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Dott. Monica Malvezzi

A. A. 2010/2011

12 Dicembre 2011



Contents

1 Introduction 1

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Objectives of the Thesis . . . . . . . . . . . . . . . . . . . . . 3

1.3 Thesis Overview . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Underactuation and Synergies 5

2.1 The Human hand . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Robotics hands . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Previous studies about Underactuation . . . . . . . . . . . . . 7

2.4 Postural Synergies . . . . . . . . . . . . . . . . . . . . . . . . 7

2.5 Synergies contribution to the Thesis . . . . . . . . . . . . . . . 8

3 Robotic Hand Control 9

3.1 An overview on hand models . . . . . . . . . . . . . . . . . . . 9

3.1.1 Assumptions and simplifications . . . . . . . . . . . . . 9

3.1.2 Hand models . . . . . . . . . . . . . . . . . . . . . . . 11

3.2 Synergies applied to robotic hand . . . . . . . . . . . . . . . . 13

3.2.1 Synergy-Level Impedance Controller . . . . . . . . . . 13

3.3 Object Displacement . . . . . . . . . . . . . . . . . . . . . . . 16

3.3.1 Conditions leading to object displacement . . . . . . . 16

3.3.2 Underactuated hands and the problem of controlling

both internal forces and object motion . . . . . . . . . 16

i



CONTENTS ii

3.3.3 Fundamentals of grasping . . . . . . . . . . . . . . . . 17

3.3.4 Proposed controller . . . . . . . . . . . . . . . . . . . . 22

3.3.5 Postural Synergies integration . . . . . . . . . . . . . . 24

4 Simple Gripper 26

4.1 Physical description of the model . . . . . . . . . . . . . . . . 26

4.2 Mathematical description of the model . . . . . . . . . . . . . 28

4.3 Additional considerations . . . . . . . . . . . . . . . . . . . . . 30

4.4 Presentation of results . . . . . . . . . . . . . . . . . . . . . . 31

5 Evaluations 34

5.1 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5.1.1 Four Fingers Hand Simulator . . . . . . . . . . . . . . 35

5.1.2 Hand controller integration . . . . . . . . . . . . . . . . 41

5.1.3 Postural Synergies control . . . . . . . . . . . . . . . . 44

5.1.4 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . 46

5.2 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5.2.1 Hardware for experiments . . . . . . . . . . . . . . . . 47

5.2.2 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . 48

5.2.3 Modification to the original model . . . . . . . . . . . . 49

5.2.4 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.2.5 Settings . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5.2.6 Performance . . . . . . . . . . . . . . . . . . . . . . . . 52

5.3 Problems solved . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.4 Problems unsolved . . . . . . . . . . . . . . . . . . . . . . . . 54

5.4.1 Cascaded control loops . . . . . . . . . . . . . . . . . . 55

5.4.2 Quasi-static analysis vs. dynamical simulation . . . . . 56

5.4.3 Time dependencies . . . . . . . . . . . . . . . . . . . . 57

5.5 Software used . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

ii



CONTENTS iii

6 Discussion 59

7 Conclusions 63

7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

7.1.1 Future Works . . . . . . . . . . . . . . . . . . . . . . . 64

Bibliography 66

iii



List of Figures

3.1 References for the fingers and DII Virtual Hand model . . . . 12

3.2 DLR Hand II 3D Viewer . . . . . . . . . . . . . . . . . . . . . 12

3.3 Control Flow - Synergy-Level Impedance Controller, from [3] . 15

4.1 Simple Gripper, one axis version . . . . . . . . . . . . . . . . . 26

4.2 Signal flow chart Simple Gripper . . . . . . . . . . . . . . . . 29

4.3 Object displacement with and without compensation . . . . . 32

4.4 Object Displacement control obtained with equations in Sec-

tion 3.3 - draft caption . . . . . . . . . . . . . . . . . . . . . . 33

5.1 DLR Hand II . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

5.2 DLR Hand II with the object base frame . . . . . . . . . . . . 37

5.3 Plot object displacement, with and without compensation . . 40

5.4 3D Object displacement with and without compensation . . . 41

5.5 Real hand Simulink control model . . . . . . . . . . . . . . . . 42

5.6 Control flow Synergies Integration, synergy approach . . . . . 45

5.7 Control flow Synergies Integration, joint approach . . . . . . . 46

5.8 Object Tracking Block . . . . . . . . . . . . . . . . . . . . . . 50

5.9 Cascaded control loops . . . . . . . . . . . . . . . . . . . . . . 55

6.1 General four fingers model structure . . . . . . . . . . . . . . . 60

6.2 Plot results on the third step . . . . . . . . . . . . . . . . . . . 61

iv



List of Tables

4.1 Settings Simple Gripper . . . . . . . . . . . . . . . . . . . . . 32

4.2 Results compensation action on Simple Gripper . . . . . . . . 32

5.1 Settings Four Fingers . . . . . . . . . . . . . . . . . . . . . . . 37

5.2 Results compensation action on the Four Fingers model . . . . 39

6.1 Results compensation action on the third step . . . . . . . . . 61

v



Chapter 1

Introduction

1.1 Introduction

Recently, robotics granted a big importance as a support tool for the hu-

man. Some areas like industry, surgery medicine, handling of dangerous and

toxic materials and physical rehabilitation are examples of this integration

between human and machine, with increasing number of application fields.

In some of these areas, it is strongly important to have the maximum preci-

sion; activities like cutting a human tissue with a scalpel or managing harmful

wastes are example that show the entity of the problem.

While obtaining high precision in static cases is easy nowadays, with mul-

tiple techniques, holding a certain level of precision during movements of the

robotic device is still a problem under analysis. A clarifying example can be

found in the movement of a robotic arm during a surgical operation. Let’s

suppose that the arm, equipped with a robotic hand grasping a scalpel, has

to move because the operation on one side is done and has to be done in

another part of the tissue; during the motion the hand has to hold the tool,

but the gravity and the inertia of the object and of the hand can involve

1



1.1. INTRODUCTION 2

contact force variations that produce object motion or, in the worst case, the

contact loss. It is clear, that in this case the object will not be in the correct

position for the next cut.

A way to avoid this problem can be to squeeze the object stronger while

moving the arm; however, this action cannot lead to a failure of the grasp,

but still to a movement of the grasped object. From the analysis of the rigid-

body movements that can be operated on the object, it is possible to find

some recovery actions that allow to modify squeezing forces with zero dis-

placement of it.

A good control action of the joints can be achieved using different types

of controller. Classical approaches can be controlling position of the joints,

with a normal position or a Cartesian controller, or controlling torques/posi-

tions of the joints related to the object. Examples of the second case can be

found in the Virtual Object approach, that can be divided in force control

and impedance control.

In this work, a compliance approach is considered; thinking, and implement-

ing, the mechanical joints as compliant devices permits to use the classical

control theory in order to reach good results in terms of robustness and sta-

bility.

It is worth to remember that this situation is rare in case when is possible

to control all the joint positions (or torques) independently, like in case of

fully-actuated hands. When the number of actuated Degrees of Freedom is

small, i.e. underactuated case, the problem described above is more frequent.

An example of underactuation is those based on the Postural Synergies.

2



1.2. OBJECTIVES OF THE THESIS 3

1.2 Objectives of the Thesis

The goal of this work is the study and the implementation of a controller for

robotic devices that permits to modify grasping forces avoiding movements

of the grasped object.

The idea here analyzed was developed by Domenico Prattichizzo and

Monica Malvezzi, of the Department of Information Engineering of the Uni-

versity of Siena, and described in [1].

After a preliminary study phase, the static controller was extended and

adapted to work together with the impedance controlled robot hands. Then

the controller was implemented and evaluated with simulation and exper-

iments on the robotic device DLR Hand II, developed by the Institute of

Robotics and Mechatronics of the German Aerospace Center (DLR), in Oberp-

faffehofen, near Munich.

1.3 Thesis Overview

This work is divided in 7 chapter, including this introduction and a conclu-

sive chapter.

In Chapter 2 the concept of Postural Synergies will be introduced and

their use will be explained within robotics, giving also some details about

Santello et al. work, following [2].

In Chapter 3 generalizations about human hand will be introduced. In

the second part the work of Wimböck et al. on the application of the Postural

Synergies concept on the DLR Hand II is described. The final part of the

3



1.3. THESIS OVERVIEW 4

chapter is instead devoted to the study of the object displacement and of the

controller proposed by Prattichizzo et al.

In the Chapter 4 the problem of the object displacement is faced with

considering a very simple example, two one-joint-fingers squeezing a mass.

On this system, the controller implemented in Simulink, is evaluated with

several simulations.

The following steps are shown in the Chapter 5, where the simple model

from the Chapter 4 is improved. In this chapter the simulator of the robotic

device is shown and the Postural Synergies integration is introduced˙

In the second part of the chapter is reserved to the experiments: hardware

used, assumptions and settings are depicted, and conclusions about the re-

sults are given.

In the last part the solved and unsolved problems are discussed.

Chapter 6 contains results of the study, the simulation and the real ex-

periments performed and comments are given.

In Chapter 7 conclusions are given and future works are introduced.

4



Chapter 2

Underactuation and Synergies

2.1 The Human hand

The human hand is a complex apparatus. It is made of an incredible numbers

and varieties of sensors, receptors, neurons, muscles and articulations. This

entangled web of mixtures is lead by the human brain, that is well known as

the principal source of all the commands given to our body. There exists a

theory that the human kind is this way because of his hand, and that is the

most powerful tool that he can use. In ancient times, there were many philo-

sophical arguments, like the one between Aristotele and Anaxagoras about

the relation between the human hand and the human intelligence.

What is clear, is that the human kind developed during centuries an

incredible dexterity with his apparatus and the world as it is now is a conse-

quence and a reflection of this. This explains the great interest of the robotics

researchers in reproducing the human hand for helping, and perhaps, sup-

porting the human in difficult or dangerous operations.

Significant progress has been made in studying and replicating the behavior

of the human hand, even though many points still remain open; replication

5



2.2. ROBOTICS HANDS 6

of the human hand in a similar device is very far from the point it started,

many years ago, but is far as well from the goal.

2.2 Robotics hands

Several studies were attempt to discover and explain the human complex

apparatus. Note on them can be found in [13].

Further details about the kind of assumptions and simplifications that re-

searchers made during this process of replication can be found in Chapter 3.

At this point, two ways can be easily highlighted on this replication process:

the first is to try to reduce dimensions of the components of the robotic

device, to develop a complex and complete sensor skin and to continue the

process on the main road, trying to reach the size and the wideness of equip-

ment that the human hand has.

The second way, that is called underactuation, is to try to reduce in partic-

ular the number of actuators which the robotic hand is composed, analyzing

more in details the control mechanisms and getting inspired by the way the

brain commands the hand. The idea is to isolate possible macro-controls that

work with the reduced equipment.

The differences between the two approaches can be seen in the fact that for

the second approach the size and the weight of the robotic device is reducde

but is reduced as swell the possibility to control all the joints indipendently.

The two ways are for sure not neglecting each other; they are parallel roads

to the same goal and however, also if sometimes they are crossing and some-

times are diverging, it will be difficult to success in the replication process

considering only one of these possible ways.

A good merge of the two possibilities is to keep a full equipment hand, with

a trustful number of actuators and joints, while using an underactuated ap-

proach to the control of that. This is very used nowadays because it doesn’t

6



2.3. PREVIOUS STUDIES ABOUT UNDERACTUATION 7

require to construct new devices and permits to exploit the power of this

relative new concept.

In the work presented in this thesis, both ways will be considered, starting

from a full actuation system and then switching to the underactuation way.

2.3 Previous studies about Underactuation

The underactuation concept has is fundamentals in the idea that the brain

doesn’t command all muscles and its joints independently, that there must

be a joined way to control and move together sectors of muscles or groups of

joints. Finding how to implement this on a robotic hand can open doors in

the underactuation fields that permit to advance in the difficult road of the

human hand replication.

The concept of a coupled control of the human hand joint interests researcher

since centuries; examples can be found in [14], where scientists and academ-

ical people were studying the human apparatus in order to discover a coor-

dinated control of it.

A detailed analysis of these studies is made in [14].

2.4 Postural Synergies

In the late 90ies, Santello et al. addressed as well the known problem of the

Postural Synergies. They performed a large number of experiments, in which

they were asking people to grasp a certain kind of object while tracking joint

movements during the (only imagined) manipulation.

The result was a huge database of data representing the joint kinematics

during grasp. On this database they performed a PCA analysis in order to

found new coordinates for the gestures. The results were 15 different macro-

7



2.5. SYNERGIES CONTRIBUTION TO THE THESIS 8

gestures that they defined Postural Synergies.

They are in fact coupled movements of joints; moving along one synergy

direction is like moving along a coupling space that is defined by that synergy.

This is in fact the imagined connection between coordinated commands sent

by the brain and the movements of the hand.

From this analysis, a relation between hand joint positions and these macro-

gestures can be found. Defining q(t) the hand joints vector, composed by

the joints angles at a certain instant of time, z(t) the synergies vector at the

same instant and S the Synergy Matrix, is possible to define the relation

between these two vector as following

q(t) = Sz(t). (2.1)

This equation can be extended also to the differential approach, with δq(t) =

Sδz.

Further details about the analysis that leads to the Postural Synergies can

be found in [2].

2.5 Synergies contribution to the Thesis

As said before, and as will be point out again in the following chapter, having

a smaller possibility to control the joints independently can lead more often to

a displacement of the object while changing internal forces, with respect of the

fully-actuated approach. The concept of the Postural Synergies is considered

in this work because there is the necessity to threat the robotic device has

underactuated system, even if the manipulator is fully-actuated, like in the

case of the DLR Hand II.

8



Chapter 3

Robotic Hand Control

3.1 An overview on hand models

3.1.1 Assumptions and simplifications

A human hand is a very complex system, with integration of sensors, neu-

roreceptors, actuators, all merged together in an organic form that is still

not well known. For this reason, when the purpose is the realization of an-

thropomorphic robotic hand, researchers and constructors make assumptions

and simplifications in order to speed up this process and to compensate the

not-perfect knowledge of our complex appendix.

Simplifications made during the transition between human hands and

robotic hands are usually at the level of joints, in the equipment of sensors

and in the kind of commands that are given to the robotic system.

At the state of art it is not possible to replicate human muscles and organic

systems like in the real apparatus. Designers typically model the human joints

with rotational joints, that are moved with motors or tendons.

In the first case the joint itself is provided with a motor and the amount

9



3.1. AN OVERVIEW ON HAND MODELS 10

of needed current is given as command. In this approach the controller has

to calculate is the amount of power that has to be given in order to reach

the desired position or the desired motor torque.

In the second case, the joints act like pulleys and are moved by tendons

which are stretched from motors positioned usually in the hand base. In this

type of modeling the angular position of the joints depend on how much the

tendons are stretched, i.e. a slightly more complicated control has to be done

to command a desired position or a desired torque of the joint.

The first method requires simpler controller but the mechanics lie in the

hand, that increase the total weight of that.

In the second approach, this is avoided, considering that all the motors are

moved to the forearm, but the control action needed is more complex. In

addiction, the second method requires more constant maintenance and high

quality wires for the tendons are necessary.

Example of the two different types of actuations can be found in the DLR

Hand II, [4], for the first case, and in the hand mounted on the DLR Hand-

Arm-System, [18], for the second.

Another big difference between robotic hands and human ones is the sen-

sor equipment. The human skin is a thin and very complex web of sensors

and at the state of art nothing can be comparable to that, in term of ef-

ficiency and dimension. To bypass this problem, robotic hands are usually

equipped with a great range of sensors; typically torque sensors on joints1,

temperature sensors and force sensors are integrated.

However, tough this way is useful to solve a wide range of problems related to

1It is worth to remember that very few robotic hands nowadays are provided of joint

torque sensing.

10



3.1. AN OVERVIEW ON HAND MODELS 11

measurements needed during grasp activity, it is not enough. Complex sensor

systems, like artificial skins, are under study; an example can be found in

the IIT artificial skin for iCub [5]. Anyway, this remains an open field and

once it will be covered enough will give a strong push in the understanding

of the complex human interaction between sensor system and control system.

A complete understanding of how our brain commands the hands is far to

be achieved. Detailed studies were made and a certain level of knowledge on

how this complex process works was reached. However, yet a lot of analysis

on the physical and neuronal mechanisms and integrations is needed. 2 To

get around this problem, a classical approach is to command directly how

joints must move in order to reach an objective. Typically this objective can

be a certain positions of the fingertip, a certain torque applied from the hand

to an object, or a certain grasp of an object. One innovative way of thinking

about how to command (or how the brain commands) the hand is based on

the concept of the Postural Synergies, already introduced in the Chapter 2.

3.1.2 Hand models

A very good example of how to model the human hand in a virtual environ-

ment can be found in [6], where the authors performed a in-depth analysis

of the human hand structure in order to replicate realistically the kinematics

and the dynamics of the human appendix. The resulting model is shown in

Fig 3.1.

For the robotic device used in the experiments, the Institute is provided

with a 3D Viewer of the hand, that is reproducing trustfully the device. A

screen of this software can be seen in Fig 3.2.

2Related works can be found in http://www.thehandembodied.eu/papers.

11



3.1. AN OVERVIEW ON HAND MODELS 12

Figure 3.1: References for the fingers and DII Virtual Hand model

Figure 3.2: DLR Hand II 3D Viewer

12



3.2. SYNERGIES APPLIED TO ROBOTIC HAND 13

3.2 Synergies applied to robotic hand

The work of Wimböck et al. [3] related to the use of postural synergies in the

control of an anthropomorphic hand like the DLR Hand II is described in this

section. The results of this work are integrated in the simulator implementing

the proposed controller.

3.2.1 Synergy-Level Impedance Controller

Studies related to the postural synergies inspired several ideas about reduc-

ing the control space of robotic hands and about underactuation. The idea of

Wimböck et. al was to reproduce a similar analysis about postural synergies

to the anthropomorphic DLR Hand II. From this approach twelve synergy-

like couplings where found and Synergy based controller were implemented.

During years the institute of RM collected a huge amount of grasping data

performed with the DLR Hand II device. This database contained several

types of grasping and gestures; the authors rearranged the dataset excluding

biases from mean values and they isolated 26 most reasonable grasp postures.

On this reduced dataset a Principal Component Analysis was performed and

they were able to isolate few principal components representing the so-called

postural synergies for the specific device. In fact, they were able to discover

up to 3 synergy coordinates, while other degrees of freedom were used to

represent the underactuation. It is worth to note that the study of Santello

on the postural synergies is strongly related to the human hand and to how

is made and composed. Considering this, what the authors found here is

not a subset of the postural synergies of Santello; they were indeed able to

circumvent the problem of how to map human data to a robotic device and

to define a specific set of synergies, valid only for the DLR Hand II.

The analysis of the principal components revealed that with two synergies

13



3.2. SYNERGIES APPLIED TO ROBOTIC HAND 14

a range of 74% of grasps were reached and they considered this threshold

enough for an appropriate approximation by the synergies.

Defining the robot hand configuration as

q = (q1 ... qnq)
T ∈ Rnq

and q̄ as the mean joint configuration, the authors depicted the the relation

between the joints variables and the postural synergies as

q = Sz + q̄ (3.1)

where S ∈ Rnq×nz is the synergy matrix, with nz number of synergies taken

in account. It is worth to remember that nz << nq.

Considering the dynamics in the hand joints space as is written in [7]

M(q)q̈ + C(q, q̇)q̇ + g(q) = τ + τ ext (3.2)

they rewrote (3.2) in the synergy space as

Λ(q)z̈ + µ(q, q̇)ż + Fg(q) = η + ηext (3.3)

The inertia matrix, the Coriolis and centrifugal matrix, the gravity forces

and the input forces with respect to the the synergy coordinates are:

Λ(q) = STM(q)S,

µ(q, q̇) = STC(q, q̇)S,

Fg(q) = STg(q),

η = STτ .

From this mathematical base, the synergy based impedance controller pro-

posed is based on a desired impedance behavior like

Λdëz + Ddėz + Kdez = ηext (3.4)

14



3.2. SYNERGIES APPLIED TO ROBOTIC HAND 15

where ez = (z− zd) is the deviation of z to a desired virtual equilibrium posi-

tion zd. The matrices of the desired inertia Λd ∈ Rnz×nz , damping Dd ∈ Rnz×nz

and stiffness Kd ∈ Rnz×nz are symmetric and positive definite. The control

law of the controller is

η = Λ(q)z̈d −Ddėz −Kdez (3.5)

τc = g(q) + Sη (3.6)

that also ensures the gravity compensation. Hence the controller deals only

with nz synergies, there is a large nullspace that has to be managed. The au-

thors made this including in the controller a similar impedance contribution

τn = −Dn(q̇)−Kn(q− q̇) (3.7)

and with the possibility to set independently stiffness and damping respec-

tively for the synergy part and for the nullspace part. Projecting (3.7) in

the nullspace of ST and inserting that in (3.6), they obtained the following

control law 3

τ = g(q) + Sη + (I− SS+
M−1)τ

n

Here is shown the control flow of the controller proposed in [3] and in the

box is shown the artificial kinematic coupling.

Figure 3.3: Control Flow - Synergy-Level Impedance Controller, from [3]

3Notes about projection in the [3].

15



3.3. OBJECT DISPLACEMENT 16

3.3 Object Displacement

3.3.1 Conditions leading to object displacement

Internal forces are a fundamental part of the theory of grasping and control-

ling them in a correct way is necessary in most of the manipulation and grasp

tasks. In fields like surgery or industry is necessary a very good precision in

the manipulation of the object (like with scalpel or with corrosive liquids or

human lethal materials).

In these tasks, a decoupled object motion and internal force control is needed.

Consider a compliant implementation and the possibility to cannot control

all the joints independently. In this case, it is possible that the object moves

when the internal forces are varied.

3.3.2 Underactuated hands and the problem of con-

trolling both internal forces and object motion

When a fully-actuated approach is considered, the object displacement is

avoidable because is possible to control all the internal forces and object mo-

tions.

If this approach is not anymore taken in account but the possibility to control

the joints independently is reduced the dimensions of controllable internal

forces and object motions decrease. Further details can be found in [15].

It is possible to divide the second situation in two parts: having an actual

underactuated device which input are reduced or having a fully-actuated de-

vice which input are calculate using an underactuation notion.

In the first approach, what must be done is to calculate the input for the

device using a underactuated controller (like the proposed controller with

16



3.3. OBJECT DISPLACEMENT 17

the inclusion of the Postural Synergies), i.e. having a controller that gives

directly the reduced input for the device.

In the second approach instead is to calculate references for the device in the

full-actuated joint space and then to map this input in the correct space for

the underactuation.

In other words, in the first approach the reduction of the input is made

inside the controller while in the second approach is done within the device.

3.3.3 Fundamentals of grasping

Here some fundamentals of grasping are depicted. From them, an analysis

of the conditions leading to object displacement is made and one possible

control of that is proposed.

For all the followings more details can be found in [8].

Considering a robotic device grasping an object two coordinates frame are

defined, one for the device base {N} and one related to the object {B}.
Taking {N} as the reference system, {B} is the body frame and the transla-

tional distance between the two frames is represented by p while the relative

rotation between the two systems is φ. With this notation the position of

the object u is defined as {p,φ}T ∈ R6×1. The twist of the object νu, that

represents the generalized velocity of the object with the respect of {N}, is

{ṗ, ω}T ∈ R6×1. In the same way, the wrench of the object w, composed

from the generalized forces acting on that, is defined as {fu,mu}T , with fu

vector of external forces and mu moment of the body.

17



3.3. OBJECT DISPLACEMENT 18

The positions of the device joints are defined as

q = (q1 ... qnq)
T ∈ Rnq

while {ci} is the i-th contact frame. The number of contact points is nc and

the number of the joints is nq.

With this notation, the velocities of the contact points with respect to

the object (νc) and to the hand (νh) can be defined as

νc = GTνu νh = Jq̇ (3.8)

where G ∈ R6×6nc is the Grasp matrix, J ∈ R6nc×nq is the hand Jacobian

of the manipulator and q̇ ∈ Rnq×1 are the generalized velocities of the joints

(nc number of contact points).

Taking in account the HF contact model (refer to [8] for details) reduces

the columns of G and the rows of J.

In particular, G will be in R6×3nc and J will be in R3nc×nq

To satisfy the contact for each instant of time, a constraint on the contact

point velocities has to be introduced

Jq̇−GTνu = 0 (3.9)

Considering the initial position of the contact points on the hand and on the

object to be the same, fixing the velocities to an equal value forces the points

to not move during all the manipulation task.

Each finger apply a contact force to the object and the sum of all of them

can contribuite at the changing of the wrench of this one.

In order to reach the static equilibrium for the object the following equation

18



3.3. OBJECT DISPLACEMENT 19

as to be satisfied

Gλc = −w (3.10)

λc is the vector of the contact forces and belong to R6nc . Considering HF as

the contact model, λc will be in R3nc .

From this equation is clear that the forces in the range of λc belonging

to the N (G) are not contributing to the wrench applied to the object. These

forces are called internal forces.

The contact forces on the hand are balanced by the joint torques, accord-

ing to the following equilibrium equation

τ = JTλc, τ ∈ Rnq (3.11)

The contact forces are mapped, via the hand Jacobian, to the joints in the

form of torques (or translational forces in case of prismatic joints).

Relaxing (3.9) permits to introduce a mathematical definition of the con-

tact forces that includes contact stiffness. Inserting a spring between each

contact point on the object and the one on the fingertip permits to link the

magnitude of the contact force, related to this point, to the length of the

spring.

The following equation shows how this concept is introduced

δλc = Kc(δc
h − δco) (3.12)

Note: It is clear that the number of rows of Kc determines the dimension

of λc; this dimension is indicated with nfc and is equal to nc × j, where nc

is the number of contact points and j (j = 3, ..., 6) is the dimension of each

single contact forces (that depends on the contact model).
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3.3. OBJECT DISPLACEMENT 20

From a starting initial equilibrium configuration, it is possible to write

variations of contact forces (3.12), in term of compliance and using (3.8), as

Csδλc = (Jδq−GT δu) (3.13)

Consider the hand joints controlled in position with their torques propor-

tional to a static gain stiffness Kq, Eq. (3.13) can be rewritten as

δλc = K(Jrδqr −GT δu) (3.14)

where the total stiffness matrix, taking into account joint and contact compli-

ance, and geometric effects due to the variation of Jacobian matrix, is given

by4

K = (Cs + JrCqJ
T )−1 (3.15)

Jr = J(I + CqT). (3.16)

By differentiating eq. (3.10), considering a constant external load, and

inserting that in (3.14), results that the object motion δu as a function of

the joint reference variation δqr is

δu = Vδqr (3.17)

and the corresponding contact force variation is

δλc = Pδqr (3.18)

where

V = (GKGT + N)−1GKJr

P = (I−KGT (GKGT + N)−1G)KJr

4see [1] for details
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3.3. OBJECT DISPLACEMENT 21

Defining E ∈ Rnfc×e a basis matrix of the column space of P, is possible

to express the generic controllable internal forces as

δλc = Ey

where y ∈ Re is the generic vector that parametrizes the reachable contact

forces.

One of the focus point exploited in the controller proposed later can be

found in the rigid-body kinematics. The rigid-body motins are the easiest way

to move the object. They do not involve virtual contact spring deformation,

so they don’t change the values of the internal forces. If the control of the

internal forces is made considering joint actuations and a movement occurs,

is possible to use rigid-body motions to recover it. Rigid-body kinematics has

been studied, in quasi-static setting, in term of unobservable subspaces from

contact forces and in presence of passive joints.

To find rigid-body kinematics related to a specific system, the solution of the

equation (3.9) has to be analyzed.

Let Γ be a matrix that describes rigid kinematics, it is defined as the matrix

whose columns form the basis for the nullspace of
[
Jr −GT

]
. Eq. (3.9) can

be rewritten as [
Jr −GT

]  δqr

δu

 = 0 (3.19)

and the generic solution of (3.19) can be expressed as δqr

δu

 = Γx (3.20)
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3.3. OBJECT DISPLACEMENT 22

It is possible to express Γ as

Γ =

 Γr Γqc 0

0 Γuc Γi

 (3.21)

where Γr is a basis matrix of the subspace of the nullspace of Jr defining

the redundant manipulator motions, Γi a basis matrix of the subspace of the

nullspace of GT defining the indeterminate object motions (not dependent

from the manipulator) and Γqc and Γuc binds the object motions to the joint

movements. The last two are conformal partitions of a complementary basis

matrix. Where Γi and Γr are trivial, the manipulator is not redundant nei-

ther indeterminate. This means there are no joints movements that are not

moving the object neither object movements that don’t have effects on the

joints. The column composed by [Γqc Γuc]
T define the space of the coordi-

nated rigid-body motions of the mechanism.

As it has been shown in [9, 10, 11] the rigid-body motions are reachable and

belongs to the space of reachability of linear system that represents the dy-

namics of the system.

3.3.4 Proposed controller

Based on the previous section, a generic rigid-body motion, δurb = Γucβ, can

be defined.

Following the eq. (3.17), the corresponding set of joint displacement can be

written as

δqrb = V#δurb + Qx,

where V# is the pseudoinverse of V, Q is a matrix composed by columns

that form a basis for the nullspace of V and x is an arbitrary vector of the

same size of the columns of Q. Considering eq. (3.18), is possible to find the
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3.3. OBJECT DISPLACEMENT 23

corresponding internal force variation

δλc = PV#δurb + PQx.

Now a subspace of internal forces can be defined: an internal force δλc is

controllable and compensable if it respects the following properties:

• it can be expressed as δλc = Pδqr, thus is realizable with an action on

joints;

• the corresponding object displacement δuc = Vδqc belongs to the rigid-

body motion subspace and can be recovered with a proper control ac-

tion.

Considering an arbitrary internal force variation δλc. Following (3.18),

the contribution on the joints given by this force is

δqf = P#δλc. (3.22)

If this force belongs to the subspace of controllable and compensable internal

forces, it is possible to find a compensating action that recover the eventual

displacement given by (3.22). This action is defined as

δqm = −ΓqcΓ
#
ucV δqf . (3.23)

The proposed controller is the sum of both contribution, the internal forces

control plus the recover action:

δqc = δqm + δqf . (3.24)

This strategy allows to control internal forces with zero displacement of the

grasped object.

As will be point out in the next chapters, here two control modes can be

highlighted:
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3.3. OBJECT DISPLACEMENT 24

• internal forces control without the compensation action, considering

only δqf .

• internal forces control with the compensation action, considering δqf

and the recover contribution δqm.

3.3.5 Postural Synergies integration

If the number of actuated degrees of freedom is sufficiently high, for exam-

ple in a fully actuated anthropomorphic hand, it is possible to control all

the internal forces without having displacement in the object position. How-

ever, while considering underactuation, this space is reduced, thus also the

possibility to avoid displacements. This explain why the proposed controller

has a primary importance when using an underactuation joint control system.

The proposed controller is tested on simulations performed considering

a Postural Synergies approach, as is done in this work. The authors showed

how, considering only translational displacement of the simulated object, 4

synergies were sufficient to recover the movement caused by a variation of

internal forces along one direction.

The assumption taken in account to switch the joint control space between

the complete space to the synergies space is the to considered the following

relation

δqr = Sδz

where δz ∈ Rnz is the variation of the reduced set of inputs and S ∈ Rnq×nz

is the so-called synergy matrix, that maps the input variables z in the joint

space q.

To use the proposed controller with the reduced control space, the fol-
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3.3. OBJECT DISPLACEMENT 25

lowing equation has to be used

Js = JS. (3.25)

With this modification, V and P will be

Vs = VS, Ps = PS.

Considering the contribution of the Postural Synergies modify the control

law expressed by the eq. (3.24) as following

δzc = δzm + δzf

while

δzf = P#
s δλc , δzm = −ΓS

qc(Γ
S
uc)

#VSδzf .

In the section 3.2.1 is shown how the authors designed a controller for

the robotic device DLR Hand II exploiting the Postural Synergies concept.

In the Chapter 5 is shown how the two controller can be merged.
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Chapter 4

Simple Gripper

The Object Displacement Controller (ODC) was proposed in Chapter 3 and

its mathematical fundamentals were described. In the following section one of

the simplest case is considered in order to evaluate the control performance.

This case is called Simple Gripper and is composed of two fingers with two

contact points grasping an object.

4.1 Physical description of the model

The Simple Gripper is composed of two fingers grasping an object. Each

finger is modeled as a spring-mass-damper system (SMD) and is in contact

with the object. This is implemented with a mass that connects the two

fingers.

Figure 4.1: Simple Gripper, one axis version
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4.1. PHYSICAL DESCRIPTION OF THE MODEL 27

The contact between a fingertip and the object is simulated as another

spring-mass-damper system and lies on a single coordinate. Here, the mass

of the fingertip is the fix reference while the mass of each finger simulates the

fingertip’s mass.

The whole system, merging four SMD systems (two contacts and two fin-

gers), has the base frame in the reference position of the object; this frame is

1-D, lying only in the X-axis. For this reason, all the equations representing

the system (given below) are composed only by scalar values.

The controlled inputs are the reference values for the fingertips positions.

In addition, there are others parameters that can be changed: stiffness and

damping of the contact springs, stiffness and damping of the joint springs, vir-

tual masses of the fingertips, initial positions of the fingertips, matrices J and

G (following equations in 3.3.3), and commanded internal forces parametriza-

tion vector (y). Time settings, like simulation time and interpolator time in

the model don’t influence the behavior of the simulation. This is not happen-

ing in this case, hence is not considered as a ’real’ input. With interpolator

time is denote how much the input signal needs in order to reach the final

value starting from an initial one (usually 0). Hence in this case the signal

is not influenced by the interpolator time, this is not considered as a ’real’

input.

Note: In the theory of the ODC we considered rigid body motions, so is nec-

essary that the object is simulated as rigid. In the simulated tests, contact

stiffness of around 103 higher than the joint ones are used. This comes from

the analysis of the mapping of the joints stiffness onto contact. Satisfy this

condition is not always possible, following the problem depicted in Section

5.4; for this particular example, with two fingers squeezing an object that

was not a problem and between contacts stiffness Kc and joints stiffness Kq

a ratio of 0.5:1500 (1:3000) is obtained.
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4.2. MATHEMATICAL DESCRIPTION OF THE MODEL 28

4.2 Mathematical description of the model

The mathematical model of the simulated system is described in this para-

graph. Considering the well-known SMD equations, the Simple Gripper model

is described with the following system
m1p̈f1 + Kc1(pf1 − u) + Dc1(ṗf1 − u̇) = Kq1(xd1 − pf1) + Dq1(ẋd1 − ṗf1)

m2p̈f2 + Kc2(pf2 − u) + Dc2(ṗf2 − u̇) = Kq2(xd2 − pf2) + Dq2(ẋd2 − ṗf2)

moü−Kc1(pf1 − u)−Kc2(pf2 − u)−Dc1( ˙pf1 − u̇)−Dc2(ṗf2 − u̇) = 0

,

(4.1)

where the state of the system is x = [pf1 pf2 u]T ∈ Rnq .

Isolating that in 4.1 and using a stacked notation, the system can be

rewritten as

Mẍ + Kx + Dẋ = Kzz + Dzż (4.2)

where

M=


m1 0 0

0 m2 0

0 0 mo

, D=


Dc1 +Dq1 0 −Dc1

0 Dc2 +Dq2 −Dc2

−Dc1 −Dc2 Dc1 +Dc2

,

Kz=


Kq1 0 0

0 Kq2 0

0 0 0

, K=


Kc1 +Kq1 0 −Kc1

0 Kc2 +Kq2 −Kc2

−Kc1 −Kc2 Kc1 +Kc2

,

Dz=


Dq1 0 0

0 Dq2 0

0 0 0

 .
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The contact forces can be defined as

λci = Kci(pfi − u), i = 1, 2

and 4.1 becomes

Mẍ + Λ + K̃x + D̃ẋ = Kzzd + Dzż , Λ =


λc1 0 0

0 λc2 0

0 0 −λc1 − λc2

 (4.3)

that is the equation used to simulate the dynamics of the Simple Gripper

model in Simulink.

The control model of the Simple Gripper can be drawn as the following

Figure 4.2: Signal flow chart Simple Gripper

where the left hand side block represents the object displacement control

law presented in 3.3.

Considering nc = 2, number of contact points, and nq = 2, number of joints,

we have that the grasp matrix G belongs to R1×2 and the Jacobian J belongs

to R2×2 .

Note: The δλ in the equation is not the same ∆fc in the control flow, re-

sulting from fc,des - fc,real. This operations is a mathematical implementation

inside Simulink, because is not possible to consider as input infinitesimal dif-
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4.3. ADDITIONAL CONSIDERATIONS 30

ferences from an equilibrium point. More considerations about this problem

are treated in Section 5.4.

4.3 Additional considerations

Consider a spring in the rest condition, i.e. is not stretched or compressed.

It has a length that is a property of that particular spring and is depending

on its stiffness. This length is called rest length, and when considered gives

the possibility to limit the compression of the spring as introduces a minimal

elongation of that. To insert this concept in the previous equations Λ has to

be modified like the following

Λl =


fc1 − l1 0 0

0 fc2 − l2 0

0 0 −fc1 − fc2 + l1 + l2


The resulting forces introduced are called in this work rest length forces and

are defined as Λli = Kcili, i = 1, 2.

The system described by 4.3 has for steady state solution fc1 = fc2, for

every magnitude of fci depending on the parameters of the system. This rep-

resents a perfect equilibrium between the contact forces, constrained from the

third equation (related to the central mass). Change this symmetry between

the fingertips and the object is possible using Λl1 = Kc1l1 and Λl2 = Kc2l, as

introduced in the previous paragraph. Inserting offset to fc1 and fc2 permits

to remove the equilibrium, in term of values of forces, between the two con-

tact forces.

Having the equilibrium between contact forces and equal values of the

contact springs stiffness leads the object to be exactly in the middle of the
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two fingertips. This works also with the offset introduced via the rest length

forces and is valid only in a steady state situation. Changing the values of

Kc1 and Kc2 permits to ’move’ the object between the fingertips; in partic-

ular the object will be closer to the fingertip with higher stiffness.

From point of view of the object displacement, at the steady state if

the joint stiffness Kq1 = Kq2 for every magnitude of (fc1 , fc2) there will

be no movements of the central mass. Removing the symmetry between the

joint stiffnesses permits to have an asymmetric structure that allows to show

the effects of the proposed controller. Doing this permits to the object to

move between the action range of the joints. In particular it will move to the

direction of the lower joint stiffness.

4.4 Presentation of results

The Simple Gripper is used to analyze the object displacement control effect

proposed in the Section 3.3 on a simple example. This goal is achieved in

part; further details can be found in Section 5.4. Several simulations were

made; for the purpose to show how effective is the control action introduced

with the controller proposed, here one is described in details.

The parameters used are in Table 4.1

There are two different control modes, as shown in Section 3.3: with or

without the a compensation action. Table 4.2 shows the results obtained in

both of them.
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Table 4.1: Settings Simple Gripper

Contact Spring left Contact Spring right

Kc = 1000 N/m Dc = 40 Ns/m Kc = 1500 N/m Dc = 40 Ns/m

Fingertip Spring left Fingertip Spring right

Kq = 0.5 N/m Dq = 0.2 Ns/m Kq = 0.4 N/m Dq = 0.2 Ns/m

Left Fingertip Mass = 0.05 Kg Right Fingertip Mass = 0.05 Kg

Object mass = 0.25 Kg J =

1 0

0 1

 G =
[

1 1
]

Table 4.2: Results compensation action on Simple Gripper

No Compensation Compensation

Displacement (m) 0.3526 0.0033

Figure 4.3: Object displacement with and without compensation

The compensation action reduces the displacement of the object of about

100 times. As will be pointed out in the conclusions, the exact zero displace-
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ment is not achieved. Hence, these results were considered good enough to

validate the constructed block implementing the controller.

Figure 4.4: Object Displacement control obtained with equations in Section

3.3 - draft caption

In Fig. 4.4 and in Fig. 4.3 is clear the effect of the compensation action.

Note: The displacements shown in the figure are not representing faithfully

the numerical values of the movements and the recover.
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Chapter 5

Evaluations

5.1 Simulations

In the previous chapter the controller was tested on a simple example.

In this Chapter more complex examples are taken into account, in particular

a realistic model of the robotic hand and the possible inclusion of the postu-

ral synergies concept.

The first model to be considered is the Four Fingers problem: the four fingers

with three DoFs are considered grasping one object in four points, with a

total number of SMD systems equal to 16 (were four of the previous model).

It is worth to remember that the SMD modeling the contacts are isotropic,

i.e. they are spatial system with 3 DoFs behavior.1

This problem was more complicated compared to the previous one and

a fine tuning of the settings was needed to reach a configuration with stable

results.

After a successful range of settings was discovered, the analysis moved to the

1Is possible to see the total number of SMD systems as 16, considering 12 1-D systems

and 4 Isotropic systems or 24, splitting the Isotropic contact SMD in 3 single coordinate

systems.
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third problem: the control model for the real hand. The simulator/controller

for the DLR Hand II was already available in the control suite of the RM

Institute, hence only an integration was needed.

In the last part of this Chapter is shown how the Postural Synergies concept

is inserted in the Simulink model developed for the previous step.

5.1.1 Four Fingers Hand Simulator

The next step was to increase the complexity of the Simple Gripper in order

to reach the setting of the multifingered anthropomorphic DLR Hand II [4],

hence this is the hardware used in the real experiments.

Figure 5.1: DLR Hand II

The device is composed by four identical modular fingers, each of them

with three DoFs, for a total number of DoFs equal to 12. Each finger has

three joints, that replicates the physiognomy of human finger, and presents

the metacarpophalangeal (MCP), the proximal interphalangeal (PIP) and

the distal interphalangeal (DIP) joint. Each joint, except the distal ones, is

provided with its own motor. The kinematic structure of each finger is bio-
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inspired: the MCP joint of each finger has two DoFs, while the PIP joint has

a single DoF. The DIP rotation is coupled with the PIP one, with a gear

ratio 1:1. Each finger consists of three identical modular parts and has three

different type of sensors: each joint is provided with a temperature sensor, a

torque sensor and a position sensor. 2

To better simulate the real situation, a virtual object is inserted in the

model. This virtual object is defined following [17]. It is supposed that the

hand grasps an object with its four fingers, the contacts are at the fingertips.

From this configuration ,the base frame of the virtual object is defined as

lying in the middle point of the segment connection the thumb fingertip and

the middle fingertip. This segment also defines the X axis, while the Y axis

is chosen to be orthogonal to that and placed on the segment connecting the

index and the ring fingertip, going from the first to the second. In this way,

the plane X-Y is defined; the Z axis is suppose to be orthogonal to this plane,

pointing down to the palm of the hand. The base frame defined in shown in

Fig. 5.2

Comparing to the previous step, was not possible to use a wide range

of settings for the simulation, in order to reach stability, hence a fine tun-

ing of the parameters was needed. In particular, was not possible to reach

a difference ratio between Kci and Kqi of around 1:1000. Only ratios like

(0.9-1):(300-400) were reached with the used solver settings, still depending

on the values of dampers.

2Notations are considered from [6].
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Figure 5.2: DLR Hand II with the object base frame

Table 5.1: Settings Four Fingers

Thumb Stiffness Index Stffness Middle Stiffness Ring Stiffness

Kq1 = 9 N/m Kq4 = 36 Ns/m Kq7 = 36 N/m Kq10 = 36 Ns/m

Kq2 = 9 N/m Kq5 = 36 Ns/m Kq8 = 36 N/m Kq11 = 36 Ns/m

Kq3 = 4.5 N/m Kq6 = 18 Ns/m Kq9 = 18 N/m Kq12 = 18 Ns/m

Asymmetry between fingers = 4

Contacts Stiffness Contacts Damping

Kci = 350 N/m Dci = 7.5 Ns/m

VO Mass VO Inertia Interpolator Velocity

0.15 Kg 0.03 * I3×3 Kg·m2 0.1

Initial Hand Configuration

q0 = [ -0.39 -0.0125 0.622 -0.2 0.0629 0.7422 0 -0.182 0.6204 0.2 0.2208 0.6016 ]T

In the model considering the four fingers hand model an asymmetry be-

tween the stiffness of the joints of the fingers was introduced.
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This had a practical motivation: as explained also in the Section (4.3) and

that can be extended to the four fingers model as well, if in the system is

permitted a situation of symmetry between the stiffness of the fingers and of

the contacts points, the object will not move, in simulation. To show more

displacement a good way was to introduced the asymmetry between the fin-

gers, i.e. to make the thumb more softer than the others (the opposing fingers

in this case).

This leads to a bigger movement of the thumb in the squeezing action, seen

that the his general stiffness is low.

With general stiffness lower is intended that each stiffness of each joint of

the thumb is less than the respective stiffness in the other fingers.

A special analysis was needed on the particular input y. As seen in Section

3.3, a way to command contact forces is to parametrize them using E, a basis

matrix of the column space of P, and the vector y.

λc = Ey

The dimension of E (ne) is equal to the dimension of the contact forces

vector λc (nf ) times the number of independent rows of P ∈ Rnf×ne , while

y ∈ Rne×1.

E changes every time the configuration of the hand changes. In particu-

lar the parametrization here defined depends on the Jacobian matrix J, the

grasp matrix G and the general stiffness matrix K, i.e. E can be written as

E(J,G,K).

Following what shows above, choosing the vector y is a non-trivial problem,

because it must change as well, considering that the aim is to keep λc con-

stant. This constraint is explained considering that λc is the reference for

the contact forces and it must not change before the system has reached this
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value.

Was not possible, for the implementation here describe, to calculate y dy-

namically, in order to keep λc fixed for each instant of time.

Instead a fixed y was chosen using the parametrization of the internal con-

tact forces called Virtual Linkage [12].

Following [12], Evl ∈ Rnc×6 is defined, using the initial position of the finger-

tips; a yvl ∈ R6×1 was choose with this parametrization and we mapped this

yvl onto the E space in the following

y = E+Evlyvl

The Virtual Linkage technique was considered because it gives an easy and

intuitive way to find a reasonable good y in order to obtain a consistent group

of internal contact forces. What is needed is only to define the magnitude of

the forces that are needed along each of the fixed directions (ei, i = 1,..,6),

chosen to be the segments connecting all the fingertips.

The chosen y was considered correct for the purpose of the simulation,

also if not the best that can be found.

As for the Simple Gripper, there are two control modes, and in Table 6.1

are shown the results of the application of them.

Table 5.2: Results compensation action on the Four Fingers model

No Compensation Compensation

Displacement (m) 0.0165 0.0013

As for the Simple Gripper, the goal of this second step is achieved in part.

Is clear that the compensation action in the Four Fingers model is less effec-

tive than in the Simple Gripper. We obtain only a 10 times recovery action

from the controller proposed in Section 3.3; considering problems shown in
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Section 5.4, these results were considered correct for the validation of the

controller.

Figure 5.3: Plot object displacement, with and without compensation

In Fig. 5.3, results in terms of module of u are shown; in Fig. 5.4 results

in terms of virtual object displacement are shown, using the 3D Viewer.
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Figure 5.4: 3D Object displacement with and without compensation

A factor of 10 (the compensation effect reduces by 10 times the displace-

ment of the object) was considered a valid result for validating the simulator

implemented; hence the next step, the integration with the real hand control

model, was implemented.

5.1.2 Hand controller integration

After a successfully implementation of the controller was made into a system

similar to the real device, the integration step was needed. The idea was

to integrate the ODC inside the model controlling the real hand, software

already present in the RM Institute control suite. The Simulink model that

implements the driving of the DLR Hand II is shown in Fig. 5.5.
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Figure 5.5: Real hand Simulink control model

With this model it is possible to drive the real device, sending PWM sig-

nals to the motors of the device, or to run simulations, since inside is included

a generic robotic hand model.

First a quick overview on the driving model is made, then a more detailed

description of the integration step is given.

The controller is composed of two macro-blocks: sm master e sc gui,

respectively the orange block an the cyan block in Fig 5.5. It is worth to

remember, there is no real feedback loop between the two block, the signals

that sc gui receives from sm master are just showed inside the cyan block,

in a GUI.

The two blocks are compiled together but they run on different machines:

sm master runs on a QNX machine directly attached to the real device while

sc gui runs on a normal machine, with Windows or Linux OS, under Real

Time Toolbox of Matlab.
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sc gui has the purpose to provide the user a way to insert inputs for the

simulation/control and to give visual outputs of the results.

sm master contains the controllers and the hand drivers. It demultiples sig-

nals coming from sc gui and gives the needed data to the hardware, or to

the simulator.

The steps of the integration are :

1. inserting of the Object Displacement Controller (ODC), proposed in

Section. 3.3, in the sm master block;

2. include of a input block in sc gui for the ODC;

3. mux of signals from sc gui in order to make them available to sm master,

in the form of a signal bus;

4. insertion inside sc gui of a block showing the results of the new con-

troller inserted;

A modification was mode respecting the previous model: the calculations

of P and V in eq. 3.18 and eq. 3.17 have a sample time 10 times higher

than the rest of the system. This means that they are calculated every 10ms

instead of 1ms. This change was made to reduce the computational time of

the simulations (several times higher than in the previous case) and was con-

sidered irrelevant for the evaluation of the correctness of the results.

To judge success of the integration here described a comparison between

the results of the previous step and the results of the new model is made. Since

there are no relevant differences between the two outputs, the integration was

considered correct and the focus moved on the Postural Synergy add.
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5.1.3 Postural Synergies control

In the previous section, the ODC controller was successfully implemented for

a simple case and for a fully-actuated hand model.

Here the contribution of the Postural Synergies is introduced in the ODC

and the step in implementing the SODC (Synergy ODC) is described.

In [1], the authors depicted a way to consider the underactuated approach

of the Postural Synergies while decouple the internal forces control and the

object movements.

What is shown in the work is here recalled; considering an underactuation

approach as the Postural Synergies, it is possible to write variation of the

hand joints angles as

δq = Sδz

where q ∈ Rnq×1 is the vector of the hand joints angles, S ∈ Rnq×nz is the

so-called Synergy matrix and z ∈ Rnz×1 is the input in the synergy space

that will be mapped in the joint space, as also shown in the Chapter 2.

In this way, P and V are rewritten as

VS = VS , PS = PS,

and the desired reference value for z is

δzc = δzm + δzf . (5.1)

with

δzf = P#
S δλc , δzm = −ΓS

qc(Γ
S
uc)

#VSδzf . (5.2)

Considering the eq. 5.1, two possible ways to implement the SODC are pos-

sible: the first is to obtain δzc from the control law depicted int the previous
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section and to use that with the Synergy Level Impedance Controller devel-

oped by Wimböck and Jahn. The second way is to obtain δzc from the same

control law but to map that back to the joint space using 2.1 and to give δqc

with a Joint Impedance Controller, as is done in the previous version of the

ODC.

This difference between the two approaches is explained in the Section (3.3.2).

In the following figures the two different control flows are shown:

Figure 5.6: Control flow Synergies Integration, synergy approach

45



5.1. SIMULATIONS 46

Figure 5.7: Control flow Synergies Integration, joint approach

Unfortunately, for lack of time, was not possible to implement working

versions of the SODC. This will be for sure considered in future works, con-

sidering that is a fundamental part of the Internal Forces-Object Motion

Decoupling technique.

5.1.4 Assumptions

Several assumptions were made concerning the simulations.

First of all, the components of the contact forces that are not direct in-

side the object are sufficient to satisfy friction constraints. Hence no sliding

is allowed.

Then, the contact point is fixed on the fingertip of the finger and cannot

move or change during simulations; this leads to have only precision grasps

and to have no rolling effects.

External forces or contributions are not considered, first of all, the grav-
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ity force. It is assumed that the no sliding constraint and the frictions of

the fingertips have a compensation effect against the gravity force. A real

compensation contribution can be object of future works, as pointed out in

the chapter 7.

The contact model is considered to be Hard Finger (following notation in

[8]), so every contact force λci has dimension R3.

Considering 12 joints for the DLR Hand II device and four contact points

(one on each fingertip), the dimensions considered in the simulations are the

following: E ∈ R12×6,y ∈ R6×1,q ∈ R12×1,J ∈ R12×12,Kc ∈ R12×12,Kq ∈
R12×12,G ∈ R6×12. Following this, Γ ∈ R18×6,Γqc ∈ R12×6,Γuc ∈ R18×6,V ∈
R12×12,P ∈ R12×12.

5.2 Experiments

5.2.1 Hardware for experiments

Experiments were carried out at the Institute of Robotics and Mechatronics

of the Deutsches Zentrum für Luft- und Raumfahrt (DLR), in Oberpfaffe-

hofen, near Munich.

The hardware used is composed by:

• the anthropomorphic robotic hand DLR Hand II, described in details

in the section 5.1.1;

• a QNX machine, with a Pentium IV processor, 3Ghz, directly con-

nected, via a spacewire port to the device and with a sample time of 1

ms;
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• a Windows machine, running a software able to compile the Simulink

models for the real time machine and representing the interface and

the input GUI for the experiments;

• a soft ball, representing the object that has to be grasped;

5.2.2 Assumptions

Several assumptions were made for the simulations and are depicted in the

section 5.1.4.

When considering real settings instead of simulated environments some of

these assumptions are not valid anymore.

First of all, the gravity is not considered in the models above described.

This can give to the real experiments a contribution that must be taken

in account. To overcome this problem, a light soft ball was considered for

representing the grasped object; the gravity force related to this object was

considered not influent for the performance of the experiments.

However, when more heavy object are considered the gravity contribution

cannot be anymore ignored. For this reason, possible way to introduce the

gravity force of the grasped object and possible way to compensate this con-

tribution will be analyzed in the future.

The second assumptions that is no more satisfied how the contact is mod-

eled. In the simulations the contact is supposed to be Hard Finger (following

[8]), i.e. the contact point is constrained to not move and rotations on the

direction not normal to the contact surface are forbidden. It is worth to re-

member that in the HF contact model the surface for the contact is a point.

In real case, the model of the actual contact is much more complex and, in

this particular situation, the contact points between the finger and the object
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is a surface of the fingertip.

Other assumptions that are not valid anymore in the real experiments

are the no-rolling and the no-sliding consideration. When considering a real

environment instead of a virtual one, forces like gravity or inertia moments, if

not considered inside the model, can give contributions not always predictable

to the dynamics of the whole grasp action. The way to avoid that is to set

the squeezing forces sufficently high, in order to let the contact surface to

not slide.

For the rolling effect, a way could be to force the contact point on the fingertip

to be a single point and not a surface; but having this will be in contrast

with the previous sliding-recover effect. At the end, the rolling effect is not

recovered but is considered small enough to not contribute in negative way

on the results of the experiments.

5.2.3 Modification to the original model

Some changes inside the model were needed when moving from the simulated

environment to the reality.

The first modification regards the object motion tracking inside the ODC.

The first approach considered was to use a model implementing the equations

of the motion of a rigid body, implemented by the RM Institute. This block

takes as input the wrench applied to a virtual object (not defined here), his

initial frame, his virtual mass and his virtual inertia. From this values and

using a Quaternion-based integration, the block is able to give as output the

actual frame of the object and his velocity. 3

A visual description can be seen in Fig. 5.8.

3For details about Quaternion, refer to [19].
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Figure 5.8: Object Tracking Block

The classical approach is to use the velocity of the fingertips and the

Grasp matrix following the first of the two equations in (3.8), νc = GTνu, to

extrapolate the velocity of the object. On this velocity a Quaternion-based

integration is made (like in the previous method) and the actual frame related

to the object is found. From the frame is then retrieve the actual position of

the object.

Also if this is still a numerical tracking of the grasped object, and is not

based on real measure of the position, it was considered a good and quick

way to find the actual position.

The second modification that was needed regards the calculation of the

actual contact forces. In the original model, the contacts are modeled like a

system provided with a spring and a damperattached to the fingertip and to

contact point on the object. This follows directly from the assumption that

the contact point on the fingertip and on the object could also not be the same

and that the position of the fingertip can also enter the object. Obviously in

the real case this way to model the contact has no sense anymore.

When considering the real device, is possible to use the torque on the joints

to have an estimation of the contact forces at the fingertips, as the eq. (3.11)

shows.
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An approach of this kind was used in the experiments model taken in account.

5.2.4 Setup

The initial configuration for the simulations was a situation of the grasp of

an object without contributions from the contact forces.

Hence, to perform in the same way as in the simulations, a research of a

correct initial configuration for the grasping experiments was needed.

Once this configuration was achieved, was however possible to see a phe-

nomenon of hysteresis on the torque sensors that was directly translated to

the contact forces values. This soft hysteresis leads to having a non zero dif-

ference between the desired contact forces and the actual contact forces also

in case of zero input. For this reason a ”Threshold control” was introduced

to filter this phenomenon and permits to have the expected results in case of

zero input.

In the following box is shown the code of the ”Threshold control”

f unc t i on y = fcn ( u , T )

y = ze ro s ( l ength (u ) , 1 ) ;

f o r i = 1 : l ength (u)

i f abs (u( i ) ) < T

y( i ) = 0 ;

e l s e

y ( i ) = u( i ) ;

end

end

The introduction of this control on the desired force variation made pos-

sible the correct initialization of the settings.
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5.2.5 Settings

The first step of the experiments was, as pointed out before, to set an initial

configuration of the joints that was not giving contributions on the contact

forces measurements.

The following steps were then performed:

• activating a Joint Impedance Controller to set up a safe base for the

experiments;

• the control was switched on the ODC, while keeping the hand still off;

• the hand was switched on and it was drived by references given by the

ODC.

With safe base is intended a situation well know and without presence of

errors (in calculation as in measurements of sensors).

This situation is considered safe due to the large experience and background

hold and given from previous works on the Joint Impedance Controller, made

by the team of the DLR.

The idea that lies under this steps is to find before a safe position for the

hand, in sense of no errors and no unexpected behaviors, then to switch to

the ODC (the experimental part) and to evaluate that.

5.2.6 Performance

Unfortunately, the behavior of the ODC was not the one expected. Was not

possible to obtain the results as in the simulations; this is probably amenable

to the not correct parametrization of the internal forces y.

It was seen that commanding the same y as in the simulations was leading

to an opening of the hand, that is the opposite of the squeeze that was ex-

pected. Even changing the sign to the input, that would lead to a squeeze of
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the grasped object, didn’t bring the expected result.

Was then concluded that some interpretation problems on y were presents,

but the resolution of them was considered out of the scope given to this work.

The integration time was subject to time constraints and within this time

period it was not possible to make it work.

5.3 Problems solved

The main problem that were solved is related to the parametrization matrix

for the internal forces E. As already described in the Section 3.3, E is a basis

of the matrix P and in the Simulink model is calculated using the Singular

Value Decomposition (SVD) technique. This technique has a problem while

the singular values that come out as results are close to the axis defined with

SVD. In this case, is possible that the same value is given in one calculation

with positive sign and in another calculation with negative sign.

The problem leads to the eventuality that in a simulation with thousands of

calculation of SVD, like in the case taken in account, the values composing

the matrix E change sign from one time slot to the other, with a complete

change in the meaning of the equation λc = Ey.

In this case, the reference forces are changing sign and orientation every iter-

ation and this makes impossible to the torque controller to follow reach the

references.

A solution found for this problem was to block these changes, making im-

possible to switch sign from one iteration to the next if their value doesn’t

change in module.

Here the code of the fix is shown:
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f unc t i on newE = comp(E, Eold )

[ a , b ] = s i z e (E) ;

newE = ze ro s ( a , b ) ;

f o r i =1:b

i f ( change s ign (E( : , i ) , Eold ( : , i ) ) == 1)

%s ign changed

newE ( : , i ) = Eold ( : , i ) ;

e l s e

%s ing unchanged

newE ( : , i ) = E( : , i ) ;

end

end

func t i on f l = change s ign (a , b)

aux = 0 ;

f o r j =1: l ength ( a )

i f ( ( s i gn ( a ( j ) ) ∗ s i gn (b( j ) ) ) < 0 )

i f ( aux == 0 )

aux = 1 ;

end

end

end

f l = aux ;

In this way, a correction of the E matrix was possible just giving as input

to the function the current value of E and the value at the step before.

5.4 Problems unsolved

In this section, the unsolved problems discovered during the work are de-

picted. For some of them, possible solutions are given.
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5.4.1 Cascaded control loops

Due to the formulation of the ODC and of the implementation here presented,

it was not possible to avoid the presence of a cascaded force control loop. In

the Fig 5.9 is shown this concept.

Figure 5.9: Cascaded control loops

The first loop is closed in the red block, where a difference between the

desired joints positions and the real joints positions, that arrive from the real

hand or from the model of it, is made. The second loop is closed in the green

block, that is difference between the desired internal forces and the forces

that there are really on the contact.

In the control theory, is known that in situations like this, the inner loop

gain must be faster than the outer loop gain. The difference in the ’velocity’

of calculation is necessary for the outer loop to calculate correctly results; if

the inner loop is faster, is possible that the inner results change too fast for

the outer loop to use them in a significant way and the whole output of the

system is not correct.

In order to simulate a consistent real situation, a ratio of ∼ 1000:1 be-

tween contact stiffness and joint stiffness was needed. Hence this ideal setting
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was no reachable for the simulations here considered because to guarantee

stability was not possible to set a ratio higher than ∼ 100:1. This leaded to

Kci :Kqi = (300-350):(0.5-1) N/m, while in the ideal case would be Kci :Kqi

= (1000-2000):(0.5-1) N/m.

A solution to this problem is still under study, as is pointed out in the

Chapter 7.

The setting of the solver for the simulations was considering the ODE1

differential equations solver, provided by Matlab and implementing the first-

order Euler method.

The sample time for the simulations was 1 ms.

5.4.2 Quasi-static analysis vs. dynamical simulation

The problem depicted before was concerning differences in modeling contact

forces.

A differences can be found between the work presented in [1] and the real

implementation of the ODC : what proposed in the work of Prattichizzo-

Malvezzi is a quasi-static analysis of the decoupling of internal forces and

object displacement. From an equilibrium point, the system is considered

after one infinitesimal instant of time and the controller is validated. In this

real implementation of the controller, dynamic simulations and experiments

are performed. The equations given in [1] are valid in a static setting; hence,

they still hold in dynamic conditions if the system is asymptotically stable

and the superimposed variations are small (otherwise the linear approxima-

tion is no more satisfied) and constant or slowly variable (slow with respect

to system time constants).

Having a slow increase of the input permits to have difference between the

desired contact forces and the actual contact forces that can be considered
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small enough to not invalidate the controller.

Hence, this is one of the biggest doubt that lies on the results of every sim-

ulators performed and on the experiments, since in the linear case worked

better.

5.4.3 Time dependencies

The last unsolved problem that was discovered is related to the commanded

internal forces and their supposed dependencies on time. As already men-

tioned before, the controllable internal forces can be written using E, a basis

matrix of the column space of P, and y as

δλc = Ey.

What is needed for the controller is a reference for the desired internal forces

λc,r that represents the variation with the respect to the equilibrium config-

uration.

E is a function of J, G, Kq and Kc. The Jacobian of the manipulator and

the grasp matrix are depending on the actual configuration of the joints, so

it is clear that also E will depend on the joint state q.

Having a fixed yr and a changing E shows that y must change as E and the

product must remain constant for each instant of time.

The two matrices J and G are calculated inside the ODC while the vector y

is given as input outside the controller. To permit to the right side of (5.4.3)

to be constant is needed that y is evaluated inside the controller and is based

on changes of q as E. This implementation was out of the scope of this work

and it remains an open issue.
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5.5 Software used

The software used for the implementation of the models and for their valida-

tion is Mathworks Matlab R2007b, using the environment Simulink, under

the distribution of Linux OpenSUSE.
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Chapter 6

Discussion

In this chapter are discussed the results obtained in this work.

To resume briefly, four steps were made in this Thesis:

• implementation of a simple example, Simple Gripper, with the purpose

to validate the proposed controller;

• extension of this example considering a more complex case, the four

fingers model of the DLR Hand II;

• integration of the result of the previous step inside the model driving

the real device;

• explaining how to integrate the Postural Synergies in the proposed

controller and how to use the Synergy-based Impedance Controller;

• performing of experiments with the purpose to validate the proposed

controller also in a real environment.

The analysis started from a simple example, concerning two one-joint fin-

gers squeezing a mass in 1-D. Results on this step are provided in the relative

chapter.

As already pointed out, this example was used to validate the Simulink block
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that implements the ODC.

The validation has been successful and the block implemented in this step is

used later in the others. Considering the difference between the quasi-static

analysis of [1] and the dynamic evolution of the system that belongs to sim-

ulations and experiments, around 100 times of reduction in the displacement

of the object was considered good for proceeding in the others steps.

The next step was to complicate the problem of the Simple Gripper and

to consider four fingers, each provided with four joints, three of them con-

trollable, because two strictly coupled; the whole environment is still a fine

grasp of an object. The system references moved from 1-D to 3-D and in

the model a Joint Impedance Controller was needed. The model, at the time

of this step, contained the Internal Forces-Object Motions Decoupling Con-

troller, the Joint Impedance Controller, the hand dynamics simulator and

the object simulator block. The structure of the Simulink model can be seen

in Fig. 6.2

Figure 6.1: General four fingers model structure

As is possible to see in Fig. 5.3 and in Tab 6.1, a recovering of around 10
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times in the object displacement was reached. This was judged sufficiently

correct to proceed in the following steps.

The main reason why, in the opinion of the author, is not possible to re-

cover completely the displacement of the simulate object has be searched in

the difference between the quasi-static analysis and the dynamic simulation

made here.Anyway, considering the good results obtained and the relatively

new approach to the problem, an deeper analysis was not performed; this

will be a subject that can be considered in the future works.

Results from the third step, the inclusion of the four fingers simulator

inside the real hand control block, are given here.

Table 6.1: Results compensation action on the third step

No Compensation Compensation

Displacement (m) 0.01648 0.001260

Figure 6.2: Plot results on the third step

As is clear, there are no relevant differences between these results and the

results obtained with the four fingers simulator.
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Before trying the proposed controller with a real setup, the integration of

the Postural Synergies in the ODC was considered, strictly following [1].

Unfortunately was not possible to implement a working version of that, in

the time that was given for this work. This can be a possible future work.

About the experiments, as already said in the Chapter 5, it was not

possible to obtain results with them. The real performing of the proposed

controller has to be considered not working, at least at the point where this

work is arrived.

It is worth to remember that an important problem on the setting of the

parametrization of the internal forces was found during the the real experi-

ments; perhaps solving this can lead to a working behavior of the ODC. In

the time that was dedicated to this work, was not possible to find a solution

to this problem.
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Chapter 7

Conclusions

7.1 Conclusions

In this work the major objective was to develop and to analyze in dynamic

condition the Internal Forces-Object Motions Decoupling controller. It fo-

cuses on the internal forces variation while avoiding movements of the grasped

object.

A deep analysis of the proposed controller was made and a dynamical simu-

lator was developed, considering compliant robotic manipulator grasping an

object. The built simulator was then improved taking in account the multi-

fingered robotic hand DLR Hand II. A four-finger grasp was considered and

a dynamic evolution of this, with internal forces variation, was studied. The

resulting successful implementation was experimented on a real version of

the DLR Hand II and assumptions made for the virtual environment were

removed.

Considering what shown in the Chapter 6, is possible to say that the im-

plementation of the controller proposed was not completely a success. Moving

from a quasi-static analysis to a dynamic analysis may have introduced un-
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foreseen problems and considering this the obtained results are considered

from the author a proof valid enough for the validation of the ODC.

7.1.1 Future Works

Several future works can be thought considering the work here described.

First of all, the integration of the Postural Synergies in the ODC if the

main focus of future works related to what done here. As already said, was

not possible for lack of time to implement the SODC in a working version;

comparing the results from the previous versions of the ODC with the new

approach will be for sure an interesting topic that can be analyzed.

Second, including contributions of external forces, like the gravity, can be

a key topic. The implemented controller doesn’t consider contributions that

are not coming from the grasping activity, so will be possible to include in

the equations and in the control law possible external wrenches. This topic

is strongly important while looking at the experiments that is possible to

perform with the real robotic device because this is the assumption that is

more difficult to overcame, in case of real environment.

Another possible extension of this work is to apply to five fingers robotic

devices the implemented controller, in order to have a comparison 1:1 be-

tween the Prattichizzo et al. work and what is done here. Having the same

considered number of fingers as in the human hand opens the possibility of

more consistent comparisons.

A fourth inclusion that can be considered is about pre-load forces. In the

actual implementation commanded forces start from a initial value equal to
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0; while grasping an object having contact forces equal to 0 can be possible

only in case of high transversal stiffness in the fingertips. Hence, a complete

covering of this problem can be made in the future, concerning variations of

internal forces that don’t start from 0.

A situation of cascaded control loop was needed to implement correctly

the proposed controller. This leaded to some limitations about the settings,

in particular on the ratio between Kci and Kci . A solution to this problem

can be an important future work and can permit to simulate more consistent

real environments.

A last but not least analysis can be done on the computation of a proper

y for controlling the desired internal forces. This was the main problem en-

countered in the experimental part of the work and it must be overcome to

have the possibility to achieve real data for the controllers here introduced.

In addition, a way to calculate dynamically y can be implement in the Simple

Gripper and in the Four Fingers Hand example.
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