta, conformável e compla-

cente como as mãos mais simples através do uso de sub-actuação e de um sistema de actuação

elástica em série mas que atinge um nı́vel significativo de destreza através de uma cinemática baseada

na abstracção de funcionalidades da mão humana. A mão desenvolvida é acessı́vel, de dimensões

antropomórficas, contida em si própria, com uma massa de 0,57kg e carga máxima de 4,5kg, especifica-

ções que estão entre as mais avançadas nos sistemas existentes e que permitem uma adaptação

directa a braços existentes sem afectar significativamente a sua carga máxima. A mão consegue ex-

ecutar 41 das 49 preensões das taxonomias de Feix e Cutkosky. Foi desenvolvido um sensor táctil

magnetoresistivo que apresenta uma resposta não-linear, resolução inferior a (2.513 ± 0.040) × 104 Pa

e gama de detecção superior a (7.123 ± 0.016) × 105Pa. O dedo médio foi acoplado aos dedos anelar

e mindinho devido ao reduzido número de actuadores o que limita a força exercida por estes dedos,

afecta a destreza da mão e, devido ao mecanismo de transmissão, limita a capacidade destes dedos

se adaptarem ao objecto em algumas preensões.

Palavras-chave: mão, robótica, robustez, conformável, complacente, auto-contida
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Abstract

With service and social robots achieving a remarkable maturity, grasping and manipulation in such

cases are hindered by the limited precision in the environment representation and by the occurrence

of unexpected collisions. Existing systems are whether expensive but dexterous or accessible, con-

formable and robust but limited to simple grasps. In this thesis a hand is developed that maintains the

robustness, compliance and ability to conform of simpler hands by using underactuation and serial elas-

tic actuation but also achieves a significant level of dexterity through a kinematics design based on the

abstraction of the human hand functionalities. The developed hand is accessible, human-sized, almost

self-contained, has a mass of 0,57kg and a maximum payload of 4.5kg, specifications which are among

the most advanced in similar systems, enabling it to be easily adapted into existing arms without greatly

affecting their payload. The hand accomplishes 41 of the 49 grasps in Feix and Cutkosky taxonomies.

A magnetoresistive tactile sensor is developed that presents a non-linear response curve, a resolution

under (2.513±0.040)×104 Pa and a force sensing range greater than (7.123±0.016)×105Pa. The middle

finger is coupled to the ring and little finger to cope with the small number of actuators, limiting the avail-

able force on these fingers, affecting the hand dexterity and, due to the force transmission mechanism,

limiting the ability to conform in some grasps.

Keywords: robotic, hand, robust, compliant, conformable, self-contained
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Nomenclature

Anatomical Terminology

(a) Joints and orientations (b) Bones

Figure 1: Anatomic nomenclature used in this thesis regarding joints, bones and orientation or location
terms. Reprinted from [Grebenstein, 2012]
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Term Definition

Joints of the Human Hand (see Figure 1(a))

TMC Trapezometacarpal
CMC Carpometacarpal
HMC Hamatometacarpal
MP Metacarpophalangeal - diferentiates the thumb joint due to particular structure and

function
MC Metacarpophalangeal
IP Interphalangeal - singular used only for the thumb to differentiate;
PIP Proximal interphalangeal
DIP Distal Interphalangeal

Regions and orientations (see Figure 1(a))

Distal Closer to fingertip
Medial Medial part, between proximal and distal
Proximal Closer to the wrist
Posterior Towards the back of the palm
Palmar; Anterior Towards the inner surface of the palm
Radial On the side of the thumb
Ulnar On the side of the little finger
Sagittal Middle (vertical plane; containing the longitudinal axes in the case of the fingers)

Motions

Abduction Sideways motion that spreads the fingers away from the sagittal plane. Thumb:
sideways motion that spreads the thumb away from the palm

Adduction Sideways motion that moves the fingers towards the sagittal plane. Thumb: sideways
motion towards the palm

Extension Motion of the finger that opens the hand
Flexion Motion of the finger that closes the hand
Hollowing Motion of the little finger towards the thumb, shaping a ridge and a round-shaped

depression in the palm

Bones, muscles and tendos of the Human Hand (see Figure 1(b))

Adductor Tendon/muscle that moves the finger towards the midline of the hand
Abductor Tendon/muscle that moves the finger away from the midline of the hand
Extensor Tendon/muscle that moves the finger joint towards the back of the hand
Flexor Tendon/muscle that moves the finger joint towards the palm
Metacarpal Bones spanning the palm from the wrist to the fingers
Phalanx Bones that constitute the fingers;

Table 1: Anatomical nomenclature used for the hands (see Figure 1(a))
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Glossary

DoF Degree of freedom is an axis of a joint about which it can move.
DoA Degree of actuation is an active element in the hand, i.e. directly driven by, at least, one

motor.
SEA Serial Elastic Actuation is an actuation mechanism where elastic elements are inserted in

the drive train in a serial configuration.
VSA Variable Stiffness Actuation is an actuation mechanism where the stiffness of a joint can be

actively controlled.
CoF Coefficient of Friction characterizes the friction between two materials.
PTFE Polytetrafluoroethylene, also known by the name of the most famous brand that uses PTFE-

based formulas, Teflon.
ABS Acrylonitrile butadiene styrene, material used for 3D printing.
PLA Polylactic acid, material used for 3D printing.
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Chapter 1

Introduction

In the last decades service and social robots have achieved a remarkable level of maturity and their

use in real social applications is now rapidly increasing. However, within social and service robotics, the

results regarding some of the greatest challenges such as grasping and manipulation still remain limited

in some aspects. Particularly, in the wake of these new applications in robotics two major challenges

arose that rendered most of the implementations and schemes used in industrial robotics unusable and

thus leading to profound and slow changes in the field of robotic grasping and manipulation.

The first major challenge results from the changes in the environment representation because while

in industrial applications the shape, position and orientation of the object are known, in social applica-

tions the robot must perform without a precise knowledge of the relevant properties of the object and the

environment such as object size, position, orientation and the surroundings properties. In this sense the

latter are referred to as unstructured environments and, in these, the robot hand must operate without

complete a priori knowledge of the object and in conditions where the sensors are more prone to error.

The second major challenge results from the unexpected contacts that are likely to occur in such

environments. In these applications, whether due to a unexpected behaviour of a human being or due to

the imprecision in the representation of the surroundings the occurrence of undesired contacts may even

be inevitable in some situations. Such contacts can occur with human beings or with the surroundings

and, in both cases, while the robot must be robust, it must also be intrinsically safe in order not to

damage the surroundings and, more importantly, not to hurt a human being. In this context, however, it

should be noted that the robustness of a robotic hand comprises the mechanical robustness of the hand

and the reliability of its actuation and thus it refers not only to the maintenance of the robot integrity but

also the integrity of its workpiece and the successful completion of the task it is performing.

Under these requirements the development of robotic hands tend to focus whether on object grasping

or object manipulation and thus two significantly different types of systems appear. The first type, which

mainly focus on general purpose grasping, consists of self-adaptable and mostly self-contained hands

with reduced or non-existing sensing schemes that are unable to perform dexterous manipulation tasks.

Instead, the second type, which can achieve high dexterity by independently actuating most degrees

of freedom (DoF) of the hand, result in systems that are bulky, also including the forearm; complex, as

the control scheme must include all sensory information and control the motion of all active DoF (also

1



named the degrees of actuation (DoA)), with small errors; expensive; and generally fragile, not only in

terms of mechanics but also due to the immense number of subcomponents. In the case of the latter

systems, even with recent hands as the Robonaut 2 hand [Bridgwater et al., 2012] or the Awiwi hand

[Grebenstein, 2012] that provide almost anthropomorphic performance combined with high robustness,

such systems continue to be extremely expensive and can only interface with the corresponding arm

and, in that sense, they are exclusive to the respective development centers.

In this context, the widespread research of manipulation schemes is greatly affected due to the dif-

ferences in both types of systems. Specifically, while the simpler systems, although robust, are primarily

focused and limited to grasping tasks without tactile sensing and therefore do not enable the perfor-

mance and analysis of manipulation tasks, the more complex systems, although more dexterous, tend

to be exclusive due to their cost and, when the robustness of the hand is not assured, the research has

to be performed in controlled spaces. Particularly, when a complex system is not robust, as a single

collision may consume significant amounts of time and money, the researchers have to be conservative

in the test of new methods and strategies which greatly conditions and delay experimental research.

This thesis was developed at the Institute for Systems and Robotics of Instituto Superior Técnico

in Lisbon and is integrated in the Intelligent Systems and Robotics group objective of developing au-

tonomous social robots intended for human robot interaction and for the accomplishment of everyday

tasks in home environments.

1.1 Requirements

For any hand to perform grasping and manipulation tasks while coping with the requirements posed

by the described environment there are three major shortcomes that must be addressed: safety, con-

formability and tactile sensing. Each of these specific points is now considered in the following.

1.1.1 Safety

For any robot hand to be allowed to operate in social environments it must be able to guarantee

the safety of the operation, assuring not only the safety of the robot but most importantly the safety

of the surroundings and of the present human beings. In industrial robotics and in the early years

of manipulation in social environments this concept was poorly dealt with, being implemented through

feedback force control. In this case, as the initial impact is not softened due to the delay in the response

of the control scheme, the damages to the robot and the surroundings still occur. Thus, in the last

decades, the paradigm has been shifting towards intrinsically safe robots, also called soft robots, which

achieve safety through intrinsic compliance mechanisms. Being inherently compliant, the robots not only

assure an immediate response to collisions but they are able to absorb energy from the impact, greatly

reducing the chance of damaging either the robot or the surroundings.

2



1.1.2 Conformability

Any social robotics application takes place in inherently unstructured environments where the char-

acterization of the surroundings is not highly precise. Thus, the establishment of an appropriate control

scheme results in very complex systems which are usually more prone to failure because any small

error, for example, in a joint positioning may be sufficient to result in the failure of the task. Instead,

underactuation schemes are being used that, besides requiring significantly less resources, also enable

the finger to passively conform to the object being grasped or manipulated. In such schemes, although

some dexterity is lost, the control is greatly simplified and any small error in the hand position with

respect to the object is passively corrected, increasing the chance of successfully performing the task.

1.1.3 Tactile Sensing

In the human hand, the tactile feedback provided by the palm and fingers is strongly related to the

knowledge of the world and the interaction with the surroundings, providing capabilities that range from

texture to force sensing and also to a notion of depth and shape. In the analogue case of a robotic

hand, not only are these capabilities desirable but, additionally and mainly regarding research, the use

of tactile sensing enables to test different grasping schemes and further develop strategies to better

grasp and manipulate objects of different shapes. Furthermore, as in the human case, the manipulation

of objects is strongly dependent on tactile feedback as it mostly consists on the planned translation and

rotation of objects within the fingers and the palm. In this sense, as still no robust, precise and wide-area

tactile sensing scheme is available, this constitutes one of the greatest bottlenecks in the achievement

of a system capable of performing complex manipulation tasks.

1.2 Motivation and Objectives

In this context, the motivation of this thesis lies on the absence of a robotic hand system that is able

to perform grasping and manipulation tasks and to cope with the requirements of social applications in

unstructured environments while being accessible to most researchers and adaptable to a multitude of

arms. For such a system it is required that, while maintaining the robustness, reliability and the grasping

performance already achieved in current grippers, it also provides the means to perform manipulation

tasks, with all the requirements it implies.

Thus, the objective of this thesis is to develop a 5-finger robotic hand for human-robot interaction

and for the accomplishment of common tasks in a home environment. The hand development will

focus on the achievement of robustness, whether mechanical and regarding operation reliability, intrin-

sic tolerance to sensor errors by passive conformability and simple control as generally provided by

under-actuation schemes. Regarding the operation performance, the developed hand not only aims at

maintaining the good grasping performance that is already achievable but, by mapping the active DoF

to the joints of the hand based on functional understanding, also aims at achieving a reasonable degree

of dexterity for the hand to be able to perform manipulation tasks. In order to achieve an accessible

system that can be easily adapted into different arms, and noting that most of the available arms have
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maximum payloads under 2kg, the hand is designed to be self-contained and, by reducing the compo-

nents to the necessary minimum, lightweight, with its mass in the range of 0,5 to 0,7kg as the currently

most lightweight systems. A tactile sensing scheme will also be implemented to enable the execution of

manipulation tasks and the research on grasping and manipulation strategies. This scheme will focus on

achieving robustness and enabling the determination of the contact location, while maintaining a good

sensitivity.

1.3 Contributions

This work contributes to the current state of the art in robotic research in the following topics:

• A kinematics design that is based on functional understanding of the human hand and that is

evaluated by its grasping and manipulation performances assessed through proven and practical

grasping and medical tests that are easy to apply. The final kinematics and the evaluation tests

can be easily adapted into a particular application.

• The achievement of manipulation capabilities in accessible, lightweight and human-sized self-

contained systems by mapping the active DoF to the joints based on functional understanding.

• The improvement of the robustness and compliance provided by the underactuation schemes by

implementing serial elastic mechanism and rubber based joints with lateral compliance in hands

of anthropomorphic size and shape.

• A new tactile sensing scheme based on spin-valve sensors that provide highly robust implementa-

tions while achieving high sensitivity and enabling to measure the force and determine the contact

point. This sensing scheme can also be adapted into most artificial skin materials, providing differ-

ent sensitivity and force sensing ranges.

• A new hand design and implementation that can be widely used in robotic grasping and manipu-

lation research as it is modular, accessible, easy to assemble and repair and flexible in the sense

that can be easily adapted to different applications. The number of motors can be easily increased

or decreased to increase the hand dexterity or to decrease its weight, respectively.

1.4 Methodology

In this section the design methodology followed in the development of the hand is presented.

The human hand is superior to the existing robot hands regarding almost all aspects relevant for

grasping and, particularly, manipulation. For this reason the human hand will serve as archetype for the

hand being developed throughout this thesis.

As the principles and solutions used in bio-mechanical systems, e.g. tissue regeneration, still greatly

differ from those available in technical systems, the simple copy of the human hand is largely unfeasible

in current robotics state of the art. Therefore, the key to develop a system that approaches the human
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grasping and manipulation capabilities is to understand the human hand from a functional abstraction

perspective rather than simply copying it. The abstracted functionalities have, however, to be transferred

to the robotic hand in a meaningful and feasible way for a technical system. Furthermore, by making

this abstraction and transfer into a technical system, not only will some assets of the biological system

be avoided but also some drawbacks and features that are irrelevant to the robotic hand.

This thesis investigates the basic principles and functions of the human hand anatomy, focusing on

kinematics and joints. These will then be translated into correspondent technical solutions and trans-

ferred to the technical system to develop the robotic hand.

1.5 Thesis Outline

This thesis is divided in three main stages: the analysis of existing hands and their subsystems

(Chapter 2), the development of the hand (Chapter 3) and, finally, the results and conclusions (Chapter 4

and 5 and the Appendices).

In Chapter 2 the state of the art of robotic hands and their subsystems is analysed to establish a

basis of important underlying functionalities for the hand developed in this thesis. This analysis focus on

the advantages or limitations of each implementation to establish a basis for hand design that can lead

to the accomplishment of the objectives and the advancement of the current state of the art.

This design basis is accounted in Chapter 3 where the whole development and integration of each

of the hand subsystems as being the palm, fingers and skin design, the actuation and the sensors are

presented. This chapter also addresses the development of the software to control the hand.

With the hand assembled it is characterized as a whole in Chapter 4, focusing on its adaptability,

grasping performance and robustness. Once the results are obtained, these are compared to the initial

objectives, resulting in the conclusions and future work that are presented in Chapter 5.

In the Appendices a functional abstraction analysis of the human hand that serves as the basis for

the hand kinematics is presented along with the figures for the grasps performed with the hand and the

complete experimental results regarding the tests of the sensors and the joints.
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Chapter 2

State of the Art of Robotic Hand

Systems

The development of a robotic hand is a multidisciplinary challenge that comprises the parallel devel-

opment and the integration of several key aspects as the kinematics, the actuation and the design of

the hand itself, among others. This chapter will provide an overview of the existing robotic hands and

the main aspects of these systems that are relevant for this thesis. Particularly, it will address kinematic

design methods, actuation principles, passive compliance and elastic actuation concepts and, finally, the

implementation of tactile sensors. The nomenclature of the joints and the bones used in the following is

presented in Table 1.

At the end of the chapter the significance of the presented state of the art for the design of the

developed hand will be discussed.

2.1 Hands

Despite the vast universe of different robotic hands and manipulators that currently exists only a se-

lection of the most relevant systems for this thesis will be here presented and analysed. In this topic,

more general and comprehensive analyses can be found at [Grebenstein, 2012], [Birglen et al., 2008]

and, more focused on manipulation, on [Biagiotti et al., 2002]. The analysis of the hands considered rele-

vant for this thesis proceeds with a more detailed description of each hand being analysed. The analysis

will be based on the functionalities of particular interest and relevance for the hand being developed.

2.1.1 Awiwi Hand

The Awiwi hand (Figure 2.1(a)), developed by Grebenstein in [Grebenstein, 2012], is, to the author

knowledge, the existing robotic hand that most closely approaches the human hand performance, i.e.

the hand that most approaches anthropomorphism, only being vaguely matched by the Robonaut 2

Hand. This hand, which is a manipulator for the DLR Hand Arm system, is seen to match the human
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hand in terms of size, dynamics, robustness and functionalities, which translate into the manipulation

and grasping capabilities. However, this hand is not provided with any tactile sensing capabilities.

Among the total of 21 DoF, 19 DoF of the hand are active and driven by 38 motors located in the

forearm in an antagonistic actuation setup. The fingers and thumb are composed of three separate

elements or phalanges that are kept in contact by a pre-strain of the tendons that ensure the force

transmission (Figure 2.1(b)), which greatly increases the robustness of the system. Furthermore, a

variable stiffness actuation concept (see [Vanderborght et al., 2013]) was applied through the use of a

non-linear spring mechanism (Figure 2.1(c)) at each motor. This mechanism enables to measure and

control the force on each tendon and thus to control each joint stiffness and to react to any external

perturbation. Furthermore, this mechanism also intrinsically provides protection against impacts by

absorbing energy and increasing the time window for the motor to react without being damaged.

The kinematics of the hand (Figure 2.1(d)) are based on the human hand kinematics and present

angles between successive joint in order to improve the opposition of the thumb to the fingers (see Sec-

tion A.2). Regarding grasping performance, this hand is able to perform all the grasps in the Cutkosky

taxonomy [Cutkosky, 1989] and most of the grasps of the Feix taxonomy [Feix et al., 2009]. These

taxonomies that are briefly described in Section B.

(a) Awiwi Hand performing a delicate grasp (b) Finger and tendon routing

(c) Non-linear spring implementation (d) Kinematics. All the fingers except the index
and middle fingers have inclination angles in their
hinge joints (see Section A.2).

Figure 2.1: Specifics of the Awiwi Hand design [Grebenstein, 2012]
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2.1.2 Yale OpenHand Model T

The Yale OpenHand Hand Models, developed at the Yale GrabLab and presented in [Ma et al.,

2013], are general purpose grippers with a finger design (Figure 2.2(a)) that takes further advantage of

the underactuation concept, increasing its potential and resulting in grippers with remarkable reliability,

grasping performance and robustness. This results from the use rubber beam joints which enable lateral

motion of the joints, contributing to increase the robustness and also to increase the ability to conform to

irregular shaped objects. Although the concept is used in all the models its advantages are particularly

evident in model T (Figure 2.2(b)). This model, which weighs only 0.49kg and achieves grasping forces

up to 10 N, has four under-actuated fingers with 2 DoF each which are driven by only one motor and

is seen to conform even to irregular shaped objects as a gaming controller and a scissor. Additionally,

the fingers are provided with an elastomer soft skin with treads which significantly increases the contact

area and thus the friction force, leading to more stable grasps. However, the use of these joints may

result, if the joint beam dimensions are not properly defined, in unnatural behaviour due the large lateral

motion enabled and, furthermore, the stacking of this lateral motion limits the maximum number of serial

joints of this type, as otherwise it would lead to an impairment of the grasping performance.

(a) Detail of the finger design (b) Model T grasping scissors

Figure 2.2: Yale OpenHand Model T [Ma et al., 2013]

2.1.3 iCub Hand

The iCub hand (Figure 2.3) is sized after the human cub hand and thus, due to its small size, seven

of its nine motors have to be allocated to the iCub arm [Schmitz et al., 2010]. Regarding kinematics the

hand presents 19 DoF as can be seen in Figure 2.3, including adduction/abduction DoF in the index,

ring and little finger MC and the thumb TMC.

Regarding the actuation, both closed- and open-loop actuation concepts were used. The closed loop

actuation was used for the fingers and the thumb adduction/abduction DoF, with one actuator coupling

the motion of the three fingers, the thumb TMC flexion and the index and middle fingers MC flexion.

All the remaining DoF are actuated through an open-loop underactuation scheme using springs that

couples the two more distal joints of the index and middle finger and the thumb and all the flexion joints

of the ring and little finger. The ring and little finger flexion are also coupled, being controlled by the

same motor.
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The sensory system include a capacitive based tactile skin sensor and a fingertip capacitive pressure

sensor using soft silicone foam. The control is made with custom developed miniaturized boards.

Figure 2.3: ICub hand with kinematics representation [Schmitz et al., 2010]

2.1.4 Prensilia IH2 Azzurra Hand

The Prensilia IH2 Azzurra Hand(Figure 2.4(a)) is a lightweight, self-contained and under-actuated

hand that is also anthropomorphic in size. It is composed of 4 human-sized fingers with only two joints

and 2 DoF and a thumb with two joints and 3 DoF, performing a total of 11 DoF, as seen in the kinematics

representations of Figure 2.4(b).

The hand is actuated by 5 DC motors adapted into a linear actuation scheme, achieving a weight of

0.64kg and a maximum payload of 4.0kg. The thumb, the index and the middle finger flexion/extension

are independently actuated while the ring and little finger are coupled. The thumb adduction/abduction

is actuated by a single motor.

The sensory system includes grasp force sensors that measure the force applied at the tendon.

The control system is embedded in the hand, including acquisition and data processing electronics.This

hand achieves a significant level of dexterity by actuating the thumb, index and middle finger separately.

However, the fact that each finger has one less joint than the human finger impairs its ability to conform

to objects and its fine manipulation capabilities.

2.1.5 Twendy-One Hand

The Twendy-One hand (Figure 2.5(a)) is a self-contained hand with 16 DoF, 13 of which are are

active, distributed over 3 fingers and a thumb [Iwata and Sugano, 2009]. Its kinematic structure is

presented in Figure 2.5(b) and, unlike the other hands, the axis of the second joint of the thumb is

parallel to the axis of the first joint. In this case while the first joint points towards the index finger and

provides adduction/abduction, the second joint is a roll joint used to align the grasping surfaces and

distal phalanx of the thumb with the grasped object.
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(a) IH2 Azzurra Hand (b) Kinematics representation

Figure 2.4: IH2 Azzurra Series Hand [Prensilia s.r.l.]

Hand DoF Description
Active Total

Awiwi 19 21 Anthropomorphic in size, dynamics, robustness and functionality. Uses
antagonistic and variable stiffness actuation with the motors in the forearm.

OpenHand 1 8 Under-actuated hand with rubber-based joints providing robustness against
frontal and lateral impacts. Soft skin for improved grasping performance.

iCub 9 19 Sized after a human cub hand, with 2 motors on the palm and 7 on the
forearm. Capacitive tactile sensors . Provides adduction/abduction of the

fingers.

IH2 Azzurra 5 16 Commercial self-contained and lightweight hand that is anthropomorphic in
size. Under-actuated fingers with force sensors at the fingertips.

Meka H2 5 12 Commercial self-contained and lightweight hand with three fingers and
thumb. Uses serial elastic actuation to provide force control and passive

compliance.

Twendy-One 13 16 Self-contained hand with three human-sized fingers. Active reorientation of
the thumb. Has a silicone soft-skin with embedded tactile and force

sensors.

Table 2.1: Summary of the analysis of the most relevant hands for this thesis.

Regarding actuation only the DIP and PIP joints of each finger are not actuated independently, being

coupled by a linkage. Besides, this hand uses a serial elastic actuation scheme, embedding a rota-

tional spring and a potentiometer within the MC and DIP joints of the fingers which provides the hand

with passive compliance, a passive protection mechanism and, as for the case of the variable stiffness

mechanism in the Awiwi Hand (Section 2.1.1), also enable the measurement of the tendon force by

measuring the displacement of elastic element regarding the rest position. The high number of used ac-

tuators provides enough dexterity to enable the hand to perform manipulation tasks, even when complex

manipulation is required.

Regarding the interaction with the exterior the Twendy-One hand is covered with thick silicone pads

to improve grasping stability and robustness and these pads a have a total of 241 embedded tactile

sensors as seen in figure (Figure 2.5(c)). Additionally, six-axes force sensors are embedded in the

fingertips.

The review of the robotic hands performed in this section is resumed in Table 2.1.
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(a) Twendy-One Hand (b) Kinematics representation. The prece-
dence of the flexion joint over the
ad/abduction joint in the 3 fingers rather
than opposite as it is seen in other hands
lead to a different hand finger behaviour.

(c) Embedded sensors distribu-
tion in the palm

(d) Performing a manipulation
task

Figure 2.5: Twendy-One Hand ([Iwata and Sugano, 2009])

2.2 Kinematics Design Methods

Regarding the implementation in robotic hands, as the kinematics design is subjected to the hand

objectives and requirements, two hands are rarely seen to share the kinematics design method, resulting

in the proposal of several different methods over the last decades. These methods are now grouped into

types which are presented in the following.

2.2.1 Empirical and Functional Kinematics

A large number of kinematics are mostly defined as a function of empirical and functional results.

In this case, the parameters configured and tuned are strictly related to the hand requirements and

objectives, being defined specifically for each case in order to achieve the desired features. In the

Twendy-One hand [Iwata and Sugano, 2009], for example, the second DoF of the thumb corresponds

to a rotation about the longitudinal axis of the proximal phalanx to enable the reorientation of the thumb

pads during flexion (Figure 2.5(b)). Also, the first axis of the thumb is set adjacent to the metacarpal bone

of the index finger, as seen in most of the hands reviewed in Section 2.1. In the Awiwi hand [Grebenstein,

2012] the method presented by Kapandji in [Kapandji, 1982], which consisted in the construction of

cardboard models based on the human hand functionality, is adapted to the kinematic design of a robotic

hand (see Section 3.3).
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2.2.2 Kinematics Evaluation Criteria

The design of robotic hand kinematics is mostly dependent on a specific parameter or function that

is used to assess its performance. In this context, to optimise and evaluate the kinematic design it

is necessary to have verified and reliable optimization criteria or cost functions. The definition of the

optimisation or evaluation parameter can, however, use several different approaches. Among these

different approaches are:

• Mathematical criteria - as the dimension of the hand design space is large and its complete anal-

ysis easily becomes intractable, currently existing criteria are focused on the analysis of single

fingers or a subset of the parameter space. Among these, they may comprise the action of the

hand as whole, as the dexterous workspace criteria in [Craig, 2005], or focus on specific function-

alities as the thumb opposition, as the criteria used in [Mouri et al., 2002].

• Simulation tools - The “GraspIt!”simulator verifies the stability of any contact configurations be-

tween the hand being analysed and a set of standard objects. It can be used in addition or instead

of the cardboard box prototypes used in Section 3.3.

• Grasping and Medical tests - direct evaluation of an hand prototype through the execution of com-

mon grasping tasks or medical tests, as in [Kapandji, 1986]. Applied in [Grebenstein, 2012].

Furthermore, other kinematic design methods exists as those based on the kinematic analysis of the

human hand, for example in [Stillfried and van der Smagt, 2009], but are not considered in this work.

2.3 Compliant Actuation

The use of robots in social environments raises new requirements regarding the security of the

hands, their workpieces and more important, the surrounding human beings. In this sense a robotic hand

must be robust and compliant not only to withstand unexpected impacts without suffering or inflicting

damage but also to be able to successfully complete the required tasks in such environments.

2.3.1 Actuation

The actuation concepts mainly differ on the dexterity they provide and, in this sense, they are here

grouped into two types, underactuation or dexterous actuation.

Regarding underactuation, it consists of having one actuator driving several joints in a predefined

behaviour until a contact occurs, after which the joints located distal contact continue the motion until

the finger conforms to the object. Although initially implemented using linkages, as seen in [Robotiq],

the most common scheme is to use tendon-driven fingers with elastic elements in the joints, as seen in

most of the hands presented in Section 2.1. The latter, besides enabling the finger to conform during

the execution of the flexion behaviour, provides compliance against impacts in the flexion direction.
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This scheme became widely use because it inherently deals with uncertainty on the object position and

shape, greatly reducing the control scheme complexity while using less actuators [Dollar, 2006].

The dexterous actuation schemes, as for example the antagonistic drive in [Grebenstein, 2012] and

[Bridgwater et al., 2012], enables the execution of independent joint movements and thus it is able to

execute tasks with a much higher degree of dexterity. Such actuation concepts require a much more

complex control scheme to conform to objects, requiring a much greater effort and computational means

to have the hand operating in real environments because elements such as the object perception must

be very precise for it to work [Dollar, 2006].

2.3.2 Compliance

As the control of the robot compliance based solely on sensor feedback is too slow to respond to

impacts, resulting in damage to the hand, robotic hands evolved to be intrinsically compliant robots

[Majidi, 2014]. In intrinsically compliant setups, elastic elements are embedded into the actuation train

and, under collision, they momentarily detach the finger from the actuator, absorbing energy and en-

abling greater motor response times [Pratt and Williamson, 1995], [Grebenstein, 2012]. The most

common implementations are serial elastic actuation, as used in [Iwata and Sugano, 2009] and [Meka

Robotics],which consists only on the inclusion of the elastic elements in series with the actuator, and

variable stiffness actuation, which uses a second motor to actively adjust the elastic element deforma-

tion and consequently the finger or joint stiffness [Vanderborght et al., 2013]. As the latter requires the

use of more motors it is more suitable to complex implementations as the antagonistic drive train of

[Grebenstein, 2012]. Both mechanisms also provide proprioception as they enable to measure the force

on the tendons through the elastic elements deformation [Pratt and Williamson, 1995].

2.4 Tactile Sensors

As the robotic hands improve towards manipulation, the achievement of an adequate tactile sensing

solution become increasingly relevant because detecting tactile interactions is crucial for manipulation

tasks, e.g. rotating a pen in the hand or stably moving an object within the hand. In contrast to manip-

ulation, the sensing solutions for grasping have been extensively studied, being implemented with few

sensors per finger, e.g. a common system is to use just one force sensor at the fingertip, or just using

proprioception combined with the hand kinematic model. Instead, a manipulation sensing scheme is

required to provide functionalities similar to that of the human hand tactile sensory system, which com-

prehends different types of mechanoreceptive afferent neurons for static and dynamic inputs, some of

which presenting very high density of sensing points. In this perspective, after reviewing the functionali-

ties of the human hand tactile sensing and its role of the in manipulation tasks, a set of features required

for a technical implementation is defined in [Yousef et al., 2011]:

• Detect contact and release of an object.

• Detect shape and force distribution of a contact region for object recognition.
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• Detect contact force magnitude and direction for maintaining a stable grasp during manipulation.

• Detect both dynamic and static contact forces.

• Track variation of contact points during manipulation.

• Detect difference between predicted and actual grip forces necessary for manipulation.

• Detect force and magnitude of contact forces due to the motion of the hand during manipulation.

• Detect tangential forces due to the weight and shape of the object to prevent slip.

Based on this functional abstraction and the reviews presented in [Yousef et al., 2011] and [Fässler,

2010], the set of existing sensing technologies with proven implementations that are able to satisfy most

of the requirements are referred in Table 2.2 along with their advantages and disadvantages. In this

analysis, however, the optical, piezoelectric sensors are not considered as they are not regarded as

relevant in the context of this thesis. Specifically, while the piezoelectric sensors are not suitable to

detect static inputs and thus would require the use of two sensor types, greatly increasing wiring which

is one of the implementations bottleneck, the use of optical sensors leads to complex implementations

with great impact in the finger design, which must be defined as a function of the specific sensor used.

In Table 2.2, embedded sensors correspond to implementations where the sensor is embedded in

flexible materials, usually elastomers as PDMS.

Despite the advantages and disadvantages of the sensor types considered, it is seen in [Yousef

et al., 2011] that among implementations using the same type of the sensor there is no strong tendency

in terms of the sensor performance and thus it results that the sensor performance is greatly influenced

by the sensor fabrication process, encapsulation and even its data processing. Furthermore, it is seen in

[Yousef et al., 2011] that the analytical comparison of the sensor performance among the different imple-

mentations considered is not possible due to the different ways in which the sensors are characterised

and due to the different parameters that are presented in the literature. Particularly, these differences

are due to the fact that each implementation is unique as it is developed to satisfy a specific set of

restrictions and to operate in specific conditions and that, under such strict requirements, the general

performance or characterisation of the sensor may not be of great relevance.

Among all the different implementations, however, the wiring of the sensors is a characteristic of

general interest and particularly when implemented in a real robot. Specifically, the connection between

the sensor and the central processing unit located in the palm or forearm constitutes one of the most

fragile points in the connection between the fingers or thumb and the palm and thus it must be routed

through a protected and clear path. This constitutes a problem that greatly limits the number of sensors

because, when it increases, the necessary wiring also increases and thus, although the specific factor

depends on the specific implementation, the routing path for the wires must be enlarged and more

space is required in the palm or forearm to securely route and connect the wires to the processing units.

Furthermore, with the referred increase in the wiring more processing units may be required and the

data to process is also increased.
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2.5 Significance for the Developed Hand

As a conclusion, the significance of the reviewed systems to the development of this work is now

discussed, focusing on kinematics, actuation and robustness and tactile sensing.

2.5.1 Kinematics

The grasping and manipulation capabilities of the hand are mostly dependent on the hand kinemat-

ics and, as the vast majority of the kinematics analysed are tailored for their specific application and

influenced by their restrictions, such as the weight, their adaptation to this work is not feasible because

they do not reproduce the functionalities of the human hand. As direct examples of this are the Twendy-

One hand and the Yale OpenHand Models. Regarding the Twendy-One hand the thumb is equal to

the remaining fingers, which greatly influences its functionality because it is the different constitution of

the thumb that provides the humans with most functionalities (see Section A), and, furthermore, as the

thumb second axis is parallel to the first in order to avoid the thumb singularity (see Section 3.3), it has

one less flexion DoF, limiting the range of objects it can grasp. Regarding, the Yale OpenHand Models,

they are designed only to grasp objects and, for the case of the Model T, it does not provide any dexterity,

being unable, for example, to hold a pen as humans do to write.

Without opting for the use of a previously defined kinematics an adequate kinematic design method

must be defined. Among the ones presented, while the mathematical evaluation criteria only accounts

for a subset of the hand design space or a specific functionality, the use of simulation tools does not

enable the designer to physically interact with the hand and to take advantage of his inherent knowledge

on manipulation acquired by its everyday experience and thus the method that is considered to better

satisfy the requirements for the hand being developed is the functional method adopted in [Grebenstein,

2012]. While this method does not include the restrictions identified in the mathematical and simulation

methods, it enables to perform a direct mapping between the kinematic parameters and the desired

functionalities and, furthermore, its evaluation criteria are based on the human being proven knowledge

about grasping and manipulation and on several decades of hand surgery.

2.5.2 Actuation and Robustness

As the developed hand is intended to be reliable and robust while achieving human size and self-

containment, the underactuation scheme using tendons for force transmission and elastic element for

passive extensions is particularly fit for such a system as it provides conformability while using less

resources and simplifying the control scheme.

Regarding robustness, although the underactuation scheme provides some compliance in the flexion

direction it does not suffice to assure a safe operation in unstructured environments and around human

beings. In that sense, the serial elastic actuation mechanism provides inherent compliance in all cases

and proprioception while requiring a small amount of resources.
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2.5.3 Tactile Sensing

For a tactile sensing scheme to be adequate it must me able to withstand the unexpected impacts

that are prone to occur during an operation of the hand. In this sense the use of MEMS strain gauges

and piezoresitors is seen as disadvantageous regarding, for example, magnetoresisting or capacitive

sensors, because even when embedded, the sensing element is fragile and prone to brake. Addition-

ally, specific implementations that enable greater flexibility in the choice of material for the skin layer are

preferred because the artificial skin layer of an hand is of major importance to the grasping and manipu-

lation performance by itself ([Cutkosky et al., 1987], [Shimoga and Goldenberg, 1992]) and thus should

be able to be defined without greatly compromising the sensor functioning. Finally, as sensor schemes

that enable 3D force sensing further enable to characterize the contact points, which is used to study

the contact configuration of the hand and the properties of the objects, these schemes are preferred

over the ones that only provide pressure sensing and imaging as conductive polymer films or elastomer

composites.

As an overview, the following list summarizes the basis for the hand development that was obtained

from the analysis performed in this chapter, stating the features and methods present in the literature

that will be used or accounted for during the development process:

• Kinematics - The existing kinematics do not guarantee the accomplishment of all the objectives.

Instead, the functionality based method used in [Grebenstein, 2012] enables the direct mapping

between the desired functionalities and the kinematics parameters and will be used, as explained

in Section 3.3.

• Actuation and Robustness - As proven in the OpenHand Model T [Ma et al., 2013], the underactua-

tion concept enables the use few actuators while achieving the capability to conform to objects and

simplifying the control, which are important aspects for this work. Thus, this concept is considered

and implemented in the developed hand. Besides, the use of serial elastic actuation mechanism

enables to complement underactuation by providing compliance, robustness and proprioception

and thus will be considered and adapted to the developed hand in Section 3.2.

• Tactile Sensing - The sensing technologies that better satisfy the requirements set for this work are

the magnetoresistive, MEMS straing gauges and piezoresistors and the capacitive as they enable

embedded applications with high sensitivities and force sensing ranges. These will be accounted

for and further discussed in Section 3.7.
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Chapter 3

Hand Development

The previous chapter analysed the human hand to derive the underlying functionalities that are im-

portant to the design of the robotic hand being developed. This chapter now proceed with the description

of its design.

The first section of this chapter describes the design of an actuation concept that fits the purpose of

the hand. First, a drive concept is selected according to the objectives and requirements of the hand. At

this point the objectives of the hand will be analysed from a technical perspective, and their implications

will be used to support the design choices. Then, a serial elastic actuation mechanism is designed to

provide robustness and protection to the actuation scheme.

The design of the kinematics is described in the second part of this chapter. This design is based on

the functionalities derived from the state-of-the-art hands (Section 2.1) and from the analysis of the hu-

man hand anatomy (Section A.1). A practical approach used to design the kinematics is described. This

approach starts with a simple kinematic skeleton, based on functional understanding, which is improved

through iteration, using intuitive medical tests that are easy to apply and a set of selected common

grasping tasks. After the hand kinematics has been achieved, a kinematics optimization method is run

only the fingers design to define the joints stiffness and moment arm.

The design and implementation of the fingers, palm and skin are then presented together with the

description of the fabrication methods and materials used for each one. With all the functionalities

previously defined this section focus mainly on feasibility and practical aspects of the implementation.

Also being associated with the skin layer, the choice, development and characterisation of the sensors

for the tactile sensing scheme are then presented.

Finally, in the last section, the software developed to operate the hand, its operation modes and the

control scheme used are explained.

3.1 Actuation Concept

The actuation concept plays a major and inevitable role in the performance of the robotic hand that

and can define the accomplishment or failure of the objectives. This section starts by the selection
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of an appropriate drive concept that takes into account the objectives and purposes of the hand and

the practical implications of such objectives. Then, the robustness of the drive train is considered by

adapting a serial elastic actuation mechanism to the system.

As stated in the objectives (Section 1.2), the hand being developed is required to be human-sized

and robust while using a minimum amount of resources and maintaining a significant level of dexterity.

Furthermore, for it to be able to adapt to many different arms, the hand must be self-contained and use

interfaces that are common within robotics.

Under such restrictions it follows that only a very limited number of motors, and therefore of DoA,

are able to fit within the hand volume and thus, due to the difference between the number of DoF of

the hand and the achievable number of DoA, the application of more complex drive trains such as the

antagonistic drive train as applied in [Grebenstein, 2012] and [Shadow Robot Company, 2006] are not

adequate.

Regarding the application of a closed-loop scheme with a tendon providing bidirectional force trans-

mission to the joints, as in [Shadow Robot Company] or [Schmitz et al., 2010], this scheme is mostly

directed to the actuation of a single DoF, not being suited to actuated coupled DoF and thus it can not

be used for the whole hand for the same reason as the more complex schemes. However, regarding the

base of the thumb, while the abduction/adduction DoF is to be actuated separately, the joint design used

(Section 3.4.1) does not enable to couple the flexion/extension DoF and thus the closed-loop actuation

scheme is seen to be the most adequate, as it requires less DoA than the antagonistic drive setup, and

is implemented. For this scheme to be complete a tensioning mechanism also has to be implemented.

This mechanism must be carefully designed not to significantly increase the elasticity of the drive train

as it would change the joint friction and stiffness.

Regarding the under-actuation concept, the specific implementation considered consists in using

tendons for force transmission and elastic elements embedded in the joints for passive extensions, as in

[Ma et al., 2013] and [Prensilia s.r.l.]. This concept provides a simple mechanism to actuate coupled DoF

while enabling the developer to add or remove coupling by adding or removing tendons, without having

to change the design or the correspondent joint. Also, this actuation concept provides significant intrinsic

robustness to the joints without additional resources. If a joint is forced by an external disturbance in

the direction of the joint flexion, the elastic element absorbs the impact and the tendon is slackened

while the mechanism does not passively return to the position it had before the disturbance, therefore

avoiding any damage to the tendon and the motor. In this case, although tendon slack may lead it

to jump off, which would damage the drivetrain as well, a proper conditioning of its routing path can

reduce the probability of the tendon jumping off. Finally, besides enabling to configure the finger closing

behaviour by tuning the elastic elements properties, this actuation scheme enables the more distal

joints to continue their movements after a contact occurs in a proximally located phalanx, which results

in passive conformability.

Regarding this work objectives, the underactuation concept presents three important characteristics.

First, it enables to achieve a functional hand using a small amount of resources that could fit in the

hand palm. Second, it enables to implement fingers with a desired behaviour that are able to conform to
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objects using only the designed mechanics, which improves the grasping and manipulation performance

and enables the hand to operate in unstructured environments, therefore alleviating the dependence on

complex control schemes that are prone to error in such environments due to their precision. Finally,

this actuation scheme provides intrinsic robustness and compliance under external perturbations in the

direction of flexion, protecting the motor without any additional mechanism.

Therefore, among the actuation schemes analysed, the under-actuation setup is the most adequate

for the for the flexion and extension movements of the fingers, ensuring reliable grasping and manipu-

lation. Due to the restrictions in the joint design, the extension of the TMC joint is actively performed

through a closed loop actuation scheme. Regarding the abduction/adduction DOF, while these are dis-

abled for the MC joints of the fingers because the number of DoA is restricted and these DoF are of

secondary functional importance, in the thumb it is actuated through a closed-loop actuation scheme.

In conclusion, regarding this analysis and the human hand functional abstraction analysis presented

in Section A.2.1, the hand would be developed to operate with five DoA, four of them for the under-

actuated flexion and extension movements of the fingers and the thumb, with the ring and little finger

being coupled, and the remainder DoA would actuate the lateral DoF of the thumb TMC. However, in

Section 3.8.3 it is seen that the chosen control boards can only operate up to four DC motors and thus,

for the initial development cycle of the hand only four motors will be used. In order to cope with this

new restriction the actuation scheme had to be adapted and, among all possible cases, it was chosen

to couple the flexion of the middle finger to that of the ring and little finger as it is the choice that less

affects the manipulation and dexterity of the hand.

3.2 Robustness of the actuation scheme

Another of the requirements for the developed hand is to be robust and compliant against external

perturbations, not only to prevent damages to the hand or its surroundings but also to achieve reliability.

The mechanisms to provide robustness and compliance to the actuation concept of the joints are now

discussed. However, among these, with feedback-based impedance control schemes proving to be

too slow to soften impacts and the occurrence of damage, the passive compliance mechanisms are

preferred as they present a much higher bandwidth and are able to absorb shocks and store energy

([Pratt and Williamson, 1995]). Thus, only the latter type will be here considered.

As discussed in the previous section (Section 3.1), the considered underactuation setup provides

the joints with intrinsic robustness and compliance regarding impacts in the same direction to which

the joints flex. Specifically, if a perturbation is applied to an underactuated finger with 3 phalanges in

its flexion direction, the joints proximal to the point of application will flex and their elastic elements will

initially store the energy of the impact and dissipate it afterwards, therefore avoiding transmission of

the energy to the hand structure. Furthermore, shortly after the impact occurs, the joints are set in

motion and thus the period of contact with the perturbation source is reduced and, with it, the energy

transmitted in the impact when compared to a rigid system. However, if a perturbation is applied to

the same finger that causes it to extend, the tendon would tension and try to counter the perturbation,
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exerting stress on the motor and potentially damaging the drive train. Thus, a protection mechanism

must be implemented for this case. As variable stiffness actuation mechanisms (see [Vanderborght

et al., 2013]) are not adequate due to the small number of DoA, only serial elastic actuation mechanisms

are considered. Among those, a linear and non-linear series elastic actuator (SEA) will be compared in

the following based on the compactness of the implementation, energy storage and shock absorption to

assess which protection mechanism better satisfies this hand requirements.

For the linear SEA the simplest case with a just spring placed in series between the motor and

the finger was chosen as it provides a compact implementation among this type, providing a linearly

increasing stiffness as the spring elongates.

For the non-linear SEA the implementation of the triangle mechanism for a non-linear spring of

[Grebenstein, 2012] will be considered. In this mechanism a pulley on a spring-loaded lever rotates

around the center of a guiding pulley (Figure 3.1(a)) causing the spring to elongate in a way that it

produces a non-linear F (∆l) relation, with F the force on the tendon and ∆l the spring elongation,

resulting in a non-linear stiffness as the spring stretches. Furthermore, this mechanism enables to place

the spring almost vertically and thus provides a very compact implementation that particularly fits the

hand design as seen in Section 3.5, for example benefiting from having the motor in hand to use its

winder as the third pulley required for the triangle mechanism.

(a) non-linear SEA model (b) non-linear SEA implementation

Figure 3.1: Non-linear serial elastic mechanism, adapted from [Grebenstein, 2012]. (a): The pulley
located at the spring loaded lever rotates around the center of the guide pulley, exerting a force FS on
the tendon that increases with α and therefore causing a non-linear relation between the tendon force F
and the spring elongation ∆l. (b): Implementation of this mechanism, integrated with the piece to fixate
the fingers (right).

The linear SEA and non-linear SEA implementations considered are now modelled and compared.

Modelling the linear SEA is direct with

F =k ×∆l. (3.1)

In the case of the non-linear SEA, looking at the pulley located on the spring loaded lever (Figure

3.1(a)):

FS =F
√

2 + 2cos(α) (3.2)
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equating for F and given that FS is the force exerted by the spring and therefore FS = k∆l, the force on

the tendon as a function of the spring elongation is:

F = k∆l√
2 + 2Cos(α)

. (3.3)

However, ∆l and α are not independent. Given the system configuration (Figure 3.1(a)) and noting

that D and H are constant, they can be described as:

∆l =D0 −RCos(θ1)
Cos(θ2)

− l0

α =α0 + 2∆θ1

(3.4)

with

θ2 =Arctan(D0 +RSin(θ1)
H0 −RCos(θ1)

) . (3.5)

Considering a spring similar to the one used in the hand, k = 10N/mm and the maximum elongation

∆lmax = 4mm, the results for the linear SEA are on Figure 3.2(a).

Considering the non-linear SEA mechanism configuration presented in Figure 3.1(a) with the initial

parameters set to

H0 =20mm

R =14.5mm

L0 =11mm

α0 =2π
3

θ0
1 =

π

4
.

(3.6)

The results of the non-linear SEA are presented on Figure 3.2(b). Both in this and in the linear case,

the results are limited to the range of the spring elongation, [0,4]mm.

(a) linear SEA (b) non-linear SEA

Figure 3.2: Comparison between SEA mechanisms.

It is now possible to compare both mechanisms.

Regarding the size of the implementation the linear SEA requires the spring to be placed in a serial

configuration between the motor and the finger and along the tendon routing direction and therefore this
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mechanism requires a minimum spacing between be finger base and the motor correspondent to the

maximum length of the spring, about 25mm for the used spring, which is significant in the perspective a

self-contained robotic hand. Instead, the non-linear SEA implementation enables to place the spring at

an angle with the plane of the palm causing the spring elongation to occur mostly in the vertical direction

and enabling the use of a small lever that is able to reduce the distance between the motor and the

finger base to about 15mm for the modelled implementation of the non-linear SEA. In this aspect the

non-linear SEA fits better in a self-contained hand as it enables a more compact implementation through

the placement of the spring in a more vertical position.

Regarding energy storing capabilities, while the maximum energy stored Emax is the same for both

cases because it only depends on the spring constant and its maximum elongation, evaluating to

Emax =
1
2
k(∆lmax)2 = 72.47mJ (3.7)

for this spring, the linear SEA provides a greater protection because the spring elongation for a given

tendon force is greater in the linear SEA mechanism and thus the stored energy, given by

E =1
2
k(∆l)2 (3.8)

is also greater. Mechanically, higher energy storage in the elastic element translates into a decrease in

the motor speed required to react to the tendon extension.

However, the greater spring elongation for a given force that was verified in the linear SEA mecha-

nism is seen to impair the mechanism dynamics. Specifically, regarding the dynamic behaviour under

perturbation, i.e., shock absorption, the SEA mechanism implemented is used to decouple the motor

from the finger in the moments immediately after the perturbation with the elastic element enabling fin-

gers to comply with the perturbation while extending the time window for the motor acceleration and

therefore avoiding damage to the motor due to its inertia. For the specific implementations considered

this means that while the linear SEA provides higher energy storage capabilities it does so by operating

in a more limited range of tendon forces and therefore, if the tendon force under perturbation exceeds

40N (see Figure 3.2(a)) the spring is unable to extend any further and, by becoming unable to decouple

the motor from the finger, the perturbation is directed through the motor which may result in damages to

the motor due to its slower response. Instead, the non-linear SEA (Figure 3.2(b)) provides less energy

storage for a given tendon force when compared to the linear SEA but it is able to dynamically decouple

the actuation train from the finger and store energy for a greater range of tendon forces, up to 80N (Fig-

ure 3.2(b)), and therefore it is able to extend the time windows for motor acceleration and to reduce the

motor speed required for a greater range of perturbations.

Additionally, as it was seen in Section 2.1, the use of a SEA mechanism enables to implement a

proprioceptive sensing scheme to measure the tendon force through the displacement of the elastic

element. Considering the implementation of such scheme in the SEA mechanisms considered, the use

of the non-linear SEA is advantageous as it enables to use an angular encoder between the moving

lever and the piece that fixes it, which is proven and precise measurement system that is widely used
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in robotic manipulation, while the linear SEA requires more complex and fragile implementations due to

exposed elements.

As an overview, in this section the use of the underactuation concept was defined for the flexion of

the fingers and the thumb while the adduction/abduction DoF of the thumb and the extension of the

TMC joint of the thumb are performed with a closed-loop tendon actuation. The sideways motion of the

MC joints of the fingers and the HMC joint of the little finger are disabled. To enhance the robustness

and achieve compliance the non-linear SEA mechanism of Figure 3.1(a) is implemented with a spring of

k = 10N/mm and this mechanism is dimensioned to provide protection up to tendon tensions of 80N, as

seen in Figure 3.2(b).

3.3 Kinematics

In the previous sections the actuation concept for the developed hand was discussed. At this point,

the following step in the hand development is the design of the kinematics. Defining the kinematics of

the hand is possibly the most important part of the design process, particularly regarding grasping and

manipulation performance, and takes into account the spatial requirements and criteria for the fingers,

the thumb and the palm.

As the analytical methods discussed in Section 2.2 address only a subset of the parameter space or

a subset of the hand functionalities they do not properly account the interactions between fingers and the

thumb, affecting the dexterity of the resulting kinematics. Regarding optimization methods, the outcome

of these methods is directly dependent of the initial kinematic model and therefore their influence in the

hand functionalities is limited.

Therefore, from the previous analysis of kinematics designs (Section 2.2), the most adequate method

to design the hand kinematics in this work is the practical and functionality based method used in

[Grebenstein, 2012], as it disregards any unnecessary feature and enables to focus only on the func-

tionalities and requirements of the hand. This method consists of producing an initial kinematic skeleton

using the functional understanding that results from the analysis in Appendix A, build a prototype and

improve it iteratively using simple medical tests and common grasping tasks to assess the hand per-

formance. These tests are fast and easy to implement, resulting in short iteration cycles that directly

connected to the hand requirements and purpose.

Despite the distribution of DoA by the hand performed in Section 3.1, the kinematics of the hand will

be designed and tested considering that any DoF can be moved separately and the introduction of joint

coupling will only occur after the kinematics has been defined. While the posterior introduction of joint

couplings implies no change to the hand design process, this enables to achieve a kinematic design that

can be easily adaptable to actuation schemes with more DoA and thus more dexterity while maintaining

all the functionalities.

When designing anthropomorphic hand kinematics it must be remarked that parameters like segment

length, joint locations, joint limits and length to width relationships are seen to greatly vary among human
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individuals without greatly influencing the hand functionality. Thus, the concept of optimal kinematics be-

comes vague, or, as eloquently expressed in [Grebenstein et al., 2010]: “There is no optimal kinematics

but a variety of almost 7 billions well working ones”. Therefore, focusing on the accomplishment of the

objectives, an empirical and practical process will be used that resorts to the human individual acquired

capability of evaluating a finger or hand configuration, movement and grasping. The tests used in this

thesis to evaluate the prototypes during the kinematic design process will now be presented.

3.3.1 Kinematics Evaluation Tests

The tests used for the iterative evaluation of the hand kinematics design prototypes are divided in

three types, the medical tests to evaluate the functionality of the thumb, the grasping tests to evaluate

the functional synergies between the fingers and the palm and the aestethics evaluation.

Medical Tests

As discussed in Section A.2, the thumb plays the most important role within the whole hand and

its loss greatly disables the hand functionality. In humans, the loss of the thumb is compensated by a

procedure called pollicisation where a finger is moved to replace the lost thumb and, although the finger

has one less DoF, most of the hand capabilities can be restored. In this case, in order to assess the

recovery of the hand functionality several medical tests were developed. Among those, the test that

will be adapted for this thesis is the one developed by Adalbert Kapandji, which evaluates the range

and opposition of the thumb in a sequential series of combined finger positions [Kapandji, 1986], as

presented in Figure 3.3. It starts with the lateral contact of the thumbs fingertip with the index MC

(position 0) and is scored according to the highest numbered position reached in the series, as to reach

a certain position the thumb should be able to reach all the previous positions in order to be functional.

The test applied to the kinematic design prototypes will be a simplified version of the series presented in

Figure 3.3 with less positions. Therefore, the applied test will only count nine positions up to a maximum

scoring of eight points. The selected positions are:

• Position 0 - Thumb in lateral contact with the index MC joint. Corresponds to position 0 in Figure

3.3.

• Position 1 - Thumb fingertip pad contact with the radial side of the index DIP joint with the thumb

extended. Corresponds to position 2 in Figure 3.3.

• Positions 2 up to 5 - Thumb fingertip pad in frontal contact with the tip of the index, middle, ring

and little finger without reconfiguration of the PIP and DIP joints of the fingers. Corresponds to

positions 3 to 6 in Figure 3.3.

• Position 6 up to 8 - Thumb fingertip in frontal contact with the middle, ring and little finger MC joint

with the finger extended, respectively. Position 8 corresponds to position 9 in Figure 3.3.
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Figure 3.3: Test developed by Kapandji to evaluate the range and opposition of the thumb, as presented
in [Kapandji, 1986]. The test is scored according to highest numbered position it reaches, requiring for
the thumb must be able to accomplish all the position with a lower number in order to be functional.

Grasping Tests

The grasping tests aim to measure the performance of the designed kinematics in common grasping

tasks performed on a daily basis. The subset of grasps used is chosen based on the specific hand

functionalities that are to be evaluated in the kinematics prototype. The most important grasps that

will be used for evaluating the kinematics are key and pinch grasps (Section A.2.5) and the grasp of

cylindrical and spherical objects of different dimensions.

The key and pinch grasps also correspond to position 1 and 2 of the specific Kapandji test series

used in this thesis and are used to evaluate the reorientation of the thumb used in precision grasps and

in power grasps.

The grasp of spherical and cylindrical objects will be performed for objects of different sizes to evalu-

ate precision and power grasps and to evaluate functionalities that include the reorientation of the middle

and little finger towards the thumb, opposition of the thumb in grasping large objects, among others.

The complete set of grasps used in this thesis comprehends the grasps in [Kapandji, 1982, pp.256-

275] and the Cutkosky [Cutkosky, 1989] and Feix [Feix et al., 2009] taxonomies.

Aesthetics

The aesthetics evaluation of the kinematics design, although it is not a rigorous evaluation, is very

important when concerning human interaction and therefore must be considered in this case, for the

hand is to operate in social environments. Therefore, the hand must look natural and balanced to be

easily accepted by humans. For that purpose, in the robot hand evaluation, it helps to use objects that

are naturally manipulated by the human hand in the daily life context as it enables a greater sensibility

to evaluate how natural the kinematics looks. As it grows, a human individual intrinsically develops a
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remarkable familiarity and experience regarding the kinematics and grasping abilities of the human hand

and thus it can easily identify unbalances in the hand kinematics when interacting with the robotic hand.

Therefore this type of evaluation should not be overlooked.

3.3.2 Kinematics Design

The tests presented in the previous section are now applied iteratively to a kinematic skeleton until

the functional requirements of the hand are satisfied.

Initial Kinematics

The conversion of the joints functionalities analysed in Section A.2 into a technical implementation

is relatively straightforward. The case of the thumb MP, however, requires more caution because while

in the human hand this joint has two active DoF, in the developed hand this separate actuation is not

possible. Therefore, in the kinematics of the robotic hand, the second actuated DoF of the human MP

joint is set as a passive DoF and implemented by inserting an inclination angle on that joint that is

coupled to the joint flexion, turning the thumb inwards during flexion. This inward motion is of major

importance to the hand functionality as seen, for example, in the opposing action of the thumb during

grasps of large cylindrical objects.

The initial kinematic skeleton for the iterative design process was defined based on direct measure-

ments of a human hand and the anatomy presented on [Kapandji, 1982]. Initially, to understand and

visualize the effects of each parameter considered and the composition of these effects some sensibility

has to be developed. To do so, several rough prototypes were initially built with different configurations,

as for example the thumb located within and in front of the palm, the thumb MP and IP with and without

inclination and the thumb IP with and without twist. After a first phase where the parameters are roughly

varied, in the second phase each of the parameters are finely tuned over a wide range of values.

Table 3.1 presents the number of DoF in each joint and each finger along with the information about

joint couplings.

Joint Thumb Index Middle Ring Little
MC/TMC (DoF) 2 1 1 1 1
PIP/MP (DoF) 1* 1* 1* 1* 1*
DIP/IP (DoF) 1* 1* 1* 1* 1*
∑ (DoF) 2 + 2* 1+2* 1 + 2* 1 + 2* 1 + 2*

Table 3.1: DoF and couplings distribution on the fingers (*=coupled DoF).

Prototyping

The prototypes used in this design process are cardboard prototypes as used in [Grebenstein, 2012]

and inspired in prototypes proposed in [Kapandji, 1982]. The prototypes are fast and easy to build and to

modify and the use of such physical prototypes enables to perform grasps without any modelling effort.

Also, these prototypes enable the developer to interact more with the prototype and therefore to use its
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strong intuition on whether the grasp is performed correctly and naturally rather than just its knowledge

in kinematics and grasping. The material used has a low cost but while its inherent structural flexibility

can be compensated with a thicker cardboard this limits the achievable precision in the prototypes and

thus a balance must be reached.

Method Application

An overview of the method application, including the parameters varied and their effects, are now

presented. The parameters that were varied are presented in Figure 3.4 and described in Table 3.2.

The following analysis on each parameter effect is to be performed separately for the thumb and the

fingers.

Figure 3.4: Angles varied during the design method application. All angles correspond to in-plane
rotations except for the thumb IP twist angle θ5, which is an out-of-plane rotation.

Finger Parameter Range Defined value
Orientation in the palm plane (θ1) [15; 45]o 45o
TMC distance from the palm (h) [0; 10]mm 2mm

Thumb TMC inclination towards the palm plane (θ2) [0; 30]o 7o
MP inclination (θ3) [0; 10]o 5o
IP inclination (θ4) [−10; 10]o 8o
IP twist (θ5) [−10; 10]o 9o

Index MC angle in the palm plane (α1) [0; 5]o 0o
MC angle in the palm plane (β1) [0; 5]o 0o

Ring PIP inclination (β2) [0; 9]o 3o
DIP inclination (β3) [0; 9]o 3o
MC angle in the palm plane (γ1) [0; 10]o 6o

Little PIP inclination (γ2) [0; 10]o 6o
DIP inclination (γ3) [0; 14]o 8o

Table 3.2: Parameters varied during the design method application

Thumb

In this kinematics design method the design of the thumb is the most important and complex task,

comprehending nearly half of the parameters studied and presenting a complex composition effect

among those, and therefore will be analysed separately.
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Measure Index Middle Ring Little Thumb
Width (mm) 18.0 18.6 18.0 15.5 20.0
Proximal phalanx/Thumb metacarpal (mm) 44.3 46.3 40.9 35.1 35.8
Medial/proximal phalanx (mm) 23.9 26.9 24.0 18.4 33.6
Distal phalanx (mm) 19.3 19.8 18.6 17.4 26.0

Table 3.3: Implemented measures of the fingers and the thumb. Regarding the palm, it has a width of
100mm and a maximum length of 114mm. The distance between the thumb base and the index finger
base are 78mm.

The parameters studied within the thumb were varied from the base to the tip, starting with the

orientation angle of the base towards the fingers (θ1) and ending with the twist (θ6) of the thumb IP

joint, because the effects of the parameters that are closer to the tip are dependent on the features

located closer to the base and on the quality of their tuning. During the application of this method it was

observed that the parameters in the thumb were the most important regarding grasping performance

and that the incorrect definition of even one of such parameters would bear significant impairment to

the hand grasping abilities. Thus, the thumb received most of the attention and the most careful tuning.

Regarding tests, before evaluating the thumb design applicability to common tasks with the grasping

tests, each thumb configuration was evaluated under the Kapandji test as it is particularly important to

assess the thumb functionality.

Orientation angle towards the fingers (θ1) - This angle defines the orientation of the thumb in

stretched-out position. Specifically, it defines to which finger base the thumb points to when the TMC

joint of the thumb is fully flexed and the thumb is in front of the palm, as seen in Figures 3.5(a) and

3.5(b). Any θ1 that results in a thumb that is not oriented towards a point on the fingers while the

TMC is fully flexed and thumb is at the front of the palm is not relevant in a functional perspective as its

opposition is compromised. Within the relevant cases of θ1, small θ1 completely impairs the thumb ability

to reach the base of the little finger without unnatural thumb configurations, as seen in Figure 3.5(a), and

therefore large θ1 are preferred as it corresponds to the thumb being able to reach the little finger base

(Figure 3.5(b)), which is functionally relevant. This angle should not, however, be maximized as this

may posteriorly motivate a great increase in inclinations and twist angles in order to achieve contact

with the index finger and, as a result, it may degrade the grasping performance of palm-sized spherical

and cylindrical objects, which are of major importance. In this sense, the definition of this parameter

should be revised when defining the inclination and twist angles. The scoring of the adapted Kapandji

test is not relevant at this point as only one parameter was tuned and therefore the thumb is only able to

accomplish a small number of positions, namely positions 0, 1, 5 and 8 for the experimented case.

Location and orientation towards the palm of the thumb TMC (h and θ2) - Initially, a configuration

of the thumb was tested where the thumb TMC joint was located in the palm plane. In this configuration

it was seen that the thumb presented a singularity about the ring finger base, only being able to reach

this point within the palm (Figure 3.6(a)).

This occurs because the ability of the thumb to reach all fingers bases is dependent on the point of

intersection of the first axis of the thumb TMC joint and the palm and when this intersection occurs at the

base of a finger the thumb is within its singularity and the thumb fingertip is unable to reach any other
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(a) Small θ1 - Impairs the ability to reach
the little finger

(b) Large θ1 - Altough preferable, the an-
gle must not be maximized

Figure 3.5: Effects of the orientation angle of the thumb TMC towards the fingers θ1

(a) θ2 = 0 (b) Increased θ2

Figure 3.6: The effect of the angle θ2 on the thumb workspace. (a): range of motion of the thumb with
θ2 = 0. The thumb has a singularity about the base of the ring finger, only reaching this point. (b): range
of motion of the thumb with increased θ2. The thumb is able to reach the base of all fingers.
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point in the palm. Henceforth, for the thumb to be able to reach all the finger bases the intersection of

its first axis and the palm was varied through angle θ2 to be located further away from the finger bases

(Figure 3.6(b)). However, this angle can not be large as the thumb would be in contact with the palm in

most situations and its workspace and functionality would be greatly impaired.

Besides, in the initial configuration where the thumb TMC is located within the palm plane, the thumb

contacts the index finger base completely sideways (Figure 3.7(a)). In order to achieve a more frontal

contact the thumb TMC joint was placed in front of the palm, varying its height h relative to the palmar

plane (Figure 3.7(b)). During tests it was noted the effect of this parameter is dependent on the value of

θ2 as a small h limits the ability of the thumb to reach the fingertips of the fingers if θ2 is large while a

large h limits the ability of the thumb to reach the base of the little finger if θ2 is smaller. The achievement

of a more frontal contact at the base of the index finger is also greatly enhanced by the inclination and

twist angles and thus this was used as an auxiliary parameter. Regarding the adapted Kapandji test

these parameters are important for the achievement of proper contact with the finger bases, position 0

and 6 to 8. While placing the thumb TMC in front of the palm only regards the achievement of a more

frontal contact with the index finger base, the angle θ2 is crucial for the thumb to avoid a singularity about

one finger and to be able to actually reach positions 6, 7 and 8.

(a) Thumb TMC located at the palm (b) Thumb TMC located too distant to the palm

Figure 3.7: Limit contact configurations with the base of the index finger due to the height h of the thumb
TMC to the palmar surface. (a): with the thumb TMC located at the palm the contact of the thumb with
base of the index is performed completely sideways. (b): an over-dimensioned height h leads to an
unnatural frontal contact with the base of the index finger, further increased by the effect of twist angle
θ5.

Inclination of the MP and IP joints (θ3 and θ4) - In order to achieve the reorientation enabled by

the joints of the human thumb, inclination angles (θ3 and θ4) were implemented in the MP and IP joints

of the thumb. These angles cause the passive inward reorientation of the thumb fingertip towards the

center of the palm during flexion. The inclination angles were mainly evaluated through the grasping

tests of small spherical and cylindrical objects, where these angles play the important role of reorienting

the thumb to enhance the opposition to the middle and ring finger (Figure 3.8). These angles were then

varied until a completely frontal contact between the thumb in almost full flexion and the middle and

ring finger was achieved. However, it was noticed that the increase in the joint inclination, which greatly

enhances the performance of the pinch grasp by promoting a more frontal contact with the fingertip of the
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index finger, also causes the contact between the thumb fingertip and the side of the index finger distal

phalanx to occur sideways, leading to a significant degradation of the key grasp performance (Figure 3.9.

Therefore, this degradation must then be taken into account in the definition of the inclination angles,

balancing both effects in a manner that better satisfies the system requirements. In this case, as an

increase of the inclination angles leads to a significant improvement in the performance of grasps that

range from power grasps to grasps of small-sized objects and since these are much more likely to occur

than key grasps, thus being more related to the objectives of this hand, the increase of the inclination

angles are preferred over the achievement of proper key grasps.

(a) Thumb without MP and IP inclination angles (b) Thumb with MP and IP inclination angles

Figure 3.8: Effects of the thumb inclination angles in the grasping of small objects. (a): A thumb without
inclination has its opposition to the fingers and the contact with the object affected. (b) A thumb with
inclination angles is directed towards the middle finger as it flexes, also achieving a more frontal contact.

Twist of the IP joint (θ5) - the twist angle of the IP joint of the thumb (θ5) enables the reorientation

of the thumb fingertip in the stretched-out position. During the evaluation tests, this effect proven to be

crucial in the power grasp of large objects as it enables to achieve a much better contact between the

thumb fingertip and the object (Figure 3.10). Furthermore, within the experimented range, the increase

of the twist improved the contact of the thumb fingertip with increasingly larger objects. A great increase

of the twist, however, leads to the contrary effect with the thumb fingertip starting to point away from the

palm and resulting in a degradation of the fingertip contact with the objects. As explained for the case of

the thumb MP and IP inclination angles, the increase of the twist also leads to an enhance in the pinch

grasp performance while degrading the performance of key grasp. Still, as in the case of the inclinations,

the achievement of better power grasps by using greater twists was preferred over the ability to perform

key grasps.

Regarding aesthetics, the twist of the IP joint together with the inclinations of the MP and IP joints
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(a) Thumb without inclination or twist (b) Thumb with inclination and twist

Figure 3.9: The effect of inclination and twist angles on the performance of pinch and key grasps. (a):
without having any inclination or twist angles the thumb achieves a more lateral pinch grasp (left) but the
key grasp performance is increased by achieving a more frontal contact (right). (b): with inclination and
twist angles θ3 and θ4 and θ5 the pinch grasp is improved (left) at the cost of a lateral key grasp (right).

are the parameters that most influence the aesthetics of the hand and how natural the grasps seem and

it was observed that, in some cases, a slight variation of one of these parameters is enough to change

from an oddly-looking grasp to a grasp that seems very natural.

(a) Small θ5 (b) Large θ5

Figure 3.10: Effect of the twist angle θ5 on the grasping of large objects. (a) With a small angle θ5 the
contact surface achieved with objects of increased diameter is reduced. (b) Increasing the angle θ5 the
diameter of the objects for which the thumb achieves almost frontal contact also increases.

Fingers

The most relevant functionality of the fingers is their ability to turn inwards towards the palm in order

to enhance opposition with the thumb and avoid lateral contact forces. In this sense, the fingers can

initially be evaluated separately from the thumb evaluation, i.e. using a static thumb. The effect of the

varied parameters will now be discussed.

MC joint angle (α1,β1 and γ1) - As mentioned in Section 3.1, the first development phase of this

hand will not include sideways movements at the fingers MC joints as they would require more actu-

ators. Therefore, the implementation of angles at the index (α1), ring (β1) and little finger (γ1) was

experimented. These angles, unlike inclination angles, were set reorient the finger towards the center of
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the palm, even in their stretched-out position, in order to avoid lateral contacts when grasping spherical

objects and to increase the ring and little finger opposition to the thumb. When testing it was seen that

the angles set at the index and ring fingers were not feasible as they resulted in overlapping between

each of these fingers and the middle finger. For the little finger, however, given that the HMC joint is also

not implemented, this angle is particularly important in the improvement of the opposition with the thumb

and in the avoidance of lateral contacts with spherical or small objects. For this angle to have a relevant

role in the absence of the HMC joint, the location of the little finger MC joint must be placed significantly

below the MC joint of the ring finger to avoid overlapping.Thus, during flexion, the little finger moves in

front of the ring finger before proceeding with the reorientation towards the thumb (Figure 3.11).

DIP and PIP joints inclination angle (β2, β3, γ2 and γ3) - The inclination angles in the ring and

little finger are set to improve the opposition to the thumb. In this case, the tuning process is simpler

as it only concerns with achieving maximum opposition without having any overlap among the fingers in

the flexed position. Therefore, starting from an initial configuration with large inclination angles, these

angles were decreased until no overlapping occurs. Together with the MC joint angles, these angles

were set as increasing from the MC joint to the DIP joint as a better opposition can be achieved in this

manner (Figure 3.11).

(a) Small θ1 (b) Large θ1

Figure 3.11: Effects of the inclination angles and the angles at the MC joints of the little and ring finger.
(a): without inclination angles the ring and little finger point downwards. (b): with inclination angles and
angles at the MC joints the fingers turn inwards towards the thumb to improve opposition to the thumb
without overlapping. The little finger can be seen to be in front of the ring finger.

3.3.3 Kinematics Optimization

After the application of the kinematic design method described in the previous sections, the kinematic

parameters regarding the hand functionality and interaction between the fingers are defined. There are,

however, a set of parameters that mainly concern the force distribution within the joints and phalanges

of the fingers and the thumb that are yet to be defined, namely the radius of each finger joint and its

stiffness. In this case, with the kinematic parameters that influence the hand functionalities, the grasping

and the manipulation performances defined, kinematic optimization algorithms may be used without
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impairing the already defined capabilities. Furthermore, although such algorithms focus on a subset of

the hand, e.g. a single finger, after the functionalities have been defined this subset can be optimized

separately from the hand and still result in the optimization of the whole system, e.g. fingers with

optimised stability correspond to a hand with optimised stability. Therefore, in the following, the fingers

and thumb are optimized using the method for under-actuated fingers present in [Birglen et al., 2008].

In the application of this method the parameters that were defined in the kinematics design method are

set as fixed in the optimization process and only the joint radius and stiffness are left free.

Contact Forces

Following the derivation presented on [Birglen et al., 2008], which is based on kinetostatic analysis

and the application of the principles of virtual powers, the contact forces for a three phalanx finger are

given by:

f =J−TT −T t. (3.9)

where t is the input torque vector exerted by the actuator and the springs located at the joints, T is the

transmission matrix and J is a matrix that describes the contact locations relative to the joints.

Figure 3.12: Model of the underactuated finger with three joints used for the kinematic optimization
process.

Considering the specific case of the underactuated finger depicted in Figure 3.12, the input torque

vector is given by

t =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ta −K1∆θ1

−K2∆θ2

−K3∆θ3

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

with ∆θi being the angular displacement of the ith regarding the rest position and Ta the torque exerted

by the actuation train at the base of the finger and K1, K2 and K3 the stiffness of the elastic elements in
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the MC, PIP and DIP joints, respectively. Furthermore, for this type of underactuation implementation,

the transmission matrix becomes:

T =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 − r2
r1
− r3
r1

0 1 0

0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

Finally, the matrix J that describes the contact location with respect to each joint becomes, in the

case here considered:

J =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

k1 0 0

k2 + l1cosθ2 k2 0

k3 + l1cos(θ2 + θ3) + l2cosθ3 k3 + l2cosθ3 k3

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

with ki being the distance between the ith joint and the ith contact point and li the length of the ith

phalanx.

Analysis Principles

Being able to calculate the forces exerted by the phalanges at a contact point it is now possible to

define the principles of the stability analysis performed on the finger. The stability analysis performed

here will focus mainly on two points, the positiveness of contact forces and their uniformity.

The first point and the core of the analysis, evaluates the number of contact configurations among

all the possible cases in which forces exerted by the phalanges establishing contact are positive, i.e.

directed to the object. In this sense, a finger that is able to achieve positive contact forces in the greatest

number of contact configurations is the more stable finger. This point is based on the following principle,

as stated on [Birglen et al., 2008]:

“a grasp is stable if and only if the finger is in static equilibrium ”

which implies that no component of f can be negative in a stable contact configuration, meaning that the

phalanges in contact with an object have to exert a positive contact force while the phalanges that are not

in contact with the object must correspond to zero contact forces. Regarding grasping, the importance

of such principle is immediate as if a phalanx that is expected to perform contact with an object presents

a negative contact force, i.e. directed away from the object, the object would likely be ejected and the

grasp is therefore would fail.

The second point, the uniformity of the contact forces, is considered as a fail-proof safety measure

for grasping because a finger where the contact forces are more evenly distributed among its phalanges

has a greater chance of withstanding an unexpected loss of one contact and still maintain the object

gripped than a finger where the contact force can even be greater but is mostly exerted on a single

contact point.

Having established the defining principles of this analysis the specific evaluation criteria for finger

stability must now be defined.
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Regarding the evaluation criteria for the first point, it results from the statement of the corresponding

principle that a finger is more stable if the percentage of its configuration space where positive contact

forces are achieved by all phalanges in contact is greater and therefore the evaluation criteria for the first

point is the percentage of configuration space where the positiveness of contact forces is achieved for

all phalanges in contact.

In this specific system (Figure 3.12) the configuration space is described by

(∆θ;k) = (∆θ1,∆θ2,∆θ3, k1, k2, k3)

, with ∆θi the joint angle regarding the initial position and ki the contact point on the ith phalanx with

respect to the ith joint. In this case the evaluation criteria is defined by

χ =∫W
δj(k,∆θ)dkdθ)))
∫W dkdθ

(3.10)

where W refers to the full workspace of the finger limited by ∆θi ∈ [∆θ0i; π2 ] and ki ∈ [0; li], being li the

length of the ith phalanx, and δ(k,∆θ) is a piecewise function that differs for different grasping cases,

i.e. the cases where different phalanges establish contact, being labelled as δj(k,∆θ) for the function

defined for the jth grasping case. Therefore, in order to fully specify this criteria it is required that the

different grasping cases are considered separately. To establish the possible grasping cases first it is

important to note that f3 in Equation 3.9 is given by

f3 =
r2r4(Ta −K1∆θ1) − r1r3K3∆θ3

k3r1r3
(3.11)

and therefore, assuming that ∆θi ∈ [∆θ0i; π2 ] and that the stiffness of the joints is reasonably dimen-

sioned not to overcome the torque exerted by the actuator in the joint range of motion, the contact force

of the 3rd phalanx is always positive and therefore any grasping case where the third phalanx is not in

contact is not possible. Considering this only four grasping cases are possible:

1. All phalanges in contact - In this case the finger is in a stable configuration if the contact forces

of all its phalanges are positive in that configuration. The δ1(k,∆θ) function is defined as 1 if the

contact forces are positive for all phalanges and 0 otherwise.

2. Medial Phalanx not in contact - In this case the finger is considered in a stable configuration if the

contact forces exerted by the proximal and distal phalanges are positive while the contact force

exerted by the medial phalanx is zero in that configuration. The δ2(k,∆θ) function is defined as 1

if the f1 and f3 contact forces are positive while the f2 contact force is zero and 0 otherwise.

3. Proximal Phalanx not in contact - In this case the finger is considered in a stable configuration if

the contact forces exerted by the medial and distal phalanges are positive while the contact force

exerted by the proximal phalanx is zero in that configuration. The δ3(k,∆θ) function is defined as

1 if the f2 and f3 contact forces are positive while the f1 contact force is zero and 0 otherwise.

4. Distal phalanx in contact - In this case the finger is in a stable configuration if the contact force
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exerted by the distal phalanx is positive while the contact forces exerted by the proximal and

distal phalanges are zero in that configuration. This case is, therefore, the composition of the two

previous cases with the corresponding stable volume being the intersection of the volumes of the

previous cases and thus it rarely occurs [Birglen et al., 2008]. Taking this into account this case

will not be separately modelled but instead accounted for in the two previous cases.

The following discussion will, therefore, only take into direct account the cases 1 to 3.

Regarding the evaluation criteria to evaluate the contact forces uniformity it is defined, for each of the

previous cases, by

I =
∫W

∑
n
i=1 fi

maxi(fi)
δj(k,∆θ)dkdθ)))

∫W dkdθ
(3.12)

with maxi(fi) the highest value among the components of f in each configuration and δj(k,∆θ) the

piecewise function for the jth grasping case.

At this point the stability analysis is completely defined and it is possible to proceed with its imple-

mentation and the analysis of its results, which will be discussed in the following section.

Implementation and Results

After the specifications of the analysis have been set in the previous section, the details of the

analysis implementation and its results will now be discussed.

The implementation of this analysis was performed using Wolframs’ Mathematica. The objective of

this implementation consists in varying the radius ri and stiffness Ki of each of the three joints of an

tendon-driven under-actuated finger and evaluate each set of these parameters through the percentage

of space where the positiveness of the contact forces for the phalanges in contact is achieved and

through the distribution of contact forces among the phalanges in contact, using the parameters χ and I

defined in the previous section.

First, however, as this process consists of an optimization, the parameters that have been defined

beforehand are directly inserted in the model. Considering this, the vector of the joint angles in rest θ0,

the length of the joints, li, and the torque exerted by the actuator, Ta, are set to:

θT0 =[0, π
18
,
π

36
]

lT =[0.038,0.024,0.025]

Ta =0.40Nm.

(3.13)

While the length of each phalanx is defined in the kinematic design process presented in Section 3.3,

the actuator torque and resting joint angles are related to the design of the fingers and therefore are

further discussed in Section 3.4.

Afterwards the matrices J and T and the functions δj(k,∆θ) were defined. The implementation of

δ1(k,∆θ) is immediate, being 1 when the three contact forces are positive and 0 otherwise. For the

functions δ2(k,∆θ) and δ3(k,∆θ), the equation fi = 0, with i = 2 and i = 1, respectively, is solved for k3

as a function of the remaining variables of the finger workspace and this k3(∆θ1,∆θ2,∆θ3, k1, k2) is fed
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into f3 and fi, with i = 1 and i = 2, respectively, ensuring that the forces are calculated for the cases where

only two phalanges are in contact. In these two cases the conditions to satisfy for δj(k,∆θ) to be 1 is

that both phalanges establishing contact are exerting a positive force and that k3(∆θ1,∆θ2,∆θ3, k1, k2)
has a solution in the interval ]0; l3[, otherwise the piecewise function is evaluated to 0.

Proceeding with the implementation, the variation of the radius r and stiffness K was set using 2

variables each. For the radius of the joints, as seen in the matrix T in Section 3.3.3, the absolute value

of the radius is not relevant but, instead, the relevant quantities are the ratios between the radius of the

second and first joint and the radius of the third and second joint and therefore the radius are varied

using variables a1 and a2 using the following relation:

rT = [rmax, a1rmax, a1a2rmax] (3.14)

where it was defined rmax = 0.01m.

For joint stiffness K, a significantly different variation scheme was implemented, using variables b1

and b2 in the following relation:

KT = [b2
2b1, b2b1, b1]. (3.15)

In this case, the use of the same ratio b2 < 1 among successive joints is related to the behaviour

desired for the under-actuation mechanism. Specifically, while this ratio can not be greater than 1 or

else the MC joint would not be the first to move and the adaptability of the finger to the object would be

compromised this ratio also can not vary greatly among successive joints or else the flexion motion of

the finger would not look natural as a joint would only move significantly after the other joints stopped

their motion.

The optimization was then performed several times, starting with a wide range of values for a1, a2, b1

and b2 with coarse increments, namely and these variations were progressively narrowed to smaller

ranges on those variables and smaller increments around the most stable area. In the final run the

parameters a1, a2, b1 and b2 were varied in the following ranges:

• 0.50 ≤ a1 ≤ 0.75 with 0.05 increments;

• 0.50 ≤ a2 ≤ 0.75 with 0.05 increments;

• 0.075Nm ≤ b1 ≤ 0.125 Nm with 0.025Nm increments;

• 0.45 ≤ a1 ≤ 0.55 with 0.05 increments.

Considering that each run frequently tested more than 70 different variable sets and that for each set

of the four variables 3 values were obtained for force positiveness and another 3 for force distribution,

the amount of resulting data easily becomes intractable and therefore has to be treated to enable its

analysis. First, it should be noted that, as the objective of this analysis is to determine the most stable

finger among the tested ones, the resulting values are only relevant when compared with the same

results for a different set of variables and therefore in the obtained data each result is normalized by the

maximum occurrence of that quantity in that run, e.g. all the values regarding force positiveness in the
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a1 a2 b1(Nm) b2 FNpositiv.(g1) FNpositiv.(g2) FNpositiv.(g3) F̄Npositiv. MD(FNpositiv.)
0.60 0.65 0.1 2.22 0.834 0.933 0.865 0.877 0.037
0.60 0.65 0.1 2.00 0.828 0.919 0.846 0.864 0.037
0.60 0.65 0.1 1.82 0.822 0.905 0.826 0.851 0.036
0.55 0.65 0.1 2.22 0.894 0.960 0.846 0.900 0.040
0.55 0.65 0.1 2.00 0.886 0.946 0.827 0.886 0.040

Table 3.4: Normalized results regarding force positiveness analysis for the five most stable configura-
tions.

first grasping case are normalized by the maximum value regarding force positiveness in that grasping

case. Next, the goal is to identify which variable set corresponds to a greater overall stability considering

the three grasping cases and therefore the average and the mean deviation of the normalized results

are calculated over the 3 grasping cases analysed in each variable set:

x̄ =∑
n
i=1 xi
n

MD(x) =∑
n
i=1 ∣xi − x̄∣

n

(3.16)

where n = 3.

After this treatment, for each set of joint radius and stiffness only 4 values remain to be evaluated, the

average and the mean deviation regarding the force positiveness analysis and the average and mean

deviation regarding force distribution. For the analysis of the data the calculated mean deviation is of

crucial importance to differentiate joint radius and stiffness sets where the finger presents a generally

high stability over the three grasping cases from the sets where an abnormally high stability in one

or two grasping cases compensates over the other cases. In this sense, among all different sets of

variables accounted, a filter is applied that selects a group of 5 to 10 sets of joint radius and stiffness

that present the higher averaged values and the smaller deviations. This selection is performed for the

force positiveness analysis and the force distribution analysis separately, then both resulting groups are

matched and then a particular set of joint radius and stiffness are chosen among the selected group

based also on design considerations, for example, a set of joint stiffness that is unable to sustain the

weight of the finger phalanges is disregarded independently of how stable it might be. Furthermore,

while the values presented are specific for the phalanx lengths of the index finger it was verified that

the results of this study did not change significantly for the other fingers and therefore the same result

can be applied to all fingers. For the final run, by filtering the variable sets to thosewhichwho presented

an average of the normalized results higher than 85% and a mean deviation among the 3 considered

grasping cases smaller than 4%, five variable sets were obtained, with corresponding force positiveness

and force distribution results being presented in Table 3.4 and Table 3.5, respectively.

From the analysis of Tables 3.4 and 3.5, the first thing to be noticed is that all the variable sets

present only small variations among themselves which indicates the existence of a stability region about

those values rather than just peaks of stability. It can also be seen that all the sets present the same b1

and therefore the stiffness for the DIP joint is set to KDIP = 0.1Nm. Among the other values, however,

the principles of this analysis do not provide a clear condition for the choice of the variable set as an
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a1 a2 b1(Nm) b2 FNuni.(g1) FNuni.(g2) FNuni.(g3) F̄Nuni. MD(FNuni.)
0.60 0.65 0.1 2.22 0.841 0.932 0.870 0.881 0.034
0.60 0.65 0.1 2.00 0.831 0.916 0.851 0.866 0.033
0.60 0.65 0.1 1.82 0.821 0.900 0.829 0.850 0.033
0.55 0.65 0.1 2.22 0.885 0.959 0.860 0.901 0.039
0.55 0.65 0.1 2.00 0.873 0.942 0.839 0.884 0.038

Table 3.5: Normalized results regarding force distribution analysis for the five most stable configurations.

increase in the average values leads to a correspondent increase in the mean deviation. Instead, in

terms of design, while the ratio between joints radius provide no differentiation among the presented

values, the ratio between joint stiffness should be as low as possible because, given that the stiffness of

the DIP joint is set, a higher joint stiffness ratio results in a weaker joint at the base of the finger leading to

an extensive motion under the finger own weight. This motion not only looks unnatural but may interfere

with grasping or manipulation tasks, specially regarding power grasps of large objects or the actuation

of switches, as the finger base joint may be too weak to enable the finger to contact the switch with its

fingertip pad and performing the contact with the posterior surface of the finger. Regarding the variable

sets present in Tables 3.4 and 3.5 and given that only one set has the minimum joint stiffness ratio

among successive joints of 1.82, that is the set that is more appropriate for the hand in question, i.e.

a1 =0.60

a2 =0.65

b1 =0.1Nm

b2 =0.55.

(3.17)

With this result and given the maximum radius of rMC = 0.075m, discussed in Section 3.4, the set of

joint radius and stiffness considered to provide more stability to the fingers is:

r =[0.0750,0.0450,0.0293]m

K =[0.030,0.055,0.100]Nm.
(3.18)

These values are accounted for in and embedded into the design of the fingers. This integration will

be further addressed in the next section where the design of the fingers is discussed.

Summarizing, in this section an adapted version of the Kapandji test of Figure 3.3 to test the hand. By

applying the kinematics design method the kinematics parameters of the developed hand were defined

and are presented in Tables 3.2 and 3.3. Afterwards the fingers and thumb joints moment arms and joint

stiffness were defined without affecting the previously defined kinematics. The resulting moment arms

and joint stiffness are presented in Equation 3.18 and are valid for the joints of all the fingers and the

thumb.
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3.4 Design of Anthropomorphic Fingers and Thumb

In the previous section the kinematic design of the hand was established and the parameters of

the fingers that concern force distribution were adjusted to improve finger stability. At this point, with

the desired functionalities adapted into correspondent technical specifications and with the kinematic

parameters already set, the design of the fingers and the thumb can be discussed. The design stage

that is now addressed consists in translating all the previously defined parameters and mechanisms into

a functional and integrated system, implementing its individual components in a constructive manner in

order to accomplish the requirements and objectives set for the whole system.

The greatest challenge in the development of this hand is to achieve the highest possible degree of

anthropomorphism while using a minimal amount of resources and space. In this context, however, an-

thropomorphism means not that the robotic system copies the human hand but rather that it presents the

same capabilities that the human counterpart presents. Henceforth for the developed hand to approach

anthropomorphism means that the developed hand robustness, behaviour, grasping and manipulation

performances and size approach those of the human hand.

In this section the design of the fingers and the thumb is presented focusing on the joints, the tendon

routing and the materials and fabrication methods used. As seen during the Section 3.3.3, the joint

stiffness and radius defined in the optimization process do not change among fingers and thumb and

thus can be set the same for all of them. Taking this into account, the design process was simplified by

developing an initial skeleton to study and improve the implementation parameters and features that are

common for the fingers and the thumb. After this initial study the developed skeleton is adapted to each

specific case. In this perspective, at each design topic the common features will be discussed first and

any existing specific case will the approached afterwards.

This section thus begins by discussing the implementation of the joints, the tendons material and

routing and the phalanges rigid structures. Afterwards the fabrication methods will be specified and the

mechanic components will be listed.

3.4.1 Joints

The joints provide the finger/thumb motion capabilities and thus, from a technical and functional

perspective, they are considered to play a critical role in the hand robustness. Besides, for the under-

actuation case, the joints influence the maximum force available at each phalanx and are responsible

for the definition of the whole finger/thumb behaviour during flexion and extension. As a result the joints

are considered to constitute the most important element in the finger/thumb structure and therefore,

following their major functional importance, analysed in Section A, and the constraints imposed by the

parameters defined in Section 3.3.3, the joints were the first element of the structure to be defined

and the remaining design elements, namely the tendon routing and the phalanges rigid structure, were

defined in a strict dependence of the joint design used.

With the use of the underactuation concept being established for all joints except the thumb TMC in

Section 3.1 and with the results presented in Section 3.3.3 being valid for the fingers and the thumb,
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all these have the same specifications for the two more distal joints, i.e. the PIP and DIP joints of the

fingers and the MP and IP joints of the thumb, and thus these joints characteristics can be initially tuned

using the same general skeleton that is adapted to each specific case afterwards. The design of these

joints, referred in this section as distal joints, will now be discussed, followed by the discussion of the

base joints, i.e. the MC joints of the fingers and the TMC joint of the thumb.

Distal Joints

First, the different design prototypes are presented and then they are compared based on their

feasibility and their requirements.

The underactuation mechanism is based on the implementation of joints with elastic properties that

passively return the joint to the initial, i.e. stretched-out, position when it is not actuated. It should be

noted, however, that although underactuation partially defines the joint structure, each joint implemen-

tation must be able to provide the set of functionalities defined in Section A.3 and will be considered to

fail if it does not.

Without having any previous finger structure design, several prototypes were built from different

implementations of joints compatible with under-actuation. As both joints being addressed are hinge

type joints, the most straightforward joint implementation considered is to use a torsion spring between

the phalanges that is tensioned when the joint flexes. However, in this prototype (Figure 3.13), the rigid

mechanical connection between phalanges was avoided as it would compromise the robustness against

lateral impacts, as seen in most common applications, e.g. [Prensilia s.r.l.]. Instead, this prototype

assures that the phalanges remain properly connected and balanced, even after sideways collision,

by having two pre-tensioned tendons in closed-loop configuration, one near each side of the finger.

Furthermore, indentations were implemented in order to improve the ability to sustain lateral contact

forces by preventing a sideways sliding motion between the phalanges.

Figure 3.13: Concept (top) and test unit (bottom) for the prototype using springs as the elastic elements
of the joints.

For the remaining prototypes, however, a different joint concept was used, which consists in moulding

a urethane rubber beam to connect both phalanges and to act itself as the elastic element of the joint that

restores the initial position. In this case, the rubber element behaviour is similar to that of a cantilever,

with the free end being the end of the rubber connected to the phalanx located distally and the fixed

end being the part of the joint connected to the phalanx located proximally. This concept, adopted

from [Ma et al., 2013], was already proven by the same authors and is seen to provide their hand with
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a remarkable ability to conform to objects of different shapes and sizes (Section 2.1) due to the joints

flexibility, which enable the reorientation and the sideways dislocation of the phalanges. In this thesis, the

rubber beam joint concept was implemented in three different configurations, generating three different

prototypes. The first prototype (Figure 3.14(a)) has the rubber element connecting the posterior face

of the fingers while having the phalanges making mechanical contact. The second prototype (Figure

3.14(b)) has a rubber element of smaller width located medially while the phalanx located proximally

has two protrusions that fit into two complementary indentations in the phalanx located distally and that

serves as guides during flexion and extension and as protections against large sideways movement of

the joints during lateral contacts.

(a) 1st prototype using beam joints. Concept (top) and
tested unit (bottom).

(b) 2nd prototype using beam joints. Concept (top) and
tested unit (bottom).

Figure 3.14: Prototypes using complex implementations of the joints based on elastic urethane rubber
beams.

Finally, the third and fourth prototypes (Figure 3.15) implemented the most simple configuration

where the rubber directly connects both phalanges at their whole width. For this configuration two spe-

cific cases were experimented, one where the phalanges did not contact the rubber only in the space

between the phalanges (Figure 3.15(a)) and another where the phalanges were modified to only contact

the beam in its specific fixing point (Figure 3.15(b)).

(a) 3rd prototype using beam joints. Concept (top) with a
detail showing a small free segment of the beam between
phalanges and tested unit (bottom).

(b) 4th prototype using beam joints. Concept (top) with a
detail showing a large free segment of the beam between
phalanges and tested unit (bottom).

Figure 3.15: Prototypes using direct implementations of the joints based on elastic urethane rubber
beams.
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After defining these prototypes, each of them was further developed until their initial design problems

were solved and they were able to be properly tested based on its functional characteristics. Then, a

test prototype was fabricated (Section 3.4.4) for each configuration in order to evaluate its functionalities

and performance. The evaluation performed was divided in a first phase where each prototype was

evaluated independently to ensure that the prototype presents even the most basic functionalities and a

second phase where the prototypes are compared in order to assess which presents a greatest number

of required functionalities. The results obtained are summarized in Table 3.6. This table, which proceeds

from the most basic independent tests on the left to the most advance comparisons on the right, evaluate

each prototype by their ability to flex naturally and without increased effort; the possibility to implement

the radius determined in Section 3.3.3; the requirements of that particular elastic element design; the

complexity of each joint design implementation and, finally, the advanced functionalities each different

joint design provided.

Finally, among all tested joint configurations, the rubber beam joint presented in Figure 3.15(a) was

the one chosen as it avoids mechanical contacts between the joint phalanges and it provides the required

functionalities for the joints, even enabling some valuable functionalities characteristics of the human

hand as the robustness against lateral impacts and the ability to passively reorient the phalanges pads,

while using a resistant yet flexible material to achieve it.

After defining the joint configuration to be used in the fingers PIP and DIP joints and the thumb MP

and IP joints its implementation is mostly straightforward from the general skeleton as, besides having

to adjust the joint thickness to compensate for the different widths of the fingers and the thumb, further

modifications are only required in the PIP and DIP joints of the ring and little finger and the MP and IP

joints of the thumb due to the inclination and twist angles (Figure 3.16).

(a) Twist angle of the thumb
IP joint. The pad of the distal
phalange is seen to be tilted
relative to the pad of the prox-
imal phalange of the thumb,
improving the grasping of ob-
jects of large diameter.

(b) Inclination angles of the thumb MP and IP
joints. Although these angles do not affect the thumb
stretched-out position, they turn the thumb inwards
during flexion to improve opposition to the ring and
middle finger.

Figure 3.16: Inclination and twist angles are the only significant modifications necessary for the adapta-
tion of the general skeleton. The twist angle is only applied at the thumb IP joint, while inclination angles
are applied at the thumb IP and MP joints and at the little and ring fingers DIP and PIP joints.
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Base Joints

With the design of the two more distal joints of the fingers and the thumb defined as rubber beam

joints, the MC joints of the fingers and the TMC joint of the thumb, which are here referred to as the

base joints, can not be of that same type whether by feasibility or functional issues. Specifically, while

regarding feasibility the use of rubber beams in three serial joints would lead to a large and unnatural

sideways motion of the finger or thumb that would deteriorate its performance, especially when noting

that the base joint is the less stiff, regarding functionality the base joints have to be locked against

sideways motion at 90o flexion, which would not be achievable using beam joints. As the TMC joint of

the thumb is required to have two DoF and the MC joint of the fingers will only have one DoF in this first

development stage they will be presented separately, starting with the thumb TMC joint.

Regarding the thumb TMC joint, the use of elastic elements in a two DoF joint leads to complex

and space consuming implementations that may not even be reasonable given the different nature of

the adduction/abduction DoF of the thumb, which serves mainly to adapt the functionality of the thumb

flexion/extension and does not have a clearly defined rest position as a flexion/extension DoF. Instead, a

design similar to that of the human TMC joint was used, consisting in a saddle joint which is driven by two

actuators, one for each DoF, in closed loop configuration and without any elastic element. Specifically,

the joint is implemented using hyperboloid surfaces as they provide a line of contact throughout the whole

movement range and small friction (Figure 3.17(b)). To actuate the flexion/extension DoF in closed loop

while maintaining the MP and IP joints under-actuated it is only necessary to add a second tendon that

actuates the TMC antagonistically to the tendon flexing the whole thumb. The use of such scheme,

however, disables the inherent protection provided by the elastic elements during joint flexion while

requiring the tendons responsible for opposing movements to be equally strained in the rest position in

order to maintain the finger in place and to avoid joint clearance under actuation, which could result in

delayed or undesired interactions and affect the hand grasping performance.

Regarding the fingers MC joints, without considering the sideways movement of the fingers these

joints are reduced to simple hinge joints. As the use of rubber beam joints would lead to unstable

fingers, the joint has to be compatible with under-actuation and they have to be able to sustain lateral

forces without lateral motion, the MC joint was implemented by connecting the finger to a rigid structure

located laterally through a vein, whose axis are coincident to the joint axis (Figure 3.17(a)). This vein

passes through the center of a spring responsible for enabling underactuation, that is fixed to the finger

in one end and to the static structure on the other end. This connection is designed to reduce the friction

between the finger and the vein and between the finger and the piece providing connection. Although

the second DoF of these joints was disregarded, this joint design enables the inclusion of such DoF in

future developments without much effort, simply having to include a second spring perpendicular to the

first in the connection piece to the palm. The radius of these joints, from which the distal moment arms

of the PIP and DIP joints are set (Section 3.3.3), is defined as r = 7.5mm in a balance between achieving

a joint radius that is large enough for the distal joints moment arms to be feasible when accounting the

corresponding beam thickness and a radius that is small enough to be adaptable into the hand design

without becoming bulky and impairing the hand function.
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(a) Base joint of the fingers. The radius of the finger open-
ing is greater that for the fixed piece to reduce contact. The
spring is fixed on the finger and on the fixed piece.

(b) Base joint of the thumb. The contact of the surfaces
and the joint integrity is maintained by the tendons pre-
strain. Two of the four tendons tendons pass through the
small opening seen on the thumb hyperboloid.

Figure 3.17: Base joint of the fingers and the thumb.

In the design process, after having designed the joints of the hand, the following step is to defined

the tendon routing, which is presented in the next section.

3.4.2 Tendon Routing

The tendon routing in the fingers and thumb is strictly dependent on the type of joints used and the

radius of force application defined in Section 3.3.3. At this point, having them both set, the tendon routing

can now be addressed. While for a revolute joint the radius of force application rf is measured radially

from the center of its circular shaped section, for the rubber beam joint the radius of force application

is the distance from the plane that sections the beam at half of its thickness to the tendon, as seen in

Figure 3.18. Thus, by having the radius rf established, the routing entry and exit points in each phalanx

are automatically defined. At this point, then, only the tendon routing inside each phalanx is yet to be

defined. To evaluate different routing configurations three aspects are considered: space constraints,

force transmission and phalanx wearing, as the tendon exerts high forces on the phalanx in the direction

where they are weaker, due to the specifications of the fabrication process used (Section 3.4.4). While

space constraints are directly assessed and the wearing can be solved by enabling the insertion of

stronger veins in the routing path, to evaluate force transmission the internal friction regarding each

different routing was estimated.

Figure 3.18: Correspondence between the radius of a revolute joint and the moment arm of a beam-
based joint. The moment arms of the PIP/MP and DIP/IP joints are referred to as r2 and r3, respectively,
to maintain of the notation used in Section 3.3.3.

In order to estimate internal friction resulting from tendon routing the Euler-Eytelwein equation was
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used, which states that the tension at a specific point in the routing T (θ) is related to the tendon tension

exerted by the motor T0 by

T (θ) =T0e
−µθ (3.19)

where µ is the friction coefficient between the tendon and the material it contacts and θ is the cumulative

angle by witch the tendon is wrapped on curved shaped edges up to that point. From this equation the

internal friction is defined as

µi =
T0 − T (θ)

T0
= 1 − e−µθ. (3.20)

From this definition it is seen that internal friction can be reduced by either reducing the friction

between the tendon and material in contact or by minimizing the wrapping angles, that correspond to

designing tendon routing to be as direct as possible. By accounting all the restrictions that affect the

design of the tendon routing two different designs were considered. In the first design the routing was

made as direct as possible without affecting the radius rf previously defined. While this design hinders

the use of other materials that provide less friction and wearing it significantly reduces the contacts

extent to compensate. In the second design the contacts extent is greater but it enables the introduction

of veins of other materials that provide less friction and a slower wearing.

In order to estimate friction the routing path, i.e.wrapping angles, in the interior of the phalanges

is approximated as constant because this part of the routing path is made through narrow channels in

the phalanges that do not provide much margin for these angles to vary. Instead, the wrapping angles

occurring in entry and exit points near the joints are seen to be a function of the joint angle and it can be

proven that their variation is equal to the variation of the joint angle. By proceeding with the estimation

it is seen that the wrapping angles internal to the phalanges are more than half of the total wrapping

angles in the second design thus leaving a margin for the first design to greatly reduce the friction.

However, despite the first design being able to reduce this internal angles to 44% of the corresponding

value for the second design (Table 3.7 and Figure 3.19), by considering the insertion of PTFE veins in

the latter, whose coefficient of friction is about 0.05 and similar to that of the dyneema fiber tendons, the

coefficient of friction in the second design is greatly reduced when compared to the coefficient of friction

for the PLA, that is reported to be higher than the ABS average of 0.15. Thus, even when considering

considering the reduction in the wrapping angles at the entry and exit points the first design can only,

at best, match the friction coefficient µi achieved in the second design but it does so at the cost of a

much faster wearing. Henceforth, the first design having a more direct routing does not translate into a

significant advantage in terms of friction coefficient µi nor does it justifies the reduction in the phalanx

lifetime due to increased wearing and thus the second design is preferred.

Regarding the thumb TMC joint of the thumb, the additional tendons responsible for the opposing

movements of the joint are routed directly such that each tendon has the same moment arm as the

tendon responsible for the opposing motion.
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Figure 3.19: Notation used for routing angles in
the fingers and the thumb. The presented routing
configuration refers to the second design.

Angle Config. 1 (o) Config. 2 (o)
αenp 81 81
αm1p 5 24
αm2p 30 47
αexp 14 14
αenm 23 23
αm1m 42 76
αm2m 12 52
αexm 23 54
αend 18 36

Table 3.7: Values estimated for the an-
gles presented in Figure 3.19 regarding
both configurations.

3.4.3 Structure

After the definition of the joint design and of the tendon routing path, the design of the finger and

thumb rigid structures is straightforward. While maintaining the design specifications previously defined

these structures should be rigid and able to sustain high strains while being lightweight. While the 3D

printing fabrication method (Section 3.4.4 enables to achieve lightweight structures, with the fingers and

thumb having a mass of about 13 g each, to ensure the strength of the structures small features must

be avoided. Experimentally it is seen that due to the properties of the joints and the dimensions of the

phalanges any external perturbation is transmitted to the moving joint part, with the absorption of the

impact by the rigid structures being very unlikely.

Additionally, flexion angles of 10 and 5o were embedded in the rest position of the fingers and the

thumb for the PIP/MP and DIP/IP joints, respectively. These angles enable to overcome some limitations

inherent to the use of intrinsically elastic joints. Specifically, in situations as, for example, turning a

switch on or off, a completely extended finger may be slightly flexed backwards as a result from the first

contact during the approximation. This behaviour, besides looking unnatural may even compromise the

accomplishment of such task. Also, if such a behaviour occurs during a grasp it may lead to the ejection

of the object while, instead, the rest position defined may even lead the object to be centered within the

hand workspace, improving the object grasping abilities in these cases.

With the design specifications completely set, the materials and fabrication methods used will be

overviewed in next section.

3.4.4 Materials and Fabrication Methods

Although the design of the fingers is fundamental for the hand performance it must be complemented

by an equally rigorous choice of materials and fabrication methods used, otherwise a hand designed for

high performance in grasp and manipulation may not be able perform tasks any simple gripper can.

In this perspective the materials and fabrication methods will now be presented divided in actuators,

tendons, joints and structures.
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Actuators

The motors are a critical element in any robotic hand but particularly in the case of a self-contained

hand. In practice, the motor and gearbox selection criteria in such a case mainly resumes to maximizing

the torque they can exert while minimizing their volume. In this specific case the motor speed is not par-

ticularly relevant as most tasks the hand is required to do are performed at low speed, even by humans.

Under these selection criteria the motor model chosen for the hand was a Faulhauber 1717T012SR DC

micro-motor with a Faulhauber 15/10 series 200:1 planetary gearbox and a IE2-1024 encoder.

Tendons

The tendons are responsible for transmitting the force exerted by the motor into the fingers and

therefore it is a role subjected to a fast wearing. Thus, a material that is not adequate leads to a frequent

change of tendons in the hand which is not practical. The tendons must then be able to sustain high

tensions, provide low friction to enhance the force transmission, have a small diameter, present a very

small elasticity and be able to sustain folding during the assembly and fixation without breaking. Under

these requirements it was opted for the use of a Dyneema fibre cable whose performance and reliability

had already been proven in [Ma et al., 2013] and [Grebenstein, 2012]. Specifically the cable used for the

tendons was Berkley Whiplash Crystal braided line with diameter of 0.28mm and able to sustain tensions

up to 46kg and coefficient of friction about 0.05.

Joints

For the joint material the most important requirements are the ability to achieve the desired joint

stiffness within a feasible joint volume and that the material has a low viscosity such that the viscoelastic

behaviour of the beam does not jeopardize the passive extension of the joint nor greatly impacts its

performance. As these two requirements have already been achieved and proven in Ma et al. [2013]

using Smooth-On PMC-780 urethane rubber, this same material was used in this work.

Regarding fabrication, the fingers and thumb were fabricated in one single piece with the phalanges

connected by fragile sections that served as a mould for the rubber (Figure 3.20(a)). After mixing and

degassing the compounds the rubber would be poured into the embedded mould in the fingers and

after the rubber dried the connections between the phalanges were shattered and a functional joint was

achieved.

In order to dimension the joint stiffness the linear beam model for bending was used, where the

stiffness k is given by

k =EI
L

(3.21)

with E the Young Modulus, I = ∫z ∫y z2dydz the second moment of area and L the length of the beam.

The axis are directed such that zz is according to the beam thickness and xx to its length L. It was

seen, however, that the real joint beam presented some deviation from the model as the calculated

values were not in perfect agreement with the one measured in the fingers. In order to cope with this an
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experimental apparatus was devised to measure the joint stiffness and then, according to the result, the

simple beam model would be used to estimate the thickness increment needed to achieved the desired

joint stiffness.

(a) Detail of the finger sections that constitute the mould
for the rubber.

(b) Experimental setup for the
measurement of the joint stiff-
ness.

Figure 3.20: Fabrication and test of the rubber beam joints

The experimental method for the measurement of the joint stiffness (Figure 3.20(b)) consists in fixing

the phalanx located proximally to the measured joint with a clamp and hang a known mass through a

cable that is fixed at the distal end of the joint. The cable hanging from the joint was rerouted at each

measure using a low friction PTFE cylinder until it performed a 90o angle with the joint distal end. In

this configuration the force F applied at the joint free end is set equal to the tension caused by the

mass hanging on the cable and the torque exerted on the joint is reduced to T = rF with d the distance

measured between the location in the joint where the cable is fixed and the axis about which the joint

rotates, i.e. the begin of the beam free section. After this is set the angle is measured with a digital

protractor for four different masses: 0,100,200,250g. This measurement cycle is repeated three times

for each joint in order to calculate the average and the mean deviation of the angle measured in each

configuration:

x̄ =∑
n
i=1 xi
n

MD(x) =∑
n
i=1 ∣xi − x̄∣

n

(3.22)

The distance d and the measured angles θi are then converted into correspondent torques and

radians and the data for each joint is plotted as θ(T ). This data is then fitted to a linear function y = ax+b
with b forced to zero as for 0g of mass hang no torque is applied to the joint. The results for the index

finger PIP and DIP joints are presented in Figures 3.21(b) and 3.21(a), respectively.

While the fabrication and measurement method do not enable a precise dimensioning of the joint

stiffness the values are seen to be close to the desired values. From Tables C.4 and C.2 in Appendix C

and accounting that the measurement cycles occurred sequentially for each joint it is seen that the
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(a) PIP joint (b) DIP joint

Figure 3.21: Plot of the average T(∆θ) values regarding the PIP and DIP joints of the index for each
used mass and linear fit y = mx. The statistical errors are given by the mean deviation within the three
measurement set.

angle correspondent to the no load case increases from the first to the third cycle. This occurs due to

the viscoelastic behaviour of the joint, causing the joint to take about 15 minutes to fully recover the initial

position.

Structure

For the fabrication of the rigid structures of the hand the chosen method was 3D printing because,

although this method limits the materials that can be used for the structures, it enables fast prototyp-

ing and greatly reduces the duration of development cycles. As all the designed features have to be

integrated and improved in order to achieve a functional final hand, fast prototyping proves to be of cru-

cial importance. Furthermore, it was seen that the resulting pieces presented a desirable mechanical

strength against exerted strains and stresses while maintaining density of about 10% for the infill and

thus resulting in very lightweight pieces. The 3D printer used enabled features down to 0.5mm, although

very fragile, and used PLA as printing material. It was seen, however, that as the pieces are printed

layer over layer the connection between layers is not very strong and thus the pieces can be split with

relative ease using a sharp object to exert force on a plane parallel to that of a layer. Furthermore, as

the pieces are printed the thermal expansion of the material leads the features of the piece to expand

between 0.2 to 0.4 mm, which must be considered in the design for pieces to fit correctly.

As an overview, in this section the design of the fingers and their fabrication process is addressed.

The design of the hand joints is defined with the medial and distal joints of the fingers and the thumb

using the rubber beam design of Figure 3.15(a), the base joint of the fingers using the spring-based

design of Figure 3.17(a) and the base joint of the thumb using the design based on the tendons pre-

tension of Figure 3.17(b). The tendon routing path was defined to be the one represented in Figure 3.19

because the insertion of PTFE columns in the routing path enables the greater reduction in the friction.

Flexion angles of 10 and 5o were set in the medial and distal joints of the fingers and thumb, respectively,
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to avoid the over-extension of the finger or thumb. The hand was fabricated through 3D printing and a

dyneema fibre cable was used for the tendons. The joint stiffness was tested after each iteration using

the setup in Figure 3.20(b) and, for the final prototype a stiffness of SPIP = 0.05659 ± 0.00094Nm and

SDIP = 0.1026 ± 0.0016Nm was obtained for the index finger PIP and DIP joints, respectively, which are

close the the desired SPIP = 0.055Nm and SDIP = 0.10Nm for the PIP and DIP joints, respectively.

3.5 Housings

In the previous section the design of the fingers and the thumb was presented. The following step in

the hand development is the design of the palm, now presented, as this is the structure that will integrate

all the fingers, the thumb and the motors that will drive them. The development of the palm for this hand

poses as a critical challenge for the accomplishment of its purposes. While the hand is required to be

self-contained in order to be easily adapted into different arms, even those without any space to store

additional elements, it is also required for the hand to approach anthropomorphism not only for looking

and operating naturally but also to reduce its weight. The process of palm design will now be presented.

The design of the palm begins with the palm surface of the cardboard prototypes made in the kine-

matics design process which is based on direct measurements of a human palm. From this initial design

it is important to note that any change necessary to the palm shape in order to accommodate all the

required material must be performed while maintaining the kinematic parameters, previously defined in

Section 3.3.2, constant in order to preserve the functionalities of the hand. Specifically, due to the critical

importance of the thumb location and orientation with respect to the fingers all the required changes to

the palm shape are performed in the zone of the hypothenar eminence below the little finger.

With an initial design and the modification restrictions set, the first priority is the definition of the

tendon routing scheme because the proper transmission of force in tendons that come from the fingers

and into the palm is dependent on the complexity of its routing path (see Section 3.4.2) and because

any unnecessary contact with structural elements must be avoided to achieve a reasonable operational

lifetime for the tendons. Accounting these restrictions it results that the tendons should be routed through

a clear path within the palm but, given the self-containment requirement for this hand, the only way to

achieve this is to minimize the length of the tendon routing inside the palm by placing each motor

as close as possible to the entry points of the correspondent tendons in the palm. As a result two

motors are placed pointing to the base of the thumb while the other two are placed perpendicular to the

fingers and close to the fingers base as seen in Figure 3.22. In order to fixate the motors they were

placed in complimentary shaped bases embedded in the palm and covered with pieces with the same

complementary shape that were bolted to the palm surface. Regarding the motor that actuates the little,

ring and middle fingers, however, the tendons of two of those fingers had to be rerouted inside the palm

and to perform that routing in a clear path the palm would have to be enlarged. Instead, the solution that

was seen to provide a more efficient use of the available space without greatly increasing the tendons

wrapping angles consisted in etching two routing paths in the posterior face of the palm that lead the

tendons from a position that is directly above the motor to a position that is close to the entry points of
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those tendons in the palm, assuring a clear routing path as seen in the detail of the posterior face of

the palm in Figure 3.22). For the motors driving the thumb the routing was made through holes in palm

structure that were placed as close as possible to the motors and directed along the most direct routing

path to their fixation points in the thumb in order to prevent the tendons from jumping off its windings

and to avoid large wrapping angles.

The windings that fix the tendons to the motors seen in Figure 3.22 were fabricated in aluminium to

provide a better fixation.

Next in the design of the palm is the design of the connections to the fingers. While these pieces

must be tightly fixed to the structure to avoid erroneous behaviours of the fingers they also comprehend

the fixed part of the MC joints, which is located laterally to the finger to disable its lateral motion, and

therefore are more likely to be subjected to impacts and thus more likely to be damaged. Accounting

this propensity the palm is divided in two at half of its height and the connections to the fingers are

detached into separate modules fixed by being tightly fit between the upper and bottom half of the palm

in order to enable an easy and fast substitution. The immobilization of the connection pieces is achieved

by having complimentary features in the connection pieces and the halves of the palm (Figure 3.22).

The dimension of these pieces lateral protrusions and their counterpart in the fingers base are made

standard such that the same base piece can be used for all fingers except the little finger, as it requires

a piece of significantly smaller width. Additionally, the connection pieces are designed to approach the

fingers as much as possible to the palmar surface.

The thumb connection to the palm is achieved through the contact between the hyperboloid surfaces

and is maintained solely by the tendons pre-strain, highlighting the importance of matching their strain.

Regarding the non-linear SEA mechanism it was first implemented by having lateral supports fixing a

central vein around which the lever rotates and by having the spring fixed between the posterior surface

of the palm and the moving end of the lever. However, this implementation was very space consuming

and therefore it could not be applied to the middle, ring and little finger. Therefore the mechanism was

then redesigned and it was merged with the pieces that provide connection to the fingers, achieving a

much more compact solution that could be applied to all the fingers (Figure 3.22).

Also, for the hand to be adaptable to any arm a piece was designed that can be easily adapted and

printed and provides the connection to the arm. For communication and power supply two connections

to the palm interior were open in the part that connects to the wrist and that is further away from the

thumb.

Summarizing, in this section the design of the hand is defined with the motor being placed as close

as possible to the DoF they actuate, the SEA mechanism being integrated in the fingers fixation pieces

for compactness and the motors fixation being provided by covers bolted to the palm. Figure 3.23

summarizes the arrangement and integration of each element in the palm and their function.
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Figure 3.22: Sectioned view to the interior of the palm. Besides the position of the motors and their
windings the assembly of the non-linear SEA mechanism can be seen in the position of the middle finger,
with a lever connecting the spring fixed on the top of the palm to the piece that connects to the finger. In
the top right corner, in the position of the index, the routing of the tendon through the SEA mechanism
can be seen (lever was removed for clearance). In the top left corner the etched routing path of the
tendons for the middle and ring fingers can be seen in the posterior face of palm. The tendons are seen
in blue.

Figure 3.23: Sectioned view to the interior of the palm with the components disposition and labelling by
colours. The DoF driven by each motor are also referred, justifying the position it occupies.
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3.6 Skin

As the pads of the hand are responsible for the interaction with the exterior in any established con-

tact, whether intended or unintended, therefore influencing almost everything the hand performs, the

importance of the skin layer in robotic hand operation can not be overlooked. Henceforth, a careful

choice and design of the hand skin must be conducted in order to achieve the required functionalities.

As the use of a skin material in this context is inevitably related to the reproduction of the human

skin capabilities the existing research on this field addresses the functional based requirements for the

hand skin and therefore it is used in the decision of the best skin material and design to use. The criteria

for a skin material and design comparison in this context can then be reduced to: friction, resilience

and elasticity, durability and the compatibility with the tactile sensing principle used. Regarding friction,

in [Cutkosky et al., 1987] it is seen that the first requirement is for the material to able to produce

a soft and conformable skin. In fact, the ability of the material to conform plays the most important

role as while these soft materials coefficient of friction tends to decrease with the normal force, more

conformable materials can increase the contact surface and, with it, decrease the pressure on the skin

material and therefore maintain their friction coefficient near its maximum, like it occurs in the human

skin. Furthermore, the dry coefficient of friction (CoF) is seen to be of secondary importance and

even prejudicial as a material with high dry CoF is frequently seen to provide some of the lowest CoF

under contamination and therefore it may lead to larger safety margins. Instead, the best strategy is to

choose a material that provides a more consistent CoF, which is seen to occur in more conformable skin

materials, and to implement treads in the skin design in order to improve the consistency of the CoF in

case of contaminations. The compliance should, however, be adjusted to the intended operational range

of contact forces as when the material is more conformable than appropriate it may be compressed to

its maximum where it behaves like a rigid material and its beneficial properties are lost.

Regarding other mechanical properties, it is seen in [Shimoga and Goldenberg, 1992] that the use

of a viscoelastic skin material enables to absorb strain energy induced during cyclic or fluctuating loads

and consequently it prevents the jerky motion of the hand and mitigates the wearing in rigid materials of

the fingers that are caused by the strain. Given that the durability of the skin is also dependent on its

specific implementation and it is not considered in the reviewed studies it results that the material used

in the skin for the hand should be a soft elastomer.

Finally, the tactile sensing principle used (Section 2.4) is based on the deformation of the skin material

and therefore it must be conformable under contact in order for the principle to work. Besides, as for

friction, the ability of the material to conform must be adjusted as although a softer enables a more

precise force sensing it limits the force range in which the sensors are operational.

Given these properties the material chosen for the skin of the hand is Smooth-On Vytaflex 30. Re-

garding its implementation it was designed with treads and fixed to the fingers, thumb and palm as seen

in Figure 3.24.

As an overview, a soft elastomer skin layer with threads is developed that provides protection and

improves the grasping performance of the hand while enabling the implementations of embedded sen-
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Figure 3.24: Assembled hand with the skin layer implemented.

Parameter Requirements
Force direction Normal and tangential

Temporal variation Static and Dynamic
Force sensitivity 0.1-20N

Linearity and Hysteresis Stable, repeatable and monotonic. Low hysteresis.
Robustness Able to sustain high impacts without risking damage.

Integration and fabrication Simple integration, wiring and data treatment. Low power.

Table 3.8: Design guidelines for the considered tactile-sensing system for in-hand manipulation.

sors.

3.7 Tactile sensors

At this point in the hand development all the mechanical specifications regarding the hand operation

are set and thus the hand is able to perform grasping tasks. As for any gripper, however, dexterous

manipulation tasks are not possible as they are only achievable with feedback on the hand contact

points, i.e. with tactile sensing. As in the human case, the tactile sensing capabilities are fundamental to

interaction even when the system is provided with vision and while, having both capabilities, they can be

coordinated to expand the system applications. Therefore, in order to endow the hand with such sensing

capabilities, the use of tactile sensors is now discussed.

To address the design of a suitable sensing scheme for such a specific case, the complete set of

requirements must be completely set. Thus, for this hand, not only must the general set of desirable

sensing characteristics be accounted, as high sensibility and force sensing range and force application

direction, but also the specific features related to this hand as robustness, small volume and reduced

signal processing. The complete requirements for the sensing scheme are then defined in Table 3.8,

adapted from [Yousef et al., 2011].

Revisiting the technologies reviewed in Section 2.4, in the perspective of the requirements in Table
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3.8 they can be mostly divided in two groups, one whose technologies enables robust implementations

with lower sensitivity and space resolution and another where the technologies enable very sensitive

implementations with high resolution but with fragile sensor elements or very complex circuitry and data

processing. For example, although the implementations with MEMS strain gauges and piezoresistors

embedded in elastomer seem particularly fit, they require to have the sensing element, the MEMS,

subjected to the elastomer skin deformations, which are likely to damage it when using a soft elastomer.

Therefore, such implementation is rendered unfeasible due to robustness considerations. Besides, most

of the implementations reviewed are made in a research context and are not commercially available and,

among those commercially available they are seen to be either fit but very expensive or cheaper but

either bulky or unable to be implemented in a soft skin material. Then, at this stage, the most feasible and

fit sensor types are capacitive and magnetoresistive sensors, which present similar implementations and

can even use the same elastomer deformation schemes. Among those, however, the capacitive sensors

requires more complex circuitry. For the resulting and therefore chosen type, the magnetoresistive

sensors, although they are susceptible to noise, for example from an external magnet, they are able

to detect dynamic and static deformations, have low hysteresis, present linear response and they are

very robust because the sensor can be protected inside the rigid structure of the finger while using a

magnet as the moving part in the soft skin. Furthermore, this sensor type enables to adjust the sensibility

and force range under which it operates by using a more or less conformable skin material. As, in the

author knowledge, there is no commercial version of tactile sensing solutions using this sensor type, the

sensors were developed in collaboration with INESC-MN under supervision of professor Susana Freitas.

The implementation of the sensor then consists in having a small magnet embedded in the soft skin

that is aligned with the PCB containing several precisely positioned spin-valves. In this configuration,

when the elastomer is compressed the magnet reaches closer to the spin-valves and their resistance

varies as a function of the force applied in the skin. The development of the sensors are now addressed

in the following sections, starting with the simulation of the system.

3.7.1 Sensor Modelling

Regarding the development of the sensor the first phase consists in modelling the system to define

the placement of the sensors with respect to the magnet in order to have the maximum output variation

between the rest and the maximum compression positions. As the specific sensor response curves

varies slightly between fabricated batches the sensor response was not modelled but, instead, the linear

range of the sensor was considered to occur for magnetic fields between 0 and 30Oe. In this case, to

maximize the output signal variation between the rest and maximum compression positions corresponds

to maximize the variation of the magnetic field in the sensor location between those positions while

maintaining the field on the sensor location between 0 and 30Oe. The magnet used has dimensions

1 × 5 × 1.5 mm and a remanent magnetization of M = 1050kA
m

. The system is depicted in Figure 3.25,

where the magnetization direction of the magnet is also shown.

In order to calculate the field created by the magnet the Coloumbian approach for the magnetic field
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Figure 3.25: Modelled configuration of the system. The surface opposed to the one with positive
charges contains negative charges.

is used, considering that the magnet only has surface charges as seen in Figure 3.25 and thus the field

created by each charged surface is given by

H⃗(r⃗) = 1
4π∬S

M⃗.n⃗
(r⃗ − r⃗′)
∣r⃗ − r⃗′∣3

d2r⃗′ (3.23)

with r′ the integration vector. Converting to cartesian coordinates the field along the x⃗ axis is given by

H⃗x(x, y, z) =
M

4π∬S

x − x′

sqrt(x − x′)2 + (y − y′)2 + (z − z′)23 dy
′dz′ (3.24)

which, by analytical integration gives

H⃗S
x (x, y, z, xx) =

− M
4π

⎛
⎝
−Arctan

⎡⎢⎢⎢⎣
(zz − z)(y − yy)√

(zz − z)2 + (y − yy)2 + (x − xx)2(x − xx)

⎤⎥⎥⎥⎦

+Arctan
⎡⎢⎢⎢⎣

(zz − z)(y + yy)√
(zz − z)2 + (y + yy)2 + (x − xx)2(x − xx)

⎤⎥⎥⎥⎦

+Arctan
⎡⎢⎢⎢⎣

(−z − zz)(y − yy)√
(−z − zz)2 + (y − yy)2 + (x − xx)2(x − xx)

⎤⎥⎥⎥⎦

−Arctan
⎡⎢⎢⎢⎣

(−z − zz)(y + yy)√
(−z − zz)2 + (y + yy)2 + (x − xx)2(x − xx)

⎤⎥⎥⎥⎦
⎞
⎠

with zz = 0.75mm and yy = 2.5mm the integration limits and x = ±0.5mm the distance of the charged

surfaces to the center of the magnet along the x⃗ direction. The total field created by the magnet is then

given by

H⃗T
x (x, y, z) =H⃗I

x(x, y, z, xx) + H⃗II
x (x, y, z, xx)

H⃗S
x (x, y, z,−0.5) − H⃗S

x (x, y, z,0.5)

where the different signals are due to the different charges in the surface. Finally, in order to characterize

the field in the sensor the average value of the field along the x⃗ direction in the sensor volume V is
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determined by numerically calculating

<Hx > (x, y, z) = 1
V
∫
V
H⃗T
x (x, y, z)dxdydz (3.25)

with the sensor dimension being sx = 3.5µm, sy = 100µm and sz = 316Å. Regarding the compressed

position it was observed experimentally to be approximately 2mm lower than the resting position. The

location of the spin-valves that maximizes their average field < Hx > variation between rest and com-

pressed position could then be determined and, with it, the disposition of the sensors in the PCB. With

∆ < Hx > being the difference in the average field between the compressed and rest position and for

(x, y) = (0,0)mm, the plots of the < Hx > field and ∆ < Hx > as a function of the height h between the

magnet and the sensor when in compressed position are shown in Figure 3.26. The operational region

that is targeted is seen to correspond to h = 6mm.

(a) < Hx > in the most compressed position as function of
z with the sensor centred with the magnet.

(b) ∆ < Hx > between the most compressed and the rest
position on as function of z with the sensor centred with
the magnet.

Figure 3.26: <Hx > as a function of the height (zz) to the magnet

Having defined the operational plane at h = 6mm, the plots in Figure 3.27 present the < Hx > field

and ∆ <Hx > in that plane.

(a) < Hx > for the most compressed position in the plane
(x, y,6)mm

(b) ∆ < Hx > between the most compressed and the rest
position in the plane (x, y,6)mm

Figure 3.27: <Hx > in the operational plane (x, y,6)mm. Only the region (x > 0, y > 0) is presented due
to symmetry.

From these results the used sensor configuration was set. This configuration uses four sensors per

board, displaying them as a rectangle centred on (0; 0) and with size (1.4; 4.0)mm in order to enable

the determination of the applied force magnitude and direction with the minimal amount of sensors, and
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thus the minimal amount of wiring and complexity. Besides, in this case the electrical contacts were

positioned in the larger side of the PCB for the wiring to be directed along the finger or thumb length

and into the palm. The final configuration is presented in Figure 3.28. Due to symmetry of the field and

spin-valve disposition the ∆ < Hx > between the most compressed and the rest position is the same for

all the sensors, ∆ <Hx >max= 15.3Oe

Figure 3.28: Final configuration used for the sensors. The spin-valves can be seen in red describing
a rectangle about the center of the magnet (yellow). The underlying contact tracks are seen in blue,
terminating in the exposed contact pads (green). The sensors are located at (±0.7;±2; 8)mm from the
center of the magnet in the rest position

3.7.2 Fabrication and Testing

After being modelled and dimensioned the sensors were fabricated at INESC-MN. At the end of

the fabrication process and in order to provide an easier and more robust mechanical implementation,

the sensors PCB were glued to 3D printed bases together with an end of a flexible cable strip and

wire-bonding was performed between both, being protected with silicon, as seen in Figure 3.29(a). To

test the sensors performance the design of the fingers skin layer was adapted into a separate module,

adding a small hole in the rubber layer to position the magnet and an opening in the base of the piece

to precisely align the sensors with the magnet placed above, as seen in Figure 3.29(a). Then, a fitting

base was developed for the adapted finger pad that enabled to align the magnet with a 2.1mm radius

pressure exerting tip. The alignment between the base and the latter was achieved by having both

positioned through two columns as seen in Figure 3.29(b). Furthermore, the piece with the pressure

exerting tip was provided with a column aligned with the tip. Thus, to test the sensor the adapted finger

pad is placed on the base with the magnet and the sensors PCB already inserted and, after the tip that

will exert the force is placed over the magnet, several similar washers, all with mass of about 40g, are

precisely weighed and placed on the column aligned with the tip, increasing the pressure it applies in

the area above the magnet. To perform the measurements a current of I = 10−5 A is imposed on the

sensors and the tension of each sensor is measured as more washers are loaded into the column.

Before proceeding with the system characterization some preliminary tests were performed where

an arbitrary number of washers would be placed and removed to study the system general response.

Experimentally, a variation of 0,2mV in the spin valves tension was observed from an initial tension of

approximately 4.9mV , implying that, as modelled, most of the spin valve linear range was still available.
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(a) Alignment of the test setup. Right, bottom: Sen-
sors PCB after wire-bonding was performed and protected
with silicon and connected to a flexible cable strip. Top:
Adapted skin pad that houses the magnet and that aligns
the magnet with the sensors. Center: Base for alignment
of the pressure-exerting tip with the magnet.

(b) Complete test setup. As the placement of the wash-
ers in the column of the piece that exerts pressure causes
some vibrations on the setup, the other end of the flexi-
ble cable strip was connected to a PCB (right) to improve
setup robustness.

Figure 3.29: Tactile sensors test setup.

In these tests two effects disturbing were noticed, namely the creep behaviour and the magnet rotation.

Regarding the creep behaviour, it results from the viscous properties of the elastomer and causes the

system response to be divided in an instantaneous component and a slow component that approaches

the final value as a exponential function of time. In practice this causes the sensor to take a significant

period of time, i.e. more than 30 seconds for an additional washer, to stabilize and, when large number

of washers are removed the system takes more than 10 minutes to recover. In [Phan, 2008] the creep

behaviour is modelled, with the time until equilibrium being proportional to the applied or removed load,

and methods are proposed and experimentally proven to filter this behaviour, whether through data

treatment or the addition of an RC circuit. Regarding the magnet rotation, due to combined effects

of the proximity of the magnet to the exposed skin surface, the threads in this surface and the magnet

dimension in the xx direction being smaller than in the zz direction, the magnet is seen to rotate when the

pressure exerting tip applies higher pressures, which causes the field in the sensor location to change

and thus its output. Besides, even after the loading tip has been removed, the magnet is sometimes

seen to have rotated permanently, also explaining the differences between the reference positions, i.e.

where no load is applied, in two consecutive measurement sets. This disturbance can be solved by

using a magnet with a dimension along the xx axis that is significantly bigger than its thickness along

the zz, also enabling to cover greater surfaces with the same number of sensors and without impairing

the system functionalities.

Then, using the described experimental setup, three different tests were performed to characterize

the sensor output response to the exerted force, the repeatibility of its response and the capability

to determine the contact point location respectively, described in the following. Regarding the sensor

response characterization, after the setup was mounted the washers were placed one by one in the

force exerting piece, measuring the sensor output voltage after each washer was positioned. The output

voltage was registered after the variation due to the creep behaviour stabilized in order to uniform the

measurement conditions. As the reference points for consecutive data sets were seen vary significantly

due to the discussed disturbances, the difference between the measured output at each applied pressure
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and output at the correspondent reference position is used instead of the absolute values of the sensor

output. In this sense, three measurement sets were performed and, after the relative variation to the

reference case was calculated, the average and the mean deviation (Equation 3.27) were determined

for the cases with the same applied load. The results obtained are presented in Figure 3.30 where the

error bars represent the mean deviations.

x̄ =∑
n
i=1 xi
n

MD(x) =∑
n
i=1 ∣xi − x̄∣

n

(3.26)

Regarding the sensor response curve it is seen to be non-linear (Figure 3.30), despite the linear

response of the spin-valves used, due to the viscoelastic behaviour of the skin layer and, possibly,

the magnet rotation. In order to use this data as the calibration curve for the sensors it can either be

fitted to an high order polynomial function, where a fourth order polynomial with force intersection at

the origin suffices to describe such behaviour, or a more complex and complete approach can be taken

by modelling the skin layer deformation under the applied pressure and fit the experimental results to

such model. Furthermore, the high mean deviations presented by the two final data points are due to

the magnet rotation under higher loads. This characterization also provides an insight into the sensors

resolution as the increase in pressure of approximately 2.8 × 104Pa caused by each washer produces a

variation in the output tension that is significantly above the noise level in the measurement apparatus

and into the force sensing range as the total pressure variation of 7.123 ± 0.016 × 105Pa, with the error

calculated through quadratic propagation of the measurement errors, caused by the 25 washers used is

seen to vary the sensor output tension 0,021 mV in average (Figure 3.30) while the sensor was seen to

be able to achieve a maximum output variation of approximately 0,24mV.

Figure 3.30: Sensor response curve to exerted pressure with errors provided by the mean deviation
among measurement sets. The fit of the data to a specific function depends of the data treatment
approach or the modelling of the rubber pad deformation which was not performed and thus no fit is
attempted.

Regarding the characterization of the sensor response repeatibility, a test was conducted where,
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starting from an initial configuration with 5 washers placed in the loading piece, 10 additional washers

were repeatedly placed and removed, measuring the sensor output after each placement and each

removal. This procedure was repeated 30 times and, to make the measurement conditions uniform and

to avoid the high response times cause by the creep behaviour, the sensor output was measured 30

seconds after the 10 washers had been placed or removed. The set of 5 washers permanently placed

were set to minimize any possible displacement from occurring in the system and only 10 additional

washers were seen to avoid large deformations where the sensor is seen to present higher deviations

due to the greater rotation of the magnet. As for the characterization of the sensors response curve,

since the absolute values between each set of measurement were seen to vary, the relative variation

to the case with only the 5 washers calculated before analysing the results. To characterize the sensor

repeatibility the distribution sensor output variations measured were averaged and the standard deviation

was determined, resulting:

V̄ =∑
n
i=1 xi
n

= 6.90µV

σ(V ) =
√
∑ni=1(xi − x̄)2

n
= 0,26µV

(3.27)

As it can be seen the standard deviation correspond to 3.8% of the average output variation and thus

the system is apt to function as tactile sensors.

Regarding the capability to locate the contact point a modified pressure exerting piece was used

where the tip was centred with a vertex of the magnet. Thus, when the piece was loaded with washers

the magnet height to each sensor varied differently, producing different outputs depending on the location

where the force is applied. In the performed test the reference voltage of each sensor was measured for

the case without any load and then 10 washers were placed in the piece with the off-centred tip before

repeating the measurements of the sensors output. The test was repeated 3 times and the relative

variations between the reference and the loaded position are presented in Table 3.9. Figure 3.31 shows

the disposition of the sensors referred in Table 3.9 relative to the point of force application, marked with

the red circle.

Figure 3.31: Proximity of the sensors as numbered in Table 3.9 to the area where the pressure was
applied, marked by a red circle near sensor 4.

From the analysis of Table 3.9, it can be noticed that the fourth sensor, the one closer to the point

of the pressure application, is the one that present higher output variations followed by the third sensor

which is the second nearest sensor. In this sense, from the sensor readings it is possible to track the
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Measure ∆Vs1 (µV ) (±δexp) ∆Vs2 (µV ) (±δexp) ∆Vs3 (µV ) (±δexp) ∆Vs4 (µV ) (±δexp)
1 -1.340 ± 0.014 -1.520 ± 0.014 9.040 ± 0.014 11.630 ± 0.014
2 0.910 ± 0.014 -1.290 ± 0.014 2.730 ± 0.014 4.960 ± 0.014
3 1.030 ± 0.014 0.290 ± 0.014 3.980 ± 0.014 5.790 ± 0.014

Table 3.9: Results regarding the determination of the tactile contact point using the output tensions of
all four sensors. The errors presented are experimental errors obtained through quadratic propagation.

point of force application to be near the fourth sensor. Considering the first and second sensors, while

their output enable to confirm that the pressure application point is located away from these sensors,

they do not present a clear behaviour. As such variations in the sensor response between measurement

sets can also be seen in the third and fourth sensors, they are mainly attributed to the disturbances in

the system caused by the creep behaviour. Thus, the detection of the force application point can only

be performed reliably once both disturbing effects are disabled. Furthermore, the creep behaviour also

limits the measurement of the system resolution due to the long term variations in the system output

which interfere with the repetition of measurements with small pressures. In this sense, a test was

attempted where four washers, each with a mass of 6g, were placed one by one on the loading piece

and although a measurable output variation above the noise level inherent to the measurement setup

was observed, its repeatibility was greatly conditioned by the long lasting variations due to creep.

As a conclusion the sensors present a non-linear response curve, a resolution that is inferior to

(2.513± 0.040)× 104 Pa and a force sensing range that is greater than (7.123± 0.016)× 105Pa (Table C.5

in Appendix C). Furthermore the sensors are seen to be able to systematically repeat the output varia-

tion under the same load and, by comparison of the four sensors output, the location of the point where

the force is being exerted can be estimated and this contact point determination can be extrapolated to

greater areas with the same number of sensors by using a magnet with a larger area. The system output

is disturbed by the creep behaviour that is common among sensors embedded in elastomers and that

introduces long lasting variations after the load is exerted on the skin layer and by the magnet rotation

under high load, which is mainly caused by the magnet length being smaller than its thickness. These

disturbances have to be removed before a complete and precise characterization of the sensors is per-

formed. Although this system is capable of performing 3D force sensing in this configuration through the

development of a rubber skin deformation model that differentiates the effects of the forces applied in

each direction, the use of the same active element to detect forces in more than one direction and the

presence of measurement errors would lead to significant ambiguity in differentiating the force direction,

limiting the systems capabilities.

Summarizing, in this section tactile sensors based on spin-valves were developed. The system was

modelled and the sensors positions were defined as (±0.7;±2; 8)mm from the center of the magnet

in the rest position. The system was fabricated at INESC-MN and tested using the setup in Figure

3.29(b). Forcing a constant current the system output variation is non-linear with respect to the exerted

pressure as seen in Figure 3.30. The system has a resolution under 2.8 × 104Pa and a sensing range

over 7.123 ± 0.016 × 105Pa. The sensors are seen to provide good repeatibility as seen in Equation 3.27
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and to enable the estimation of the contact point in the region over the sensor. The sensor presents

a creep behaviour, solved in [Phan, 2008] and the magnet rotates under higher loads which can be

solved using a magnet with greater dimension in the xx direction. Although the sensors are working nor

the data acquisition electronics nor the data treatment was addressed and thus the sensors can not be

integrated and used in the hand.

3.8 Software and Control

With the hand mechanics and sensors defined, the final phase in the hand development is the defini-

tion of the hand software interface and control, which will be discussed in the following. First the choice

of the controller boards is addressed, proceeding with the software interface developed and the control

scheme of the motors.

3.8.1 Hardware for Control and Interface

In the choice of hardware for control and interface, that consists on the controller boards and a

converter between the communication bus used in the boards, usually CAN or I2C, to a generally used

bus as USB, the main requirement is to minimize the space require by the implementation. Furthermore,

this choice should account the implementation cost and the number of motors to be included in the

hand. After analysing the existing solutions the chosen controller boards were the pair MCP-001 and

MC4-001 [icu] developed in the context of the iCub project. These boards, where the MCP provides the

power supply and the MC4 copes with the control of the motors, are seen to provide the most compact

implementation and to be the less expensive among similar boards and, as all the motors are controlled

from the same boards it reduces the wiring complexity within the hand. The MC4, however, is only able

to control four DC motors and thus, by choosing these boards, in the first development stage of the hand

the number of used motors has to be reduced to four, which impairs the hand manipulation capabilities

by leading to an additional coupling between the fingers. Despite, considering future development, the

MCP board is able to provide power supply up to four MC4 boards and, as such, the number of controlled

motors can be doubled with only a 50% increase in the used volume and with simplified wiring. To ensure

the hardware and operation safety, an emergency switch is implemented in these boards to immediately

disable the board operation in case of malfunction. Regarding software support these boards have

drivers developed for the YARP platform.

Regarding the interface, as the boards use CAN bus a CAN to USB converter is then required. The

available converters, however, are too bulky for their integration within the hand to be possible and thus

the converter can either be fixed to the palm posterior face, the arm if possible or the robot body, with

the last two options requiring the use of a cord extension carefully routed to the arm or to the robot main

body in order to account the arm movements. The converter used was ESD CAN-USB-Mini.
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3.8.2 Software Interface

The objective of the software interface developed regards not only the operation of the motors but

also the modularity of the interface in order for the hand operation to be easily adapted to any desired

application and also to enable any user to operate the hand without having to know the software specifics

behind such operation.

First, in order to access the control boards, the communication with the CAN-USB converter was set

using the iCub software support for the ecan driver in Ubuntu 10.04 with kernel 2.6.32.

Afterwards, a robot description was adapted from existing descriptions at the iCub software reposi-

tory. The robot description files define all the robot configurations regarding the hardware used and its

control, including the driver for the converter device (ecan), number of motors, encoders calibration, the

PID values for each motor and the limits of each motor position, current, effort, among others. For this

specific case it was configured for a single board with four motors sharing the same properties and the

encoders were calibrated such that the motor position is controlled in degrees and its range of motion

is restricted to the [−1080; 1080]o interval. At this point, having configured the robot description and

running the robotInterface module relative to the hand, the controller board is ready to be addressed

through YARP, meaning that the YARP ports that enable the board to receive and send commands are

already available and the motors are already able to be commanded using the robotMotorGui interface

in the iCub software repository.

A new YARP module was then developed that uses the controller boards device driver and the

definition of their control modes to send position commands to the motors. This module controls each

motor separately and it operates by receiving the desired position, or the instruction to be idle, for each

motor, transmitting the corresponding motion execution command to the motors and wait for all the

encoders readings to match the desired positions before accepting a new command.

However, although the motors could now be controlled through YARP, for the specific case of the

SocRob@Home team that is addressed in this thesis the interface with the robot is developed in the

ROS platform and so, in order to provide an easy integration in this specific case, the hand must be ca-

pable of receiving commands directly from ROS. First, to reduce the complexity of the setup the YARP

server was configured to run under the ROS in such a way that only the ROS server, roscore, needs to

be running. Then, in order to enable the interface between both platforms and to proceed with the sep-

aration between the user interface, which must be easy to use and flexible, and the system operation,

which requires the use of the drivers at a lower level to command the boards, a service was imple-

mented consisting on a client-server request-response system, with the client, set in ROS, elaborating

the requests and sending them through a message of a specifically defined type to the server, set in

YARP, that decode the message into motor commands, execute them and return the results to the client,

using a message of another specifically defined message type. Regarding the messages, the command

message from the client to the server is composed by four arrays which contain, respectively, the oper-

ation command, the position, the velocity and the acceleration for each motor while the reply message

from the server to the client is composed by another four arrays which contain, respectively, the received

operation command, the received desired position, the actual position at the end of the movement and
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the tactile sensors final readings. The operation commands referred in these messages correspond to

the seven different operations implemented for the motors which are:

• Operation no.-2 - motor enters in idle mode in which it does not move;

• Operation no.-1 - motor flexes or abducts the corresponding joint of set of joints;

• Operation no.0 - motor maintains the actual position;

• Operation no.1 - motor extends or adducts the corresponding joint or set of joints;

• Operation no.2 - motor moves to the position specified in the position array of the command mes-

sage;

• Operation no.3 - motor flexes the corresponding set of joints until the force limit set on the position

array of the command message or the maximum flexion is achieved (supported but disabled until

the sensors are integrated);

• Operation no.4 - motor exits idle mode, becoming available to execute operations no. -1 to 3.

Additionally, if any of the elements in the acceleration and velocity arrays is positive then the corre-

sponding motor default value for that parameter is changed to the specified value until a new positive

value is given or until the server is restarted. With this interface the user can easily choose between

an high level operation where the fingers are simply instructed to open and close and a more precise

operation with position or force control where the velocities and accelerations can be set. To resume,

the whole system is now presented in Figure 3.32.

Figure 3.32: Resume of the software implementation, divided in the firmware part that is used in the
control boards, the server that is implemented in YARP and the client that is used by the user in ROS.

3.8.3 Control

Regarding the control scheme for the motor position a PID controller implemented in the controller

boards firmware was used. This controller interfaces with the robotInterface module of the iCub soft-

ware repository and its parameters can be changed in the robot description. In order to tune the PID

parameters an online tuning method is used which is implemented in the fingersTuner iCub module. This

method, described in detail in [Pattacini, 2013], is divided in the system identification and PID tuning.

Regarding system identification, starting from the simple model of the system presented on Figure 3.33

and the correspondent second-order transfer function,
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Figure 3.33: Reduced equivalent model of the motor and load used in [Pattacini, 2013].

Motor (Controlled DoF) K(rad/V ) τ(s)
1 (Thumb abd.) -0.90 0.044

2 (Thumb flexion) -0.71 0.035
3 (Index finger flexion) -0.48 0.030

4 (Middle, ring and little finger flexion) -0.91 0.038
τ and K parameters resultant from the identification step of the method used in the fingersTuner

module of the iCub software repository. [Pattacini, 2013]

Table 3.10: Results for the identification parameters of the controlled system

θL
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=1
s
.
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BeRa+KmKe

1 + JeRa

BeRa+KmKe
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=1
s
.
K

1 + τs ,
(3.28)

where Va and Ra are the voltage and resistance of the motor armature, (wL, θL) the angular speed

and position of the loaded joint, Km the motor torque constant and Je,Be and Ke the inertia, viscous

friction and torque constant of the loop, respectively. From here an expanded state-space representation

of the system is achieved, with two of the systems internal states being directly related to parameters

K and τ . Then, the real system is actuated by a square voltage waveform is applied to the DC motor in

open-loop mode and the angular position is read at the encoders, and a the identification if performed

by applying an Extended Kalman Filter to the system input commands and output response. Although

the values of K and τ do not stabilize due to discrepancies between the modelled and the real systems

and possibly due to discrepancies in the noise statistics considered, these parameters are estimated

by calculating the average of these parameters iteratively during the test, which is reported to provide

good results. In this case, by executing the fingersTuner module, the obtained values for the K and τ

regarding each motor are presented in Table 3.10.

In the secon part of this method a PI controller was tuned. In this specific case the application of

Root Locus is not possible because while the P and I controllers are implemented in the boards firmware

through the conventional first order transfer function, the D part is applied through a moving-average FIR

filter and therefore the user can not apply the poles placement of the closed-loop system. Instead, after

verifying the condition for the stability of the system response under unexpected disturbances using the

Routh-Hurwitz method, the PI controller is tuned by independently defining the parameters KI and KP

in two parallel design. In this approach, which only remains valid if the term for KI in the equation for the

gain crossover frequency can be neglected. Under these conditions the definition of the parameter KP

only addresses the reference tracking abilities of the system, recovering the equation that is obtained for

a pure P controller, and the definition of the parameter KI only addresses disturbance rejection, being

calculated by equating the parameters of the characteristic polynomial to those of a generic polynomial

71



Motor (Controlled DoF) KP KI

1 (Thumb abd.) -5.33 -121
2 (Thumb flexion) -6.70 -199

3 (Index finger flexion) -9.80 -329
4 (Middle, ring and little finger flexion) -5.27 -139

Table 3.11: Tuned parameters KI and KP for each motor resultant from the application of the method
used in the fingersTuner module of the iCub software repository. [Pattacini, 2013]

of a stable system. By application of this method, the resulting values for the parameters KI and KP for

each motor are presented in Table 3.11.

The obtained results were then set at the robot description configuration files.

As an overview, in this section the software to control the hand and the motors controller was ad-

dressed. The software to control the hand is based on a service that has a server running in YARP

that interprets the user requests and commands the motors accordingly and a client running in ROS

that sends requests and receives the replies. Each motor can be addressed separately and their po-

sition, velocity and acceleration can be explicitly provided by the user or else higher-level commands

correspondent to behaviours as to completely close or open the hand can be given. The PI controller

tuning was performed using the fingersTuner module of the iCub repository and the obtained values are

presented in Table 3.11
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Chapter 4

Results

In the previous chapter the development and integration of the different components of the hand were

addressed. With all these components developed the hand could then be assembled and tested as a

whole.

Although, in the last chapter, several results were obtained regarding each of the hand components,

these are only significant to the hand if all parts are properly integrated and the hand can only perform

correctly in such case. In this perspective, this chapter focus on the characterization of the whole

hand and its ability to operate in human environments and to use the tools that humans regularly use.

This chapter begins with the characterization of the general aspects of the hand that range from its

appearance to characteristics as the mass. Then, in the second section, the hand grasping performance

is assessed using comprehensive tests that were previously used to test dexterous hands as the Awiwi

or the Robonaut hands. This section also focus on the hand operation and the impacts of each design

choice on the final dexterity. Finally, the robustness of the hand is addressed in the last section of this

chapter, assessing the ability to maintain the hand integrity and the successful completion of its assigned

tasks.

In this chapter the tactile sensors will not be addressed as they are not yet integrated in the hand

because the correspondent electronics and data treatment procedures were not developed yet. As

mentioned throughout this thesis, the absence of a functional tactile sensing scheme severely limits the

capability to characterize the hand manipulation, which therefore will not be directly addressed.

4.1 General characterization

Despite the major importance of the hand grasping and manipulation performance, the adaptation

of the hand to different arms and its complete integration in environments and applications with human

interaction also depends on aspects as its size, mass, its aesthetics and how natural its operation ap-

pears. In this sense, after the final hand prototype was assembled, the hand appearance and general

properties were characterized.

Regarding its dimension, the hand is almost anthropomorphic in size, as seen in Figure 4.1, only
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Figure 4.1: Comparison of the size of the human hand and the final prototype. Although the prototype
is bigger that the human hand, the thumb can be seen to maintain the same reach with respect to the
index finger, thus maintaining the same functionalities of the thumb in the human hand.

being significantly bigger than the human hand in height. The increased prototype height is necessary

to approach self-containment, which is achieved in the final prototype apart from the CAN-USB converter

used due to its large dimensions. Comparing to existing systems, the achieved height of h = 37.5mm is in

the range of the most compact systems available. As an example, the IH2 Azzurra Hand [Prensilia s.r.l.],

which is a self-contained hand with 5 motors, achieves an height of h = 45mm and the Meka H2 hand

[Meka Robotics] achieves and height of h = 63mm. Regarding the mass of the hand, the final prototype

is seen to be among the lighter systems with a mass of m = 570g without the CAN-USB converter, which

has a mass of 70g, along with systems as the Yale OpenHand model T [Ma et al., 2013] (m = 490g) and

the IH2 Azzurra Hand [Prensilia s.r.l.] (m = 640g).

Regarding aesthetics, the hand performance was prioritized in the development of the prototypes

and, as such, the aesthetics have not been properly addressed. Thus, the final prototype has a rough

and unappealing aspect. Despite, during the hand operation it is noticed that the hand kinematics (see

Section 4.2) and the absence of friction due to mechanical contact in the finger joints result in grasps

that appear natural and in a motion that is fluid.

4.2 Grasping Performance

The evaluation of the hand grasping performance is the most important test in the development of a

hand because it requires that all the grasps that were previously accomplished by similar systems are

maintained while accomplishing more and increasingly dexterous grasps. In this sense this evaluation

also enables to assess the hand dexterity. Besides, the objective of a general robotic hand and, in

particular, this hand, is always related to the reproduction of the human hand functionalities and thus

the most valuable tests for a robotic hand are those to which the human hand is subject to. In this
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sense, besides the tests used to define the kinematics in Section 3.3, which are important to validate

the prototype kinematics, the final prototype was tested using the taxonomies defined by Feix [Feix et al.,

2009] and Cutkosky [Cutkosky, 1989]. As these taxonomies were previously used to evaluate the Awiwi

[Grebenstein, 2012] and the Robonaut [Bridgwater et al., 2012], the use of the same tests enables to

further compare the hands and to motivate the definition of a widely-used test for robotic hands.

The results of these tests are presented in Figures B.2 and B.6 in Section B and, along with the re-

sults, the execution of these tests provided highly valuable insights into the hands advantages, limitations

and flaws.

The system flaws are impairments observed in the system performance which are related to the

iterative design process that was used and that still require further development. Particularly, it was

observed that, as the little, ring and middle finger were connected directly to the same motor, the motion

of the three fingers stopped as soon as one of them is completely conformed with the object (Figure

4.2(a)), affecting the contact achieved by the remaining two fingers. This affects the hand capabilities in

the grasps where the object has an irregular shape or when it is not placed perpendicular to the fingers.

Although the execution of some grasps in the Feix and Cutkosky taxonomies were significantly affected

by this flaw, as for example the power grasp with the thumb adducted and contact with the palm (column

3-5) in Feix taxonomy, most of the grasps are not affected by this limitation or the limitation mainly

regards the aesthetics of the grasp and not its functionalities, as the power grasp with pad contact

(column 3-5) in Feix taxonomy. Although transmission mechanisms exist to solve this problem, as in

[Ma et al., 2013], the inclusion of such mechanisms under the space constraints of this system requires

further development. Also, as the same motor is set to actuate three fingers and due to the complex

routing path required by this scheme, they exert significantly smaller contact forces, influencing the hand

ability to maintain the stability of large and heavy objects.

Another functional impairment that was observed resulted from the joints range of motion. Specifi-

cally, in the design phase the range of motion of the MC and PIP joints of the fingers was set at 90o, and,

as a result, the fingers are unable to contact the palm when completely flexed, severely compromising

the grasp and manipulation of small or thin objects as seen in Figure 4.2(b). This limitation, which affects

grasps as the fourth power grasp with palm contact (column 2-5) in Feix taxonomy, can be changed by

by modifying the fingers design and the design of the connection of the fingers to the palm.

Finally, two more limitations were noted in the fixation of the drive train that, although not affecting the

accomplishment of the grasps, affect the hand operation in the long term. Specifically, while the pieces

to fixate the motors to the palm are seen deform over the time due to the large force exerted by the

motors and to the reduced resistance of the 3D printed pieces, the mechanism to fixate and pre-strain

the tendons, based on multiple knots, is seen to constitute the most complex part of the hand assembly,

to be unreliable, requiring frequent adjustments which are difficult to perform, and even to require the

use of plastic braces (middle finger in Figure 4.2(b)), which impact the hand aesthetics. To solve the the

former, the fixation pieces can be done in aluminium and they can be bolted to the motors, permanently

fixing them and to solve the latter the fixation point of the tendon can be brought closer to the surface

of the finger, thus simplifying the correct adjustment of the length with knots, or an aluminium piece with
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an inner thread can be embedded in the distal phalanx, enabling to adjust the tendon strain by screwing

or unscrewing a bolt.

(a) Limitation of the transmission mechanism of the three
fingers, with two of them stopping as soon as the third con-
forms.

(b) Fingers unable to contact the
palm in full flexed position due to
a limit of 90o flexion at the fin-
gers MC and PIP joints resulting
in functional impairment.

Figure 4.2: Limitations observed during grasping tests

Regarding the system limitations, these are divided in kinematics and actuation limitations in accor-

dance to their cause. The kinematic limitations are restrictions caused by the features disregarded in

the kinematics design method, as the little finger HMC joint or the sideways motion of the MC joint of

the fingers, and thus require extensive design changes to be implemented. These limitations mostly

limit precision tasks as the first precision grasps of the Feix taxonomy with pad contact and opposition

to two, three and four finger, which could not be performed. The actuation limitations result from the

underactuation concept, the limited number of actuators or, in some cases, from the initial angles set on

the fingers. These are cases where, although the hand kinematics enables the accomplishment of the

grasp, the specifications of the actuation concept compromises or disables its execution. An example

of this type of limitations occurs in the prismatic branch of the precision grasps of Cutkosky taxonomy

[Cutkosky, 1989], specifically in the positions where the thumb is to oppose the index and middle or the

index, middle and ring fingers while having the remaining fingers closed, which are only possible if the

flexion of all fingers is performed independently. The initial angles defined on the fingers, although they

as seen to contribute to grasps such as the circular disk grasp of Cutkosky taxonomy (Figure B.6), they

interfere with the execution of grasps where the fingers must be stretched-out and in the third precision

grasp with the pad of the index in Feix taxonomy (Figure B.2). Any of these limitations can be overcame

from the actual system design and adapted to any specific situation by adding actuators or by changing

the rest angles of the fingers joints in their design and therefore they do not require extensive changes.

Despite the limitations referred, the hand is seen to be capable of performing most of the grasps in

each of the taxonomies, only failing two grasps in the Cutkosky taxonomy and four in the Feix taxonomy

due to kinematics and actuation limitations, without being limited by the use of underactuation, even in

the precision grasps. Therefore, the hand achieves a significant level of dexterity while maintaining all

the advantages provided by underactuation to an hand operating in such environments. Besides this

test, the hand successfully achieves all the positions in the adapted Kapandji test defined in Section 3.3,
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therefore retaining all the functionalities defined in the kinematics design.

Finally, regarding manipulation performance, it can be seen from the precision grasps tested that the

hand dexterity is significantly affected by the coupling of the middle finger to the ring and little finger.

4.3 Robustness

With the general and grasping performance characterized, the third test phase regards the hand

robustness. The robustness of the hand, as referred in Chapter 1, is not only the capability to maintain of

the hand integrity but also to avoid damaging the surroundings and to the hand workpiece. In this sense,

the hand robustness is reflected in three situations: when the hand collides against its surroundings;

when the workpiece hold by the hand collides with its surroundings; when an heavy object is grasped.

Regarding the first case, where the hand unexpectedly contacts the surroundings, most of the contact

cases are performed with the posterior face of the fingers or thumb. In this case, due to the underactua-

tion scheme, the fingers are seen to easily flex under contact until the contact vanishes and no damage

is sustained whether by the robot or by the surrounding, even when strong impacts occur. In the less

common case where the hand unexpectedly touches the surroundings with the anterior face of the fin-

gers, the non-linear SEA mechanism provides some range for passive extension of the joints but the

joints stiffness increases with this extension, which may cause the contacted object to be moved and

possibly damaged or the SEA mechanism will eventually reach its limit and damage may occur to the

motor in this extreme case.

Regarding the second case, the hand robustness was evaluated by having the hand grasping an

object and making another object collide with the hand workpiece. The evaluation of this case is, how-

ever, limited as the complete protection of the hand in most demanding collisions is dependent of the

appropriate response of the motor to the tendon tension, which is not possible in this case as no proprio-

ception to measure the tendon tension was implemented. In this sense, the performed test consisted in

having the hand grasping a column with a mass of 345g (Figure 4.3(a)) and dropping a 300g ball on the

part of the column that is not covered by the hand from an height of 1,8m, corresponding to an energy of

5.3J. As seen in the sequence presented in Figure 3.7(a), the hand was able to sustain the impact while

maintaining the object grasped although, in the end, the contact with the ring, little and middle finger

have been lost and without sustaining any damage and being able to operate afterwards. This test show

that the hand is capable of operating in environments where unexpected contacts may occur.

Regarding the third case the maximum payload of the hand was determined in order to avoid dam-

ages to the workpiece. This determination was performed for the case where the hand completely

encloses the object (Figure 4.4(a)), with the hand successfully grasping and sustaining an object of

mass m = 2kg, and for the case where the mass was placed in a bag and the hand was made to grasp

the bag (Figure 4.4(b)), with the hand successfully grasping and sustaining a bag with a load of 4.5kg.

Among the existing hands, such results are seen to be among the highest, particularly for self-contained

hand, with hand such as the IH2 Azzurra [Prensilia s.r.l.] reporting maximum payloads of 4kg.
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(a) (b)

(c) (d)

Figure 4.3: Robustness test. Frames presenting the impact of the ball with the column hold by the hand,
and the effects on the hand grasping.

(a) Whole object enclosed by the hand (b) Load placed on a bag

Figure 4.4: Tests to define the maximum payload of the hand
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Chapter 5

Conclusions

With the robotic hand final prototype characterization performed in the last chapter, the conclusions

about the developed robotic hand can be taken. Recovering the objectives proposed at the begin of

this thesis, the conclusions of this works lay on the comparison between the results achieved and the

goals and motivations considered. In this sense, the conclusions of this work are now presented in the

following list:

• A 5-finger robotic hand was developed that is among the lightest in currently existing systems. This

hand is anthropomorphic in size and almost self-contained, enabling an easy adaptation to most

of the existing arms through common interfaces and enabling the system to maintain a significant

payload, about 1.5kg for the used arm, due to the its small mass of 0,57kg.

• The robotic hand developed presents an high level of robustness, including robustness against

lateral impacts, achieved by the combined use of rubber beam joints in an underactuation scheme

and a SEA mechanism, assuring the integrity of the hand, of its workpiece and of the surroundings.

The use of the underactuation concept with rubber beam joints enable an enhanced ability of the

hand to passively conform to the grasped objects, providing intrinsic tolerance to errors in the

environment representation and simplified control. Additionally, its maximum payload of 4.5kg is

seen to be amongst the highest for similar systems.

• The hand presents high grasping performance, being able to accomplish 41 of the 49 grasps in

the Feix and Cutkosky taxonomies, and displaying dexterity in the accomplishment of the preci-

sion grasps and in the accomplishment of the Kapandji test for thumb functionality. During hand

development the middle finger had to be coupled with the ring and little finger, which is seen to sig-

nificantly affect the hand dexterity and to decrease the maximum force available at those fingers.

Besides the limitations due to the reduced number of actuators, the most significant impairments

noticed are related to the iterative development process and, among those, the most relevant are

the impairment in handling and grasping small or thin objects due to the fingers are not being ca-

pable of achieving contact with the palm and the impairment in the contact achieved by the middle

ring and little finger due to their direct connection to the same motor.
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• A new robust tactile sensing scheme based on spin-valves was developed and its tactile sensing

capabilities are proven, including high sensitivity, repeatibility and the estimation of the contact

point. The sensors present non-linear response curve and creep behaviour, which can be solved

by the associated electronics. Although the sensing elements are working, the electronics and

data treatment procedures of the sensors were not addressed and, as such, they could not be

incorporated in the fingers and the palm. In this context, the achievement of a hand with manipu-

lation capabilities has failed not only because the sensors could not be implemented in the hand

but also because of the coupling of the middle finger to the ring and little fingers, which does not

comply with the conceived functionality-based mapping of the active DoF to the joints.

As an overview, the developed hand is seen to accomplish most of the proposed objectives. The

final design and prototype achieved are seen to be of general purpose in the sense they can be tuned

into several different cases with different dexterity or weight requirements through small modifications in

the design. The achieved system is accessible, modular and easy to assemble and repair.

5.1 Future Work

The future work of such complex system is dependent on the type of improvement to be focused. In

this sense the future work is now presented, being divided into .

Regarding the aesthetics, which is relevant for interaction with humans, the fingers, thumb and palm

shape should be redesigned to a more rounded, human-like shape, and its colours should be defined to

provide a more appealing aspect.

Regarding the sensing capabilities, the electronics to acquire the sensor data and their data treat-

ment must be defined, accounting the implementation of a filter for the creep behaviour of the sensors.

Additionally, a model should be developed for the finger pads deformation in order to better identify the

sensors output signals.

Regarding the hand dexterity, a new motor should be included to provide independent actuation of

the middle finger. Also, the transmission scheme of the ring and little finger should be redesigned for

one of them to be able to continue flexion after the other has conformed to the object. A proprioception

sensing scheme using an angular encoder on the SEA mechanism should also be implemented.

Regarding robustness, an SEA mechanism should be adapted for both DoF of the thumb base joint.

Regarding the software to control the hand, the YARP module should be developed to enable the

user to request a hand behaviour tailored to grasp objects of a specific shape and size, as a medium-

sized ball or a large-sized bottle. Also, the messages used to transmit commands and replies should be

modified to be based on standard messages of the ROS platform and an Action should be implemented

in place of the currently used Service. Finally, a graphical user interface could be developed to provide

the user with information on the hand state at each moment.
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Appendix A

Human Hand Analysis and Functional

Abstraction

With the discussion on the state of the art of robotic hand systems and the key aspects of their de-

sign on Chapter 2 a basis for hand design was established by developing insights on the assets and

drawbacks of each functionality, implementation and kinematics design methods. Despite the recent

appearance of systems approaching human performance, as in [Grebenstein, 2012], there is still to

appear a system that matches the human hand versatility, i.e., the performance levels in its whole set

of functionalities. With this established, the human hand naturally arises as a reference for any de-

veloped system and, as such, the analysis of the human hand is fundamental to assess the essential

functionalities needed for the design of a robotic hand.

This section addresses the analysis of the human hand anatomy and its underlying functionalities

from the perspective presented in the Methodology section, focusing on the features that are essential

to the capabilities and performance of the robotic hand. Following this analysis, the abstracted function-

alities are adapted to the objectives and motivations of this work, resulting in a list of design guidelines

for hand development.

The analysis performed in this section is adapted from the similar study performed on [Grebenstein,

2012, pp. 47-75] and from the hand anatomy presented in [Kapandji, 1982, pp. 164-281]. With the anal-

ysis performed here and in [Grebenstein, 2012, pp. 47-75] focusing on the anatomy and functionalities

of the human hand, they coincide in many points that are not susceptible to different interpretations when

regarding the objectives of this work. Considering this, the first two sections are based in the analysis

by Grebenstein and will focus on clarifying any possible divergence with the anatomy overview and with

the functionality abstraction analysis performed on that analysis, respectively.

In the last section, the analysis results and abstracted functionalities are adapted to a list of hand

design guidelines based on their relevance regarding the motivation and objectives of this work, as

being robustness and good grasping performance. This selection and adaptation of the abstracted

functionalities to this work objectives constitutes an important development step as the final capabilities

of the hand are very sensitive to the restrictions posed by the objectives, which define its assets and
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drawbacks, and even small variations in the motivations can lead to significantly different systems.

The terminology used in this section is summarized in Figure A.1 and the complete anatomical

terminology is presented in section (Notation).

(a) Joints and positioning (b) Bones

Figure A.1: Anatomical terminology overview [Grebenstein, 2012]. The complete terminology is pre-
sented in the Notation chapter. Abbreviations: TMC - trapezometacarpal; MP - metacarpophalangeal;
IP - interphalangeal; MC - metacarpophalangeal; PIP - proximal interphalangeal; DIP - distal interpha-
langeal; HMC - hamatometacarpal.

A.1 Anatomy of the Human Hand

The human hand anatomy and its underlying motion capabilities constitute the basis of the human

hand functionalities. Therefore, their analysis enables an important insight into the functionality princi-

ples a robot hand should be capable of. The methodology, as stated in section (Methodology), regards

the analysis of the human hand and the abstraction of its functionalities as technical specifications, trans-

lating its capabilities and features into equivalent technical solutions. This approach allows to overcome

the existing gap between biological and engineering solutions that hinders the plain copy of the human

hand anatomy while it provides the possibility of merging the human hand advantages with the benefits

of a technical solution. Therefore, this method enables to ease the pretension of achieving a system that

copies the human hand while solely focusing on the achievement of the proposed objectives. Thus, this

constitutes a more effective method to develop a system that better accomplishes its purposes.

This section will now briefly overview the anatomy presented in [Grebenstein, 2012] and [Kapandji,

1982] while clarifying this thesis perspective on any necessary topic.

A.1.1 Skeletal Structure of the Human Hand

The human hand skeleton (Figure A.2) consists of the bones of the wrist, the metacarpal bones that

span the palm and connect the wrist to each finger and to the thumb (the thumb is considered separately
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from the other fingers in this thesis), the proximal, medial and distal phalanx that constitutes each of the

four fingers and the proximal and distal phalanx of the thumb.

Figure A.2: Detail of the skeletal structure of the human hand [Grebenstein, 2012]. The four vertical
bones on the right are the metacarpal bones of the fingers, connected to each other by the interossei
ligament at their distal end, the MC joints. The thumb, with only two phalanges, is seen of the left, with
its metacarpal at the bottom left. The CMC joints, connecting the metacarpal bones to the wrist, are
partly hidden behind the massive ligament structure of the wrist.

All the bones of the hand are connected by joints whose range of motion varies as a function of its

specific bone, muscle and ligament structure. The carpometacarpal (CMC) joints connect the wrist and

metacarpal bones. In the case of the index, middle and ring finger, these joints range of motion and

therefore its functionality is very limited or even disabled by the surrounding ligament structure (Figure

A.2). The CMC joint of the little finger is called hematometacarpal (HMC) and the thumb CMC joint is

called trapezometacarpal (TMC) and both have similar muscle, tendon and ligament structures that are

less rigid than those of the others CMC joints, providing a much more significant range of motion.

The fingers are connected to the metacarpal bones by the metacarpal (MC) joints and the fingers

phalanges are connected by the proximal and distal interphalangeal joints (PIP and DIP, respectively).

The thumb connects to the metacarpal bone through the metacarpophalangeal (MP) joint and has its two

phalanges connected by an interphalangeal joint (IP). As the thumb anatomy is significantly different than

that of the fingers and as it plays a particularly important role in the hand ability to grasp and manipulate

it will be further addressed in Section A.2.5.

A.1.2 Joints of the Human Hand

The understanding of the biological joints is essential to design a relevant technical counterpart for

an anthropomorphic hand. In the human hand there are three types of joints:

• Hinge joints - One DoF joints that present a ridge in the middle of the joint to prevent dislocation

by axial loads. The fingers PIP and DIP and the thumb IP joints are of this type.

• Condyloid joints - Two DoF joints that normally present a much wider range of motion in the
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main axis (flexion) than in the secondary axis responsible for lateral motion. The fingers MC

and CMC/HMC joints are of this type.

• Saddle joints - The thumb TMC joint is a two DoF saddle joint with non-orthogonal axis in a geom-

etry described as similar to a scoliotic horse saddle [Grebenstein, 2012].

Even among the same type, some joints present specific characteristics, some of which are pre-

sented in the following.

The little finger HMC differs from the CMC joints of the index, middle and ring finger, by presenting a

larger motion range enabled by less rigid muscular and ligament structures that resemble those of the

thumb (Figure A.2). Specifically, the opponens digiti minimi muscle present in the little finger moves the

metacarpal bone proximally and towards the center of the palm. This movement plays an essential role

in the hollowing of the palm, shpaing a ridge, the palmar arch (Figure A.14(a)), between the little finger

and the thumb [Kapandji, 1982].

Following [Kapandji, 1982, pp 176-179], the MC joint presents a biconvex surface on the metacarpal

head and a complementary biconcave base in the proximal phalanx with a surface that is much smaller

in area (Figure A.3(b)). To complement, there is a fibro-cartilaginous plate connected to the phalanx that

maximizes the contact between joint surfaces while in extension and avoids movement-limiting impact

while flexing by gliding along the palmar surface of the metacarpal (Figure A.3(a)). Laterally, the MC

joints have the collateral ligaments that ensure the contact between the joint surfaces and restrain the

movement of those surfaces, especially regarding rotations about the longitudinal axis of the proximal

phalanx (Figure A.3(b)).

(a) MC flexion (b) MC joint

Figure A.3: MC joint motion. (a): Flexion of the MC joint [Kapandji, 1982]; (b): Human MC joint. On the
left the small, rounded, contact area is depicted. On the right the collateral ligaments that stabilize the
joint and limit it to 2-DoF are shown [Grebenstein, 2012];

Following [Kapandji, 1982], the axes of some of the human finger joints, mostly the MC and IP joints

of the hand, are not orthogonal to the sagittal plane, forming an angle, the inclination, defined as the

deviation of the axes from the normal position within the frontal plane (Figure A.4). The inclination of the

axes increases from the index to the little finger.

The description of the human thumb kinematics is usually prone to discussion as the location of the

thumb DoFs between the TMC and the MP joint is currently not well understood. The human thumb
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(a) Inclination angle (b) Increasing inclination
effect

Figure A.4: Effect of joint axis inclination [Grebenstein, 2012]. (a): The inclination angle ε causes the
rotation of the distal phalanx and reorientation of the middle and distal phalanx. The angle between
phalanges reaches a maximum of 2ε at 180o flexion and the reorientation angle of the frontal surface
reaches its maximum at 90o flexion; (b): Change of the distal phalanx orientation due to inclination be-
tween stretched out and fully flexed MC and PIP joints, with the longitudinal lines of the distal phalanges
meeting at one point. The effect of the inclination increases with the flexion of the fingers joints and from
the index to the little finger;

kinematics to be considered in this thesis is the one presented in [Kapandji, 1982] where the thumb

TMC joint is described as a two-DoF saddle joint and the thumb MP as a two-DoF joint that has, in

addition to its main axis of motion for flexion and extension, a mostly passive DoF capable of rotations

around the longitudinal axis of the medial phalanx.

For almost all joints in the hand but mainly the fingers MC and DIP joints and the thumb MP joint the

passive motion range of the joint is far superior to its active range (hyperextension) due to the flexibility

provided by the muscular, tendon and ligaments structures, as seen in Figure A.5(a) [Kapandji, 1982].

Some of these characteristics present great variations even between individuals. The thumb IP, for

example, is a one-DoF hinge joint similar to the DIP joints of the fingers but with a much greater range

of motion that, however, varies significantly between two humans (Figure A.5(b)).

(a) Hyperextension (b) Variations between individuals

Figure A.5: Passive and active range of motion. (a): The limiting position of the active range and the
passive range enabled by the joint beyond that point without any damage [Kapandji, 1982]; (b): Thumb
IP maximum passive extension of two individuals [Grebenstein, 2012];
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A.1.3 Ligaments, tendons and muscles

Despite of the paramount importance of the joint capsule, ligaments, tendons and muscles to the

function of the human hand, these structures are extremely complex, vary between individuals and

some of these, as the tendon apparatus of the hand, are still under investigation in robotics and bio-

mechanics. Due to problems as the rapid degradation of these tissues after dissection, a complete

understanding of these structures its still an open research topic. Therefore, the function of such tissues

will only be considered when important to the understanding of related topics of paramount importance,

as for example, joint functionalities.

A.2 Functional Abstraction

The human hand anatomy was briefly presented in the previous section. The study of the anatomy,

however, yields no utility in this case if it does not provides any mean to adapt the human hand func-

tionalities to a technical system. Thus, a further analysis to the presented human hand anatomy and

its underlying motion capabilities is required in order to abstract the relevant functionalities and infer

design guidelines for the anthropomorphic hand being developed. This section will overview the analy-

sis performed at [Grebenstein, 2012] while clarifying or complementing the presented topics whenever

necessary.

A.2.1 Human hand functional components

Following the hand anatomy presented by [Kapandji, 1982] and its analysis, the human hand can be

divided in three functional components:

• The thumb is the element that plays the most important role within the hand. With the range of

motion provided by its joints the thumb is capable of opposing any other finger and a significant

area of the palm, providing the human hand most of its capabilities.

• The index and middle fingers, while involved in almost all grasp and manipulation tasks, are of

paramount importance for enabling precision grasps, i.e. bi- or tri-digital pollici-digital pincers (Fig-

ure A.11), together with the thumb. Although they might be used together as a pair or indepen-

dently, the most of the dexterity they provide results from their independent operation.

• The ring and little finger are essential for firmly grasping tool handles on the ulnar side of the hand

and thus are crucial in strengthening the grip and enabling to perform manipulation tasks with the

thumb or the other fingers while grasping an object (Figure A.14(b)). As the ring and little finger

are mainly used in grasping they usually operate as a pair and in most cases their operation is

never truly independent and therefore little or no benefit results from their independent operation.
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A.2.2 Human Hand Joints: Technical Equivalents

As the human bones are relatively weak under shear and tensile stress and as they degenerate if no

load is applied, the articular surfaces of human joints are roundish rather than protruding, thus resulting

in low guidance of the joints in all but normal directions. In the human joints this fragility is compensated

by ligaments, capsules and tendons (Figure A.6(b)). In contrast, there are technical materials available

with higher tensile strength and therefore, the technical implementation of a joint can be made to provide

more guidance, enabling well guided joints without additional supports and wrapping. Furthermore, the

capsules in the human joints also prevent the joints from falling apart with no tendon load and thus the

technical implementation of the joint must be able to maintain both ends in place even with the system

not being powered.

(a) Hinge type joint (b) MC joint ligaments

Figure A.6: Joints skeletal and musculoskeletal models [Grebenstein, 2012]. (a): Hinge type joints. On
the left is detailed the joint head surface (white) that prevents over-stretching of the joint and the ridge
that prevents lateral dislocation. On the right are the supporting ligaments of the joint; (b): Ligaments and
tendons that support the human MC joint. The joint is supported by multiple layers of strong ligaments,
greatly influencing the joint functional characteristics.

As mentioned before, most of the human hand joints have passive motion ranges that are significantly

greater than the active motion ranges in the axis responsible for flexion and extension (Figure A.5(a)).

This provides the joints with a safe margin that enables it to withstand some collisions without sustaining

any damage. For a robotic hand, the implementation of such a feature would significantly improve its

robustness to external perturbations. This passive range of motion of the joints is also present laterally,

although to a much lesser extent.

A.2.3 Functionalities of the Interphalangeal Joints

The PIP and DIP joints of the fingers and the thumb IP joint are hinge type joints. Functionally

these joints consist of an approximately cylindrical joint head and a joint pan that has significantly less

than 180o enclosure (Figure A.6(a)). The small enclosure of the joint pan enables the joint to luxate

which, although it may harm the capsules and tendons, prevents structural damage to the joint head

and the bone. This feature is useful to implement in the joints of a robot hand as it significantly improves
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robustness, particularly against sideways collisions. Furthermore, there is a ridge in the middle of the

joints head (Figure A.6(a)) that, together with the joint capsules and ligaments, prevent the joints from

being dislocated by axial loads. This is critical to maintain the functionality of the joint and thus must be

implemented in the robot hand joints.

Besides the joint constitution, the orientation of each of these joints is also fundamental for its per-

formance and the functionalities it provides. As presented in [Kapandji, 1982], the axes of the human IP

joints are not orthogonal to the sagittal plane. Instead they present an inclination angle, an angle de-

fined by the deviation of the axes from its normal position within the frontal plane (Figure A.4). This axis

inclination is seen to increase from the index to the little finger. This inclination, however, only appears

progressively with flexion due to a change in the orientation of the axis of flexion caused by the asym-

metry of the articular surfaces of the phalanges and by differently stretched collateral ligaments (Figure

A.4(b)). From a functional perspective, this means that while the joints are in stretched-out position the

fingers are straight. This is important to avoid collision and overlapping of the fingers while stretched and

thus to enable the use of the flat hand to push or hold objects or to conform it to edges. While flexing,

however, the inclination causes the phalanges of the fingers to point to the center of the palm. This effect

increases with the flexion angle, enhancing the opposition of the fingers to the thumb, especially for the

little finger. This increased opposition becomes more relevant when grasping a palm sized or smaller

ball and similar (Figure A.7). As the inclination also rotates the phalanges to the inside of the palm, it

enables contact of the pads with the object, preventing painful contacts performed with the sides of the

fingers and the resulting lateral forces within the joints due to lateral oriented contact forces.

(a) (b)

Figure A.7: Grasping spherical objects: in the ring and little finger the PIP and DIP joints all contribute
to the inward reorientation of the distal phalanx pulp [Grebenstein, 2012]. (a): palm sized ball - all the
fingers achieve a frontal contact with the distal joints. Besides the rotation of the little finger distal phalanx
it is possible to see the inclination and twist effect on the thumb IP and the effect of MP joint flexibility
around its longitudinal axis to the achievement of frontal contact with the pad. Both ring and little fingers
are seen to oppose the thumb; (b): The ring finger inclination enables a proper, frontal, opposition to
the thumb, pointing to the opposite direction of the thumb. The little finger inclination is not enough to
prevent side contact and thus having a very limited function;
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A.2.4 Functionalities of the Metacarpophalangeal Joints

The MC joint of the fingers, due to its location and motion range, provide the hand with its large

workspace and thus is considered of crucial importance to the human hand.

As mentioned in Section A.1.2, the fingers MC joints have collateral ligaments that disable the third

DoF of that joint (Figure A.3(b)). With the joint extended, the slackening of these ligaments enable

lateral movements at the joints as one ligament is stretched and the other slackened (Figure A.8(a)).

During joint flexion and specifically at 90o flexion, however, the collateral ligaments are both stretched

to stabilize the joint and thus almost no motion is permitted. Furthermore, while in extension the joint

enables sideways movement of the finger, in full flexion the small motion range available only enables

roll movements about its longitudinal axis and not sideways movements, corresponding to a position of

singularity (Figure A.8(b)).

(a) MC sideways movement (b) MC singularity

Figure A.8: MC joint sideways motion depends on joint flexion, with a singularity at 90o [Grebenstein,
2012]. (a): Sideways movement of the MC joint. With the joint extended the collateral ligaments have
enough slack to enable sideways movements through antagonistic extension [Kapandji, 1982]; (b): MC
joint singularity. At 90o flexion the finger motion changes from sideways movements to a rotation about
its longitudinal axis;

From a functional perspective the MC joint is then a two DoF joint with a singularity at 90o flexion,

where the first axis of the MC joint changes function to a roll axis. The greatly restricted lateral movement

at this singularity leads the MC joints to be locked sideways and thus enables the hand structure to carry

the lateral forces rather than the muscles. While in full flexion of the MC joint the fingers perform mainly

two tasks:

• Fixing an object by wrapping around it and pressing it against the palm, as when climbing a rope

or grasping a hammer (Figure A.9(a)).

• Stretching out the PIP and DIP joints while locking the MC joint, as when conforming to an edge

to carry an object (Figure A.9(b)).

As in both tasks the MC joint lock is relevant to the accomplishment of the task, the developed hand

should not have any motion range in the MC joint at 90o flexion. As discussed in [Grebenstein, 2012,

pp. 60-65] regarding the technical implementation of the MC joint, a simpler cardan joint can replace the
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(a) MC sideways lock (b) Conformability

Figure A.9: Main functionalities of the fingers at 90o MC joint flexion (locked sideways) [Grebenstein,
2012]. (a): Enclosing an object (power grasp) - particularly the ring and little finger are locked sideways
thus the lateral force is mainly carried by the joint structure, especially the ligaments, and the thumb.
Structural damage is not likely to occur as the (tangetial) lateral forces are transmitted by friction and
thus, limited; (b): Conforming to an edge while carrying an object;

more complex spherical joint with the roll movement disabled without any functional impairment as long

as its movements at 90o flexion are restricted to ensure this feature underlying functionalities seen here.

A.2.5 Functionalities of the Thumb Joints

The thumb plays a crucial role in the human hand for it is responsible for opposition, the capability

of achieving contact with each of the fingers or the palm with its pulp in an opposing manner. As

this capability is fundamental for tool handling and dexterous manipulation the thumb has been since

considered the most important finger. This can be seen through the effort put into reconstructing a lost

thumb where frequently a finger, usually the index or the toe, is used to replace the thumb in a surgery

called pollicisation that enables the recovery of almost all normal grasping abilities [Kapandji, 1982].

Thumb TMC Joint

The TMC joint of the thumb is the equivalent to the MC joint of the fingers. As mentioned in Sec-

tion A.1.2, the TMC joint has a shape of a “scoliotic horse saddle”(Figure A.10(a)), resulting in a two-DoF

motion coupled with an additional rotation of the proximal bone, the metacarpal, along its longitudinal

axis. This causes an inward rotation of the thumb which increases with the abduction angle to further

enhance opposition (Figure A.12(b)). The technical implementation of such joint shape would, however,

result in point contacts rather than surface contacts causing an excessive wear of that joint.

Thumb MP Joint

As the TMC joint, the MP joint of the thumb also describes an inward rotation that increases with

flexion, called pronation (Figure A.12(b)). Described in [Kapandji, 1982] as an additional DoF of the MP

joint for being controlled by a specific pair of muscles, few humans are able to actuate it separately and
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(a) (b)

Figure A.10: The saddle of the human thumb TMC joint [Kapandji, 1982]. (a): “scoliotic horse sad-
dle”shape. The vertices of the horse saddle are located on a curved line. The dotted lines on the horse
back mark the trajectory of the central contact point during joint motion; (b): Articulate surfaces of the
thumb TMC joint;

so it acts similarly to a coupled DoF, adding and inward rotation of the pad with flexion. These inward

rotations of the thumb TMC and MP joints enable pinch grasps (Figure A.11(b)) with the index, middle

and little finger without limiting the performance of key grasps (Figure A.11(a)). Particularly, the MP joint

is extremely flexible to rotations about its longitudinal axis when unloaded. During flexion the strong

muscles and ligaments that articulate the flexion of the thumb turn it inward and, using the referred MP

joint flexibility, it is possible to achieve frontal contact with the object surface. Both key and pinch grasps

extensively use this passive range of motion of the MP joint to achieve better, more frontal, contact

(Figure A.11).

(a) Key grasp (b) Pinch grasp

Figure A.11: Precision grasps (bi-digital pollici-digital grasps) enabled by the reorientation capabilities of
the thumb [Grebenstein, 2012]. (a): Pinch grasp - the thumb makes frontal contact with the index finger;
(b): key grasp - the thumb is in lateral contact with the index finger;

Thumb IP Joint

The thumb IP joint is rotated around the longitudinal axis of the proximal phalanx with respect to the

MP axis. This axis rotation is called twist and is such that the thumb tip is rotated inward even in stretched
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out position (Figure A.12). Furthermore, as mentioned in Section A.2.3, the thumb IP joint presents

an inclination of its axis causing an inward motion of the fingertip during flexion due to assymentrical

dimensions of the joint surface and of the respective ligaments. This motion guides the fingertip to be

almost parallel to the opposing part of the palm, which is relevant during power grasps or fixing objects

with only the thumb. The combined action of twist and inclination enables to tune the orientation of the

thumb fingertip in fully flexed and stretched out position, thus constituting very important features to the

thumb performance.

(a) Twist angle (b) Thumb axis rotations

Figure A.12: Twist and the rotations of the thumb joints and axes [Grebenstein, 2012]. (a): The twist
angle causes the reorientation of the following phalanges and the pad even with the joint extended,
similar to a torsion; (b): Rotations and twist of the thumb joints and axes. The motion of the TMC and
MP joints around the longitudinal axis of the thumb bones (grey arrows) determines the inward rotation
of the thumb fingertip. ζ denotes the twist between the axis of the MP and IP joints, supporting the
inward rotation of the pad even in stretched-out position;

A.2.6 Hematometacarpal (HMC) joint

The movement about the HMC joint has two components, a translation and a rotation. The translation

is dominant in the first part of the trajectory and moves the base of the finger proximatelly and laterally

towards the center of the palm such that the finger may rotate inwards without interfering with the ring

finger workspace (Figure A.13). The rotation is dominant in the final part of the trajectory and reorients

the finger inwards towards the thumb. This whole movement enables proper opposition between the

thumb and little finger. Furthermore the HMC joint motion is essential to the formation of the palm arch,

which is important to perform power grasps of smaller objects with an abducted thumb as, for example,

a screwdriver (Figure A.14).

A.2.7 Human Skin

In the human hand, the skin and underlying tissue also play an important role in grasping and han-

dling. The human skin is fastened by underlying ligaments in order to be able to transfer stress to the

hand structure. These ligaments however, still enable a direction dependent range of motion of the skin

with respect to the hand skeleton. This mobility is greater in the pads of the hand as they have more
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Figure A.13: Translation and rotation of the little finger and arching of the palm due to HMC translation
motion [Kapandji, 1982]. This motion has an increasing effect from the index to the little finger. This
translation separates the little and the ring finger, avoiding interferences of these fingers workspaces.
Additionally, the translation component moves the little finger closer to the center of the palm while the
rotation component reorients it towards the thumb. This movement also causes the arching of the palm
surface on the ulnar side.

subcutaneous fat, also providing a greater ability to conform. From a functional perspective, the skin

and underlying tissue have to provide tangential force transmission from the grasped object to the hand

structure and, thus, it has to be able to conform to the grasped object to provide contact surfaces, en-

able local force closure within the hand and provide high friction with a majority of materials and objects.

Furthermore, specially in the hand pads, the skin has to be able to distribute stress uniformly to reduce

surface pressure on contact areas.

A.3 Guidelines for Functional Hand Design

As stated in section (Methodology), the basis of the hand design is to be achieved by functional

abstraction of the human hand. Based on the previous analysis, the most important functionalities of the

human hand required to achieve the objectives of this work will now be presented.

• A general test must be defined to assess the hand functionality and compare different designs.

With the hand based on the human hand, this test should be practical and based on different

grasps and other human hand motion capabilities derived from each functionality.

• The location and orientation of the TMC joint of the thumb is of the utmost importance for the hand

functionality. It plays an important role in the achievement of good key and pinch grasps and also

in the grasp of spherical objects of different size and the power grasp of large cylindrical objects.

• The reorientation of the thumb fingertip by the 5th DoF of the thumb, the coupled motions in the

thumb joints and the laxity of the capsules and ligaments must be provided by the MP and IP

joints axis orientations and must be provided as a function of these joints flexion angles. The

thumb fingertip must the able to contact the objects properly in grasps so different as key and

large diameters power grasps. Specifically, the thumb fingertip must the able to establish a proper
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(a) (b)

Figure A.14: The palm is arched by the HMC motion to grasp a screwdriver while the skin deforms
to increase the contact surface [Grebenstein, 2012]. (a): the palmar arch wraps the screwdriver to
fix its location. As the palm is concave and the contact surface achieved is extensive it enables to
carry the axial forces necessary to operate the screwdriver. While performing a screwing motion in this
configuration it is possible to feel the skin being fastened by underlying ligaments, which essential to
transmission of force from the hand structure to the object and thus to the accomplishment of the task;
(b): fingers enclose the object firmly. The ring and little finger play a crucial role in securing the object,
providing more freedom for the other fingers manipulation purposes. The little finger points to the thumb
base due to inward rotation, pushing the ring finger inward with it;

contact, i.e. performed with the thumb fingertip pulp, with the index fingertip frontally and laterally

in pinch and key grasps, respectively.

• The sideways motion of the fingers is considered to be out of the scope of the first development

cycle of this hand as it would require a greater number of DoA than the minimal to achieve the

hand performance stated in the objectives. The design will, however, ease a future implementation

of such a motion. If implemented, the fingers must have their sideways movement locked at 90o

MC flexion to carry large lateral forces during power grasps of small diameter objects. This can be

achieved with a cardan joint whose first axis points anteriorly.

• The fingers have to be straight while in stretched-out position in order to avoid collision and lateral

forces between fingers. During flexion, however, particularly the medial and distal phalanges of

the ring and little finger have to increasingly reorient towards the thumb with flexion to avoid the

establishment of lateral contact of the object with the fingers and the application of lateral forces in

the joints. This reorientation is of particular importance in grasping spherical objects.

• In order for the little finger to have a workspace parallel to the other fingers while stretched-out

while being able to rotate towards the thumb while flexing and without interfering in the ring finger

workspace, the little finger has to move in front of the palm before proceeding with its inward

rotation.

• The joints of the hand should be capable of hyperextension, that is, to have a passive range of

motion while flexing and extending that is significantly greater than the active range of the same
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motion. This creates a safety margin that enables the joint to flex or extend without sustaining

damage even if the joint is at the maximum of its active range of flexion or extension. Functionally,

this presupposes that the joint has an intrinsic elastic behaviour or restoring capability that returns

it to the position it had before the external perturbation occurred. Both these features greatly

contribute to the joint robustness.

• In order to provide robustness against lateral impacts, the joints of the hand have to be able to

dislocate laterally and recover from this dislocation, actively or passively.

• As seen to a particular extent in the thumb MP joint, the capsules and ligaments present some

laxity that provides the human joint with a significant degree of flexibility that enables it to better

conform and achieve a more frontal contact of the fingertips with objects during grasps. Such

functionality significantly improves the grasping capabilities of the hand.

• The housing of the hand, in particular, is responsible for achieving a secure and firm grasping,

locating the object firmly. Specifically, its superficial layer must have the properties of a soft skin

that is able to conform to the object shape, provide good tangential force transmission, a high

friction with a wide range of materials and distribute stress uniformly to avoid damages to the

underlying structure.
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Appendix B

Taxonomy

B.1 Feix Taxonomy

The taxonomy presented by Feix [Feix et al., 2009] is motivated by the development of hand pros-

theses and is seen to provide a more detailed overview of the human grasps than Cutkosky taxonomy

as, for example, the pinch and the scissor grasps, which are important to evaluate the performance.

This taxonomy structures the grasps in a matrix as seen in Figure B.2, with the columns distinguishing

between power, intermediate and precision grasps. These main columns are divided in sub columns

that categorize grasps by the type of opposition and by the number and location of the “virtual 2nd finger

”. In the following pictures of grasps from Feix taxonomy are presented.

B.1.1 Precision Grasps

(a) (b)
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(c) (d)

(e) (f)

(g) (h)

Figure B.1: Subset of the precision grasps of the Feix taxonomy that are successfully accomplished.
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B.1.2 Power Grasps

(a) (b) Grasp slightly affected by the middle,
ring and little finger direct coupling.

(c) (d)

(e) (f) Grasp significantly affected by the
middle, ring and little finger direct cou-
pling.
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(g) Grasp significantly affected by the
middle, ring and little finger direct cou-
pling.

(h)

(i) Grasp significantly affected by the middle, ring
and little finger direct coupling.

(j)

(k) (l)

Figure B.3: Subset of the power grasps of the Feix taxonomy that are successfully accomplished.
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B.1.3 Intermediate Grasps

(a) (b)

(c) Although the functionality of the grasp is main-
tained in this case, the rigorous accomplishment
of this grasp is not possible due to the underactu-
ation scheme.

(d) Grasp significantly affected by the middle, ring and little finger
direct coupling.

Figure B.4: Intermediate grasps of the Feix taxonomy that are successfully accomplished
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B.2 Cutkosky Taxonomy

The taxonomy presented by Cutkosky [Cutkosky, 1989] is based on the grasps used by machinists in

manufacturing operations and therefore it is more focused on the use of common tools. In the following

the grasps from Cutkosky taxonomy are presented.

B.2.1 Precision Grasps

(a) (b)

(c) (d) Grasp slightly affected by
the reduced range of the MC
and PIP joints of the fingers.

(e) Grasp significantly affected by the
middle, ring and little finger direct cou-
pling and slightly affected by the re-
duced range of the MC and PIP joints
of the fingers.

(f)

Figure B.5: Subset of the precision grasps of the Cutkosky taxonomy that are successfully accomplished.
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B.2.2 Power Grasps

(a) (b)

(c) (d)

(e)

Figure B.7: Subset of the power grasps of the Cutkosky taxonomy that are successfully accomplished.

109



110



Appendix C

Measurement Data

Mass (g) (±δexp) d (mm) (±δexp) T(Nmm) (±δexp)
100.00 ± 0.01 6.00 ± 0.50 5.89 ± 0.25
200.00 ± 0.01 6.00 ± 0.50 11.77 ± 0.49
250.00 ± 0.01 6.00 ± 0.50 14.72 ± 0.61

Table C.1: Calculation of the moments for determination of the DIP joint stiffness. The errors presented
are experimental errors propagated quadratically.

θset1(o) (±δexp) θset1(o) (±δexp) θset1(o) (±δexp) ∆̄θ(rad) (±δexp ± δst)
6.50 ± 0.10 6.90 ± 0.10 6.60 ± 0.10 0
9.95 ± 0.10 10.10 ± 0.10 10.10 ± 0.10 0.0591 ± 0.0014 ± 0.0021
13.20 ± 0.10 13.15 ± 0.10 13.10 ± 0.10 0.1132 ± 0.0014 ± 0.0027
14.50 ± 0.10 14.45 ± 0.10 14.45 ± 0.10 0.1361 ± 0.0014 ± 0.0029

Table C.2: Angular displacement under the loads of Table C.1 for determination of the DIP joint stiffness.
The errors presented for the measured angles are experimental errors propagated quadratically. The
errors presented for the averaged values are both experimenta(propagated quadratically) and statistical,
calculated by the mean deviation among measurement sets.

Mass (g) (±δexp) d (mm) (±δexp) T(Nmm) (±δexp)
100.00 ± 0.01 6.50 ± 0.50 6.38 ± 0.49
200.00 ± 0.01 6.50 ± 0.50 12.75 ± 0.98
250.00 ± 0.01 6.50 ± 0.50 15.94 ± 1.26

Table C.3: Calculation of the moments for determination of the PIP joint stiffness. The errors presented
are experimental errors propagated quadratically.
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θset1(o) (±δexp) θset1(o) (±δexp) θset1(o) (±δexp) ∆̄θ(rad) (±δexp ± δst)
15.10 ± 0.10 16.40 ± 0.10 16.70 ± 0.10 0
21.25 ± 0.10 22.05 ± 0.10 22.40 ± 0.10 0.1018 ± 0.0014 ± 0.0037
28.20± 0.10 28.45 ± 0.10 28.90 ± 0.10 0.2173 ± 0.0014 ± 0.0076
31.60 ± 0.10 31.95 ± 0.10 33.00 ± 0.10 0.2813 ± 0.0014 ± 0.0066

Table C.4: Angular displacement under the loads of Table C.3 for determination of the PIP joint stiffness.
The errors presented for the measured angles are experimental errors propagated quadratically. The
errors presented for the averaged values are both experimenta(propagated quadratically) and statistical,
calculated by the mean deviation among measurement sets.

P(kPa) (±δexp) ∆V1(µV ) ∆V2(µV ) ∆V2(µV ) ∆V1(µV ) (±δstpmδexp)
28.744 ± 0.065 0.400 0.340 0.350 0.363 ± 0.024 ± 0.012
57.065 ± 0.129 0.800 0.740 0.790 0.777 ± 0.024 ± 0.012
85.930 ± 0.195 1.000 1.210 0.950 1.053 ± 0.104 ± 0.012

114.102 ± 0.259 1.180 1.750 1.250 1.393 ± 0.238 ± 0.012
139.229 ± 0.316 1.630 2.270 1.750 1.883 ± 0.258 ± 0.012
168.390 ± 0.382 2.100 2.600 2.410 2.370 ± 0.180 ± 0.012
197.197 ± 0.447 2.500 3.030 2.840 2.790 ± 0.193 ± 0.012
226.627 ± 0.514 2.900 3.700 3.300 3.300 ± 0.267 ± 0.012
255.443 ± 0.579 3.440 4.490 3.770 3.900 ± 0.393 ± 0.012
282.000 ± 0.639 3.670 5.010 4.430 4.370 ± 0.467 ± 0.012
311.826 ± 0.707 4.140 5.800 4.950 4.963 ± 0.558 ± 0.012
340.575 ± 0.772 4.680 6.350 5.330 5.453 ± 0.598 ± 0.012
369.352 ± 0.838 5.380 6.920 5.940 6.080 ± 0.560 ± 0.012
395.350 ± 0.896 5.830 7.660 6.410 6.633 ± 0.684 ± 0.012
423.877 ± 0.961 6.470 8.200 7.170 7.280 ± 0.613 ± 0.012
452.851 ± 1.027 7.020 8.900 7.990 7.970 ± 0.633 ± 0.012
482.356 ± 1.094 7.660 9.480 8.880 8.673 ± 0.676 ± 0.012
511.764 ± 1.160 8.390 10.470 9.240 9.367 ± 0.736 ± 0.012
539.414 ± 1.223 9.360 11.290 9.770 10.140 ± 0.767 ± 0.012
567.759 ± 1.287 10.770 12.730 11.240 11.580 ± 0.767 ± 0.012
596.737 ± 1.353 11.770 13.810 11.870 12.483 ± 0.884 ± 0.012
625.334 ± 1.418 12.570 14.890 12.880 13.447 ± 0.962 ± 0.012
653.988 ± 1.483 13.840 16.130 16.100 15.357 ± 1.011 ± 0.012
682.958 ±1.549 16.160 17.920 24.500 19.527 ± 3.316 ± 0.012
712.331 ±1.615 17.950 20.130 25.810 21.297 ± 3.009 ± 0.012

Table C.5: Results of the tactile sensor characterization. The pressure is calculated by the weight of
the washers placed at each point and the radius of the pressure exerting tip and its experimental errors
are obtained by quadratic propagation. The variation in the tension is calculated, for each measurement
set, with respect to the case where no washer is placed. The experimental errors associated with each
of these tensions is ±δexp = 0.020 µV and is not presented on the table for clearance. The statistical
errors associated with the averaged ∆V (µV ) are calculated by the mean deviation.
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Measure Vref (mV) (±δexp) Vpress (mV) (±δexp)
1 4.91352 4.92083
2 4.91339 4.92096
3 4.9136 4.92065
4 4.91342 4.92060
5 4.9132 4.92025
6 4.91385 4.92066
7 4.91389 4.92076
8 4.91385 4.92100
9 4.9138 4.92074

10 4.91705 4.92424
11 4.9171 4.92364
12 4.91723 4.92374
13 4.91733 4.92383
14 4.91715 4.92396
15 4.9169 4.92363
16 4.91718 4.92412
17 4.9172 4.92383
18 4.91686 4.92391
19 4.91677 4.92399
20 4.91693 4.92391
21 4.91679 4.92346
22 4.9168 4.92332
23 4.91698 4.92377
24 4.91702 4.92394
25 4.9171 4.92402
26 4.91686 4.9239
27 4.91714 4.9238
28 4.9168 4.92396
29 4.9168 4.92381
30 4.91701 4.92354

Table C.6: Measurements regarding sensor output repeatibility under the same load. Vref corresponds
to the position with only 5 washers placed and Vpress corresponds to the position with 15 washers
placed. The measurement errors associated with each of these tensions is ±δexp = 0.00001 mV and is
not presented on the table for clearance
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