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Summary

Up to now, several efforts have been carried out aiming to improve flexibility, usability, and
adaptability of robotic hands. Despite these efforts, the problem of robot’s dexterous grasping is
not completely solved, and actual robots are not able to mimic human grasping movements. The
principal research activities concerning the improvement of robotic hands have been focused
mainly on prehension analysis, automatic control, and mechanisms. Recently, the utilization
of smart and soft materials has led to the development of new adaptive devices known as soft
robots, which are useful for physical rehabilitation and improvement of human skills.

In the field of robotic hand prosthesis, the use of smart and soft materials is helpful in im-
proving flexibility, usability, and adaptability of the robots, which simplify daily living activities
of prosthesis users. However, regarding the smart materials for artificial muscles, technologies
are considered to be far from implementation in anthropomorphic robotic hands.

Therefore, the target of this research work seeks to reduce the gap between smart material
technologies and robotic hand prosthesis. Five central axes address the problem: i) identifica-
tion of useful grasping gestures and reformulation of the robotic hand mechanism [1], ii) anal-
ysis of human muscle behavior to mimic human grasping capabilities [2], iii) modeling robot
using the hybrid model DHKK-SRQ [3] for the kinematics and the virtual works principle for
dynamics. iv) definition of actuation requirements considering the synergy between prehension
conditions and robot mechanism [2], and v) development of a smart material based actuation
system [4].

Bearing in mind that most of the daily living activities are related to accurate manipulation
of objects, the design approach was focused on precision grasping gestures, which requires
three fingers. Thus, the first prototype of the robotic hand prosthesis, so-called ProMain-I [4],
is equipped with three fingers, placed in the palm of the hand in such a way that they collaborate
to facilitate the grasping of several kinds of objects.

Furthermore, the ProMain-I is underactuated and equipped with a drive mechanism based
on tendons, which mimic the human musculoskeletal system. The tendon system is fabricated
using an elastic material. Thus, it furnishes a flexible or soft behavior to the fingers joints. Due
to the flexibility of the driving mechanism, a modeling methodology is introduced to describe
the finger behavior accurately.

Taking into account the necessity of representing the different hand poses that arise when
soft robotics chains are used, a hybrid model, called DHKK-SQR, was proposed. The model



uses the positions of finger’s links and joints computed with the Denavit-Hartenberg (DH) pa-
rameters associated with the quaternions representation to avoid singularities and to reduce the
number of DH parameters.

The proposed kinematic and dynamic models were combined with experimental data to
identify the actuation requirements of the robotic hand prosthesis. These specifications were
used in a review of smart materials, which allows the identification of two potential candidates
to design a smart material based actuator, i) the ionic polymer metal composites (IPMCs) and
ii) the shape memory alloys (SMAs). The IPMCs has a huge potential due to their kinematic
behavior, and the SMAs has a large actuation force.

Therefore, a new actuation system was proposed based on the theoretical and experimental
evaluation of the robotic finger and its mechanism, and the smart material review. This actuation
system comprises a servomotor and an active tendon driving system, which is composed of
SMA wires in parallel with the elastic tendon.

The active tendon driving system allows controlling joint stiffness, so it is possible to adapt
the behavior of the hand based on the grasping requirements and thus, address a solution to
some of the main challenges in the domain of robotic hands flexibility and adaptability. The
SMA based actuation system is issued of the proposed smart actuation design methodology;
a model for SMA wires is introduced and identified experimentally. Moreover, the actuation
system was tested and a second prototype of the Robotic hand ProMain-II is introduced.
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Introduction

The human dexterous manipulation has long been a question of keen interest in a wide range
of fields e.g. medicine, biomechanics, and robotics. In the area of robotics, the study of dexter-
ous manipulators has led to the development of devices aiming at the automation of industrial
processes. Principally, robotic manipulator and grippers have been introduced in the last two
decades seeking to: i) replace human intervention in dangerous environments or ii) speed up
and improve accuracy in productive processes. However, recent progress in the field of dexter-
ous robotic manipulation has led to a renewed interest in the development of robotic devices for
rehabilitation or improvement of human skills.

Studies over the past two decades have provided valuable information on the considerations
for robotic hands development. Two main research axes can be clearly defined around the
development of robotic hands: i) the control and operation ii) the mechanic and actuation. The
first axis concerns the development of control and automation strategies to improve robots’
performance, and the design of facilities to operate robotic devices. The second axis concerns
the analysis, improvement, and design of mechanisms and actuation technologies, and the study
of materials. In all cases, the target is the enhancement of dexterous manipulation skills of
robotic hands.

The utilization of smart and soft materials has led to the development of new adaptive de-
vices known as soft robots [5], which due to their adaptability and compliance are useful for
physical rehabilitation and improvement of human skills. The main idea of soft robotics is to
equip robots with new bio-inspired capabilities, allowing adaptive and flexible interactions with
unknown or incomplete information about the operation environments. The dexterous manipu-
lation in robotic hand prostheses can be considered as a problem with incomplete information
because the task (grasping of objects) is clearly defined, but the operation conditions (object’s
shape, size, and weight) are unknown.

The current commercial robotic hand prostheses [6–9] are rigid and not compliant, and fol-
low an approach that attempts to completely mimic the human hand, neglecting its functionality
which is the primary target in the rehabilitation of amputated patients. Consequently, the devel-
opment of new adaptable devices using a bio-inspired approach, taking into account not only
the mechanics of the hand but also the functionality, is crucial for the progress of robotic hand
prostheses. Thus, the soft robotic constitute a fascinating approach for developing robotic hand
prostheses.

1



The main advantage offered by soft robotic in the dexterous manipulation is the adaptation
capacity, which allows the robotic hand to be used in several uncertain grasping situations.
However, it implies to address several challenges. The first challenge concerns the design of
a robotic mechanism, which is sufficiently flexible to grasp objects with different shapes and
sizes, and is rigid enough to perform prehension task in a steady way. The second challenge
concerns the development of soft muscle-like actuation technologies, which are still one of the
major challenges in the creation of soft-bodied robots that can move, deform their body, and
modulate body stiffness[10].

The central topic of this thesis dissertation is the development of a soft actuation strategy
using smart materials for a soft robotic hand prosthesis. Our approach takes into account the
different matters of interest that can influence the development of an actuation strategy or an
artificial muscle. Thus, we focus our study in: i) The mechanics and functionality of the hu-
man hand to identify human prehension requirements. ii) The analysis and improvement of
the robotic hand mechanism to endow the prosthesis with a soft behavior iii) The experimental
assessment of the robotic hand prostheses to identify actuation requirements regarding the kine-
matic and dynamics of the robot. iv) The development and modeling of an actuation strategy
using smart materials. These topics are addressed in four chapters as follows:

1. Human hand movement analysis toward the hand prosthesis requirements.

2. Design and modeling of the soft robotic hand ProMain-I.

3. Mechatronic assessment of the prosthetic hand.

4. Development of an artificial muscle based on smart materials.

Chapter one begins by laying out the theoretical dimensions of the research regarding the
prehension of humans, and looks at how it influences the development of different research
areas as medicine, biomechanics, and robotics among others. An evolution and a state of art
about human grasping are introduced, the investigation outlines the connection between the
research subjects to identify their impact on the development of robotic hand prosthesis. As a
result, we address our approach to assessing the human hand and its functionality toward the
identification of grasping requirements.

Subsequently, we carry out an analysis of the human hand, identifying the most critical
elements and functionalities from a biomechanical point of view. The proposed biomechanical
model takes into account the equivalent mechanical model of the human hand joints and bones.
Furthermore, we introduce the kinematic operational limits of the hand joints. This model is
the basis for the further design of the soft robotic hand prosthesis ProMain-I.

Afterward, we analyze the information reported in state of the art regarding the daily living
and working necessities concerning grasping. This analysis allows us to select the seven most
used prehension gestures. This group of movements is used to bound the motion requirements of
our robotic prosthesis. Moreover, we perform a study of the human muscles and an experimental
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evaluation of the human pinch force. The human muscle is analyzed using: i) a modified Hill-
based model that allows the description of muscle behavior, and ii) an experimental evaluation
allows us to identify requirements of pinch force and time response that must be taken into
account for the design of the robotic hand prosthesis.

The second chapter is concerned with the design of the soft robotic hand prosthesis ProMain-
I. First, we introduce a review of the current hand prosthesis in the literature, analyzing mechan-
ical and functional features as the grasping force capacity, the working space, the degrees of
freedom, the weight, the size, the number of fingers, the actuators, and the driving mechanisms.
The hands are categorized into under-actuated, fully-actuated or hyper-actuated, according to
the degrees of freedom and the number of actuators.

Then, we introduce the design process of the soft robotic hand. The bio-inspired soft robotic
hand prosthesis ProMain-I 1, has been developed, tested and manufactured entirely in the LEME
laboratory. It has three fingers disposed to perform precision grasping. Each finger has three
joints: Metacarpophalangeal (MCP), Proximal interphalangeal (PIP) and distal interphalangeal
(DIP). The design process is addressed in three parts:

1. The Precision grasping hand set-up: In this part, we introduce a support chassis that host
the fingers in such a way that they are correctly placed for grasping, guaranteeing that the
thumb is abducted facing index and middle fingers; and the index and middle fingers have
the right abduction angle to perform precision grasping.

2. The design of the soft robotic finger and the soft epicyclic mechanism: the finger is under-
actuated, so that the rotation angle of the PIP and DIP joints are linked with the rotation
angle of the MCP joint. The driving mechanism is inspired by the epicyclic gear train but
instead of gears we introduce a tendon based mechanical transmission that incorporates a
flexible behavior to finger joints.

3. The complete assembly of the soft robotic hand prosthesis ProMain-I: Here the complete
prototype of the soft robotic hand is introduced and the mechanical angular relations of
the soft epicyclic driving mechanism are presented.

Due to the tendons introduced in the soft epicyclic mechanism, the designed robotic hand
ProMain-I has a flexible behavior in the joints. These soft responses boost new movements
that cannot be predicted by classical robotic models. The modeling of those unpredicted mo-
tions requires new considerations regarding kinematic modeling. Consequently, we introduce
a new hybrid model that improves the representation of rotations that arise from soft robotics
prosthesis movements. Our model merges the parameterization of Denavit-Hartemberg (DH)
method with quaternions to formulate soft rotations. This new method allows to: improve the
computation of rotations in the neighborhood of rotational singularities, reduce the number of
rotation parameters, and unify the formulation to describe the kinematic of a soft robot. Like-
wise, a dynamic model based on the principle of virtual displacements and virtual work [1] is

1Patent Number: FR1656914[4]
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introduced. Both dynamic and kinematic models are applied to the soft robotic hand prosthesis
ProMain-I.

The third chapter is concerned with the methodology used to design artificial muscles using
smart materials. The method takes into account the human hand capabilities to establish the
range and operation limits of the actuator considering the influence of mechanical and func-
tional characteristics of the robotic hand. The method is applied to our robotic hand but can
be readily extrapolated to any robotic hand. The experimental data is analyzed using the pro-
posed kinematic and dynamic models, and we present several experiments aiming to: i) validate
the DHKK-SRQ model, ii) evaluate mechanical features of the robot, and iii) extract actuation
requirements.

The experiment carried out with the ProMain finger aims to measure kinematic and force.
The information obtained experimentally is used to feed the kinematic and the dynamic models
to define actuation requirements. Furthermore, we compare the expected rotation relations fixed
in the soft epicyclic mechanism and the measured ones to verify the behavior of the finger. In
the last part of the chapter, we propose a general methodology which aims at designing smart
material based actuators for grasping application defining the main features of an smart material
based actuator (force fa, active strain ε and frequency ωn). This methodology is based on the
following four stages:

1. Application requirements modeling: in this phase the main parameters and their relation-
ships are modeled, allowing to establish the operating conditions of the actuators.

2. Experimental parameters identification: once the key parameters and their relationships
have been modeled, it is necessary to carry out an experiment. The experimental protocol
is designed in agreement with proposed models, to measure the required parameters.

3. Parameters quantification: Experimental data is analyzed using the defined models to
characterize the artificial muscle and quantify operational limits of the actuator.

4. Material selection: the retrieved information is used to approximate the actuator dynamic
behavior, allowing the selection of a smart material that fits the application requirements.

The fourth and last chapter presents the final development of the smart material based ar-
tificial muscle. First, we perform a review of state of art to examine and compare the smart
materials following key actuation features that are formulated regarding actuation requirements.
The study is centered on the smart materials that, due to their characteristics, are suitable for
grasping applications.

Moreover, a general constitutive model that uses thermo-mechanical formulation to describe
SMAs behavior is presented. The constitutive model of the SMAs is identified and validated
through an experimental approach as follows:

1. Identify the Young’s modulus of SMA in martensite and austenite phases: this identifica-
tion is performed using a test machine in which Seven specimens of an SMA wires are
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tested under uniaxial tension. first the wires are tested with thermal stimulus to measure
the Young’s modulus in full austenite phase and then the thermal stimulus is removed to
measure the Young’s modulus in full martensite phase.

2. Identify thermal SMA characteristics: the transformation temperatures Ms, M f As A f and
the reference entropy difference ∆s0 are identified by an optimization algorithm in which
we seek to fit our model result with the temperature vs strain response of the SMA wire.

3. Kinematic evaluation of an SMA rotary actuator: a experiment to identify the parameters
of the complete model of the actuator is proposed.

Finally, we introduce the simulation, and the experimental evaluation of a rotary SMA based
actuator, which is suitable to fulfill human grasping requirements. Based on this analysis the
shape memory alloys (SMA) are chosen to improve the ProMain-I hand mechanism adding the
possibility of control the stiffness of the soft epicyclic mechanism.
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Chapter 1

Human hand movement analysis toward
the hand prosthesis requirements

The human hand is one of the most adaptable and complex mechanisms and has a significant
role in the way individuals interacts with their environment. Notably, the hand is the default tool
in daily living activities, allowing persons to feel and handle objects. Several fields of knowl-
edge (as medicine, anatomy, biomechanics and robotics among many others) are deeply con-
cerned by the understanding of anatomy, mechanics, and functionality of the human hand. Stud-
ies over the past years have provided valuable information on different approaches to model,
understand, and mimic the human hand [11–17].

These studies, carried out by researchers of different fields, have as common subject the
grasping, which is the final goal of the human hand. Figure 1.1 summarizes the evolution of
the research around grasping in the last century in the different science fields and also the most
relevant studies in a time line.

1933 1947 1961 1975 1989 2003

Grasping types
Schlesinger, (1919)

Grasping Types and frequency
Slocum and Pratt, (1946)

Mechanics of human hand
Taylor and Schwarz, (1955)

Influence of soft tissues in grasping
Cooney and Chao, (1977)

Intermediate grip
Kamakura et al., (1980)

Synergies concept
Elliott and Connolly, (1984)
Robotic Hand
Lyons, (1985)
Virtual finger
Arbib et al., (1985)
Grasping Taxonomy
Cutkosky and Wright, (1986)

Precision and power

Napier, (1956)
grasping

Comprehensive

Feix et al., (2009)
grasp taxonomy

Daily living

Vergara et al., (2014)
activities

1919 2016

Grasping types
Human grasping assessment
Human hand modeling and grasping analysis
Design of robotic grippers considering only human prehension analysis

Design of robotic hands taking into account human grasping and assessment of prehension
Grasping assessment and mechanic modeling of the human hand
Design of robotic hand considering functionality, mechanic and prehensile movements of the human hand

The GRASP
Taxonomy
Feix et al., (2016)

1919-2016
1946-2014
1955-2013
1985-2016
1986-2012

2014
2016

2006-2008
Design of robotic grippers based on mechanics and prehension of human hand

Figure 1.1: Time line of research around human grasping.
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1. Human hand movement analysis toward the hand prosthesis requirements

The research about grasping has addressed mainly two problems: the analysis of the human
hand for medical and rehabilitation purposes and the development of devices or robots able
to mimic human hand capabilities. Regarding the research about medical and rehabilitation
purposes, the main research lines are: i) Human grasping assessment, ii) Human hand modeling
and grasping analysis, and iii) Grasping evaluation and mechanic modeling of the human hand.

On the other hand, the primary research milestones, on engineering science and robots, are:
i) Design of robotic grasping systems based on human prehension analysis and considering me-
chanics of human hand, ii) Design of robotic hands taking into account human grasping and
assessment of prehension movements, and iii) Design of robotic hands considering functional-
ity, mechanics and prehensile movements of the human hand.

There is a growing body of recent literature which recognizes that people only employ a
limited quantity of hand gestures in daily living activities, adapting hand movements to perform
several tasks. Therefore, the analysis of requirements for the development of prosthesis must
be enhanced to consider the functionality of the human hand. Consequently, the new central
challenge, facing the development of artificial hands to be used as a prosthesis, is synergistically
merging anatomy mechanics and functionality considerations in the design process.

Concerning the combination of mechanics and functionality considerations in the robotic
hand design process, we carried out a study of state of the art, in which the links of grasping
research topics reported in scientific papers [11–78] are analyzed and clustered into four cate-
gories as follows: i) study of human prehension, ii) biomechanics, iii) human hand assessment,
and iv) development of robotic devices. Each category is composed by several topics that are
summarized in Table 1.1. The analysis attempts to identify the connection between the topics
of the four categories to determine how the research about the human hand have influenced the
development of robotic grasping devices and more specifically the robotic hand prosthesis.

Study of human
prehension

Biomechanics
human hand
assessment

Development of
robotic devices

Synergies Hand Anatomy Daily living activities Prosthetic devices

Taxonomy Mechanic analysis Dexterity Design considerations

Grasp Types Force analysis Disability evaluation Robotic hands

Grasping assessment Soft tissues External influences Control and sensors

Objects’ influence Frequency of grasping

Table 1.1: Proposed categories used to cluster research studies

The results of the analysis are summarized in figure 1.2, in which the co-occurrence, the
total strength of all links, and the number of carried out studies are reported following the
bibliographic mapping method proposed by Van Eck and Waltman, [79]. The distance between
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• influence of soft tissues

• Daily living activities

• Prosthetic devices • External effects
on grasp

• Disability evaluation

• Dexterity

• Hand Anatomy

•Movement synergies

• Contact points analysis

•Mechanic analysis
• Force analysis

• Taxonomy
• Frequency of grasping

• Robotic grippers

• Design considerations

• Control and sensors• Robotic hand

Grasping assessment

Grasp Types

VOSviewer

Figure 1.2: co-occurrence density view of the main research topics on grasping.

items illustrates co-occurrence, smaller the distance, larger the number of co-occurrences. The
font size depends on the total strength of all links between the item and the other topics. The
gradient of color between red and blue indicates the number of items in the neighborhood of a
point, red for high densities and blue for small concentrations.

Undoubtedly, the research about robotic hands and grippers (red and yellow zones in the
lower part of figure 1.2) has been significantly influenced by the study of human grasping (red
zones in center of figure 1.2). This connection is reasonable considering the advantages of the
human hand. Consequently, the combination of knowledge around grasping has lead to the de-
velopment of: i) Robots for manipulation of objects, say robotic hands and grippers, considering
the human prehension assessment, and the classification of the human movements and ii) Pros-
thetic devices designed to take into account the human grasping gestures, and more recently
movement and postural synergies, which expresses the coordinated action of the perception and
the motor systems with the environment that enable a functional grasping.

On the other hand, recently studies have focused their interest in the evaluation of daily
living activities and their influence of grasping, as is shown in the right-hand side of figure 1.2.
However, a necessary connection between grasping, hand functionality and mechanics has not
been thoroughly established. This link would be valuable in the development of new mech-
anism and actuators for prosthetic devices, which up to now are rigid and not compliant [6–
9]. Nevertheless, it implies to undertake two main challenges: 1. the first concerns design a
robot mechanism sufficiently flexible to grasp objects with different shapes and sizes, and rigid
enough to perform prehension task in a steady way, and 2. the second, which is still one of
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1. Human hand movement analysis toward the hand prosthesis requirements
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Figure 1.3: Human hand requirements identification work flow

the major challenges, concerns the development of soft muscle-like actuation technologies[10].
Consequently, our targets are set to develop new mechanism and actuators for prosthetic de-
vices, and are addressed in a first stage through the study of the hand anatomy and functionality
considering three main elements: i) the equivalent biomechanical model of the human hand,
ii) the grasping, and iii) the actuation model.

These three aspects grant a better understanding and identification of the real artificial mus-
cle requirements for prosthetic hands, and are introduced in the following sections as follows:
i) section 1.1 Equivalent biomechanical model of human hand: introduces a biomechanical
model of the human hand that is used to identify kinematic requirements ii) section 1.2 Human
grasping: presents an analysis of grasping to evaluate the functional requirements in terms of
prehension movements iii) section 1.3 Human force analysis: addresses the a Hill-based muscle
model used to define human muscle behavior and an experiment to identify human pinch force
requirements. Figure 1.3 shows the requirements identification work flow that is followed in
this chapter.

1.1 Equivalent biomechanical model of human hand

From a functional point of view, the hand is composed of muscles, tendons, and bones; and
is divided into three main parts, wrist, palm, and fingers. The muscles can be assimilated
to actuators, the bones are the mechanical structure understood as rigid mechanism linked by
soft or flexible rotational joints, and the tendons are the driving mechanism linking bones with
muscles.

Regarding the structural part of the hand, the wrist is composed of the carpal bones, divided
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1.1. Equivalent biomechanical model of human hand

Region Group Bone Acronym

Wrist

Distal Carpals

Trapezium TZ
Trapezoid TD
Capitate C
Hamate H

Proximal Carpals

Pisiform P
Triangular T

Lunate L
Schaphold S

Palm Metacarpus Metacarpal series M-I M-II M-III M-IV M-V

Finger
Phalanges

Proximal series PP-I PP-II PP-III PP-IV PP-V
Middle series - MP-II MP-III MP-IV MP-V
Distal series DP-I DP-II DP-III DP-IV DP-V

Number - I II III IV V
Name - Thumb Index Middle Ring Pinky

Table 1.2: Carpal bones acronyms

into proximal and distal carpal bones [13, 44, 48]. The palm is constituted of metacarpal bones,
and the fingers consist of proximal, middle and distal series of phalanges. The only finger that
does not have middle phalanx is the thumb finger. Table 1.2 summarizes the bones and its
acronyms used henceforth. Furthermore, figure 1.4a shows the hand bones.

T
PH

L
S C

TD
TZ

M-I

PP-I

DP-I

PP-V

MP-V
DP-V

M-V

I

II
III

IV

V

(a)

RC

I

II
III

IV

V

MCP

PIP
DIP

CM
IC

TM

(b)

Figure 1.4: Human hand (a) Bones (b) Joints.
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1. Human hand movement analysis toward the hand prosthesis requirements

Moreover, the hand articulated joints are: 1. radiocarpal (RC) between radius-humerus and
proximal carpal bones, 2. intercarpal (IC) between proximal and distal carpal bones, 3. Car-
pometacarpal (CM) between distal carpals and metacarpal bones, 4. Trapezometacarpal (TM)
between trapezoid and thumb’s metacarpal, 5. Metacarpophalangeal (MCP) between distal
carpals and metacarpal series of fingers II to V, 6. Proximal interphalangeal (PIP) between
proximal and medial series of phalanges of digits II to V, and 7. Distal interphalangeal (DIP)
between the middle and distal set of phalanges of digits II to V, and between proximal and distal
phalanges of thumbs. Figure 1.4b shows each group of articulations.

The wrist is a complex articulation composed of two kinds of joints (radiocarpal and in-
tercarpal) that allow the hand, considered as a final effector, to reach an optimal prehension
gesture. This articulation is modeled as a kinematic joint with two degrees of freedom (DoF)
allowing the hand to perform flexion-extension and abduction-adduction movements [48]. Fre-
quently, the wrist is considered to have a third DoF corresponding to prono-supination, this DoF
is not taken into account for the present analysis because it is part of the elbow joint.

Carpometacarpal (CM) joints have a significant role enhancing the workspace of the fin-
gers [80]. Nevertheless, the (CM) joints are more meaningful, from a functional perspective,
to allow effective finger motion. Thus, the effect of the CM joints is embedded in the fingers
capacity of motion. Concerning Trapezometacarpal (TM) articulation, it plays a meaningful
role in the thumbs opposition. The joint has two DoF coupled with a rotation of the thumb’s
metacarpal bone. As a consequence, it can be modeled as a 2-DoF kinematic joint with a depen-
dent rotation. Metacarpophalangeal (MCP) joints have two DoF allowing the flexion-extension
and abduction-adduction finger movements. Likewise, the proximal and distal interphalangeal
joints have one DoF, providing flexion-extension movements. Figure 1.5 shows the equivalent
mechanical joints for the hand.

1 DoF 1 DoF

2 DoF

2 DoF

3 DoF

1 DoF

Figure 1.5: Equivalent mechanical joints.

Besides, it is necessary to define the joint ranges or movement amplitude. These values,
are determined with respect to a reference position, which in the case of the wrist is the axis
formed by the third metacarpal aligned with the forearm. Likewise, the reference position
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1.1. Equivalent biomechanical model of human hand

Joint Finger
1st DoF 2nd DoF 3rd DoF

flexion [◦] extension [◦] abduction [◦] adduction [◦] Rotation [◦]

Wrist - 85 85 15 45 -

MCP

I 60-90 0 - - -

II 100 30 30 30 -

III 90 30 30 30 -

IV 80 30 30 30 -

V 70 30 30 30 -

PIP I 80 10 - - -

II-V 90 0 - - -

DIP II-V 90 5 - - -

TM I 60 0 0 60 120

Table 1.3: Joint rotational limits of the hand articulations[48]

to measure the metacarpophalangeal and interphalangeal motion amplitude is the axis formed
when the finger is brought into line with metacarpal bone. Furthermore, the thumb opposition
is measured around an axis parallel to the wrist reference axis and laying the trapezometacarpal
joint. Table 1.3 summarizes the joint rotational limits of the hand articulations.

As a result, a biomechanic model of the human hand is proposed. The model takes into
account the wrist and the finger joints bounded by the angular limits established in table 1.3.
Moreover, the model uses three kinds of simplified angular joints, hinge saddle, and spherical.
Figure 1.6 shows the equivalent proposed biomechanical model.

MCP
PIP

DIP

Wrist

TM

MCP-I

PIP-I

Figure 1.6: Equivalent proposed biomechanical model.
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1. Human hand movement analysis toward the hand prosthesis requirements

1.2 Human grasping

The prehension or grasping is the capacity to grip an object with precision in a steady way.
One of the first definitions [12], states that the grasping is the combined action of the fingers
against the opposed thumb and the palm of the hand. From then on, several concepts have been
added, for example, the prehensile functions of precision and power grasping [14], or the idea
of handling instead of grasping objects [44].

Moreover, the advent of robots introduces a new challenge concerning the analysis of grasp-
ing. As a result, concepts as intermediate grasping are introduced [19]. From that, several ap-
proaches have been tested and grasping taxonomies are added, e.g. the classification of grasping
based on security and dexterity of prehension [21, 64]. The newest taxonomy [17], developed
taking into account the most relevant researches in the field of grasping, include 33 grasping
gestures and suggest a grasping taxonomy divided into three categories: precision, force, and
intermediate grasping.

The different grasping taxonomies, introduced up to now [11, 14, 15, 17, 19, 42, 48, 64],
are based on the analysis of people movements during the prehension of objects. Admittedly,
all prehension gestures have been classified into two broad categories: power and precision
grasping. During power grasping, the object may be held in a clamp formed by the partly flexed
fingers and the palm, counter pressure being applied by the thumb lying more or less in the
plane of the palm. During precision grasping, the object may be pinched between the flexor
aspects of the fingers and the opposing thumb. The hand gestures that do not match the power
or precision categories are classified in a middle category so-called intermediate grasping.

On the other hand, There is a growing body of literature that recognizes the adaptability
of the human hand as a key point in the analysis of grasping. The concept of adaptability
implies that people do not use all the possible movements during grasping or handling of ob-
jects, instead, they adopt a simple gesture to perform several tasks. Following the approach of
hand motion adaptability, two notions are introduced, the analysis of employment frequency
of grasping gestures and the movement synergies, which expresses the coordinated action of
the perception and the motor systems with the environment that enable a functional grasping.
The purpose of movement synergies [20], is the analysis of finger coordination during motion
attempting to identify common movement patterns. This concept of synergies has evolved [31]
introducing the postural synergies to illustrate the hand action.

Correspondingly, the analysis of employment frequency of grasping gestures has been re-
cently proposed by [17, 60, 61, 69–73, 81] and attempts to identify the most used hand gestures
in daily work activities of people who have different professions. These research works have
shown that in the literature several efforts have been carried out to study grasping movements
that are rarely used by human and consequently are not needed in prosthetic devices, figure 1.7
shows the less used prehension gestures. Even more significantly, Feix et al., [17] have shown
the most used grasping gestures, which consequently must be acknowledged in the design of a
hand prosthesis, figure 1.8 shows the most used prehension gestures.
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1.2. Human grasping

(a) Tip Pinch. (b) Palmar Pinch. (c) Tripod Variation. (d) Distal Type.

Figure 1.7: Least used grasping gestures.

(a) Medium Wrap. (b) Light tool. (c) Prismatic 4 fingers. (d) Prismatic 3 fingers.

(e) Prismatic 2 fingers. (f) Precision disk. (g) Tripod.

Figure 1.8: Most used grasping gestures.

The following statements can be identified based on analysis of the utilization frequency
of objects: i) the most current object shapes are cylinders, discs, and spheres, ii) regarding
hand movements, the thumb is abducted in six of the seven movements, and Furthermore, the
performed movements illustrated in figures 1.8a and 1.8c to 1.8g are performed using from
two to four fingers opposed to the thumb. However, all of them are feasible using two fingers
opposed to the thumb. All things considered, our robotic hand prosthesis is designed to perform
precision grasping taking into account the following characteristics proposed considering the
most used prehension gestures: i) hand opening of 10cm during grasping and ii) index and
middle fingers must have a minimum abduction angle set to 15◦ [48]. The force considerations
are introduced in the following chapter.
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1. Human hand movement analysis toward the hand prosthesis requirements

1.3 Human force analysis

The joint capsules, ligaments, tendons, and muscles are crucial for the function of the human
hand. However, these structures are extremely complex and vary between individuals[80]. As
far as we know, it does not exist any standard method allowing to measure tendon and muscle
forces in real time [82]. Consequently, our approach to extract hand requirements regarding
force consists of two main phases: i) introduce a model based on equivalent biomechanic ele-
ments, to qualify the dynamic behavior of muscles and tendons during prehension movements
and ii) outline the principal muscles involved in the precision grasping, to establish the applied
force while the most used prehension gestures are performed. Figure 1.9 sketch the work flow
proposed to identify hand requirements regarding force.

+
+

Human hand

Dynamic
Behavior

Force
Measure

Muscles

Tendons

Capsules

Ligaments

Grasping

Biomechanic model Experiments Results

Force
requirements

Figure 1.9: Work flow proposed to identify hand requirements regarding force.

1.3.1 Hand and forearm muscles

The muscles involved in the hand movement are divided into extrinsic and intrinsic [48]. The
extrinsic muscles arise outside of the hand, in the forearm, but act on the considered hand struc-
ture through the tendons that link the muscles with the fingers or the actuated bone. The intrinsic
muscles are fully contained in the hand structure. Furthermore, the muscles can perform three
types of actions: flexion-extension, adduction-abduction, and supination-pronation.

As presented before in section 1.2, most of the daily working activities are performed using
precision grasping gestures with three fingers (thumb, index, and middle). During precision
grasping, fingers are bent from a fixed starting position until contact with objects to grasp.
Once the fingers get in touch with an object, the sensory system provides necessary information
to the subject to apply the required force to hold the object in a steady way.

The muscles involved in adduction-abduction and supination-pronation play an important
role preparing the hand for grasping. However, the act of grasping is done mainly flexing the
finger to reach the object. Thus, we focus our study on muscles involved in finger flexion-
extension movements, which are the most active during the last phase of grasping. The hand
and the wrist articulations are actuated by a total of 31 muscles, 10 of them involved in fingers
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1.3. Human force analysis

Placement Finger Muscle Acronym
Flexion of:

MCP PIP DIP

Intrinsic

I Flexor Pollicis Brevis FPB x

II First Dorsal Interosseous FDI x

First Palmar Interosseous FPI x

Index lumbrical IL x

III Second Dorsal Inteosseous SDI x

Third Dorsal Interosseous TDI x

Middle lumbrical ML x

Extrinsic

I Flexor Pollicis Longus FPL x x

II-III Flexor Digitorum Profundus FDP x x x

II-III Flexor Digitorum Superficialis FDS x x

Table 1.4: Muscles involved in the flexion movement of finger’s articular joints

flexion movement, seven are intrinsic (see figure 1.10), and three are extrinsic (see figure 1.11).
The list of muscles involved in the flexion movement of finger’s articular joints is presented in
table 1.4.

Furthermore, the maximal force produced by a muscle can be defined as the product between
the maximal muscular stress constants σmax and the physiological cross-sectional area APCSA,
which is the area of the cross section of a muscle perpendicular to its fibers, generally at its
largest point [83]. Consequently, in our study, we only consider the extrinsic muscles involved
in flexion, which produce higher forces.

FPB

FDI
IL
FPI

ML

SDI
TDI

Figure 1.10: Intrinsic muscles involved in finger flexion-extension movements.
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1. Human hand movement analysis toward the hand prosthesis requirements

(a) FDP. (b) FDS. (c) FPL.

Figure 1.11: Extrinsic muscles involved in finger flexion-extension movements..

1.3.2 Hill’s Model of human muscle

The modeling approach has been mainly addressed using two methods, the Hill’s equivalent
model [84], and the finite element analysis [85]. The FEM method has shown to be a per-
formant tool to accurately describe muscles actions, however, the Hill’s equivalent models are
more suitable to qualify the muscle’s behavior through the comparison with mechanical ele-
ments. Classical Hill’s model was established by Hill, [84], see figure 1.12, it consists of an
arrangement of elastic elements that are used as descriptors of the muscle’s elastic behavior.
Based on Hill’s model several authors have appended modifications, e.g, Hatze, [86] and Win-
ters, [87] introduced passive damped elements, see figures 1.13 and 1.14. More recently, Tondu
and Zagal, [88] suggested an internal non-linear viscous force component, and Perumal et al.,
[89], not only considered damping, but also a serial motor, see figure 1.16.

The Hill’s based models are primarily composed of a representation of the muscle in series
with a representation of the tendon. The muscle is depicted as a contractile element in parallel
with an elastic element. The tendon is considered as visco-elastic elements; as a result, the
tendon is modeled as a damper in parallel to a spring. Furthermore, an important consideration
was proposed by Zajac, [90] who determined that the force applied by the muscle is influenced
by an angle α , see figure 1.17. The Zajac’s model was complemented by several authors such
as Delp, [91], Hayashibe et al., [92], Pang et al., [93], and Millard et al., [94] (see figures 1.18
to 1.21). Muscle-tendon model evolution is listed in the following, sort by the nature of scientific
approach, presenting briefly the elements considered and their schematic representation.
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1.3. Human force analysis

Author (Year) Elements Muscle-tendon actuator models

Hill, (1950)
Contractile element (CE), series
element (SE), parallel element
(PE)

Figure 1.12: Classical Hill’s
Model [87]

Hatze, (1977)

Combined muscle-tendon mod-
els with active and controllable
contractile element (CE), the pas-
sive damped series elastic ele-
ment (SE), the passive, damped
parallel elastic element (PE) Figure 1.13: Model proposed by

Hatze, image adapted from [86]

Winters, (1990)

Simple model structure with a
”lumped” (SE) viscoelastic ele-
ment, contractile element (CE)
and a passive spring (k). Figure 1.14: Model proposed by

Winters, image adapted from [87]

Tondu and Zagal,
(2006)

Series of elastic element (SE)
and a contractile element (CC),
which is composed of an inter-
nal contractile force F0 and an in-
ternal non-linear viscous compo-
nent FV .

Figure 1.15: Model proposed by
Tondu and Zagal, image adapted

from[88]

Perumal et al.,
(2002)

The force generation is modeled
by a linear spring (Kp ans Ks), a
damper (b), and a motor in series
(V).

Figure 1.16: Model proposed by
Winters, image adapted from[87]
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1. Human hand movement analysis toward the hand prosthesis requirements

Author (Year) Elements Muscle-tendon actuator models

Zajac, (1989)

Relation among muscle fiber
length lM and force FM tendon
length LT and force FT , and mus-
culotendon length LMT

Figure 1.17: Model proposed by
Zajac, image adapted from [90]

Delp, (1990)

Active contractile element (CE)
in parallel with a passive elastic
element. The forces in muscle
are represented by FM and ten-
don FT Figure 1.18: Model proposed by

Delp, image adapted from [91]

Hayashibe et al.,
(2009)

A series of elastic elements (SE)
and a contractile element (CC)

Figure 1.19: Model proposed by
Hayashibe et al., image adapted

from [92]

Pang et al., (2013)

A pair of elements arranged in se-
ries: the passive serial element
(SE) and the active contractile el-
ement (CE); and a passive ele-
ment (PE) arranged in parallel to
the previous two. Figure 1.20: Model proposed by Pang

et al., image adapted from [93]

Millard et al.,
(2013)

Muscle-tendon actuators consist
of an active contractile element,
a passive elastic element, and
an elastic tendon. An active-
force-length fL, force velocity
curve fV ,passive force length fPE ,
and tendon-force-length fT . The
model is also considered by [95,
96]

Figure 1.21: Model proposed by
Millard et al., image adapted from

[94]
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1.3. Human force analysis

In this thesis the chosen model for the muscle is based on the one proposed by Zajac, [90],
which considers the pennation angle αm that influences the kinematic and the force during
movements, but instead of using an elastic element to describe tendons we use a parallel damper-
spring to describe more accurately the muscle behavior (as echoed in the following paragraph).
Figure 1.22 presents the retained Hill based model where: i) CE represents the contractile
element, ii) kpee is the parallel elastic element of the muscle, iii) ksee is the muscle’s serial elastic
element, iv) kTee is the tendon’s elastic element, v) bT de is the tendon’s damping element, and
vi) αm is the angle proposed by Millard et al., (2013).

kpee

αm
kseeCE

kTee

bTde

FDS
M PP DP

Mechanic equivalent

MP

Figure 1.22: Retained Hill based model.

The contractile element CE is defined by the force–length and force–velocity dependencies.
The serial ksee and the parallel kpee elastic elements are used to account physiologically no-
ticeable effects, such as contraction history effects. The damper bT de, included in the tendon
part of the model, controls oscillations that may occur when simulating contractions against a
mass, predicting muscle forces more realistically [97]. figures 1.23 and 1.24 exemplary show
the effect of the damping element in tendons during a flexion of a finger.
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1. Human hand movement analysis toward the hand prosthesis requirements

1.3.3 Characteristics issued from experimental analysis of the human hand

The complex organization (anatomic and functional) of the hand contributes to the prehension
movements, which are classified into three classes [48] depending on the way in which the force
is applied: i) digital, ii) palmar and iii) centered prehension. The digital prehension matches
the characteristics of the precision grasping, described section 1.2, because objects are reached
using fingertips. Consequently, in this stage of the human force analysis, we seek to study the
pinch grasping to bound the necessary force. The target is to identify steady and transient states
of the human precision grasping to deduce the pinch force requirements.

The applied force must be adapted to the object’s weight, acceleration, surface texture,
contour and structure [98]. Consequently, the measure of the pinch force has to be tailored to
each particular problem [99], and that is why in this study we carried out an experiment aiming
to measure the pinch force applied by two fingers of the hand, the index and the thumb.

Experimental set-up

In order to define a reference value of the human pinch force, experimental data are collected
within a group of five healthy males (subjects) between 24 and 32 years old. The subjects
are asked to apply their maximal pinch force (using thumb and index fingers) over a hand
dynamometer VernierTM D-BTA whose characteristics are:

1. two surfaces of measure (for pinch and grasp)

2. accuracy of +−0.6N

3. resolution of 0.2141N

4. operational range from 0N to 600N

During the experiment the subjects are sitting and the dynamometer is placed in such a
way that the angle between arm and forearm is 90◦, reducing the influence of the upper limb
muscles in the applied fingertip force. Each subject performs the experiment five times, between
trials subjects wait five minutes to avoid muscular fatigue. The data is collected using a digital
oscilloscope connected to a computer. Figure 1.25 shows the scheme of the experiment.

Single signal 

capture

Dynamometric 

Measures

Mean signal analysis

Figure 1.25: Experimental set-up to measure the human pinch force.
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1.3. Human force analysis

Steady state analysis of the human pinch force

As a result of the experiment, we got a set of signals corresponding to the force performed by
each subject with respect to the time. Subsequently, the pinch force steady state values (see
figure 1.26) are extracted from the signals. The steady state values are merged for each group
in a set of samples representing all trials of the subject. Then the mean values and standard
deviations are computed for each subject.
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Figure 1.26: Steady state of the pinch force performed by the subject 2 during trial 3.

Figure 1.27 shows the absolute frequencies of the pinch force samples, which correspond
to the total number of observations within a given interval of force expressed as probability
density function. Furthermore, the plots show a red line for median, a cross for the mean, a blue
box around the 25% and 75% quartiles and whiskers bounding 9% and 91%.
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Figure 1.27: Absolute frequency of the pinch force performed by the subjects.
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1. Human hand movement analysis toward the hand prosthesis requirements

In summary, we have computed mean force and standard deviation for each subject, these
experimental results are presented in table 1.5. The measured mean pinch force is in the interval
[4.78N, 6.70N].

Subject Mean pinch Standard
force [[[N]]] deviation [[[N]]]

1 6.70 1.12
2 6.45 0.58
3 4.97 0.48
4 6.66 0.86
5 4.78 0.65

Table 1.5: Mean value of the human pinch force.

Transient state analysis to determinate settling time

During the transient state, the measured human pinch force has an exponential behavior (de-
scribed as A(1− e−t/τ) where A is the amplitude of the signal, t is the time, and τ is the time
constant), as is shown in Figure 1.28 for trial 1 of subject 2. These transient phenomena can
be approximated by a first order transfer function, whose output (pinch force) is the result of
a step input (muscular activation). Thus, the settling time ts is defined as the required time to
settle the output to the steady state amplitude, within a 2% margin. Considering all subjects and
trials, the value of the settling time is in the range 0.18s< ts < 0.45s with a standard deviation
of 0.10s. Moreover, for a first order behavior, the frequency is calculated as ω = 4/ts, see Lu
et al., [100]. As a result, ω is in the interval [8.89Hz, 22.2Hz].
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Figure 1.28: Measure of the settling time Pinch force versus time t.
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1.4. Discussion

1.4 Discussion

A combination of quantitative and qualitative approaches was used in the data analysis intro-
duced in this chapter. Human hand anatomy was studied from three important aspects: The
kinematics, the functionality, and the dynamics. From a kinematic point of view, an equiva-
lent biomechanical model using mechanical equivalents of joints was proposed. Furthermore,
a critical study of state of the art, regarding grasping was carried out. This study allows identi-
fying the hand gestures most used in daily living activities. Moreover, an approximation of the
dynamic behavior of muscles was introduced through the equivalent Hill-based muscle model.
Furthermore, the human force was evaluated experimentally, and the range of pinch force was
identified.

The study of the state of the art of human grasping, shows us that most of the movements
studied in the literature are not useful in daily life. Instead, a group of seven relevant movements
was identified, according to the grasp taxonomy, the hand gestures are: i) medium Wrap, ii) light
tool, iii) prismatic 4 fingers, iv) prismatic 3 fingers, v) prismatic two fingers, and vi) precision
disk, vii) tripod. The medium wrap and the last five movements are performed using from
two to four fingers opposed to the thumb. However, all of them are feasible using two fingers
opposed to the thumb. Thus, a robotic prosthetic hand fitted with three fingers can fulfill six of
the seven most used hand gestures, restoring 85.7% of the daily working necessities regarding
hand usage of an amputated person.

With respect to the experimental result and the biomechanic analysis of hand joints and
muscle, we found that for the development of a prosthetic hand, it is necessary to take into
account the following consideration:

1. Have an active flexion in the range of [60,90] degrees in the MCP, PIP, and DIP joints.

2. The adduction and abduction movements are very important to prepare the hand for grasp-
ing, even that, if they are fixed in the correct position for the seven identified grasping
gestures they can be omitted.

3. According to the study performed in section 1.2, six of the seven grasping movements can
be merged in single hand gestures using three fingers, if the prosthetic hand have enough
compliance to be adapted to different objects.

4. The behavior of the actuators must follow a viscoelastic scheme as proposed in the Hill-
based model.

5. The necessary force range is in the interval [4.78N, 6.70N].

6. The operating frequency must be in the interval [8.89Hz, 22.2Hz].

The collected information is the basis for the development of the hand prosthesis and the actu-
ator based on smart material, which are introduced in the following chapters.
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Chapter 2

Design and modeling of the soft robotic
hand ProMain-I

The task of designing or improving a robotic hand (to replicate the grasping capabilities and the
kinematic function of the human hand) involves the consideration of a high complexity sensory
and motor functions. The literature (e.g. [101]) shows that some robotic hands designed for
research have provided solutions for the domain of prosthesis. However, the actual state of the
art shows that the requirements of dexterous manipulation, regarding mechanisms, actuation,
and kinematic properties, have not been fulfilled [102]. Thus, in this chapter we introduce
a contribution regarding the development of a robotic hand prosthesis, designed to take into
account the state of the art of robotic hands and requirements of the human hand.

An essential aspect of the development of robotic hands is the actuation system and the
drive mechanism. The hands present in state of the art could be classified mainly into three
categories: under-actuated, fully actuated, and over-actuated. This classification is based on the
number of actuators used to drive a joint. For instance, a robot having three rotational joints,
each one provided with one degree of freedom, could be driven by three actuators (one per
joint), in that case, the robot is fully-actuated. When the number of actuators is bigger than the
number of joints, the robot is over-actuated. Finally, when the number of actuators is lower than
the number of joints, two or more joints must be driven by only one actuator, that case is the
underactuated scenario.

2.1 Review of robotic hands

The last three decades have seen a growing trend towards the development of robotic hand.
Thus, it is mandatory to verify the technological progress regarding mechanism, performance,
and functionality of robotic hands. With the aim of identifying the actual evolution of robotic
hands, we carry out a detailed study of twenty-two robotic hands, which are summarized in
figure 2.1.
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2. Design and modeling of the soft robotic hand ProMain-I

UTAH/MIT Dextrous
Hand [103–105] Awiwi Hand [106] Robonaut

Hand 2 [107, 108]
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Figure 2.1: Review robotic hands
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2.1. Review of robotic hands

In our study, we take into account physical characteristics as weight, shape, speed and force.
Furthermore, we attempt to identify the used mechanism and the actuators technologies. This
information is required to define a framework in which the contribution to robotic hand pros-
thesis development can be precisely determined and also to define a reference point to start-up
the development of a new prosthetic hand.

Physical features of over-actuated hands found in the literature are summarized in table 2.1.
Two of the three hands have five fingers, one of them has four. The size is given as a scale factor
about the human hand. The grip force is the strength that can be applied by the hand over an
object. These robots are designed to be applied as dexterous grippers, and the specifications are
quite different from those of robotic prosthetic devices.

Name Year Size Weight Finger Speed Force Ref
Number

UTAH\MIT 1986 �1 - 4 172◦/s 32N [103–105]
Dextrous Hand [125]

Awiwi Robot Hand 2012 1 - 5 DIP: [1330,1500]◦/s 30N [106]
PIP: [780,1170]◦/s
MC: [640,850]◦/s

The Robonaut Hand 2 2011 1 9 kg 5 200 mm/sec 20N [107, 108]

The speed of the Robonaut Hand 2 is given for the fingertip.

Table 2.1: Physics characteristics: over-actuated hands

The actuation and driving mechanisms are summarized in table 2.2. The hands are driven in
all cases by tendons merged with pulleys or with rigid bar mechanisms. Furthermore, the num-
ber of actuators is high, which is logical considering the over-actuation concept and the number
of degrees of freedom that in all cases is greater than fourteen. Consequently, this kind of actu-
ation concept is not possible for prosthetic devices using traditional actuation technologies, i.e.,
based on energy sources like electric, pneumatic or hydraulic.

Name DoF Joints Type Actuator Mechanism Ref.
Number Actuator Number

UTAH\MIT 16 16 electric 32 tendon and pulley [103]
Dextrous Hand pneumatic [125]

Awiwi Robot Hand 19 15 electric 38 tendon [106]
The Robonaut 14 (12 hand 16 electric 16 tendon and 4 bar [107, 108]

Hand 2 + 2 wrist) mechanism

Table 2.2: Actuation characteristics: over-actuated hands
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2. Design and modeling of the soft robotic hand ProMain-I

The fully actuated hands are lighter than the over-actuated ones, which can be explained by
the lower number of actuators. In this category, we find the “Sensor Speed” hand which is a
hand prosthesis produced by OttoBock. The “Sensor Speed” hand has a size factor of one, i.e.,
the hand is anthropometric. Furthermore, the hand is configured to perform grasping with three
fingers and can apply a force of 100N. The main drawback of this prosthesis is the fact that
the position of the fingers and the reduced degrees of freedom limits the usability of the hand.
Table 2.3 summarizes the physics characteristics of the considered fully actuated hands.

Name Year Size Weight Finger Speed Force Ref
[Kg] Number

Okada Hand 1979 - 0.240 per finger 3 [500,600]◦/sec Grasp Object [109]
of 500g

Keio Hand 2005 1 0.853 5 - 10N [110]
UB Hand IV 2013 - - 5 - - [111]
Sensor Speed 2011 1 0.46 3 300mm/sec 100N [6]
(OttoBock)
ROBIOSS 2013 1.1 0.113 per finger 4 70 ◦/sec - [112]

Table 2.3: Physics characteristics: fully-actuated hand

With respect to the actuators, all hands use electric actuators and excepting the sensor speed
hand, which uses rigid drive mechanism, all hands transmit power through cables. In the case
of the “Keio” and “UB IV” hands, the number of degrees of freedom is set to 20 allowing each
finger to perform flexion-extension and adduction-abduction. The “Okada” hand has eleven
joints, eleven DOF and consequently eleven actuators. The utilization of this actuation method-
ology in robotic hand prosthesis is potentially possible. However, the usage of several joints to
perform required grasping tasks lead to the use of a relatively high number of actuators, which
results in a high energy consumption and impacts the energetic autonomy of the hand. Table 2.4
summarizes the actuation features of the considered fully actuated hands.

Name DoF Joints Type Actuator Mechanism Ref.
Number Actuator Number

Okada Hand 11 11 electric 11 cable [109]
Keio Hand 20 20 electric 20 tendon and pulley [110]

UB Hand IV 20 20 electric 24 tendon [111]
Sensor Speed 1 2 electric 1 rigid [6]
(OttoBock)
ROBIOSS 16 16 electric 16 tendon and pulley [112]

Table 2.4: Actuation characteristics: fully-actuated hand
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The last category corresponds to the under-actuated robotic hand. Here we find three com-
mercial prosthetic hands: i-Limb, BeBionics, and Michelangelo. All of them have a scale factor
of one regarding the human hand forces in the range [70,140] N. Their weight is between 420g
for the Michaelangelo hand and 557g for the “Bebionic”, in all cases, the weight is under the
average human value of 600g.

One important aspect of these prostheses is that they report the speed regarding closing time,
which correspond to the time used for the hand to completely close the fingers. Likewise, the
speed of the “Shadow” Hand is reported as the operating frequency of full-range joint movement
in free space. Furthermore, for the research purposes hands, the heaviest is the shadow hand
with 4200g. Table 2.5 summarizes the physics characteristics of the considered under-actuated
hands.

Name Year Size Weight Finger Speed Force Ref
Number

DLR Hand 2 2001 - 1.8 4 360◦/s 30N [113]
The Shadow Hand 2003 1 4.2 5 0.2Hz - [114]

CyberHand 2006 1 1.8 5 45◦/s 70N [115]
FluidHand III 2009 - 0.4 5 closing time: 1s 65N [116]

Bebionic Hand 3 2012 1 557 5 closing time: 0.5s 140N [7]
Xu-Todorov 2016 1 0.942 5 - - [117]
Twendy One 2009 1.2 - 4 - - [118]
i-limb Ultra 2011 1 0.480 5 closing time: 1.2s 100N [8]

Université Laval 2008 1 0.4 5 - 50N [119]
Rutgers Hand 2002 1 1.36 5 - 6.67N [121]

i-HY Hand 2013 - 1.35 3 - - [122]
Michelangelo 2012 1 0.42 5 325mm\sec 70N [9]
Gifu Hand III 2002 1.3 1.4 5 - 2.8N [123]

MPL Hand 2010 1 - 5 - - [124]

Table 2.5: Physics characteristics: under-actuated hand

Table 2.6 summarizes the actuation features of the considered under-actuated hands. It is
interesting to note that the commercial prosthetic hands have four or five DoF and are driven
by five electric actuators. Likewise, the hand developed by the Université Laval has 15 DoFs
in total, of which one is actuated. Regarding the mechanism, it is not frequently reported due
to the complexity of under-actuation, but for the reported cases it is a rigid bars system in two
cases and tendons for two others.

Furthermore, only one hand employs a smart material (shape memory alloy) as the actuator.
Moreover, regarding actuators of the studied hands, 10 are electrics, one is pneumatic, one is
hydraulic, one is based on smart materials, and one is activated manually.

31



2. Design and modeling of the soft robotic hand ProMain-I

Name DoF Joints Type Actuator Mechanism Ref.
Number Actuator Number

DLR Hand 2 13 17 electric 12 - [113]
The Shadow Hand 20 24 pneumatic 20 - [114]

CyberHand 16 - electric 6 rigid [115]
FluidHand III 8 8 hydraulic 8 - [116]

Bebionic Hand 3 5 - electric 5 4-bar mechanism [7]
Xu-Todorov - - electric 10 - [117]
Twendy One 13 16 electric 13 - [118]
i-limb Ultra 5 11 electric 5 - [8]

Université Laval 1 15 manual 1 - [119]
Rutgers Hand 15 20 SMA - tendons [121]

i-HY Hand 5 9 electric 5 - [122]
Michelangelo 4 6 electric - - [9]
Gifu Hand III 16 20 electric 16 rigid [123]

MPL Hand 22 26 electric 15 - [124]

Table 2.6: Actuation characteristics: under-actuated hand

Summarizing, state of the art allows us to identify that: i) the most used drive mechanism
is based on tendons, ii) the mass of a prosthetic hand must be under 600g, iii) the number of
actuators must be reduced, but the number of DoF must be as high as necessary to perform the
prehension movements identified in chapter 1, and iv) an electric actuator is a right approach
for a first test prototype that is going to be used to extract requirements specification to develop
an actuation system using smart materials. In the following, we introduce the first prototype
of the so-called robotic prosthesis ProMain-I, which uses a new tendon-drive mechanism, and
takes into account human hand requirements and state of the art introduced here.

2.2 Precision grasping hand set up

As introduced in chapter 1, the adduction-abduction of metacarpophalangeal (MCP) joints play
an important role preparing the hand for grasping. Even that, finger’s flexion-extension move-
ments are significant to perform the hand grasping gesture. Consequently, if the fingers are
correctly placed for grasping, those articulations are not required, and the prosthesis can be
simplified without impacting prehension ability. Thus, we introduce a support chassis that host
the fingers in such a way that they are correctly placed to perform grasping gestures described
in section 1.2.

The support chassis must guaranty that: i) the thumb is abducted facing index and middle
fingers and ii) the index and middle fingers must have a minimum abduction angle correspond-
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ing to hand opening. This angle is set to 15◦ allowing a hand opening of 10cm during grasping
as introduced in section 1.2. It is to note that to perform the chosen grasping gestures the hand
needs to be opened an amount of 5cm.

Fingers’ frameworks (2c) are integrated to support chassis (60) as presented in figure 2.2.
The rotation axes of the MP joints of the thumb, index, and middle fingers (noted z11, z21, and
z31 respectively) are coplanar and create two angles γ1 and γ2. In order to guarantee the required
thumb opposition and the index-middle abduction, we set the following angular values: i) angle
γ1 formed between z11 and z21 is set to 15◦ and ii) angle γ2 formed between z11 and z31 is set to
15◦.

60

2c (thumb)
(index) 2c

(middle) 2c

z11z21
z31

γ1

γ2

Figure 2.2: Support chassis of the ProMain-I.

Taking into account that angles γ1 and γ2 are measured with respect to the axis z11 of the
thumb finger, the abduction angle between the index and the middle fingers is also 15◦. As a
result, this support chassis offers the ideal configuration1 to perform the selected prehension
patterns. In the following sections, we introduce the prosthetic finger, which is the main com-
ponent of the hand.

2.3 Design of the soft robotic finger

Based on the state of the art of the human (presented in chapter 1) and robotic hands (presented
in section 2.1), we chose a tendon-based approach for the finger’s driving mechanism to provide
flexibility in the articular joints. In order to develop the tendon-based ProMain-I finger, an early
“alpha” prototype of the robotic finger is introduced. The “alpha” finger prototype is a bio-
inspired tendon-driven finger [1–3] composed of three joints: the metacarpophalangeal (MCP),
the proximal interphalangeal (PIP) and the distal interphalangeal (DIP). All the joints have one

1The configuration takes into account the grasping conditions reported as part of the grasping taxonomy of Feix
et al., [17]
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DoF to perform flexion and extension. The finger is controlled by only one actuator, and the
drive mechanism uses two tendons for transmitting motion, one for the flexion and one for
the extension, as shown in Figure 2.3. Considering that the tendons are fastened to the motor
pulley and the fingertip, the clockwise rotation of the actuator produces the flexion, and the
counterclockwise rotation provides the extension.

Flexion
tendon

Extension
tendon

Joint 1
(MCP) θ j1

Joint 2
(PIP) θ j2

Joint 3
(DIP) θ j3

l j1 l j2 l j3

Figure 2.3: Early “alpha” prototype of the robotic finger.

Due to the under-actuation, the rotation angle of the PIP and DIP joints are linked with
the rotation angle of the MCP joint. The relations between tSelhe angles are calculated using
experimental measures presented in section 3.2. As a result, the obtained relations between
angles are θ j2 = 0.23θ j1 and θ j3 = 0.72θ j1, where θ j1 is the MCP joint angle, θ2 is the PIP
joint angle and θ3 is the DIP joint angle. The subindex j is used to identify the fingers so
that j = 1 made reference to thumb, j = 2 the index, and j = 3 the middle. Furthermore, the
parameters l j1, l j2 and l j3 are the lengths of the proximal, medial and distal phalanges, as shown
in Figure 2.3.

The analysis carried out using experimental data, issued from the “alpha” prototype of the
robotic finger, gives us valuable and relevant information for the improvement of the finger’s
mechanism and actuation systems, and lets us define the following functional requirements:
i) higher stiffness into the MCP joints and ii) a fixed mechanical relation between the proximal
and metacarpal joints, and between the distal and metacarpal joints. Those improvements are
introduced in the ProMain-I finger prototype.

The new driving mechanism is inspired by the epicyclic gear train, which is typically com-
posed of two gears (one fixed and one mobile) whose centers are attached through a rigid link
so-called carrier. So that, the rotation of the carrier creates a revolve of the mobile gear cen-
ter around the fixed gear. As a result, due to the mechanical link between gears, a rotation is
provided on the mobile gear. Furthermore, the rotation amount of the carrier can be different
from the rotations of the mobile gear, which is controlled by the gears relation. Figure 2.4
exemplary shows an epicyclic gear train (whose gears are labeled with white circles to follow
relative rotations) in which the carrier has rotate 90◦ and the mobile gear 150◦.
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2.3. Design of the soft robotic finger

0◦

150◦

90◦

Figure 2.4: Epicyclic mechanism.

Consequently, for our driving mechanism, we proposed a soft epicyclic mechanism in
which: i) the finger’s phalanges replace the carrier, ii) the gears are replaced by two slotted
pulleys, and iii) the mechanical link is guaranteed by two crossed flexible wires, henceforth
tendons.

Figure 2.5 shows the scheme of the driven mechanism, in which blue line represents the ten-
don that drives clockwise rotation, and the yellow one depicts tendon used to produce counter-
clockwise rotation; clockwise and counterclockwise rotations are assumed regarding the figure
orientation. The ith phalange of the finger j begins in a vertical position, then after a rotation,
it reaches a horizontal position. The center of the mobile pulley orbits around the fixed pul-
ley, and due to the effect of the tendons, the mobile pulley rotates. As a result, a rotation is
produced in the i+1th phalange, which is fixed to the mobile pulley. If the mobile pulley gets
blocked during rotation, the driving tendon is constrained in tension, so that, the elasticity of
the tendon’s material depicts the stiffness of the joint.

θ ji+1

ith phalange

θ ji+1

Initial

Final

θ ji

Applied

Fixed pulley

Mobile pulley

i+1th phalange

Figure 2.5: Soft epicyclic mechanism.
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2. Design and modeling of the soft robotic hand ProMain-I

The proposed soft epicyclic mechanism is used to transmit motion between the MP joint and
the DIP joint, and between the DIP joint and the PIP joint. As a result, two groups of tendons are
used; each group is composed of one flexion tendon and one extension tendon. Thus Promain-I
hand motion consists in the flexion and extension of the robotic fingers which are placed in the
support chassis (60) described above. In the following, we introduce the main components of
the ProMain-I hand, see figures 2.6 and 2.7. The phalanges are the following: (i.) proximal
(10), which is highlighted in blue color in Figure 2.6, (ii.) medial (20), which is highlighted in
yellow color, (iii.) distal (40), which is highlighted in gray color.
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Figure 2.6: Promain-I hand phalange description
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Figure 2.7: Promain Hand-I main components
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2.3. Design of the soft robotic finger

Robotic finger is under-actuated, hence, the movement is transmitted using only one servo-
motor, which is the active element, it is linked to the MP joint, through the pulley (6) and the
gears (7a and 7b), the gears are used to ensure the rigidity of the proximal phalanx.

Two tendons are crossly placed from pulleys (12) to (22), see figure 2.6, yellow line repre-
sents a tendon that executes the flexion of the medial (20) phalange; and blue line illustrates a
tendon that executes the extension of medial (20) phalange.

Similarly, pulleys (16) to (32) are linked through two tendons that are crossly attached.
Yellow line represents a tendon that executes the flexion of the medial (16) phalanx; and blue
line illustrates a tendon that executes the extension of medial (32) phalanx. The motion is
executed, following the next steps and conditions:

1. Servomotor is linked to the pulley (6), which transfers the motion to the gear (7a) and
(7b).

2. Gear (7b) is attached to the proximal (10) phalanx, therefore the rotation in first phalanx
is produced.

3. Pulley (12) is linked with the framework (2c), with this in mind, when the element (10)
turns, it causes the rotation of the pulley (22).

4. Pulley (22) is linked to the medial (20) phalanx, thus when the pulley (22) turns, it moves
the medial (20) phalanx.

5. Pulley (16) is attached to the phalanx (10), thus, due to the soft epicyclic mechanism,
when the pulley (22) turns, it causes a rotation in pulley (32).

6. The pulley (32) is attached to the medial (10) phalanx, so, the rotation of the pulley (32)
produces the rotation of the distal phalanx (40).

Two wires or tendons are used to transmit movement from the servomotor to the proximal
phalanx. From a qualitative point of view, the elastic behavior of those elements allows us to
mimic the human muscle behavior. Furthermore, the same effect is used to reproduce the elastic
behavior of human tendons presented in section 1.3.2.

The damping element bT de introduced in section 1.3.2 is used to describe more accurately
the muscle behavior avoiding undesired oscillations. In this case, considering that no oscillation
is present we consider that the element is embedded in the global behavior of the soft epicyclic
mechanism. The following figure 2.8 shows the equivalence between the proposed mechanism
and the Hills-based muscle model.
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Figure 2.8: Parallel between soft epicyclic mechanism and the Hills-based muscle model.

2.4 Robotic hand ProMain-I

The bio-inspired robotic hand prosthesis ProMain-I 2, has been developed, tested and manu-
factured completely in LEME laboratory. It has three fingers disposed to perform precision
grasping. Each finger has three joints: Metacarpophalangeal (MP), Proximal interphalangeal
(PIP) and distal interphalangeal (DIP).

All joints have one degree of freedom (DoF) to perform flexion and extension. Each finger
is controlled by only one servo motor XL-320 DynamixellTM, hence the medial (MP) and distal
(DIP) phalanges are driven by the proximal phalanx (PIP) motions. The clockwise rotation
of the actuator produces flexion, and the opposite rotation produces extension. The relation
between the angles is θ j2 = θ j3 = 0.9θ j1, where θ j1 is the MP joint angle, θ j2 is the PIP joint
angle and θ j3 is the DIP joint angle. This relation between angles is established manipulating
the pulleys ratios and is chosen to mimic the closure of the human hand. Figure 2.9 shows the
CAD model and the prototype of the ProMain-I hand performing a grasping gesture

(a) CAD model. (b) Prototype performing a grasping gesture

Figure 2.9: ProMain-I Hand.

2Patent Number: FR1656914[4]
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2.5 Kinematic model

Due to the tendons introduced in the soft epicyclic mechanism, the designed robotic hand
ProMain-I has a flexible behavior in the joint. These soft responses creates a new behavior of
the finger which is different from the classical rigid robotic prosthesis presented in section 2.1
and must be analyzed. The modeling of those unpredicted motions requires new considerations
regarding kinematic modeling.

Recently, two important approaches have been proposed to model soft robotic hand pros-
theses. Such as the postural synergies [126] and the adaptive synergies [127]. These synergies
are used to formulate grasping forces [128]. Adaptive synergies are particularly referred to the
consideration of variable stiffness joints in soft robots, interacting in an adaptive way with the
environment and the objects to grasp.

These approaches allow the design of under-actuated robotic hands to accomplish a soft-
synergy model, which provides a robust and compliant mechanism [127]. Despite the excellent
results to control the internal forces needed to hold an object, the variable stiffness joints state
a challenge related to the modeling and handling of unpredicted movements.

Consequently, the synergies approach has been combined with the parameterization of
Denavit- Hartenberg (DH) [126]. The DH parameters and its variations were proposed for
rigid robots, and new developments are necessary to calculate the kinematic and the dynamic
of soft robots. The DH methods use four parameters to describe kinematic chains, two of them
are translations (di and ai), and the other two are rotations (θi and αi). Considering that joint
rotations are formulated using the parameters θi, a joint with multiple DoFs requires several
frameworks to describe its complete set of possible rotations. Thus, the main drawback of the
DH methods concerns the model size, which increases proportionally to the number of DoFs.
Moreover, if rotations are issued from the utilization of soft materials, these are unpredicted and
hampers the parameterization of the robot.

An interesting approach of kinematic modelization is presented in [129], where the author
proposes a model based on DH parameterization and unit quaternion instead of homogeneous
matrices. In the same way, [130] presents a methodology for the geometric design of 3R ma-
nipulators using the DH parameterization and quaternions. The DH parameterization and the
representation of rotations using quaternions are tested in [131] to express deformation in 3D
CAD models. Even so, these methods introduce a real difficulty because they remove totally
the homogeneous matrices, and a modelling using only quaternions is not efficient from a com-
putational point of view[132].

For these reasons, in the following section we present a new hybrid model that improves
the representation of rotations that arise from soft robotics prosthesis movements. Our model
combines the parameterization of DH method with quaternions to formulate soft rotations. This
new method allows to: formulate soft robot’s rotations even in the neighborhood of rotational
singularities, reduce the number of rotation parameters and unify the formulation to describe
the kinematic of a soft robot.
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2. Design and modeling of the soft robotic hand ProMain-I

2.5.1 DHKK parameterization merged With Quaternions Formulation

In order to propose an efficient method to model the kinematic of a soft robot, we propose a hy-
brid method, that consists in the utilization of the Denhavit-Hartenberg parameterization Modi-
fied by Khalil and Kleinfinger (DHKK), and the formulation of soft rotations using quaternions.

For the purpose of formulating the rotations that arise from soft robotics movements, our
hybrid method represents the kinematic, using DHKK and homogeneous matrices for rigid ro-
tations, and introduces the formulation of soft rotations using quaternions (SRQ). The SRQ is
launched taking into account several parameters as the desired movement precision, the direc-
tion of movement vectors, and the stiffness of the joints. Likewise, the SRQ can be launched by
sensory feedback.

2.5.1.1 DHKK parameterization

The DHKK convention, allows the representation of open-loop and close-loop kinematic chains,
and presents a convenient definition of the axis zi, which corresponds to the rotation axe of the
i− th joint. The angle of rotation around zi is denoted by θi, and is applied using a transforma-
tion matrix, that is described in equation (2.1), which result of the application of:

1. a rotation αi around xi−1.

2. a translation ai along xi−1.

3. a rotation θi around zi.

4. a translation di along zi.

i−1 [T ]i =


cosθi −sinθi 0 ai

sinθi cosαi cosθi cosαi −sinαi −sinαidi

sinθi sinαi cosθi sinαi cosαi cosαidi

0 0 0 1

 (2.1)

The parameters αi, ai, θi and di, are known as the DHKK parameters, a graphical repre-
sentation of the parameters is shown in figure 2.10. Usually, the task of calculation of DHKK
parameters is hard. it must be performed manually, and it is more difficult when there are
multiple kinematic chains. Even that, a method to automatically generate these parameters is
presented in [133], and this methodology is used in the present work.
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Figure 2.10: Graphical representation of DHKK parameters

Consequently, the kinematic of a robot composed of n joints is:

0 [T ]n =
n

∏
i=1

i−1 [T ]i (2.2)

As result the matrix 0 [T ]n is a composition of the orientation of the end effector 0 [R]n, and
the position vector {0Px

n ,
0 Py

n ,
0 Pz

n}T , as shown in the following expression:

0 [T ]n =


0 [R]n

0Px
n

0Py
n

0Pz
n

0 0 0 1

 (2.3)

2.5.1.2 Formulation of Rotations Using Quaternions

The quaternion[134] is a composition of four coefficients, as shown in equation (2.4), usually
represented with ordered pairs [135] as H= [[h0,~h ]], where~h = {h1,h2,h3}.

H= h0 +h1i+h2 j+h3k (2.4)

The components i, j, and k represent the unit vectors that match the direction of ~h, and
satisfy:

i2 = j2 = k2 = i jk =−1 (2.5)

The real number h0 represented as quaternion, is denoted by H0 = [[h0,~0 ]] and the pure
quaternion of the vector ~p is given by P= [[0,~p ]], whose conjugate is P= [[0,−~p ]]. As presented
in [136], two quaternions H= [[h0,~h ]] and V= [[v0,~v ]] can be multiplied as:

HV= [[h0v0−~h ·~v,h0~v+ v0~h+~h×~v ]] (2.6)
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~h
~u

γ

Figure 2.11: Rotation γ applied~r to around

In the 3D space, a rotation γ applied to the vector~h around the vector~u, see figure 2.11, can
be formulated using quaternions. For this purpose it is necessary to propose a rotator that is a
quaternion U as shown in the following equation [134, 135]:

U= [[cos(γ/2),~usin(γ/2) ]] (2.7)

Likewise, it is required to define the pure quaternion H, representing the vector to be ro-
tated~h, as follows:

H= [[0,~h ]] (2.8)

Afterwards, the rotated vector~h′ is calculated multiplying the rotator U, the pure quaternion
H, and the conjugate of the rotator U, as follows:

[[0,~h′ ]] = [[UH U ]] (2.9)

Consequently, any combination of three rotations around the axes xi, yi and zi, can be for-
mulated using three rotators xUi, yUi, and zUi that are formulated for rotations αi,βi,θi around
axes xi, yi and zi respectively, using unit vectors ~xi,~yi, and~zi in the direction of axes xi, yi and
zi, as follows:

xUi = [[cos(αi/2),~xi sin(αi/2) ]] (2.10)

yUi = [[cos(βi/2),~yi sin(βi/2) ]] (2.11)

zUi = [[cos(θi/2),~zi sin(θi/2) ]] (2.12)

Furthermore, it is necessary to define the pure quaternions xHi, yHi, and zHi using the unit
vectors~xi,~yi, and~zi matching the direction of axes xi, yi, and zi respectively, as follows:

xHi = [[0,~xi ]] (2.13)

yHi = [[0,~yi ]] (2.14)

zHi = [[0,~zi ]] (2.15)
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Figure 2.12: Rotation around the axes xi, yi, and zi

Once the rotators and the pure quaternions are defined, we calculate a global rotator xyzUi,
expressing a rotation around all axes. xyzUi is calculated, using the quaternions multiplication
introduced in equation (2.6), as shown in the following equation:

xyzUi =
x Ui

yUi
zUi (2.16)

Finally, we formulate rotations following equation (2.9) to calculate unit vectors~x ′i ,~y ′i and
~z ′i indicating the orientation of axes after rotation are as:

[[0,~x ′i ]] =
xyz Ui

xHi xyzUi (2.17)

[[0,~y ′i ]] =
xyz Ui

yHi xyzUi (2.18)

[[0,~z ′i ]] =
xyz Ui

zHi xyzUi (2.19)

Those rotators xUi, yUi, and zUi, which can be considered as points lying a hypersphere
S3 [137] centered at the origin of a joint, can represent any rotation in a 3D space of a rigid–body
without singularities[138] and avoiding the addition of extra reference frames. As a result, we
can formulate the rotation of any vector ~hi represented by the pure quaternion hHi = [[0,~hi ]],
see figure 2.12, around the axes xi, yi, and zi as follows:

[[0,~h ′i ]] =
xyz Ui

hHi xyzUi (2.20)

2.5.1.3 Hybrid Model DHKK-SRQ

In the following pages, it will be presented our new hybrid model DHKK-SQR [3] that unifies
the DHKK parameters with quaternions using an optimal analysis of the available sensor feed-
back. This unified formulation allows to express the kinematic of soft robots and reduces the
corresponding computational cost.

Each ith joint (for i = 1, . . . ,n where n is the number of joints) is considered as an element
that has a hybrid (rigid and soft) behavior. In figure 2.13, the ith joint is modeled, in a first step
as a rigid element, and only with the rotation θi around zi; finally, the rotations αi and βi around
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axis xi and yi are added with the hypersphere S3
i . As a result, the model can apply rotations in

all axes avoiding to add any extra reference frames.

𝑖𝑡ℎ Joint 𝐷𝐻𝐾𝐾
𝑅𝑖𝑔𝑖𝑑 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛
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Figure 2.13: Model of hybrid joint using DHKK and SRQ.

The rigid rotations are performed using the homogeneous matrices which are given by equa-
tion (2.1) and the kinematics of the rigid joints results from equation (2.2). The orientation and
the final position are given by equation (2.3). Using DHKK, the only possible active rotation is
θi around the axes zi. Therefore, we formulate the extra rotations (those that appear from the
low stiffness joints) αi and βi using SRQ. Additionally, after the SRQ is launched, the rotation
θi is formulated using a quaternion; so that, the set of quaternions for each ith joint is defined
by equation (2.20). To decide when the SRQ is launched, and optimize the extra computational
cost, our hybrid method is parameterized in three different cases depending on the available
instrumentation:

1. A fully instrumented setting, i.e. position and force sensors are available

2. A partially instrumented robot with only position sensors (full or partial measure).

3. No instrumentation available.

For the first case, the model uses equation (2.3) to calculate the final position of the robot.
Once the force sensor detects the contact with an object, we apply equation (2.21) to evalu-
ate the absolute position error (Euclidian distance). If the error exceeds the threshold λ , the
rotations are performed using equation (2.20), with the measured angles α = {α1, . . . ,αn},
β = {β1, . . . ,βn} and θ = {θ1, . . . ,θn} for the n joints of the robot. The threshold λ depends on
the precision requirements of the robot.√

∑
x,y,z
|0 {PM}n−0 {P}n |

2 ≤ λ (2.21)

Where, 0 {PM}n =
{0PMx

n,
0 PMy

n,
0 PMz

n
}T and 0 {PM}n =

0Px
n ,

0 Py
n ,

0 Pz
n

T are the measured and
calculated end positions.

For the second case, two scenarios are possible: i) complete angular rotations are measured,
i.e. angles α = {α1, . . . ,αn}, β = {β1, . . . ,βn} and θ = {θ1, . . . ,θn} are available ii) partial
measure of angular rotations are measured, i.e. only angles θ = {θ1, . . . ,θn} are available.
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Figure 2.14: Grasp Conditions.

In the first scenario the model use equation (2.3) to calculate the final position of the robot,
and the criterion introduced in equation (2.21) is used from the beginning to calculate position
error. When the error reaches or exceeds a threshold λ the rotations are formulated using equa-
tion (2.20). In the second scenery, we apply equation (2.22) to calculate angles α and β of each
joint, and the rotations are performed using equation (2.20).

(α,β ) = argmin
α,β

√∑
x,y,z
|0 {PM}n−0 {P}n |

2

 (2.22)

The last case is proposed for robotic hand applications, where the grasping parameters (size,
shape and weight of the object) are known, but the robot doesn’t have sensory feedback. So,
the known grasping information is used to parametrize our method. To grasp in a steady way
an object, it is necessary to consider four conditions [36]:

1. The sum of the applied forces and torques must be equal to zero.

2. The direction of the forces must be orthogonal to the tangential plane of the point of
contact with the object, as shown in figure 2.14a. The maximal angle ϕ of the force
depends on the friction coefficient µ of the object (cone of force).

3. The center of application of forces CN must be as close as possible to the center of mass
of the object C, as shown in figure 2.14b.

4. The area formed by the points where the force is applied ∆F , see figure 2.14c, should be
up to ξo, which is a constant defined as a function of the maximal distance between the
point of application of force.

The proposed steady grasp conditions, can be expressed as follows:

∑i fi = 0 and ∑i τi = 0
ϕ = arctan(µ)
|CN−C| → ε

∆F → ξo

(2.23)

where, fi and τi are the applied forces and torques with i fingers and ε is the maximal difference
between the center of application of forces and the center of mass of the object.
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On the basis of the above, we define the following criterion, to calculate the joint values
required to position the robot in the desired grasp posture:

(α,β ,θ) = argmax
α,β ,θ

(∆F)

s.t |CN−C|< ε , ∆F < ξo

(2.24)

The rotations are performed using equation (2.1), while the values of α or β are constant; then
the rotations are formulated using SRQ as proposed in equation (2.20).

2.5.2 Modeling of the Robotic Hand Prosthesis Promain-I

Taking into account that the hand is composed by three fingers, the kinematic model must be
adapted. Thus, table 2.7 reports the notation that adapts the DHKK-SRQ model to the ProMain-
I hand using a subindex i for the joints and a subindex j indicating the finger ( j = 1 for the
thumb, j = 2 for the index, and j = 3 for the middle).

Finger

Joint’s frame Phalanx length
MP (i = 1) P (i = 1)
PIP (i = 2) M (i = 2)
DIP (i = 3) D (i = 3)

Thumb ( j = 1)
(x1i,y1i,z1i)

l1i(α1i,β1i,θ1i)

(S1i)

Index ( j = 2)
(x2i,y2i,z2i)

l2i(α2i,β2i,θ2i)

(S2i)

Middle ( j = 3)
(x3i,y3i,z3i)

l3i(α3i,β3i,θ3i)

(S2i)

Table 2.7: Adopted notation for ProMain-I hand.

The rotation angles of the PIP and DIP joints are dependent on the rotation angle of the MP
joint (under-actuated system). The relation between the angles is θ j2 = θ j3 = 0.9θ j1, where θ j1

is the MP joint angle, θ j2 is the PIP joint angle and θ j3 is the DIP joint angle. Furthermore, l j1,
l j2 and l j3 are the lengths of the proximal, medial and distal phalanges, respectively. Figure 2.15
shows these lengths and the joint angles for the index ( j = 2).

Before the fingers get in contact with objects, the movement is restricted to flexion-extension,
and only rotations θ ji are required, in that condition DHKK convention is used. Parameters a ji

are defined as links’ lengths, considering that a j1 is located at reference framework, its value is
zero. Bearing in mind that each finger performs movements in two dimensions, parameters α ji
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Figure 2.15: ProMain-I Hand with angles θ ji and lengths l ji.

and d ji are zero. Table 2.8 summarizes the DHKK parameters of the ProMain-I hand used to
model kinematics before contact.

Joint
Middle Finger Index Finger Thumb Finger

α a d θ α a d θ α a d θ

1 0 0 0 θ31 0 0 0 θ21 0 0 0 θ11

2 0 l31 0 θ32 0 l21 0 θ22 0 l11 0 θ12

3 0 l32 0 θ33 0 l22 0 θ23 0 l12 0 θ13

f 0 l33 0 0 0 l23 0 0 0 l13 0 0

Table 2.8: DHKK parameters for the ProMain-I Hand

The index f is used to describe the fingertip position. Consequently, the kinematics of our
robot is entirely defined by the matrix 0 [T ] j

f , which is a composition of the orientation 0 [R] j
f ,

and the position vector {0P x
j f ,

0 P y
j f ,

0 P z
j f }T , as shown in equation (2.25):

0 [T ] j
f =

f

∏
i=1

i−1 [T ] j
i =


0 [R] j

i

0P x
j f

0P y
j f

0P z
j f

0 0 0 1

 (2.25)

When extra rotations (different of θ ji) are needed, those are formulated using quaternions.
Concerning the ith joint of the finger j, rotators xU ji, yU ji, and zU ji are formulated for rotations
α ji,β ji,θ ji around axes x ji, y ji and z ji respectively, using unit vectors ~x ji, ~y ji, and ~z ji in the
direction of axes x ji, y ji and z ji, as follows:

xU ji = [[cos(α ji/2),~x ji sin(α ji/2) ]] (2.26)
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Figure 2.16: Kinematic model of the robotic finger with S ji,x ji,y ji,z ji,α ji,β ji,θ ji.

yU ji = [[cos(β ji/2),~y ji sin(β ji/2) ]] (2.27)

zU ji = [[cos(θ ji/2),~z ji sin(θ ji/2) ]] (2.28)

On the other hand, to model soft rotation, we propose set of vectors~r ji = d ji~x ji and the cor-
responding pure quaternions R ji = [[0,~r ji ]] that match direction, orientation, and length of the
finger phalanges. The vectors~r ji are formulated using the DHKK parameters [α ji,a ji,d ji,θ ji],
for the fingers j = 1, . . . ,3 and the joints i = 1, . . . ,3. Subsequently, we formulate rotation as
proposed in equation (2.20) using a global rotator xyzU ji =

x U ji
yU ji

zU ji. As a result, we have
a model where one hypersphere S3

ji is added to each soft joint. In figure 2.16 the model DHKK-
SRQ of one finger j of the hand is shown. The resulting expression for fingers rotation is as
follows:

[[0,~h ′i ]] =
xyz Ui

hHi xyzUi (2.29)

2.6 Dynamic model

The proposed dynamic model uses the principle of virtual displacements and virtual work [1].
The equivalent dynamic model of the finger is shown in Figure 2.17, where w j1, w j2 and
w j3 are respectively the weights of the proximal, medial and distal phalanges of the finger
j, and are placed at the coordinates of the centers of mass R j1 = (x′j1,y

′
j1), R j2 = (x′j2,y

′
j2) and

R j3 = (x′j3,y
′
j3). Fj is the applied force that is equivalent to the reaction force, and C j1 is the

input torque.
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Figure 2.17: Dynamic model of the robotic finger.

The virtual work is calculated for the external forces (i.e., weight, applied force and input
torque) in equation (2.30) and the inertial forces (e.g., centrifugal forces) in equation (2.31).

{δWe}= {Qe}T {δ re} (2.30)

Where {Qe}T is the transposed external force vector and {δ re} is the virtual displacement
vector of the center of masses and the external forces Fj contact point.

{δWλ}= ([M]{q̈})T {δ rλ} (2.31)

Where [M] is the diagonal mass matrix composed of the masses m ji and inertias J ji, {q̈} is
the second derivative with respect to time of the coordinates vector q representing the acceler-
ation vector (see equation (2.32)), and {δ rλ} is the virtual displacement vector of the inertial
frameworks.

{q}=
{

x′j1,y
′
j1,θ j1,x′j2,y

′
j2,θ j2,x′j3,y

′
j3,θ j3

}
(2.32)

The dynamic equilibrium is given by Eq. (2.33), but as in our model the rigid bodies have
movements restrictions, the displacements in the points where forces are applied aren’t inde-
pendent. In order to solve the equilibrium equation, considering the movements restrictions, it
is necessary to separate dependent and independent coordinates.

{δq}T ([M]{q̈}−{Qe}) = 0 (2.33)

The equation is simplified because only independent coordinates needs to be recovered. The
simplification is performed using the transformation proposed as:

{δq}= [B]{δqiı} , [B] =

 −[Cqd
]−1 [Cqı

]
[I]

 (2.34)
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2. Design and modeling of the soft robotic hand ProMain-I

where
[
Cqd
]

is the Jacobian of dependent coordinates,
[
Cqı
]

is the Jacobian of independent
coordinates, {δqiı} is the virtual displacement vector of the independent coordinates, and [I] is
the identity matrix. The equilibrium is thus written as follows:

{δqiı}T [B]T ([M]{q̈}−{Qe}) = 0 (2.35)

Solving equation (2.35), we obtain the input torque C j1 as a function of the force Fj and the
kinematic variables {q} ,{q̇} ,{q̈}. The resulting expression is:

C j1(Fj,{q} ,{q̇} ,{q̈}) =
H0−4l j1 sin

(
θ j1
)

H5 +8
(
l j2 sin

(
θ j2
)
−4
)
(H6 +H8)

8l j2 sin
(
θ j2
)
−32

(2.36)

where H0 = 2 l j1
2
θ̈ j1 sin

(
θ j1
)2 [(m j1 +m j2

)
l j2 sin

(
θ j2
)
−4 m j1−6 m j2

]
H1 = (1/4) l j1l j2m j2θ̈ j1 cos

(
θ j1
)

cos
(
θ j2
)
− (1/2) l j2

2m j2θ̈ j2 sin
(
θ j2
)2−4 gm j1

H2 = (1/4)
(
m j2 +2m j3

)
l j2

2
θ̈ j2 cos

(
θ j2
)2

+2 l j3m j3θ̈ j3 sin
(
θ j3
)
+2 J j2θ̈ j2

H3 = (1/2) l j2 cos
(
θ j2
)(

l j3m j3θ̈ j3 cos
(
θ j3
)
+m j2ÿ′ j1 +2m j3ÿ′ j2

)
H4 = l j2 sin

(
θ j2
)(

gm j1−2Fj +
(
2g+3θ̈ j2 + ẍ′ j1

)
m j2 +

(
g+2θ̈ j2

)
m j3
)

H5 = H1 +H2 +H3 +H4 +8Fj +
(
−6g−6ẍ′ j1

)
m j2 +

(
−4g−4ẍ′ j2

)
m j3

H6 = (1/4)
(
m j1 +3/2m j2

)
l j1

2
θ̈ j1 cos

(
θ j1
)2

+ J j1θ̈ j1

H7 =
(
m j2 +2/3m j3

)
l j2θ̈ j2 cos

(
θ j2
)
+2m j2ÿ′ j1 +4/3m j3ÿ′ j2

H8 = (3/8) l j1 cos
(
θ j1
)(

(2/3) l j3m j3θ̈ j3 cos
(
θ j3
)
+H7

)

2.7 Discussion

In this chapter, we have introduced the design and modeling of ProMain-I robotic hand pros-
thesis prototype. The robot aims to perform precision grasping with three fingers and uses a
new soft epicyclic driving mechanism. The driving device attempts to mimic the human muscle
behavior described by the proposed Hill-based model.

Taking into account that the joints have a low stiffness due to the utilization of tendons, the
hand is considered to have a soft behavior. Consequently, we have introduced a new hybrid
kinematic model, so-called DHKK-SQR, that is parametrizable according to the available in-
strumentation. The main advantage of our kinematic model is the ability to formulate several
rotations that could or could not be planned. Furthermore, the methodology can be parametriz-
able including virtual rotation axes that can be inside or outside of the robot’s geometry. More-
over, the model is not sensitive to singularities because it is based on the formulation of rotations
using quaternions.

On the other hand, we introduce a dynamic model; which is helpful to complete the de-
velopment of the robot modeling and allows to measure and states the requirements regarding
torque consumption of the robot for a specific requirement of force. In the following chapter, we
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2.7. Discussion

describe the experiments developed to test the finger and validate the ProMain-I hand grasping
capabilities. For those test, both dynamic and kinematic models are used.
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Chapter 3

Mechatronic assessment of the prosthetic
hand

The utilization of smart and soft materials has led to the development of new adaptive devices
known as soft robots [5] that use flexible and smart materials to enhance functionalities adding
new characteristics up to now not present in robots. The main advantage offered by the soft
robotics in the dextrous manipulation is the adaptation capacity, which allows the robotic hand
to be used in several uncertain grasping situations. However, it implies to undertake several
challenges, e.g. concerning the smart materials for artificial muscles, relevant studies are cur-
rently being carried out to develop new actuation strategies, even so, technologies are still far
from implementation in robotics [111]. Nevertheless, we consider that the current gap between
smart materials and robotics can be reduced or eliminated improving mechanic of robots and
bounding the problem with the real application requirements.

In the particular case of robotic hands prosthesis, the challenge is to provide a device suit-
able for daily living and working activities. Thus, the actuation requirements must arise from
the following milestones: i) the operating conditions that are drawn from the human hand func-
tionalities and features and ii) the defined actuation specifications that are based on the me-
chanic assessment of robotic hand. Both elements are crucial to achieve a smart material based
actuation solution that satisfies the requirements of a hand prosthesis.

Concerning the first milestone, operating conditions are introduced in chapter 1, in which
functionalities and features of the human hand were studied and defined. Regarding the actua-
tion specifications coming from the robotic hand, we need to evaluate the robotic hand ProMain-
I (designed to perform the most practiced human precision grasping gestures) that was presented
in chapter 2. To define the actuation specifications, we use both experimental results and the
kinematic and dynamics models introduced in chapter 2; the kinematic model is the so-called
DHKK-SRQ model. The proposed kinematic model takes into account the possible additional
degrees of freedom arising from the soft behavior of the robots. Consequently, in the following
we present several experiments aiming to: i) validate the DHKK-SRQ model, ii) evaluate me-
chanical features of the robot, and iii) extract actuation requirements. Figure 3.1 explains the
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3. Mechatronic assessment of the prosthetic hand

relationship between the experiments presented in this chapter.

Third Experiment
ProMain-I 

Finger

Kinematic 

analysis

Dynamic 

analysis

Formulation 

of actuation 

requirements

First Experiment
Kinematic 

model 

validation

First 

Finger

Prototype

Second Experiment

Two fingers

Platform

Pinch 

forces and 

kinematic 

analysis

Actuator selection

Figure 3.1: Relationship between the experiments

A common experimental set-up is proposed to measure kinematic and forces of the experi-
mental finger prototypes. Thus, in sections 3.1, 3.2, 3.4 and 3.5 we introduce the experimental
set-up and the three experiments. Then, we present a generalized methodology to define the
requirements of artificial muscles for robotic hands. The method takes into account the hu-
man hand capabilities to establish the range and operation limits of the actuator considering the
influence of mechanical and functional characteristics of the robotic hand.

3.1 General experimental set-up

Considering that the finger prototypes are designed to perform flexion and extension in two
dimension, the kinematic is measured using a camera (Canon EOS 600D) to track circular
markers placed in finger joints and fingertip. The camera is positioned at 1m from the fin-
ger prototype and is adjusted to assure a pixel size of 0.17× 0.17mm. The position accuracy
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3.1. General experimental set-up

(measured comparing several static images with a known value of length) is 0.51mm.
Images coming from the camera are processed to automatically recognize circular markers.

The image analysis follows these Four main steps: (i.) Crop image to extract the finger working
area, see 3.2a (ii.) transform image into a gray scale, see Figure 3.2b, (iii.) shift image into a
black and white scale, see Figure 3.2c, (iv.) detect image edges, see Figure 3.2d, and (v.) apply
Hough transform [139] to find the circles positions in the image, see Figure 3.2e.

(a) Crop image (b) gray scale

(c) Binary image (d) image edges (e) Hough transform

Figure 3.2: Automatic detection of finger joints an fingertip position

Taking into account that digital images are composed by pixels, which are formed by a
combination of primary colors organized in three channels red (R), green(G), and blue (B), the
gray scale L channel of the image is calculated as the average of the color components. However,
both R and G channels are brighter than B, so that, using a simple average the resulting L will
appear to be too dark in the red and green areas and too bright in the blue ones. Therefore, a
weighted sum of the color components is used to compute the gray scale equivalent as presented
below in equation (3.1). The coefficients that multiply R, G, and B were originally proposed for
encoding analog color television signals and are chosen to avoid information saturation (due to
bright) while the image is transformed into black and white scale.

L = 0.2989R+0.5870G+0.1140B (3.1)

Thereafter, the gray scale image is binarized to obtain a black and white image, which is pre-
cessed using a Canny filter [140] to automatically detect image borders; in this step the markers
appear to be circles with white borders, see figure 3.2d. Finally, the circular Hough’s transform
is applied to obtain the coordinates of each circle in the image, circles positions correspond to
the joint and fingertip coordinates. The image analysis is repeated for the sequence of images
stored during flexion and extension tests. Figure 3.3 shows four sample images of a flexion
cycle.
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3. Mechatronic assessment of the prosthetic hand

The image analysis delivers the position vectors of the joints, i.e. the vectors {0Px
j1,

0 Py
j1,0}T

for the MCP joint of the finger j, {0Px
j2,

0 Py
j2,0}T for the PIP joint and {0Px

j3,
0 Py

j3,0}T for the
DIP joint. Likewise the vectors {0Px

j f ,
0 Py

j f ,0} correspond to the fingertip positions. Consid-
ering that the movement is performed in the xy−plane, 0Pz

ji is always zero. The angles are
measured as shown in figure 3.4, following the DHKK parameterization.

Figure 3.3: Positions of the robotic finger articulations during flexion

MCPPIP

DIP

0Pj f

θ j1θ j2

θ j3

Figure 3.4: Angles and final position measure

Thereafter, the following three vectors linking joints are defined: i) vector~r j1 between the
MCP and PIP joints, ii) vector~r j2 between the PIP and DIP joints, and iii) vector~r j3 between
the DIP joint and fingertip. These vectors are used to calculate rotation angles θ ji as:

θ ji = arccos
(

~r ji ·~r ji−1

‖~r ji ‖‖~r ji−1 ‖

)
(3.2)

The first angle θ j1 is calculated with respect to a reference positive vertical unitary vector~r j0 =

0,1,0, figure 3.5 shows the vectors~r ji, the joints and fingertip position, and the location of θ ji.
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Figure 3.5: Interpretation of measured kinematic data.
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3.2. Validation of kinematic model DHKK-SRQ

Moreover, the force applied on the fingertip is evaluated using a resistive-based force sensor
Flexiforcer, that measures up to 5N, connected to a circuit that uses an inverting operational
amplifier arrangement to produce an analog output based on the sensor resistance, the output
voltage is registered with a digital oscilloscope. The sensor was calibrated in the range 0.6N
to 4.8N, and placed on a support (platform) which is located in the trajectory of the fingertip.
Furthermore, We developed software that controls the finger’s position and speed. Force and
kinematic data of prototypes are synchronized and stored during the desired number of flexion
and extension trials. The global setup of the experiment is shown in figure 3.6.

Kinematic
tracking

Force
measuring

Interface for controlling the platform

Figure 3.6: Experiment Set-up

3.2 Validation of kinematic model DHKK-SRQ

In the first stage, we carried out a test with the first tendon driven finger prototype, introduced in
section 2.3, which has three phalanges and is actuated by only one servomotor. The finger has
rigid joints but due to the soft driving mechanism, it mechanically self-adjusts the articulation
when is needed, this behavior can be considered as soft.

The aim of the test is to implement and try out our hybrid modeling method DHKK-SRQ.
Therefore, we design a platform aiming to: i) measure the kinematics of the finger, and ii) mea-
sure the robotic fingertip force.

Furthermore, the experiment is performed using several servomotors to evaluate the influ-
ence of actuator in the mechanism performance. The experiment is carried out using an experi-
mental platform that allows to swap actuators. For that purpose, the position of the finger can be
vertically adjusted guaranteeing that the actuator is aligned with finger’s MCP joint. The CAD
model of the test platforms are shown in figure 3.7.
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Fastening points
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DIP Joint

PIP Joint

MCP Joint
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Servo Motor Adjustable
height
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Figure 3.7: CAD Model of the test platform

The measured kinematic data is computed to calculate the joint angles θ ji as explained in
equation (3.2). The angles are used to feed DHKK and DHKK-SRQ methods and compute
fingertip position through direct kinematic analysis. The data issued from both kinematic meth-
ods is compared with the measure of fingertip position and the absolute error is computed. In
DHKK-SRQ, the measured force is used as a flag indicating when quaternions must be used to
formulate rotations. Figure 3.8 shows the work flow of the experimental validation

Model

DHKK-SRQ

First Finger

Prototype

Classic

DHKK model

Measure finger 

joint position

Measure fingertip 

force

Launch SRQ

After contact

Error Error

Data analysis
𝜃𝑗𝑖𝜃𝑗𝑖

0𝑃𝑗𝑓
0𝑃𝑗𝑓

0𝑃𝑗𝑓

Figure 3.8: Work flow of the kinematic method error estimation.

The experiments are performed using two standard servo motors HS-422 and Traxxas 2065
with torques of 0.324Nm and 0.225Nm respectively, and three serial servo motors Dynamixel

58



3.2. Validation of kinematic model DHKK-SRQ

XL-320 and AX-12a with torques of 0.390Nm and 1.50Nm respectively. The finger is con-
figured to perform five trials of flexion-extension movements for each servomotor. Figure 3.9
shows an example of the kinematic data measured using the HS-422 servo motor.
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Figure 3.9: Results of the position tracking using the HS-422 servo motor.

The error comparison is summarized in table 3.1. Our kinematic model (DHKK-SRQ)
presents better result than the DHKK model, as it produces smaller errors (even if the difference
is not huge). The error of our method is lower because after getting in contact with the object,
the DHKK-SRQ is launched and the mechanical slack of the finger is modeled as angles α ji

and β ji. The error reduction is more important for the final model of the ProMain-I hand, which
is subject to unexpected rotations (α and β ) due to the soft epicyclic mechanism.

59



3. Mechatronic assessment of the prosthetic hand

Actuator DHKK-Error [mm] DHSKK-SRQ-Error [mm] Fingertip force [N]
HS-422 2.0438 1.7927 2.19

Traxxas 2065 0.6929 0.4206 1.19
AX-12a 1.8032 1.3900 3.21
XL-320 2.2647 2.2300 2.10

Table 3.1: Mean absolute position error and fingertip force.

Moreover, this experiments allow us to compare forces performed by different actuators
under the same conditions (actuators’ rotation and angular speed are fixed to be the same).
Concerning the force to size ratio, the best actuator is the TR-2065 followed by the XL-320,
the HS-422 and the AX-12a. However, the amount of force produced by the TR-2065 is low
making the HS-422 and the XL-320 servomotors the best option to actuate the hand.

3.3 Robotic finger pinch force

With the objective of establishing the actuation requirements to mimic the human precision
grasping with a robotic hand, we design a test platform. The platform consists of two fingers
whose tips are brought together, and is used to measure kinematic and pinch force applied by
the robotic fingers. The CAD model of the test platform is shown in Figure 3.10. Considering
that the goal is to estimate the performance of a robotic finger mechanism regarding pinch
force during grasping, the experiment can be executed using any actuator. Therefore, we use a
standard servo motor HS-422 whose maximal torque is τ = 0.324Nm.

DIP Joint

PIP Joint

MCP Joint

Adjustable
height

Adjustable separation

Force Sensor

Figure 3.10: CAD Model of the pinch force test platform.

The same experimental setup presented in section 3.1 is used, but the force sensor is placed
on the trajectory of the fingertip, see figure 3.10. To evaluate the influence of the finger location
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3.4. Kinematic and force of the ProMain-I finger

during grasping, The tests are conducted increasing distances between fingers (50, 55, 60 and
65mm). For each distance the test is carried out five times. Table 3.2 shows the measured grip
force.

Distance [mm] Mean pinch Force [N] Standard deviation [N]
50 4.02 0.02
55 4.62 0.08
60 4.70 0.05
65 3.54 0.06

Table 3.2: Mean pinch force (two-finger platform).

The results show that the applied force changes in function of the fingers position. The
higher pinch forces is measured when the distance between fingers is set to 5.5 and 6.0 cm.
Furthermore, the amount of force, performed during the pinch experiment, is close to the lower
limit of the human pinch force. As a consequence, both the HS-422 and XL-320 actuators
(which has similar torque capacity) are suitable to be used in precision grasping applications in
a robotic hand. Consequently, the XL-320 servo motor is chosen as actuator for the ProMain-I
finger mechanism.

3.4 Kinematic and force of the ProMain-I finger

The experiment carried out with the ProMain-I finger aims to measure displacement and force.
The information obtained experimentally is used to feed the kinematic and the dynamic models
to define actuation requirements. Furthermore, we compare the expected rotation relations fixed
in the soft epicyclic mechanism and the measured ones to verify the behavior of the finger. We
follow the same experimental protocol introduced in section 3.1. The position vectors 0Px

ji,
0Py

ji

and θ ji are measured using a single-finger platform shown in Figure 3.11.

MCP Joint

PIP JointDIP Joint
DIP Joint PIP Joint

MCP Joint

Figure 3.11: ProMain-I finger test platform.
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The kinematic measured using ProMain-I fingers is presented in figure 3.12, the MCP joint
was expected to be at zero because it is considered fixed to frame. Even that, standard deviation
of the MCP joint position is 0.4733mm due to the flexibility of actuator support. Likewise, the
standard deviation of the PIP and DIP joints measures are 0.1848mm and 0.5598mm respec-
tively. The standard deviation of the fingertip measures is 1.6069mm.
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Figure 3.12: Results of the position tracking of ProMain-I finger.

The calculated PIP and DIP joint angles, see figure 3.13, shows a under-damped behavior
for the PIP and the DIP joints when the finger gets in contact with the platform where the
force sensor is placed. To evaluate the mean absolute error of the PIP and DIP joint angles, we
compare the angle value obtained from the kinematic measure with the calculated angle value
issued from the relation θ j2 = θ j3 = 0.9 θ j1 formulated in section 2.4.
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Figure 3.13: Results of the position tracking of ProMain-I finger.

As a result, we find that the mean absolute error of the angle θ j2 is 2.21◦, and the standard
deviations is 1.2206◦. With respect to the angle θ j3 of the DIP joint, the mean absolute error is
2.6235◦, and the standard deviations is 1.6370◦. Moreover, the probability density function of
PIP joint’s absolute error presents two peaks values; the first shows a concentration around zero
degrees that correspond to the error during free movement, and the second is the error when the
finger gets in contact with the object. Likewise, the probability density function of DIP joint’s
absolute error presents three peaks values the first around zero degrees during free movement
and the two others during the contact phase. Both probability density functions are presented in
figures 3.14 and 3.15, in which red lines represent median, cross is mean, a blue box represent
the 25% and 75% quartiles and whiskers bound 9% and 91%.
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Figure 3.14: Probability density function of
θ j2 absolute error.
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Figure 3.15: Probability density function of
θ j3 absolute error.

These errors present in the articular joint values θ j2 and θ j3 is the result of the self adapt-
ability of the finger to objects during grasping. This effect is the result of the low stiffness
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3. Mechatronic assessment of the prosthetic hand

of tendons used in the soft epicyclic mechanism. Another important analysis of the kinematic
data consists in obtaining the position of the finger’s center of masses. This information is fur-
ther required to process the dynamic of the finger. The proposed dynamic model, requires the
vector q, which corresponds to the dependent and independent coordinates of the robot and is
composed as shown in Eq. (2.32). Taking into account that the orientation of the framework
(xi,yi) is the same of the center of masses (x′i,y

′
i), we use the relations x′i = xi + li cosθi/2 and

y′i = yi + li sinθi/2 to calculate the vector q. Figure 3.17 shows the position of R j2 with respect
to the framework (x j2, y j2, z j2). Figure 3.16 show the calculated position of center masses
R ji = (x′ji,y

′
ji), in which clearly the two upper plots are not more zero because corresponds to

the position of center of mass of proximal phalanx (PP). Likewise, the under-damped behavior
is still present in the DIP joint and fingertip positions.
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Figure 3.17: Position of R j2 with respect to the framework (x j2, y j2, z j2).

Regarding the force, the measured mean value is 1.3289N with a standard deviation of
0.0671N. It is important to note that a under-damped behavior appears during all the trials.
Thus a maximal overshoot of 1.4284N was reported during the experiments. Figure 3.18 shows
the absolute frequencies of the measured forces during contact with the measure platform.
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Figure 3.18: Measured fingertip force Fj during contact.

3.5 Artificial muscle design methodology

The main features of a smart material based actuator are the force fa, the active strain ε and
the frequency ωn. Thus, we need to define these characteristics for the artificial muscle. Con-
sidering that our goal is to design a robotic hand that will be able to mimic human precision
grasping movement, the actuator features can be established from measures and analysis of the
human hand, introduced in chapter 1. However, it is important to take into account that the
robotic finger mechanism can modify the actuator requirements. Consequently, the proposed
approach, to identify the artificial muscle requirements, is defined by three types of measures:
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3. Mechatronic assessment of the prosthetic hand

i) the human pinch force introduced in section 1.3.3, ii) the settling time of the human force also
introduced in section 1.3.3, and iii) the kinematic and dynamic behavior of the robotic finger
ProMain-I, measured in section 3.4. We propose a general methodology which aims at design-
ing smart material based actuators for particular applications. This methodology is based on the
following four stages:

1. Application requirements modeling: in this phase the main parameters and the rela-
tionships between them are modeled, allowing to establish the operating conditions of the
actuators.

2. Experimental identification of parameters: once the key parameters and their relation-
ships have been modeled, it is necessary to carry out an experiment. The experimental
protocol is designed in agreement with proposed models, to measure the required param-
eters.

3. Parameters quantification: Experimental data must be analyzed using the defined mod-
els to characterize the artificial muscle and quantify operational limits of the actuator.

4. Material selection: finally, the retrieved information is used to approximate the actua-
tor dynamic behavior, allowing the selection of a smart material that fits the application
requirements.

3.5.1 Particularized methodology for robotic fingers

In our case we are focused in artificial muscles that can be considered as smart materials based
actuators with operational similarity to biological muscles. Consequently, it is important to take
into account the human hand muscles capabilities and the robotic finger mechanisms that also
impact the actuator requirements.

Application requirements modeling:

Considering that the artificial muscle will drive a robotic hand, the operating conditions and
actuator parameters active strain ε , force fa, and frequency ωn are influenced by the mechanism
of the robot. Consequently, the kinematic and the dynamic data must be analyzed to define
operating conditions.

Parameters ε and fa are obtained regarding the amount of rotation θ j1 and torque C j1 needed
to move the finger and apply a force Fj on an object. Likewise, frequency ωn is obtained
based on the dynamic behavior of the mechanism. Consequently, in section 3.5.3.2 we use
the proposed models (kinematic and dynamic) to identify relationships between parameters
regarding the mechanism.
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3.5. Artificial muscle design methodology

Experimental parameters identification:

Considering that the target is to mimic human precision grasping, we carry out an experiment
to measure maximal an minimal values of human pinch force (pinch force should corresponds
to Fj). To measure parameters θ j1 and C j1 (needed to identify ε , fa, and ωn) we perform an
experiment with the robotic finger using a test platform.

Parameters quantification:

Experiments provide dynamic and steady-state values of θ j1 and Fj, these experimental data are
combined with the kinematic and dynamic models allowing the quantification of ε , fa, and ωn.
The quantification procedure is detailed in section 3.5.3.

Material selection:

The retrieved data allows the proposition of a dynamic behavior permitting the selection of the
smart material that best fits the application requirements. The selection will be introduced in
the following chapter 4, even that, in the discussion we address a first approach to chose a smart
material.

3.5.2 Characteristics issued from the human hand

Pinch force requirements: to define a reference value of the human pinch force, we have col-
lected multiple samples from all subject and computed a mean force value for each one, as
shown in Table 1.5, section 1.3.3. Summarizing the obtained results, we can state that if we
attempt to reproduce the human precision grasping, the actuator must fulfill the following fea-
tures:

1. the force fR applied by the robotic finger must be inside the human pinch force interval
[4.78N,6.70N]. Thus, the torque should be enough to produce at least a fingertip force
fR = 4.78.

2. Settling time must be in the range 0.18s< ts < 0.45s.

The measured human pinch force has an exponential behavior. Thus, the transient phenom-
ena can be approximated by a first order transfer function, whose output (pinch force) is the
result of a step input (muscular activation). Thus, the settling time ts is defined as the required
time to settle the output to the steady state amplitude, within a 2% margin. Moreover, for a first
order behavior, the frequency is calculated as ω = 4/ts, see Lu et al., [100]. As a result, ω is in
the interval [8.89Hz, 22.2Hz].
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3.5.3 Characteristics issued from ProMain-I hand

3.5.3.1 Required active strain

The active strain of smart materials can be defined in different manners depending on the work-
ing principle of the actuator, see Fig. 3.19. An extension-based actuator (Fig. 3.19a) undergoes
an unidirectional elongation ∆l, for initial length l0, that can be directly linked to the active
strain εa as:

εa =
∆l
l0

(3.3)

The active strain εb of a bending-based actuator (Fig. 3.19b) can be defined from the trans-
verse deflection ∆lh according to [141] as:

εb =
∆lh
l0

(3.4)

𝑟 𝑠 = 𝑟𝜃𝑗1

𝑙0

∆𝑙

(a)

𝑙0
Δ𝑙ℎ

𝜃𝑗1

(b)

Figure 3.19: Actuator displacements: (a) Extension-based (b) Bending-based.

Concerning the ProMain-I hand, the required active strain is defined in terms of the input
rotation θ j1. Considering that complete finger flexion occurs when joint angles θ j2 and θ j3 reach
values of 80◦, and taking into account the relationship between angles (θ j2 = θ j3 = 0.9θ j1), we
can state that the input rotation must be in the interval 0◦ < θ j1 < 90◦.

So, the elongation ∆l of an extension-based actuator for the ProMain-I hand requires a
kinematic conversion into the rotation θ j1 through opportune transmission mechanisms such
as rack-pinions or pulleys, i.e., ∆l = r θ j1 where r is the wheel’s radius, see Fig. 3.19a. The
required active strain is then obtained from Equation (3.3) as εa = ∆l/l0 = s/l0 = r θ j1/l0. The
pulley of the proposed ProMain-I configuration has a radius r = 7mm and a maximum initial
length of l0 = 200mm. The required active strain for obtaining a rotation of θ j1 = 90◦ results
thus to be 5.5%.
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For a cantilever bending-based actuator, the required deflection ∆lh that corresponds to a
90o rotation is 0.6l0 [141], see Fig. 3.19b. Therefore, according to the definition given in Equa-
tion (3.4), the required active strain for such a bending-based actuator is 60%.

3.5.3.2 Required actuator force

The force of the bending based actuators is measured as the force applied by the material during
flexion when is mechanically blocked and is named blocking force. It is evident that the
blocking force of a bending-based actuator must be equivalent to the required fingertip force,
i.e., it has to match the interval [4.78N, 6.70N]. However, for an extension-based actuator, the
blocking force must be expressed in terms of the equivalent torque that acts on the pulley. The
way of converting the required fingertip force into the corresponding active torque is described
in the following.

To calculate the required torque using the proposed dynamic model, it is necessary to know
the vector {q}, which corresponds to the dependent and independent coordinates of the robotic
finger. The values x′ji and y′ji correspond to the position of the center of masses R ji, and are
calculated during the experiment described in section 3.4, the work flow to calculate the input
torque to apply a force Fj = 4.78N is shown in figure 3.20.
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Figure 3.20: Parameter quantification workflow.

Finally, applying the dynamic and kinematic models, we calculate the required input torque
for a force in the range 4.78N≤ Fj ≤ 6.70N. The input torque C j1(Fj,{q} ,{q̇} ,{q̈}) must be in
the interval [124.7Nmm, 175.8Nmm]. Taking into account that the ProMain-I Finger radius is
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7mm, the required force of the actuator must be in the interval [17.81N, 25.11N], for extension-
based actuation.

3.6 Smart actuator characteristics

According to the performed analysis, the actuator must provide a rotation of π/2rad and a
torque in the interval [124.7Nmm, 175.8Nmm]. There are different kind of smart materials e.g.
ionic polymer metal composites (IPMC), hydrogels, conductive polymers (CP), piezoelectric
ceramics (PC), electronic electroactive polymers (electronic EAP), and shape memory alloys
(SMAs). Regarding the main characteristics of our application, the material that best fits the
requirements is SMAs [2]. Moreover, in the following chapter 4 we introduce a detailed review
comparing several smart materials to justify that selection.

Shape memory alloys (SMAs):

SMAs are a kind of materials that can recover a shape. The shape recovery effect is the re-
sult of a change in the internal material structure, i.e. the crystalline structure is transformed
from martensite phase to austenite phase when the temperature increases. Considering that the
Young’s modulus is lower in the martensite phase than in the austenite phase. During the austen-
ite phase, the material can recover strain produced by external loads. The required temperature
for changing phase is known as austenite start temperature.

Martensitic and austenitic transformations are reversible, and thus, the material deforma-
tion can be controlled by an external stimulus. Strain-temperature relation is different dur-
ing heating (martensite-austenite transformation) and cooling (austenite-martensite transforma-
tion), this hysteresis is shown in Figure 3.21, for a nickel-titanium (NiTi) based SMA.
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Figure 3.21: Temperature vs strain for NiTi SMAs.

For our application, the actuator will be composed by a NiTi SMA wire fastened to a pulley,
see Figure 3.22. Therefore the active strain must rotate the pulley π/2rad, applying a torque of
124.7Nmm. Considering the maximal active strain ε = 5%1, we can calculate the wire length

1Typical maximal strain of the NiTi SMA
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variation ∆l needed to produce a rotation of π/2rad. Then using ∆l, we can calculate the pulley
radius r = 2∆l/π . Likewise the required force fa is obtained as fa = C j1/r, where C j1 is the
input torque.

NiTi SMA Wire

∅ = 2𝑟

∆𝑙 =
𝜋

2
𝑟

𝑓𝑎

Figure 3.22: Schema of the SMA-based actuator.

Considering a wire length l = 200mm, length variation ∆l = 0.05l = 10mm. The pulley
radius r = 2∆l/π = 6.35mm. The force based on the required input torque C j1 = 124.7Nmm
must be fa ≥ 124.7Nmm/r ≥ 19.6N. Summarizing we need a NiTi SMA wire with the follow-
ing conditions: i) length l = 200mm, ii) active strain ε = 5%, and iii) force fa ≥ 19.6N. These
conditions are fulfilled by a NiTi SMA wire with a diameter of 0.38mm, which has a force
fa = 20.04N.

For the selected wire, the austenite start temperature of 90◦C is produced by an electric
current i = 2.25A applied to the SMA wire. Considering the electric resistance of the material
R = 1.66Ω, we need apply a voltage u = 3.72V. Furthermore, and taking into account the be-
havior of the NiTi SMAs, the active strain can be modeled with respect to the electrical current
through a second order transfer function as:

εn(s)
in(s)

=
ω2

n
s2 +2ζ ωns+ω2

n
(3.5)

Where εn = ε/εmax is the normalized active strain, ζ is the damping coefficient, ωn is the fre-
quency, and in = i/2.25A is the normalized electric current.

With the objective of identifying the SMA wire transfer function, we carried out an exper-
imental observation (see [2]), measuring the active strain produced during the excitation with
an applied step of electric current. The obtained results, see Figure 3.23, show that overshoot is
zero and consequently the damping coefficient is ζ = 1. The frequency ωn, can be calculated
as the inverse of the time constant 1/τ [100], which for a critically damped response is consid-
ered the time to reach 26.42% of the steady state value, thus, from the measured time constant
ωn = 13.02Hz. As a result the SMA wire transfer function is:

εn(s) =
169.5

s2 +26.04s+169.5
(3.6)
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Figure 3.23: Identified transfer function of the normalized strain (based on the strain of NiTi
SMA wire in response to a current step input).

Comparing the SMA-based actuator characteristics with the actuation requirements of the
ProMain-I hand, see table 3.3, we can see that the rotation and torque and frequency, fulfill the
requirements of the robotic hand to achieve human-like precision grasping movements.

Parameter
ProMain-I Hand SMA-based Actuator

Requirements r = 6.35mmr = 6.35mmr = 6.35mm, Fa = 20.04NFa = 20.04NFa = 20.04N and l = 200mml = 200mml = 200mm

θ [rad] π/2 π/2

τ[Nmm] [124.7, 175.8] 127.3

ω[Hz] [8.89, 22.2] 13.02

Table 3.3: Comparison of ProMain-I hand requirements and actuator characteristics.

The presented actuator analysis shows that smart material based actuators are suitable for
grasping application. In the following chapter a more deep study of smart materials is intro-
duced and the last version of the soft epicyclic mechanism is described.

3.7 Discussion

We have presented a methodology to design artificial muscles based on four steps: 1) Applica-
tion requirements modeling, 2) Experimental parameter identification, 3) Parameters quantifi-
cation, and 4) Material selection. The methodology was applied to design an artificial muscle
for a robotic finger.

The used finger is the Promain-I, which is anthropomorphic, under-actuated, and driven
by flexible wires to produce more adaptive grasping movements. The proposed kinematic and
dynamic models allow to calculate the torque requirement to mimic human finger force. Exper-
iments allow to identify and quantify the main actuator parameters. According to the obtained
results and the performed analysis, we identify that shape memory alloys (SMAs) can fulfill the
requirements of artificial muscles for robotic finger.
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Chapter 4

Development of an artificial muscle based
on smart materials

In this chapter, we investigate further the study of smart materials that we have started in the last
part of the previous chapter. In the first section, we present a review of different smart materials
following key actuation features that were introduced regarding actuation requirements. This
study takes into account material features reported in the literature and applies, when is required,
a mechanic, physic or mathematic analysis to transform data into comparable values. The study
is centered on the smart materials whose characteristics are suitable for grasping applications.

In the second section, we propose an evolution of the hand prosthesis ProMain-I, and we
present a new prototype called ProMain-II. Based on the analysis of the performed review, a
smart material is chosen to improve the ProMain-I hand mechanism adding the possibility to
control the stiffness of the soft epicyclic mechanism. This evolution is proposed based on the
behavior of the SMA issued from the model and experiments proposed in section two. The
elements of the new soft epicyclic tendon-driven mechanism based on controllable stiffness
wires are introduced and detailed. Furthermore, an additional modification is added to the
robotic hand prosthesis, consisting in a flexible link that substitutes the DIP joint to append
an elastic behavior to the finger. The effect of the soft link added to the hand prosthesis is
presented.

In section three, a constitutive model that uses thermo-mechanical formulation to describe
SMAs behavior is presented. The formulation is suitable to characterize the material and also
to complement the dynamic modeling of an actuator. Furthermore, a one dimension particular-
ization is introduced, the model is used to approximate the behavior of the SMA wires in the
context of a rotary actuator. Three experiments are presented in order to: i) Identify the Young’s
modulus of SMA in martensite and austenite phases, ii) Identify thermical SMA characteristics,
and iii) Kinematic evaluation of a SMA rotary actuator. The final identification of the SMA
parameters uses optimization techniques for fitting the model to the real material behavior.
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4. Development of an artificial muscle based on smart materials

4.1 Smart materials review and comparison

We have introduced three critical parameters defining the requirements of artificial muscles for
robotic hands: the strain (obtained from the robot features), the frequency (based on the human
settling time) and the force (estimated from experiments on human hand combined with kine-
matics and dynamics of the robot). The requirements, summarized in Table 4.1, can be fulfilled
by classical actuators, as it has been shown previously [2]. In the following, we assess several
smart materials against the stated requirements by referring to state-of-the-art data gathered
from an extensive bibliographic research. The aim is to identify potential candidates to be used
as artificial muscles for the ProMain hand.

XXXXXXXXXXXXXX
Parameter

Actuation
Extension Bending

Min active strain [%] 5.5 60
Frequency [Hz] [8.89, 22.2]

Force [N] [17.81, 25.11] [4.8, 6.74]

Table 4.1: summary of requirements of artificial muscles for robotic hands.

Smart materials have one or more properties that can be significantly changed in a controlled
way by an externally applied excitation. Their behavior is reversible, and consequently these
materials could fulfill actuation and/or sensing requirements [142]. In the state of the art, we
find several types of smart materials. Considering operation and control of the robotic hand, we
select those that are activated by an electrical stimulus as follows:

1. Ionic polymer metal composite (IPMC)

2. Hydrogels

3. Conductive polymers (CPs)

4. Piezoelectric ceramics (PCs)

5. Rheological fluids

6. Electronic electroactive polymers (electronic EAP)

Furthermore, we are interested on shape memory alloys (SMAs) due to their characteristics
such as blocking force and active strain. SMAs require a thermal stimulus that can be produced
by an electric current [143]. The result of the bibliographic research is summarized in Table 4.2:
for each smart material we report the values for the 3 key features along with the reference from
which the state-of-the-art characteristics have been extracted. Equations (3.3) and (3.4) are used
to recalculate active strain ε for comparison proposals. Frequency ω and force F were obtained
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directly from authors. The reported force F for the active bending materials is measured as
the force applied by the material during flexion when is mechanically blocked and is named
blocking force. For the active extension materials, The reported force F is the pulling force
exerted by the material when the external stimulus is applied.

Material
Frequency Active strain

Force FFF[N] Reference
ωωω [Hz] εεε [%]

IPMC [0.6,10] [10,60] [0.001,0.1]

ω ([144, 145])

ε ([141, 146])

(B) F ([147])

Electrolyte gels [0,0.2] [0,50] [0.001,6]

ω ([148])

ε ([148, 149])

(B, E) F ([150])

CPs [0.01,1] [0,60] [0,200×10−9]

ω ([151])

ε ([152])

(B) F ([151])

PCs
[100,600] [0.002,1.5] 0.25 [153]

(B)

Rheological Fluid
[25,100] [1.8,1.9] [0.5,3]

ω ([154])

(B) ε , F ([155])

Electronic EAP [1,4] [10,200] [0,0.4]

ω ([156])

ε ([157])

(B, E) F ([156])

SMAs
[0.23,22.2] [3,110] [0.032,34.9] [158]

(B, E)

Table 4.2: Main characteristics of smart materials (B: Bending, E: Extension).

It can be seen that concerning active strain, IPMC, CPs, electronic EAP, and SMA satisfy
grasping requirements. Regarding frequency, IPMC, PCs, Rheological fluid and SMA fulfill
grasping requirements. Concerning the force, only the electrolyte gels and SMA can achieve
the range of the human hand pinch force. Furthermore, the implementation of smart materials
in prostheses is bounded by other factors, e.g. the excitation voltages (see Table 4.3) can impact
the device autonomy. Thus, an excitation voltage in the range kV can not be used.

Taking into account available state of the art regarding smart materials, we have compared
the main actuator’s features with the requirements of artificial muscles for the ProMain-I hand.
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As a result, we find out that two kinds of materials, namely ionic polymer metal composites
(IPMCs) and shape memory alloys (SMAs), match at least two of the three requirements of
artificial muscles for robotic hand hands presented in table 4.1. The IPMCs constitute an inter-
esting smart material to drive prosthetic fingers, due to their attractive active strain and settling
time, nevertheless, their blocking force is below the requirements. Consequently, the SMAs
are chosen for the design of the smart material based actuation system for the evolution of the
ProMain-I hand.

Material Stiffness k [MPa] Applied voltage u [V] Ref.

IPMC [10,50] [0,5]
k ([159])

u ([145])

Electrolyte gels [0.001,0.04] [0,21]
k ([150])

u ([149])

CPs [80,440] 1 [152]

PCs 210×103 [30,220]
k ([160])

u ([161])

Rheological Fluid [100×103,650×103] [3×103,120×103] [154]

Electronic EAP [20×10−6,120×10−6] [0,6×103] [156]

SMA 103 [1.72,6.41] [158]

Table 4.3: Stiffness and voltage excitation of smart materials.

In summary, We have introduced a methodology to identify the requirements and specifica-
tions of artificial muscles for robotic hand prostheses. Our methodology combines experimental
data with the kinematics and dynamics model of the robotic hand to define actuator require-
ments. The methodology is applied to the robotic hand ProMain-I, and the requirements for the
hand are defined as follows: (i) Minimum active strain 5.5% for extension-based actuation or
60% bending-based actuation, (ii) Frequency [8.89Hz, 22.2Hz], and (iii) Force [4.78N, 6.70N]

for bending-based actuation or Force [17.81N, 25.11N] for extension-based actuation .

Consequently, the shape memory alloys (SMAs) is chosen as it fulfill all actuation require-
ments for precision grasping. Thus, in the following we introduce: i) a SMA-based rotary
actuator modeled and identified with a constitutive model of the SMA and an experimental
approach, and ii) a new prototype of robotic hand prosthesis using artificial muscles based on
SMA.
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4.2 Modeling of a SMA–based actuator

Shape memory alloys (SMAs) are of high interest in research due to their outstanding features
such as high energy density and silent operation among others. Those features make SMAs
suitable for actuation application [162] and in case of robotic hand prostheses they could con-
stitute a key solution to several unsolved issues e.g actuator noise, compliance, weight, and
adaptability.

Nevertheless, despite scientific advances in the understanding of material behavior [163–
169], SMAs are not available to be implemented as actuator due to the lack of linkages between
the models, the problematic of robotic hand prosthesis, and the automatic control. Conse-
quently, in this study, we introduce a SMA–based actuator. Furthermore, the SMAs behavior
modeling is addressed, taking into account the actuator configuration and automatic control
theory.

4.2.1 SMA–based actuator

The actuation requirements that must fulfill the SMA based actuator are summarized in ta-
ble 4.4. These requirements are defined to mimic the human precision grasping as presented in
chapter 1 (see also Ramı́rez et al., [2]).

Description Parameter Required value

Rotation θ [rad] π/2

Torque τ [Nmm] 124.7

Frequency ω [Hz] 16.36

Table 4.4: ProMain-I hand actuation requirements

The actuator is composed of a NiTi SMA wire fastened to a pulley and a bias spring to
reset the wire in its original shape, see figure 4.1. The NiTi SMA maximal active strain εmax

is 4.55% [170] and thus wire elongation is calculated as ∆l = 0.045l for a wire of length l.
Furthermore, the wire elongation is linked with pulley’s ratio r, and required rotation θ through
the relation ∆l = θr. Thus, the wire length is calculated as l = θr/0.045.
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Figure 4.1: Schematic representation of the SMA–based actuator.

The torque τ is calculated as function of the difference between the SMA’s pulling force
fSMA and the bias spring force fk, and the pulley’s ratio r as shown in equation (4.1) below:

τ = ( fSMA− fk)r (4.1)

The spring force can be considered as the stiffness constant k times the wire elongation ∆l,
hence, equation (4.1) can be rewritten as:

τ = ( fSMA− k

∆l︷︸︸︷
θr )r (4.2)

The actuator’s inertial and frictional forces can be respectively modeled as τi = Jθ̈ and
τb = bθ̇ , where J is the moment of inertia of the rotor and b is the motor viscous constant.
Consequently, we can derive the following governing equation based on Newton’s second law:

Jθ̈ +bθ̇ = τ (4.3)

Replacing equation (4.2) in equation (4.3), we obtain:

J
r

θ̈ +
b
r

θ̇ + krθ = fSMA (4.4)

The governing equation (4.4) shows that the temporal response of the actuator position
depends on the SMA’s pulling force produced during wire contraction. The contraction of the
wire is due to heating and the relaxation to cooling. Both contraction and relaxation are virtually
instantaneous with the temperature of the wire [170]. Thus, the SMA’s pulling force changes
instantaneously as a consequence of the variation of the applied temperature T .

Taking into account that the wire is a current-conducting filament, the temperature can be
induced by an electrical current flowing through the wire. Hence, it is necessary to propose an
additional governing equation to describe the temperature as function of the electrical current.

The SMA wire can be considered as a closed system exchanging heat and work (in the form
of power) with the environment, when exposing it to an electrical current (see figure 4.2). Since
the wire is in an isobaric environment, and considering the first law of thermodynamics, it is
clear that the sum of heats is equal to the enthalpy variation.
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4.2. Modeling of a SMA–based actuator

I

qamb wamb

Figure 4.2: Schematic representation of the SMA–based actuator.

Ḣ = qamb +qG (4.5)

Where H is the enthalpy, qamb is the ambient heat, and qG is the generated heating power.
Furthermore, considering the SMA as a solid with mass m and specific heat c the following
equation is proposed.

mcṪ = qamb +qG (4.6)

The wire is in contact with air, thus, the chosen heat transfer mechanism is convection. In
the other hand, the generated heating power qG is equal to the electric power, which according
to the Ohm’s law is the product of the square of the current I2 times the electrical resistance R.
Furthermore, as the wire is in contact with air, the chosen heat transfer mechanism is convection.
Thus, the additional govern equation to describe the temperature as function of the electrical
current is written as follows:

mcṪ = hA(T0−T )+ I2R (4.7)

where h is the convection coefficient, A is the external surface of the SMA wire, and T0 is the
ambient temperature.

The governing equations (4.4) and (4.7) describes the dynamic behavior of the SMA based
actuator. Nevertheless, the value of the pulling force fSMA and of the electrical resistance R
changes depending on the material state, so it is necessary to introduce a constitutive model,
in order to describe material influence. This constitutive model is described in the following
section.

4.2.2 SMA constitutive model

In the state of the art, the modeling of SMAs is addressed through the analysis of free energy
balance using the convex potential [163], the Helmholtz free energy ΨΨΨ [167], or Gibbs free
energy GGG [169]. furthermore, the small strain formalism can be adopted because the maximal
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macroscopic reversible strain is lower than 6%. Both, Helmholtz ΨΨΨ and Gibbs GGG specific1 free
energies, whose physical parameters are introduced in table 4.5, are presented in equations (4.8)
and (4.9) as follows:

ΨΨΨ
(
εεε,T,ε t

ε
t

ε
t ,ζ
)
=

1
2ρ

εεε : (CCC×εεε)− 1
ρ

εεε : (CCC×
[
ααα (T −T0)+ε

t
ε

t
ε

t])
+ c
[
(T −T0)−T ln

(
T
T0

)]
+u0− s0T +

1
ρ

f (ζ )
(4.8)

GGG
(
σσσ ,T,ε t

ε
t

ε
t ,ζ
)
=− 1

2ρ
σσσ : (SSS×σσσ)− 1

ρ
σσσ :
[
ααα (T −T0)+ε

t
ε

t
ε

t]
+ c
[
(T −T0)−T ln

(
T
T0

)]
+u0− s0T +

1
ρ

f (ζ )
(4.9)

Parameter Description

CCC Stiffness tensor

SSS Softness tensor

εεε Strain (2nd-order symmetric tensor)

σσσ Stress tensor(2nd-order symmetric tensor)

ρ Material density

ααα 2nd-order effective thermal expansion tensor

T Temperature

T0 Reference temperature

ε tε t
ε t Transformation strain

c Effective specific heat

u0 Effective specific internal energy at reference state

s0 Effective specific entropy at reference state

ζ Martensitic volume fraction

f (ζ ) Function of hardness

Table 4.5: Physical parameters description of Helmholtz ΨΨΨ and Gibbs GGG specific free energies

The choice between ΨΨΨ or GGG is done regarding the variable to control during measures [171].
Taking into account that the target of the present study is to perform force and position control,
we use Gibbs free energy GGG(σσσ ,T,ε tε t

ε t ,ζ ) to estimate the strain, and the Helmholtz free energy
ΨΨΨ(εεε,T,ε tε t

ε t ,ζ ) to estimate stress.

1as specific quantities all defined per unit mass
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4.2. Modeling of a SMA–based actuator

The first law of thermodynamics states that ρU̇−σσσ : ε̇εε = ρr−∇q, where r are the heat
sources, U is the internal energy, and q is the heat flux. Moreover, taking into account that:
i) the internal entropy production is always greater than or equal to zero and ii) heat only flows
from a hotter material point to a colder one, the second law of thermodynamics can be expressed
through the Clausius-Duhem inequality as ρ ṡT ≥ ρr−∇q, where s is the specific entropy.
Thus, combining the first law of thermodynamic with the Clausius-Duhem inequality we obtain
ρ ṡT ≥ ρU̇−σσσ : ε̇εε that is known as the Clausius-Planck inequality.

The Gibbs GGG and the Helmholtz free energies ΨΨΨ can be written as function of the inter-
nal energy using the Legendre transformation as ΨΨΨ =U− sT and G =U− (1/ρ)σσσ : εεε− sT .
Thus, the Clausius-Planck inequality can be written for the Gibbs (see equation (4.10)) and the
Helmholtz (see equation (4.11)) free energies as follows:

−σ̇σσ : εεε−ρĠGG−ρsṪ ≥0 (4.10)

σσσ : ε̇εε−ρΨ̇ΨΨ−ρsṪ ≥0 (4.11)

The derivative with respect to the time of the Gibbs GGG and the Helmholtz ΨΨΨ free energies
can be performed using the chain rule as follows:

ĠGG =
∂GGG
∂σσσ

: σ̇σσ +
∂GGG
∂T

Ṫ +
∂GGG
∂ε tε t

ε t ε̇
t

ε
t

ε
t +

∂GGG
∂ζ

ζ̇ (4.12)

Ψ̇ΨΨ =
ΨΨΨ

∂εεε
: ε̇εε +

ΨΨΨ

∂T
Ṫ +

ΨΨΨ

∂ε tε t
ε t ε̇

t
ε

t
ε

t +
ΨΨΨ

∂ζ
ζ̇ (4.13)

From equations (4.8) to (4.13) the following relations are obtained.

εεε =−ρ
∂GGG
∂σσσ

=
1
2

σσσ : SSS+
[
ααα (T −T0)+ε

t
ε

t
ε

t] (4.14)

σσσ =ρ
∂ΨΨΨ

∂ε
=

1
2

CCC : εεε−CCC :
[
ααα (T −T0)+ε

t
ε

t
ε

t] (4.15)

s =− ∂GGG
∂T

=−∂ΨΨΨ

∂T
=

1
ρ

σσσ : ααα + c ln
(

T
T0

)
+ s0 (4.16)

(
−ρ

∂GGG
∂ε tε t

ε t

)
: ε̇

t
ε

t
ε

t +

(
−ρ

∂GGG
∂ζ

)
ζ̇ ≥ 0 (4.17)

As can be seen in equations (4.14) and (4.15), the transformation strain ε tε t
ε t is necessary

to calculate total strain ε tε t
ε t and stress. Thus, in the following the relation between martensitic

volume fraction ζ and transformation strain ε tε t
ε t is introduced.

The total strain of SMAs εεε is considered as an additive composition of the thermoelastic εelεel
εel

and inelastic strains. Considering that plastic strain is negligible with respect to the transfor-
mation strain ε tε t

ε t , the inelastic strain is composed only by the ε tε t
ε t . Thus the total strain is given

by:
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εεε = ε
el

ε
el

ε
el +ε

t
ε

t
ε

t (4.18)

Typically the transformation strain ε tε t
ε t is bounded by the maximal strain εmax, whose value

is between 4.5% [170] and 6%[164], in such a way that:

0≤ εεε ≤ ε
max (4.19)

In addition, as Machado and Lagoudas [171] pointed out, changes in the SMAs state are
a result of variation in the martensitic volume fraction. Thus, the Stiffness CCC, the Softness SSS,
the effective thermal expansion ααα , the effective specific internal energy u0, and the effective
specific entropy s0, can be written as function of the martensitic volume fraction ζ as follows:

CCC =CCCA +ζ (CCCM−CCCA) =CCCA +ζ ∆CCC (4.20)

SSS = SSSA +ζ (SSSM−SSSA) = SSSA +ζ ∆SSS (4.21)

ααα =ααα
A +ζ (αααM−ααα

A) =ααα
A +ζ ∆ααα (4.22)

u0 = uA
0 +ζ (uM

0 −uA
0 ) = uA

0 +ζ ∆u0 (4.23)

s0 = sA
0 +ζ (sM

0 − sA
0 ) = sA

0 +ζ ∆s0 (4.24)

where the super index A and M denote the austenite an martensite phases respectively, e.gCCCA

is the stiffens in pure austenite phase and CCCM is the stiffens in pure martensite phase.
The temporal variation of the transformation strain is proportional to the temporal variation

of the martensitic volume fraction during forward and reverse transformation, and the following
relation can be proposed:

ε̇
t

ε
t

ε
t =

(
3
2

ε
maxσσσ ′

σσσ
′

)
ζ̇ =ΓΓΓζ̇ (4.25)

where σσσ ′ is the deviatoric stress, σσσ
′ is the effective stress, and ΓΓΓ is a transformation tensor

that describes the relation between the martensitic volume fraction variation and transformation
strain variation. The above assumption is done because the transformation strain is supposed to
be in the direction of the deviatoric stress [172]. Substituting equation (4.25) on equation (4.17),
and taking into account that ρ∂GGG/∂ε tε t

ε t =−σσσ , the following flow rule is obtained:(
σσσ : ΓΓΓ−ρ

∂GGG
∂ζ

)
ζ̇ = ϕζ̇ ≥ 0 (4.26)

Where ϕ is the thermodynamic force conjugated to the martensitic volume fraction ζ [172].
Taking into account the relations proposed in equations (4.20) to (4.24), the term −ρ∂GGG/∂ζ ,
needed to compute the thermodynamic force ϕ , is calculated as follows:

−ρ
∂GGG
∂ζ

=
1
2

σσσ : (∆SSS×σσσ)+σσσ : ∆ααα (T −T0)

−ρ∆u0 +ρ∆s0T − ∂ f (ζ )
∂ζ

(4.27)
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Then, operating equations (4.26) and (4.27), the thermodynamic force ϕ is calculated as
follows:

ϕ =σσσ : ΓΓΓ+

ϕte︷ ︸︸ ︷
1
2

σσσ : (∆SSS×σσσ)+σσσ : ∆ααα (T −T0)

−ρ∆u0 +ρ∆s0T − ∂ f (ζ )
∂ζ

(4.28)

The parameter ϕte can be considered as the thermoelastic part of the thermodynamic force, and
is introduced only to simplify the equation.

When the martensitic volume fraction ζ is increasing (ζ̇ > 0), the thermodynamic force
must be greater than zero ϕ > 0 to fulfill the flow rule proposed in equation (4.26). Likewise,
applying the same analysis, when the martensitic volume fraction ζ is decreasing (ζ̇ < 0), the
thermodynamic force must be lower than zero ϕ < 0.

Furthermore, when the martensitic volume fraction reaches its maximum value 1, the ther-
modynamic force gets saturated to a threshold value Y . Similarly when the martensitic volume
fraction reach its minimum value 0, the thermodynamic force gets saturated to a threshold value
−Y .

Additionally, it is necessary to define the function of hardness f (ζ ) and the threshold Y .
We choose the second-order polynomial representation introduced by Machado and Lagoudas
[171] as follows:

f (ζ ) =

1
2ρbMζ 2 +(µ1 +µ2)ζ for ζ̇ > 0
1
2ρbAζ 2 +(µ1−µ2)ζ for ζ̇ < 0

(4.29)

Where bM, bA, µ1, and µ2 are model parameters to be identified experimentally. Those terms
and the threshold Y , are related to the material parameters as follows[172]:

Y =
1
4

ρ∆s0
(
Ms +M f −A f −As

)
(4.30)

bA =−∆s0
(
A f −As

)
(4.31)

bM =−∆s0
(
Ms−M f

)
(4.32)

µ1 =
1
2

ρ∆s0
(
Ms +A f

)
−ρ∆u0 (4.33)

µ2 =
1
4

ρ∆s0
(
M f −As−A f −M f +Ms

)
(4.34)

Where Ms is the martensite start temperature, M f is the martensite finish temperature, As is the
austenite start temperature, and A f is the austenite finish temperature.

Taking into account the following two considerations: i) ϕ−Y = 0 for ζ̇ > 0 and ii)−ϕ−Y = 0
for ζ̇ < 0, an explicit solution for the martensitic volume fraction ζ can be obtained, during the
forward and reverse transformation of the material.
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ζ =


σσσ :ΓΓΓ+ϕte+ρ∆s0(T−Ms)

ρ∆s0(M f−Ms)
for ζ̇ > 0

σσσ :ΓΓΓ+ϕte+ρ∆s0(T−A f )

ρ∆s0(As−A f )
for ζ̇ < 0

(4.35)

By integrating equation (4.25), we obtain the following expression for the transformation
strain:

ε
t

ε
t

ε
t =ΓΓΓζ (4.36)

In summary, we have one equation for the total strain, one for the stress and one for the
transformation strain. Top part of Table 4.6 shows the equations and parameters of the models.

Response functions Equation Variables Parameters

Strain εεε (4.14) σσσ , ε tε t
ε t , T , SSS, ααα , ζ SSSA, SSSM, αααA, αααM

Stress σσσ (4.15) εεε , ε tε t
ε t , T , CCC, ααα , ζ CCCA, CCCM, αααA, αααM

Martensitic volume
fraction ζ

(4.35) T , σσσ , ΓΓΓ
ρ , ∆s0, Ms, M f , As, A f ,
SSSA, SSSM, αααA, αααM, εmax

Transformation
Strain ε tε t

ε t (4.36) ζ , σσσ , ΓΓΓ εmax

Table 4.6: General constitutive model equations and parameters

4.2.2.1 1D constitutive model of SMA

Bearing in mind that the SMA wire is under uniaxial stress for the proposed actuator, the model
can be simplified through a 1D approach, using the following considerations:

1. Considering uniaxial load, the stress tensor is formulated as presented in equation (4.37).
Therefore, the components ε12, ε13, and ε23 of the strain tensor are zero.

σσσ =

 σ11 0 0
0 0 0
0 0 0

 (4.37)

2. Given that the stress tensor is composed only by σ11, the softness and the thermal ex-
pansion tensors (SSS and ααα) are reduced to scalar values, see equations (4.38) and (4.39)
below:

S = SA +ζ

∆S︷ ︸︸ ︷
(SM−SA) (4.38)

α = α
A +ζ (αM−α

A)︸ ︷︷ ︸
∆α

(4.39)

where SM, SA, αM, and αA are the scalar reduction of SSSM, SSSA, αααM, and αααA.
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4.2. Modeling of a SMA–based actuator

3. Following the same reasoning, the stiffness tensor CCC can be substituted by the Young’s
modulus, which depends on the martensitic volume fraction and is defined as follows:

E = EA +ζ

∆E︷ ︸︸ ︷
(EM−EA) (4.40)

4. The transformation tensor ΓΓΓ is calculated based on equation (4.25) considering the stress
σ11 as follows:

ΓΓΓ =


εmaxσ11√

σ2
11

0 0

0 − εmaxσ11

2
√

σ2
11

0

0 0 − εmaxσ11

2
√

σ2
11

 (4.41)

Thus, the double dot product σσσ : ΓΓΓ, required in equation (4.35), becomes:

σσσ : ΓΓΓ = γ =
εmaxσ11√

σ2
11

σ11 (4.42)

5. Likewise, The thermoelastic part ϕte of the thermodynamic force becomes:

ϕte =
1
2

∆Sσ
2
11 +σ11∆α (T −T0) (4.43)

Given the above conditions, equations (4.14), (4.15), (4.35) and (4.36) are reformulated for
the SMA one-dimensional constitutive model (whose variables and parameters are summarized
in bottom part of table 4.6) as follows:

ε =
1
2

σ11S+α (T −T0)+ ε
t (4.44)

σ11 =
1
2

Eε−Eα (T −T0)−Eε
t (4.45)

ζ =


γ+ϕte+ρ∆s0(T−Ms)

ρ∆s0(M f−Ms)
for ζ̇ > 0

γ+ϕte+ρ∆s0(T−A f )

ρ∆s0(As−A f )
for ζ̇ < 0

(4.46)

ε
t =

εmaxσ11√
σ2

11

ζ (4.47)
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Response functions Equation Variables Parameters

Strain ε (4.44)
σ11, ε t , T , S, α ,

ζ
SA, SM, αA, αM

Stress σ11 (4.45) ε , ε t , T , E, α , ζ EA, EM, αA, αM

Martensitic volume
fraction ζ

(4.46) T , σ11
ρ , ∆s0, Ms, M f , As, A f ,
SA, SM, αA, αM, εmax

Transformation
Strain ε t (4.47) ζ , σ11, εmax

Table 4.7: 1–D Constitutive model equations and parameters

4.2.3 Parametric identification of SMA based actuator

The material properties, required to feed the SMA’s governing equations, are obtained from
three experiments: i) a uniaxial test to identify martensite and austenite Young’s modulus, ii) a
strain recovery test to identify transformation temperatures and reference entropy difference,
and iii) a double effect actuation test to characterize the complete actuator. Furthermore, infor-
mations furnished by the manufacturer, as austenite start temperature and the typical tempera-
ture vs strain characteristics, are used to complement the characterization. Table 4.8 summarizes
the source and procedure used for the material’s parameters identification.

Parameter Description Source Method

ρ Material density Manufacturer –

αA Austenite thermal expansion coefficient Manufacturer –

αM Austenite thermal expansion coefficient Manufacturer –

εmax Maximal strain Manufacturer –

As Austenite start temperature Manufacturer –

c Specific Heat Manufacturer –

∆s0 Reference entropy difference Manufacturer Strain recovery test

Ms Martensite start temperature Manufacturer Strain recovery test

M f Martensite finish temperature Manufacturer Strain recovery test

A f Austenite finish temperature Manufacturer Strain recovery test

EA Martensite Young’s Modulus Experiments Uniaxial test

EM Austenite Young’s Modulus Experiments Uniaxial test

Table 4.8: Sources and methods used to identify material parameters
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4.2. Modeling of a SMA–based actuator

Experimental Estimation of SMA Young’s modulus (uniaxial test)

The identification of the Young’s Modulus during full austenite and martensite phases is per-
formed through an experiment using a test machine. Seven specimens of an SMA wires are
tested in uniaxial tension: i) first the wires are tested with thermal stimulus to measure the
Young’s modulus in full austenite phase and ii) then a thermal stimuli is removed to measure
the Young’s modulus in full martensite phase. The thermal stimuli is generated using a DC
source in which voltage and current are controlled, then the temperature is measured and when
it exceeds the reported max temperature of 120◦ C[170] the measure of the Young’s Modulus
in full austenite phase is performed.

In order to measure the Young’s Modulus in both austenite and martensite phases, the ma-
chine is controlled in position. Taking into account that the material can change phase from
austenite to martensite increasing the tensional stress, we apply a strain of 0.45% (correspond-
ing to 10% of maximal strain) granting a axial stress lower than 172Mpa, in which material
remains in austenite phase at a temperature of 120◦.

During the test, force and displacement are measured and reordered using the LabView
software from National Instruments, the cDAQ-9174 rack and and NI 9215 analog input mod-
ule. Figure 4.3 shows the experimental set-up used to measure the Young’s Modulus in both
martensite and austenite phases.

Testing 

machine

NI cDAQ-9174

LabviewControl machine 

Figure 4.3: Experimental set-up to measure Young’s Modulus

SMA Wire 

Sample

Figure 4.4: Placement of
SMA wire specimen

Figure 4.4 shows a SMA wire specimen, which is fixed to the machine using a 3D printed
support to isolate the wire from the machine. the specimens are Flexinol wires with diame-
ter 0.38mm, the initial length l0 is 72mm. The Young’s modulus are calculated using equa-
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tion (4.48), in which Fm is the measured force, εm is the applied strain, and A is the cross section
of the wire.The results are reported in table 4.9.

E =
σm

εm
=

Fm

Aεm
(4.48)

Phase Measured force [N] Standard deviation [N] Young’s modulus [GPa]

Austenite 16.33 0.77 EA = 31.8

Martensite 6.00 0.39 EM = 11.7

Table 4.9: Measured Young’s modulus in martensite and austenite phases

Identification of transformation temperatures and reference entropy difference (strain re-
covery test)

The identification of the transformation temperatures Ms, M f As A f and the reference entropy
difference ∆s0 is proposed as an optimization problem in which we seek to fit our model result
to the temperature vs strain (see figure 4.5) response of the SMA wire, which is given by the
manufacturer[170].
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Figure 4.5: Temperature vs strain for NiTi SMAs at contstant stress σ11 = 172Mpa.

The 1–D model, summarized in table 4.7 is used to simulate the strain in the following con-
ditions: i) temperature changing from 20◦C until 120◦C, ii) stress σ11 = 172Mpa, iii) initial val-
ues of transformation temperatures and reference entropy difference as presented in table 4.10.
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Parameter Value

G
iv

en
pa

ra
m

et
er

s

Young’s Modulus
EA 3.18 GPa

EM 1.17 GPa

Thermal Expansion Coefficient
αA 6.09E-06 K−1

αM 1.09E-05 K−1

Poisson Ratio ν 0.33

Density ρ 6450 kg/m3

Specific Heat c 837.36 J/Kg K

Max Transformation Strain εmax 0.045

Austenite Start Temperature As 343.15 K

C
al

cu
la

te
d

pa
ra

m
et

er
s Reference entropy difference ∆s0 -17.91 J/m3K

Finish Temperatures
M f 313.15 K

A f 353.15 K

Martensite Start Temperature Ms 323.15 K

Table 4.10: Initial parameter values for 1–D model simulation.

The strain ε resulting from the simulation is compared with the strain (εg) obtained from
figure 4.5, to calculate a mean square error that is used as an objective function. Thus, we
calculate the transformation temperatures Ms, M f As A f and the reference entropy difference
∆s0 to minimize the mean square error as follows:

argmin
Ms,M f ,As,A f ,∆s0

1
Ns

(
ε

2
i − ε

2
g
)

subject to [A]
{

∆s0 M f A f Ms As
}T

< {0}
As = 70◦C

(4.49)

Where [A] guarantee that M f < Ms < As < A f and are formulated as follows:

[A] =

 0 0 −1 0 1
0 0 0 1 −1
0 1 0 −1 0

 (4.50)

The optimization results to find the transformation temperatures Ms, M f As A f and the ref-
erence entropy difference ∆s0 are presented in figure 4.6, in which the blue and red circles rep-
resents the manufacturer SMA wire data and the continuous line are the model result. Clearly,
the model has differences with respect to the manufacturer data at start and finish temperatures,
this is because the chosen hardening function is a linear approximation of the phenomena. Even
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that, the model solution is enough accurate to describe the material behavior. Furthermore, the
parameters obtained from optimization are presented in table 4.11.
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Figure 4.6: Optimization results.

Parameter Value

Reference entropy difference ∆s0 -923.80 J/m3K

Finish Temperature
M f 39.77◦C

A f 85.30◦C

Start Temperature
Ms 54.79◦C

As 70.00◦C

Table 4.11: Optimized parameter values for 1–D model simulation.

Identification of the actuator model (double effect actuation test)

Finally, an experiment to identify the parameters of the complete model of the actuator is pro-
posed. The experiment consists in a set-up following the characteristics of the SMA based
motor introduced in figure 4.1, for the sake of simplicity, we use another SMA wire to pro-
duce a bidirectional rotation. Table 4.12 summarizes the source and procedure for the actuator
parameter identification.
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Parameter Description Source Method

E
qu

at
io

n
(4

.4
) J Rotor’s inertial moment CAD model Measured

b Roller viscous friction coefficient Experiments Estimated

r Rotor pulley’s ratio CAD model Measured

k Stiffness spring constant Experiments Estimated

E
qu

at
io

n
(4

.7
)

m SMA wire mass Manufacturer Calculated

c SMA’s specific heat Manufacturer –

h Convection coefficient Experiments Estimated

A External surface of SMA wire CAD model Calculated

R Electrical resistance of SMA wire Manufacturer –

Table 4.12: Sources and methods used to identify parameters for governing equations (4.4)
and (4.7).

Figure 4.7: Experiment to identify and test the SMA-based actuator.

Figure 4.7 shows the experimental set-up used for the actuator identification. Four trials of
clockwise and counter-clockwise rotation are performed (see figure 4.8), then the results are
used to identify the required model parameters, that are reported in table 4.13.
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Figure 4.8: Angular position tracking of the actuator.
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4. Development of an artificial muscle based on smart materials

Parameter Description value

J Rotor’s inertial moment 1.88×10−8Kg m2

b Roller viscous friction coefficient 0.019 N m s

r Rotor pulley’s ratio 0.007 m

h Convection coefficient 555.6 W m−2 K−1

k Stiffness spring constant 1.24×103 N m−1

Table 4.13: Actuator parameters obtained using Matlab Ident toolbox.

The identified model is simulated using Matlab Simulink in which the one-dimensional
constitutive model of the SMA is assembled with the two governing Equations (4.4) and (4.7)
(see figure 4.9). Each block of the diagram corresponds to a part of the model, taking into
account, kinematic and dynamics of the actuator.
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Figure 4.9: Simulink simulation of the complete proposed model.

The tracking of actuator’s angular position is compared with the simulation results issued
from the Simulink model. Figure 4.10 shows the simulated result represented by a blue line and
the experimental data represented as red points. Certainly, both experimental and simulation
results are highly coincident in steady state. In transient state a difference appear that could
be explained by the behavior of the chosen hardening functions. Even the difference in the
transient state, the proposed model is accurate enough to describe the behavior of the proposed
SMA actuator.
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4.3. Smart material based mechanism of Promain-II Hand
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Figure 4.10: Simulation an experimental result of the SMA actuator.

4.3 Smart material based mechanism of Promain-II Hand

The bio-inspired soft robotic hand prosthesis ProMain-II has been designed, developed, and
produced in the LEME laboratory, see Figure 4.11. It uses the virtues of the soft robotics,
considering: i) soft epicyclic tendon-driven mechanism based on smart materials , which repli-
cates functionally of human tendon-muscle mechanism, and ii) flexible bodies, which increases
compliance and self adaptability with unknown objects and reduces the contact forces.

The soft prosthesis has three fingers, each of them has three phalanges2: proximal, medial
and distal. And also three joints: Metacarpophalangeal (MCP), Proximal interphalangeal (PIP)
and distal interphalangeal (DIP). MP and PIP has one DoF to perform flexion-extension, and
DIP joints are endowed with high number of DoF, due to their flexible material. The fingers are
assembled separately and then integrated to a support chassis with the same configuration of the
ProMain-I hand, described in section 2.2. The support chassis offers the ideal configuration to
perform the selected prehension patterns.

Each finger is controlled by only one servo motor XL-320 Dynamixell; hence PIP phalanx
is driven by the MP phalanx. The clockwise rotation of the actuator produces the flexion and
the opposite produces the extension. Thus, the angles of PIP joints depend on the rotation angle
of MCP joints, which are linked to servomotor. Joints are identified by subindex i, where MP
and PIP joint are i = 1, i = 2 respectively and the DIP bending joint is represented by i = 3.
Moreover, each finger is represented by j, in which thumb, index and middle are j = 1, j = 2,
j = 3, respectively. The relation between angles is established as θ2 = 0,9θ1 and the bending
angle formed by DIP joint depends on the object to grasp. Figure 4.11 illustrates the ProMain-II
Hand architecture, in which disposition of the three fingers is highlighted. Furthermore, each
finger has a force sensor in the fingertip.

2The hand a,d fingers architecture follows the same concept introduced in chapter 2 for the ProMain-I hand
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Force sensor

Medial phalanx

Proximal phalanx

Distal phalanx

Figure 4.11: Promain Hand-II

In section 3.4 we have shown that the absence of damping in the tendons increases angu-
lar joint errors. Furthermore, under some particular conditions, the flexibility of the tendons
requires being adapted to grasp objects in a more steady way. Taking into account that the addi-
tion of damper element in the tendon adds extra constraints to the soft behavior of the epicyclic
mechanism, we modify the driving mechanism introduced in section 2.3 adding an SMA wire
in parallel to flexible tendons to control joint stiffness during grasping. As a result, a new soft
epicyclic tendon-driven actuation system based on SMA is proposed. The choice of SMA wires
follows the study introduced in section 4.1.

The soft epicyclic tendon-driven actuation system is also based on the proposed hill’s muscle
model (see section 1.3.2), but the damper is substituted by a SMA wire in order to control the
mechanism’s stiffness. As can be seen figure 4.12, the SMA wire kT ce is placed in parallel to
the elastic tendon kTee. During the operation, when the tendon is under a tension FT a control
stimulus (Temperature increment) shift the SMA wire to austenite phase increasing the stiffness
to recover the produced strain.

soft epicyclic tendon mechanism based on SMA
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Figure 4.12: Schematic representation of the ProMain Hand-II’s soft epicyclic tendon-driven
actuation system based on SMA
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4.3. Smart material based mechanism of Promain-II Hand

Finger motion is produced by the soft epicyclic tendon-driven mechanism based on smart
materials, which is shown in figures 4.13 and 4.14, and is mainly composed of: i) a servomotor
(3), which is fixed to the pulley (6), see figure 4.13 ii) a pulley (7) that is fixed to the proximal
phalange, iii) a pulley (22), that is fixed to the medial phalange, iv) a pulley (12), that is fixed
to the finger framework v) two group of wires WB, each group, contains two wires placed in
parallel, one is made of an elastic material, illustrated with a yellow line in figure 4.14, and the
other wire is fabricated of shape memory alloy, which is represented by purple line in the same
figure, and vi) two group of wires WA, composed only of flexible wires in parallel.
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Figure 4.13: Promain Hand-II
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Figure 4.14: Promain Hand-II
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4. Development of an artificial muscle based on smart materials

The pulley (7) is linked to the pulley (6), through a group of wires WA and WB. The WA
group is positioned in parallel with WA group. The pulley (12) is coupled to the pulley (22),
by WA and WB group, but each group is crossed, see figure 4.14 right side. Group WB causes
robotic finger flexion and the WA produces the extension motion. The flexible tendon and
the parallel SMA wire are shown in figure 4.15 for the MCP Joint, and the assembly of the
ProMain-II finger prototype is shown in figure 4.16.

Flexible Tendon

SMA Wire

Figure 4.15: Parallel disposition of the flexible tendon and the SMA wire in the MCP joint

Figure 4.16: ProMain-II finger prototype

The flexion of the finger is produced when the servomotor turns in clockwise direction, see
figure 4.17 causing that the pulley (6) and (7) turn in the same direction to the motor rotation.
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4.4. Discussion

It generates that the proximal phalange and the pulley (22) turn. The motion of the pulley (22)
provides motion to the PIP phalange.

Figure 4.17: ProMain-II finger flexion cycle

Once the finger is in contact with the grasped object, the DIP joint is bended depending on
the size and shape of the grasped object. Then, the shape memory alloy wire is activated with
the goal of:

1. Changing the stiffness of the driving mechanism and

2. Increases stability in grasping task.

Once the grasping task is finished, the extension movement begins, in which the servomotor
turns in the counter-clockwise direction. It causes that all the mechanism rotates in the opposite
way to the flexion motion.

4.4 Discussion

In summary, we have introduced three main contributions in this chapter: 1. a review of state
of the art regarding smart materials, which allows us to identify two materials as possible can-
didates to be used as artificial muscles, 2. a model of a complete actuator using SMA as main
actuation system, the model allows us to simulate the whole behavior of the SMA taking into
account the main material parameters, and 3. a new soft epicyclic tendon-driven mechanism
based on smart materials that use an SMA-based tendon.

The proposed review considered the actuation requirements issued from the human pre-
cision grasping conditions merged with the experimental data released from the tests of the
ProMain-I robotic hand prosthesis. These requirements are summarized into three main param-
eters: actuation force, active strain, and frequency. Then, the smart materials that could fit the
proposed requirements were studied and compared. As a result, we identify that the only one
that meets all the requirements is the shape memory alloy.

A constitutive model to study the SMAs behavior is proposed, the model is simplified to one
dimension to model the Flexinol wires used in the rotary SMA-based prototype of the actuator.
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Moreover, the SMA constitutive model is merged with two governing equations that describe
the dynamic of rotation and the dynamics of the temperature applied to the SMA wire using an
electrical current as input. The obtained results show that the SMA fulfill the precision grasping
requirements and the experiment allows us to validate the proposed constitutive model of SMA.
The solution of the SMA model is issued from experimental analysis performed using a testing
machine and the actuator set-up.

Finally, we introduce the design of a new version of the soft epicyclic mechanism using an
SMA wire in parallel to the flexible tendon for the ProMain-II soft robotic prosthesis hand. This
actuation system allows controlling the stiffness of the actuated joints controlling the damping
effect evidenced during the experiments performed with the ProMain-I finger.
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Chapter 5

Conclusions

The synergy between the mechanism, the actuation, and the functionality has been taken into
account to formulate the requirements for a prosthetic hand. For that purpose, we studied:
i) the hand anatomy and the joint limits during movements to propose an equivalent biome-
chanic model of the human hand. ii) the grasping gestures, taking into account the frequency of
utilization of movements and the most used grasping gestures in daily living and working activ-
ities, to choose the group of movements that a hand prosthesis should perform. iii) the human
force during precision grasping considering two approaches: a Hill’s equivalent model suitable
to qualify the muscle’s behavior through the comparison with mechanical elements, and an ex-
perimental assessment of the human pinch force. As a result, we define the most used grasping
gestures, which at the same time are the movements that a hand prosthesis must perform and the
requirements needed to develop a robotic hand prosthesis that is actuated using smart materials.

The most used grasping gestures are: i) medium wrap, ii) light tool, iii) prismatic four
fingers, iv) prismatic three fingers, v) prismatic two fingers, vi) precision disk, and vii) tripod.
We have shown that these seven grasping movements can be merged in single hand gestures
using three fingers, if the prosthetic hand have enough compliance to be adapted to different
objects. Thus, a robotic prosthetic hand fitted with three fingers can fulfill six of the seven most
used hand gestures, restoring 85.7% of the daily working necessities regarding hand usage of
an amputated person.

With respect to requirements needed to develop a robotic hand prosthesis we find that: i) The
active flexion of the MCP, PIP, and DIP joints must be in the range [60,90] degrees. ii) The
adduction and abduction movements are important to prepare the hand for grasping, but not
during the grasping, in which the most important movement is flexion. iii) The behavior of
the actuators must follow a viscoelastic schema as proposed in the Hill-based model. iv) The
necessary force range is in the interval [4.78N, 6.70N]. v) The operating frequency must be in
the interval [8.89Hz, 22.2Hz].

Following the proposed considerations based on the human grasping requirements, a new
actuation system, so-called soft epicyclic tendon-based mechanism, is developed to add a soft
behavior to the robotic hand joints. The mechanism actuates the soft robotic hand prosthesis
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5. Conclusions

ProMain-I hand, which has three fingers, is under-actuated, and has a support designed to hold
the fingers in an ideal position to perform the selected precision grasping gestures. The driving
mechanism is able to accurately fix the joint angles relations during free movement. A new
kinematic model DHKK-SRQ is introduced, the approach combines the parameterization of
Denavit-Hartenberg DH with the formulation of rotations using quaternions. The DHKK-SRQ
allows accurately modeling the rotations that arise with the soft behavior of the ProMain-I hand.

An alpha prototype of the robotic finger is introduced and tested to validate the DHKK-
SRQ model experimentally. The obtained results show that the kinematic model (DHKK-SRQ)
presents better result than the DHKK model, as it produces smaller errors. The error of our
method is lower because after getting in contact with the object, the DHKK-SRQ is launched
and the mechanical slack of the finger is modeled as angles α ji and β ji. The error reduction
is more important for the final model of the ProMain-I hand, which is subject to inspected
rotations (α and β ) that arise with the utilization of the soft epicyclic mechanism.

Furthermore, we use the alpha finger to identify key design considerations for the ProMain-I
finger. The tests are conducted using two fingers placed to perform pinch movements, and are
conducted increasing distances between fingers (50, 55, 60 and 65mm) to evaluate the influ-
ence of finger placement in the applied fingertip force The results show that the force changes
in function of the fingers position. The higher pinch forces are measured when the distance
between fingers is set to 5.5 and 6.0 cm. Furthermore, the amount of force, performed during
the pinch experiment, is close to the lower limit of the human pinch force using the actuators
HS-422 and XL-320.

The designed ProMain-I finger is also assessed experimentally with the aim of validating
its performance in terms of displacement and force. The PIP and DIP joint angles show a
under-damped behavior for the PIP and the DIP joints when the finger gets in contact with
the platform where the force sensor is placed. We compare the angle value obtained from the
kinematic measure with the calculated angle value issued from fixed transmission relation of
the soft epicyclic mechanism. As a result, we find that the mean absolute error of the PIP angle
is 2.2139◦, and the standard deviation is 1.2206◦. With respect to the angle of the DIP joint, the
mean absolute error is 2.6235◦, and the standard deviation is 1.6370◦. This error is coherent
with the softness of the driving mechanism.

Moreover, a design methodology for smart material based actuators is introduced. The
method considers three main features to design smart material based actuator, which are the
force fa, the active strain ε and the frequency ωn. The strain is obtained from the robot features,
the frequency is based on the human settling time and the force is estimated from experiments
on human hand combined with kinematics and dynamics of the robot. The parameters are de-
fined for extension and bending based smart materials as: i) Minimum active strain 5.5% for
extension-based actuation or 60% bending-based actuation, ii) Frequency [8.89Hz, 22.2Hz],
and iii) Force [4.78N, 6.70N] for bending-based actuation or Force [17.81N, 25.11N] for extension-
based actuation .
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A study of state of the art regarding smart materials is introduced. The study evaluates and
compares the smart materials features with ProMain-I actuation requirements. As a result, we
chose the shape memory alloys (SMA) for the actuation solutions considering that it fits all the
actuation needs. Moreover, this study allows us to point out that the precision grasping move-
ments can be achieved using smart material based actuators. A double effect rotary actuator
based on SMA is introduced. Also, a constitutive model for the SMA is presented with two
governing equations to define the dynamic behavior of the actuator. The model is experimen-
tally identified, and we prove that during the steady state the error is close to zero. Furthermore,
we validate that the proposed actuator is suitable to be implemented in a robotic hand prosthesis
designed for precision applications.

Finally, an evolution of the soft epicyclic mechanism is proposed in which an SMA wired is
placed in parallel with the soft tendon allowing joint stiffness control. This improvement allows
to increase or reduced the damping effect according to the grasping requirements. The prelim-
inary tests performed with the ProMain-II finger prototype have shown a better adaptability to
variable conditions, and a reduction of the joint angle error during contact when the SMA wire
is activated.

This progress is encouraging and permits to follow new directions in the research of smart
materials for artificial muscles in robotic hands.
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Chapter 6

Perspectives

In this thesis dissertation, we have introduced: i) the development of two prototypes of the
robotic hand prostheses ProMain, ii) the design and modeling of an SMA-based actuator, iii) the
development of a soft epicyclic driving mechanism, and iv) the evolution of the soft epicyclic
driving mechanism including a parallel SMA wire to control the joints stiffness during grasping
movements. These contributions are based on the functionality of the human hand, the biome-
chanical assessment of the human musculoskeletal system, and the mechanic constraints of the
designed robotic hand. Furthermore, our research opens the scope to new questions, e.g. the
assessment of the soft epicyclic driving mechanism to test the efficiency controlling soft joints
stiffness, the test in a three-dimensional working space of the DHKK-SRQ kinematic model,
and the development of other new actuation technology merging the advantages of various smart
materials.

The soft epicyclic driving mechanism has been assembled in the prototype of the ProMain-
II soft robotic hand prosthesis. The preliminary tests have shown that the combination of the
variable stiffness joints (in which SMA wires control the stiffness) and the flexible link (intro-
duced in the patent FR1656673 [173]) furnishes a desirable soft behavior to grasp objects in a
smooth and steady way. Thus, we envision the development of a set of tests aiming to highlight
and prove the advantage offered by the combination of those two elements.

The DHKK-SRQ model has shown to be suitable to accurately formulate soft rotations while
the grasping task is performed considering hand-object interaction. Moreover, the integration
of a soft link in the ProMain-II robotic hand prosthesis has reinforced the need to model soft
rotations in an accurate way. Thus, we foresee the development of an experimental set-up in
a motion capture laboratory to evaluate the performance of the robotic hand and quantify the
accuracy of the DHKK-SRQ model in the three-dimensional working space.

Concerning the application of smart materials for robotic hand prosthesis, we have proved
that the SMA is a suitable solution for actuation during grasping. Moreover, our review of
smart materials allows us to identify that the Ionic Polymer Metal Composites IPMCs fulfill
two (strain and frequency) of the three primary actuation requirements. We have also carried a
preliminary work concerning the modeling and identification of this kind of materials for grasp-
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6. Perspectives

ing applications. This preliminary work allows us to establish that the IPMCs have the potential
to fulfill precision grasping requirements. For that purpose, additional research concerning the
modeling and assessment of this material is required. Consequently, we consider that an im-
portant perspective concerns the improvement of the hand mechanism and the development of
a hybrid actuation system using IPCMs.
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