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Chapter 1

Introduction

1.1 Presentation of the work

In last decades, there has been a growing interest towards the development of advanced robotic
hands, that is robotic end-effectors able to reproduce the functional capabilities (and in some
cases the structure) of the human hand. The applications of such devices can be various: when
the goal is to perform, by means of a robotic system, activities which foresee physical interactions
(e.g. grasping and manipulation of some objects) with an unstructured environment, the use
of an advanced end-effector is necessary. A typical application field is those of space activities,
where robotic systems aim to replace human beings in the accomplishment of tasks, which are
too dangerous, time consuming or simply annoying.
However, despite the wide potential applications of these devices, no real examples can be found
and their use remains limited to research laboratories. As a matter of fact the high-level capa-
bilities of dexterous hands to perform manipulation tasks imply, as a side-effect, high complexity
of their mechanical structure, their sensory equipment and the control strategies. This is mainly
due to technological limits: the human hand is the ideal target of each researcher in the field of
dexterous manipulation but the tools (actuators, sensors...) currently available are still far from
their biological models (muscles, receptors...).
The structural complexity of dexterous robotic hands leads to high costs and very poor reliabil-
ity of the developed prototypes. Therefore an important requirement to encourage the diffusion
of such devices will be their general simplification. This need is well summarized by the title of
a paper of Bicchi [1]:

“Hands for dexterous manipulation and robust grasping: a difficult road toward simplicity”

Several are the ways to achieve this simplification. Obviously, technological improvements
(concerning actuators, materials, sensors...) can allow an improvement of the overall system.
The implementation of suitable control strategies can help to manage the complexity of such
devices. The adoption of new design criteria (which are currently tied to the traditional robotics)
can lead to simplified mechanical structures.
But, in general, the problem of complexity has been not faced by the designers of dexterous
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robotic hands, whose target is to prove the effectiveness of a particular structure, rather than
to make an “usable” device. Moreover, often the attention is mainly devoted to the physical
design and development of the robotic hands, rather than to control problems tied to these
devices. It is widespread the (wrong) idea that the control must be added (and hence designed)
in a second phase. Therefore, some impressive examples of dexterous robotic hands are indeed
able to perform only simple manipulation tasks, since the control is not adequate. Conversely,
there are some devices which are purposely designed to validate control algorithms for dexterous
manipulation, but usually they have simple structures and they can not be defined hands.

1.2 Contents of the thesis

Aim of this thesis, is to show how a simplification of advanced robotic hands can be achieved
without prejudicing their functional capabilities. Different aspects are considered (control issues,
technological improvements, new design criteria) and the results are shown by means of devices
and prototypes carried out at LAR (Automation and Robotics Laboratory).

The thesis have been structured in the following way:

• In Chapter 2, starting from a review of some noticeable robotic hands developed over the
last three decades, the state of art in robotic manipulation is analyzed with the purpose
of emphasizing trends and open problems that currently characterize this research field.

• In Chapter 3, a robotic gripper purposely designed for space applications is presented.
Despite a trends towards anthropomorphic hands has been recognized, the design of this
device aims to demonstrate the effectiveness of a not-anthropomorphic structure to perform
complex operations.

• The research activity, reported in Chapter 4, aims to validate the use of a new sensing
element for mechanical “strain” in the robotic field. In particular, this new transducer (di-
rectly built on a deformable substrate) could replace traditional strain-gauge technology in
force/torque sensors manufacturing, encouraging a deeper integration between mechanical
and electronic part. The final result will be a general simplification and a considerable
reduction of the dimensions of force sensors, which could be easily integrated in those
structures where the available room is very narrow, such as the fingers of a robotic hand.

• Chapter 5 presents the development of a controller able to drive a complex robotic
system, such as a multifingered robotic hand, during the interaction with the environment
in order to perform grasp and manipulation tasks. In particular a suitable strategy has
been recognized in the impedance controller approach, which has been adapted to solve
specific problems of dexterous robotic end-effectors. The achieved control algorithm has
been implemented and experimentally validated on the DLR Hand II.

• Chapter 6 describes the development, from the early idea to a working prototype, of
a new kind of articulated robotic fingers, that is the basic element which will form a
new hand for dexterous manipulation. This research summarizes in real terms the idea
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developed over this thesis and in this sense it is the right conclusion of the overall work;
in particular it shows how, by means of a proper integration between the design of the
physical structure (mechanical frame as well as sensory equipment) and the choice of the
control strategies, it is possible to achieve a general simplification of robotic devices for
dexterous manipulation.
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Chapter 2

An overview on advanced robotic

hands

In this Chapter, starting from a review of some noticeable robotic hands developed
over the last three decades, the state of art in robotic manipulation is analyzed
with the purpose of emphasizing trends and open problems that currently charac-
terize this research field. In particular, this study takes into account the different
aspects, that contributes to the overall dexterity of a robot end-effector, such as
kinematics configuration, sensory equipment and control strategies.

2.1 What is an advanced robotic hand?

In the last decades, a number of robotic end-effectors has been developed in the laboratories
of universities and institutions (e.g. [2, 3, 4, 5, 6, 7]). Main aim of these robotic devices is to
reproduce the functional capabilities (and often the structure) of the human hand, and hence
are usually named “hands”.

In particular, it can be easily recognized that the two main skills of a human hand are:

• prehension, i.e. the hand’s ability to grasp and hold objects of different size and shape;

• apprehension, or the hand’s ability to understand through active touch.

In this sense, the human hand is both an output and input device (see [8]). As output device,
it can apply forces in order to obtain stable grasps or perform some procedures of manipulation
while, as input device, besides providing information about the state of the interaction with the
object during the task, it is capable to explore an unknown environment.
Both the characteristics are desirable in a robotic hand, which must operate in unknown envi-
ronments and execute complex operations. As a matter of fact manipulation and exploration
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MANIPULATION EXPLORATION

Provides information necessary 
for manipulation:
- contact type and location
- local friction
-object shape

Changes  state of the system
 to allow exploration:
- object motion
- stable grasping
- finger motion

Figure 2.1: Reciprocal dependence between manipulation and haptic exploration.

capabilities are closely connected (as shown by Klatzky and Lederman, [9]). If we consider that a
pure manipulation occurs when the object is perfectly known and conversely a pure exploration
when the object is unknown but fixtured, it is clear as most part of dexterous manipulation tasks
comes from their combination (in literature it is possible to find many examples of simultaneous
manipulation and exploration [10], [11]): in general, we use manipulation for exploration and
vice versa, Fig. 2.1.

2.1.1 The meaning of dexterity

A rigorous definition, widely accepted in the robotic manipulation letterature, states that:

dexterity (for a robotic end-effector) is “the capability of changing the position and orientation
of the manipulated object from a given reference configuration, to a different one, arbitrarily
chosen within the hand workspace” [1].

Despite of its precision, the previous statement does not give a complete idea of what dex-
terity is, and basically this definition appears tied to the kinematic structure of a robotic end-
effector. On the contrary, (as shown in Fig. 2.1) dexterous manipulation is the result of several
components including not only mechanics features, but also sensing capabilities, control strate-
gies ...
In a broader sense, “dexterity” means the capability of an end-effector, operated by a suitable
robotic system, to autonomously perform tasks with a certain level of complexity. In this sense
the terms dexterous and advanced are used as synonym, even if the former refers to the func-
tional capabilities of robot hands, the latter to the features which allow such capabilities. In
general growing levels of dexterity are obviously associated with an increase of complexity.
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The dexterity domain for robotic hands can be roughly divided in two main areas, that are
grasping and internal manipulation.
Grasping is intended as constraining objects inside the end-effector with a constraint configu-
ration that is substantially invariant with time (the object is fixed with respect to the hand
workspace), while internal manipulation means controlled motion of the grasped object inside
the hand workspace, with constraint configuration changing with time. Further subdivisions of
these two domains have been widely discussed in the literature (different grasp topologies on
one side [12], different internal manipulation modes based on internal mobility and/or contact
sliding or rolling on the other side [1]).

2.1.2 The role of anthropomorphism

As above mentioned, the designers of robotic hands try often to reproduce not only the functional
capabilities of the human hand but also its structure. That seems natural if we look at the level
of dexterity of our hand, but it is worth to notice that “anthropomorphism” and “dexterity”
are quite different concepts. As a matter of fact, the term “anthropomorphism” points at the
capability of a robotic end-effector to mimic the human hand, partly or totally, as far as shape,
size, consistency, and general aspect (including color, temperature, and so on) are considered.
As the word itself suggests, anthropomorphism is related to external perceivable properties, and
is not, itself, a measure of what the hand can do. On the contrary, “dexterity” is related to
actual functionality and not to shape or aesthetic factors.
It is possible to find in the literature anthropomorphic end-effectors with very poor dexterity
level, even if they are called hands, as the tasks they perform are limited to very rough grasping
procedures [13]. Similarly, we can find smart end-effectors, capable of sophisticated manipulation
procedures, without any level of anthropomorphism, e.g the DxGrip-II [14]. Anthropomorphism
itself is neither necessary nor sufficient to achieve dexterity, even if it is quite evident that the
human hand achieves a very high level of dexterity and can be considered a valid model for
dexterous robotic hands.
Moreover, anthropomorphism may be a desirable goal in the design of robotic end-effectors for
the following reasons:

• the end-effector can operate on a man-oriented environment, where tasks may be executed
by the robot or by man as well, acting on items, objects or tools that have been sized and
shaped according to human manipulation requirements;

• the end-effector can be tele-operated by man, with the aid of special-purpose interface
devices (e.g. a data-glove), directly reproducing the operator’s hand behavior;

• it may be specifically required that the robot has a human-like aspect and behavior, e.g.
humanoid robots for purposes of entertainment, assistance, and so on.

2.1.3 A key-word in robotic hands design: the integration

Besides the dexterity or the anthropomorphism, a desirable feature (often underestimated) in
the design of a robotic end-effector is the integration. This term has several meanings, but all
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of them are fundamental in robot hands design.
As a matter of fact, a right integration between mechanical parts, sensors and electronics sys-
tems and control algorithms is one of the most stressed concepts in the design of robotic devices
and automatic systems in order to achieve structural simplification, increase of reliability, and
drop of costs. In particular this is true for a dexterous robot hands, which usually are extremely
complex devices with quite small dimensions. Moreover, as will be shown in following sections,
the dexterity and the functional capabilities of robot hands are the result of several contribu-
tions, which must balanced as much as possible. Therefore it is very important to properly
match mechanical structure and sensory apparatus and also a medium-complexity hand can be
dexterous and effective if an adequate mix has been done.
But, considering a robotic end-effector, integration concerns also the relation between the hand
to be designed and the rest of the robotic system, considering both the physical parts of the
system (structural integration) and the way they interact or cooperate in order to accomplish
manipulation tasks (functional integration). Structural integration has great influence on overall
hands design (and in particular the mechanical one), while functional integration is mainly a
conditioning goal as far as control strategies and task planning procedures are concerned.
Two different concepts about the structural integration of robotic hands are described in the
literature, which can be summarized with the following formula:

• Modular Hands (MH), Fig. 2.2.a;

• Integrated design Hands (IH), Fig. 2.2.b.

(a) (b)

Figure 2.2: Example of modular hand (DLR Hand II) (a) and of hand-arm structural integration
(Robonaut Hand) (b).

In the former case, the hand is considered like an independent device to be applied at the end
of an arm: the same hand can be applied to any kind of arm because it has been designed
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independently of it (examples of this approach are the DLR Hands [3, 4], the Barret Hand [15],
the Salisbury’s hand [16],...).
In the latter case, reproducing the biological model, the hand is considered a non-separable part
of the arm, deeply integrated with it: the hand and the arm are jointly designed and cannot be
conceived as separate subsystems (as examples of this approach we can remember the Robonaut
hand [17, 5], the UB Hand [18, 19]).
The main difference between these two approaches is that a modular hand must contain all its
functional components (actuators, sensors, electronics, etc:), while an integrated system (hand
+ arm) can distribute these components in the whole structure, placing them where room is
available.

2.2 Some comparative indices

In order to make a clear and objective comparison of different robotic hands presented in the
literature some indices have been defined. These indices refer to the different aspects which
characterize a robotic end-effector (as reported in Sec. 2.1), such as the degree of anthropo-
morphism and the level of dexterity resultant from both the kinematic configuration and the
sensory apparatus.

2.2.1 An anthropomorphism index

From the observation of the many robotic end-effectors inspired by the human hand, it is clear
that the level of achieved resemblance with a human hand is greatly variable from case to case,
although all of them are defined as anthropomorphic hands.
Therefore an interesting problem arises: what are the components of anthropomorphism and how
the achieved level of anthropomorphism can be quantified?
With the main aim of trying a comparison between different designs an anthropomorphism index
(in the following denoted as αx ) has been constructed. That has been determined considering
the following aspects:

• Kinematics. This aspect considers the presence of the main morphological elements (prin-
cipal upper fingers, secondary upper fingers, opposable thumb, palm). Each of them,
whose value ranges between 0 and 1 (according to the number of articulations inside each
finger, in comparison with the human case), gives a different contribution to the kinematic
evaluation score, weighted by the factor w1i;

• Contact surfaces: extension and smoothness of the contact surfaces, that means the ca-
pability to locate contacts with objects all over the surface of the available links, and
availability of external compliant pads;

• Size. This contribution takes into account the actual size of the robotic hand compared
with the medium size of a human hand and the “correct” size ratio between all the links.

The index αx is calculated as the weighted sum of these three aspects, as shown in Fig. 2.3. If
we consider the structure of the human hand the final value for αx will be obviously equal to
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Level of 
anthropomorphism

SizeContact surfacesKinematics

Main upper Main upper 
fingers

Opposable
 thumb

Palm Fourth finger Fifth finger Smoothness Extension Soft pads Overall size Size 
between links

w1

w11 w31

w3

w23w22w21w15w14w13w12 w32

w2

Figure 2.3: Evaluation graph of the anthropomorphism level of a robotic hand.

1, therefore the index associated to a given design (e.g. αx = 0.75) provides an immediate idea
of how far from the human shape and aesthetics it places. For example, in Tab. 2.1 the index
αx relative to the UB-Hand, shown in figure Fig. 2.4, is presented [18, 19].

Figure 2.4: The University of Bologna Hand II.

2.2.2 A measure of dexterity

If the notion of dexterity is well settled, the way to achieve it remains debated. The factors
affecting the actual capabilities of a robotic end-effector are so many, that often the analysis and
above all the synthesis of dexterous hands do not take in the right consideration some of these
elements, namely:

• morphological features;
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Evaluated Elements and Related Weights Value Result

Kinematics
(w1 = 0.6)

Main Upper Fingers (w11 = 0.3) 1 0.18

Opposable Thumb (w12 = 0.3) 0.8 0.144

Palm (w13 = 0.2) 0.8 0.096

Fourth Finger (w14 = 0.1) 0 0

Fifth Finger (w15 = 0.1) 0 0

Contact Surfaces
(w2 = 0.2)

Smoothness (w21 = 0.33) 0.9 0.0594

Extension (w22 = 0.33) 0.9 0.0594

Soft Pads (w23 = 0.33) 0.3 0.0198

Size (w3 = 0.2)
Overall Size (w31 = 0.5) 1 0.1

Size Between Links (w32 = 0.5) 0.9 0.09

Total 0.745

Table 2.1: Evaluation of the anthropomorphism level (index αx ) of the UB Hand II.

• sensory equipment;

• control algorithms;

• task planning strategies;

• . . .

As a matter of fact, a very simple end-effector like a rigid stick can be used for very sophis-
ticated object-pushing tasks if used by a robot with visual and force feedback, while a complex
articulated hand without adequate control can limit its dexterity to trivial self-adapting encom-
passing grasps. Evaluating the design of a robotic hand, for example examining its kinematical
configuration or its sensory equipment, we can define a potential dexterity intrinsically related
to its structure.

Potential Dexterity of a given mechanical structure

It is quite evident that the potential dexterity of an articulated five-finger hand is better than
that of a rigid stick, but it is obvious at the same time that much of the potential dexterity of
such a complex structure can be wasted if proper actuation or sensory system are not adopted
and suitable control procedures are not implemented. The evaluation of potential dexterity of an
articulated hand depending on its kinematical configurations (e.g. evaluation of manipulation
ellipsoid) has been widely discussed in the literature, as reported in [1].
This kind of analysis requires the knowledge of some mechanical details and parameters, which
are often unavailable. An alternative (but certainly more rough) way to quantify the potential
dexterity of a robotic hand is considering its functional capabilities (allowed by the features
of its mechanical structure, such as number of degrees of freedom, smoothness of the contact
surfaces,...). In particular two main areas can be recognized:

- hands with capability limited to grasping (simplified kinematical configuration or complex
kinematical configuration but reduced number of controlled degrees of freedom)
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- hands that are capable of some kind of internal manipulation.

Each of these two areas can be further subdivided in two parts, distinguishing if the capability is
limited to fingertip operation or is extended to the other active elements of the hand (whole hand
grasp and manipulation). It is a rough subdivision, but can help to distinguish between projects
that may look aesthetically similar but in practice achieve quite different levels of operating
capabilities. In order to make this comparison easier, an index of the kinematic dexterity can
be constructed, by tacking into account the contribution of the different abilities (as shown in
figure 2.5).

Level of 
mechanical dexterity

ManipulationGrasp

Fingertip Whole Hand

w1=0.4

w11=0.6 w22=0.4w21=0.6w12=0.4

w2=0.6

Fingertip Whole Hand

Figure 2.5: Evaluation graph of the kinematic dexterity level of a robotic hand.

2.3 Potential dexterity related to the sensory apparatus

Besides suitable mechanical configurations, dexterous manipulation requires an adequate sensory
system. The manipulation of an object needs precise information about the configuration of the
hand and the state of the interaction with the environment (typically the grasped object),
and often the success (or simply the completion time) of the task depends on the level of this
information. Since the human hand can be considered as the best known example of dexterous
end-effector, not only its structure but also its sensory system has become a paradigm for the
researchers. As a matter of fact, many of them tend to adopt similar sensory configurations
even in devices quite simple from the mechanical point of view and not anthropomorphic at all.
This is the case of the ROTEX Gripper (see Fig. 2.6) [20], whose equipment includes position,
force and tactile sensors.

The internal state of the human hand (position, velocity and force) is known by means of re-
ceptors collocated in muscles, tendons, and joint capsules (for a complete overview see [21, 22]).
But the key point of human dexterity is the richness of cutaneous information (high-frequencies
vibrations, small scale shape or pressure distribution, accelerations and dynamic forces, thermal
properties). As a matter of fact, it has been shown that the lack of touch sensation, due for
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tactile sensor

array


medium range

 distance sensor


force/torque

sensing unit

Figure 2.6: Sensory equipment of ROTEX gripper.

example to thick gloves (e.g. in space) degrades the human ability and prolongs the task com-
pletion time up to 80%, [23].

If the sensing system of the human hand is the desired target, unfortunately current tech-
nologies are still far from their biological models, in particular considering transducers of touch
sensations. As a matter of fact, tactile sensors are object of great research efforts and the sensors
currently available still present some important problems and functional limitations: basically
they can detect the contact point and the magnitude of applied forces (while acceleration or
vibration sensors are current under development [24] but not yet available for their integration
in advanced robot hands) but they are generally characterized by low reliability, non-linear (hys-
teresis) phenomena and a large number of electrical connections.

2.3.1 A synthesis of sensing technologies for manipulation

The standard equipment of an advanced robotic end-effector includes, besides sensors directly
collocated in the actuators (e.g. encoders), a number of additional sensing elements; in particular
three main classes can be identified.

Joint position sensors

Although position sensors on motor shaft are a solution simple, reliable and with a relatively
high resolution (considering that the rotor motion is ‘reduced’ several times by the mechanical
transmission), back-lashes and deformations of the motions transmissions can render the measure
quite rough. Besides, the use of non-rigidly coupled joints or under-actuated systems makes the
minimal solution of motor encoders not applicable, since a well-defined relation between the
rotor positions and the joint configuration does not exist: in general it depends also on external
conditions (e.g. contact with the grasped object). In any case, when a single motor is used
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to drive more than one joint, and, in general, in order to improve the position measurements,
additional position sensors must be added directly (or as close as possible) to the joints in the
kinematic chain. Position sensors are based on different physical principles and methods: Hall
effect sensors (e.g. the position sensors on the gripper designed by the University of Bologna,
[25]), potentiometer, optical sensors (e.g. in the DLR hand I,[26]), and so on.

Interaction sensors

If the sense of touch (and in general force information) is the main reason of human hand
dexterity, a robot hand, which will physically interact with the environment, can not leave aside
force sensing. The measure of the interaction can be done in different way, but schematically
it is possible to find three alternative methods (complete overview are available in [27, 28, 29]);
on one hand the force exchanged with the external environment can be known by means of
force/torque sensors collocated within the kinematic chain of the end-effector, on the other
hand tactile sensors, directly placed on external surface, can provide information on the contact
area and force magnitude when the interaction occurs. In the middle, Intrinsic Tactile (IT) can
be considered.
Force/torque sensors measure the efforts exerted by fingers, at different levels and in different
way: it is possible to detect the torques on finger joints, or consider the tension of tendons (which
often are used to transmit the motion in robot hands), or if the mechanical chain is back-drivable
measure the force/toruqe provided by the actuators. Other kind of force/torque sensors are able
to detect all the components of the applied wrench; basically, the major part of these devices are
transducers which measure forces/torques by means of the induced mechanical strains on flexible
parts of their mechanical structure. The mechanical strains are in turns measured by elastomers
(strain gauges), properly glued on the structure, that change their resistance according to local
deformations. Based on a force/torque sensor with known external shape and connected to a link
of a manipulator (see Fig. 2.7), the IT sensor has the possibility to determine, when a contact
is established between the link and an object, both the applied wrench and the position of the
contact centroid on the surface of the link. For this reason, the IT sensor can be considered an

Strain Gauges

Force sensor

Finger-link shell

(a) (b)

Figure 2.7: An IT sensor (a) within a finger of the UBHand II (b).

intermediate solution between force sensors and tactile ones, even if one of the main drawbacks
of this technology is the fact that they can not detect the difference between one contact and
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multiple contacts in the same structure (producing in the second case wrong estimations) and
measure the shape/extent of the contact area. For this purposes, that is to determine the exact
shape and position of contact (possibly not-punctual) area, tactile sensors are used. Usually,
they consist in a matrix (array) of sensing elements. Each sensing element is referred to as a
taxel (from “tactile element”), and the whole set of information is called a tactile image. Main
goal of this class of sensors is to measure the map of pressures over the sensing area, allowing
to get geometrical information (position and shape of contacts), as well as knowledge about
mechanical properties (e.g. friction coefficient), and to detect when a slip condition occurs. In
order to realize this kind of transducers several technologies have been developed, ranging from
piezoresistive to magnetic, to optical effects [27, 28].

Additional sensors

Additional sensors can be added for particular applications or to obtain specific capabilities;
for example end-effectors for space activities are often equipped with proximity sensors and/or
cameras directly installed within the hand [26]. Other classes of sensors, which can increase the
dexterity of a robot hand, include accelerations or vibrations sensors [24], but their development
is still in progress.

2.3.2 A comparative index

In order to give an immediate idea of the complexity of the adopted solutions in some noticeable
examples of robot hands, we have defined an index σx which takes into account the sensory
equipment. In Table 2.2 the sensory apparatus of the UB Hand II has been considered: the
index is the result of evaluation of the three classes defined in the previous section, considered
with different weights according to the level of dexterity they can, in authors’ opinion, allow.
Sensors that detect the status of the interaction (force/torque and tactile sensors) are considered
as preeminent to achieve dexterity. Moreover, it is worth to notice that tactile “array” sensors
and intrinsic tactile sensors are treated as alternative: the information they provide are quite
different and normally used for different aims (planning the former, control the latter). Tactile
capabilities are further specialized considering their peculiar features:

- distribution on the robotic devices (fingertips/phalanges/palm) and number of detectable
force/torque components for IT sensors;

- distribution, covering (partial/total of the finger link surfaces), and spatial resolution for
tactile array sensors.

The index σx can be very useful to compare different designs and to have an immediate idea of
how different researchers have faced the problem of dexterity.
Moreover, it provides a measure of the gap with the human hand, whose index is not far from
one (not exactly one, because of the lack of some sensors, such as proximity sensors)
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Evaluated Elements and Related Weights Value Result

Position
(w1 = 0.2)

Joint Position Sensors (w11 = 1) 1 0.2

Interaction
(w2 = 0.6)

Force/Torque Sensors (w21 = 0.3) 0.4 0.072

Tactile
Sensors
(w22 = 0.7)

Intrinsic # Axis (w2211 = 0.5) 1 0.126

(w221 = 0.6) Placement (w2212 = 0.5) 1 0.126

Array
(w222 = 0.4)

Spatial Resolution (w2221 =

0.3)

0 0

Covering (w2222 = 0.2) 0 0

Placement (w2223 = 0.5) 0 0

Additional
(w3 = 0.2)

Proximity,Vision, Dynamic Force Sensors (w31 = 1) 0 0

Total 0.524

Table 2.2: Evaluation of the sensory equipment of the UB Hand II.

2.4 A survey on advanced robotic hands

Several robotic hands, more or less dexterous/anthropomorphic, have been developed over the
past two decades. The goals of each project were most times rather different, and the results
are not easily comparable to the purpose of declaring one project better than another. Anyway,
in order to point out the effectiveness of each contribution and to trace the historical evolution
of this sector of robotics, a classification of the potential dexterity and level of achieved anthro-
pomorphism of each design can help to outline results, tendencies, open problems and goals for
future evolution of research.
In Tab. 2.3-2.10 a survey of some noticeable examples of robotic hands is reported, considering
the the main features of the mechanical design, as well as of the adopted sensory system. The
review is limited to those projects that clearly addressed the achievement, at a significant level,
of both dexterity and anthropomorphism.

From the data collected in the tables, the indices mentioned in Sec. 2.2.1, 2.2.2 have been
computed for each hand and graphically displayed in order to give a synthetic idea of the main
characteristics of each project and to compare the different designs. In order to give an historical
perspective of the considered aspects (anthropomorphism, dexterity,...), the robot hands are
presented according to a chronological order.
Firstly, in Fig. 2.8 the anthropomorphism level has been considered: it is clear that in last years
(in particular in the last 5-6 years) the interest towards fully anthropomorphic devices has been
growing. As a matter of fact the kinematic structure of robotic hands becomes more and more
close to the human model and the dissimilarity with our hand mainly concern the size and the
“skin”. If the former difference is above all due to technological problems (in particular, to the
lack of miniaturized actuators), the latter strongly depends on a traditional way of designing
robotic devices. Despite it has been recognized that suitable contact surfaces (in particular soft
pads) can greatly enhance (besides their appearances) the dexterity of robot hands [45], only in
the last years this issue has been explicitly faced and the first endoskeletal structures, apt to be
integrated with soft layers, have been presented [46, 47].
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Figure 2.8: Anthropomorphic level of the reviewed robotic hands.

As mentioned in Sec.2.2.1 anthropomorphism and dexterity are orthogonal concepts; this is
evident if we consider the other two defined index, that is the degree of dexterity related to
the mechanical structure and to the sensory equipment, respectively reported in Fig. 2.9 and
2.10. Tacking into account the mechanical structure, it can not be observed the trend, which
characterizes the anthropomorphism level, towards an increase of dexterity. There are examples
in the scale of evolution, from very anthropomorphic but low dexterity designs (it is the case
of hands simply oriented to adaptable grasp applications, e.g. the Tuat/Karlsruhe Hand [13]
and the Laval Hand [48]) to fairly dexterous but less anthropomorphic ones. In Fig. 2.11
possible relations between anthropomorphism and dexterity are displayed, considering some
notable examples of robotic hands. These designs are usually associated to very restricted and
limiting specifications and precise purposes:

- Salisbury, designing the Stanford/JPL hand, explicitly focus the problem of dexterity, but
no considerations about resemblance with the human hand have been done;

- the target of the Tuat/Karlsruhe hand is to exploit the structure of the human hand in
order to achieve good grasp capabilities with a very low complexity (only one actuator has
been used);

- Robonaut hand aims to substitute the human hand concerning both functional capabilities
and shape/structure;

- Barret hand is, according to the definition of its designer, a grasper and therefore neither
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Figure 2.9: Potential dexterity related to the mechanical structure of the reviewed robotic hands.
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Figure 2.10: Potential dexterity related to the sensory system of the reviewed robotic hands.

anthropomorphism nor high-level of dexterity has been specifically addressed.

High dexterity is usually synonym of complexity. In this sense the designs of the reported robotic
hands appear very coherent, according to the criterion of integration between mechanical and
electronic parts mentioned in Sec. 2.1.3. As a matter of fact hands showing the highest degrees
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Figure 2.11: Relation between anthropomorphism and dexterity.

of structural dexterity, and therefore the largest number of controlled degrees of freedom and
actuators, are characterized by an extremely complex sensing apparatus. Conversely commercial
hands (like Barret hand or Shadow hand), that must be particularly reliable and consequently
not too complex have only a basic set of sensors.
In any case, if we observe the potential dexterity related to the sensory system, all the projects
show high-level equipments (compared with traditional robot manipulators), including positions
and force/torque sensors. Moreover the design of such an equipment is somehow incremental,
and often additional sensors are employed afterwards. In particular, this is true for tactile
sensing: despite the contribution of tactile sensors to the dexterity of robotic hands is widely
recognized, their use is not settled yet. From the Fig. 2.10 it is clear that a “final decision”
between intrinsic tactile sensors, tactile array sensors, or both has not been definitely made and
it is currently an important research topic in the field of robot manipulation.

2.5 Potential or real dexterity? The role of control

As stated by Bicchi [1], citing the Greek philosopher Aristoteles, one of the (old) theories re-
garding the relationship between human hands and mind claims that “because of his intelligence
he (man) has hands”. Despite, researches of paleoanthropologists have shown that the converse
opinion, which considers the development of the brain of human beings as a result of the struc-
tural dexterity of their hands, is preferable, the former theory gives an insight into the importance
of the “intelligence”(in a broad sense) in order too obtain the dexterity of an (artificial) hand.
As shown in previous sections, the dexterity of a robot hand is the result of its mechanical
structure as well as of its sensory equipment. Adding up the contributions sketched in Fig. 2.9
and Fig. 2.10 it is possible to quantify the overall degree of dexterity of the reviewed hands. At
this point, a first consideration is that some of the devices taken into account are not distant
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(considering their structure and their features) from the human hand but the tasks they can
autonomously perform are still simple and quite far from the human capabilities. Therefore, in
order to estimate the real dexterity of a robot hand, the “intelligence”, that is control algorithms
and task planning strategies, can not be neglected. Indeed, the control is a key element, which
puts potential dexterity into real one and is the main reason of the success of the human hand.
Because of its “control system”, the human hand can fully exploit its complex structure. The
same does not happen for robot hands: as qualitatively shown in Fig. 2.12.a their actual dex-
terity is considerably lower than the dexterity given by their structure and paradoxically some
simple devices with suitable control strategies may be more dexterous than a complex robot
hand (see Fig.2.12.b). A tangible example of such a smart device is given by Dx-Grip II, a 2-jaw
gripper developed by Bicchi et al. [49], able to arbitrarily change the position/orientation of
quite general objects, by means of rolling.
A number of theoretical works show that rolling and sliding can greatly enhance the robot

Potential dexterity

Anthropomorphic
hands

Simple
devices

R
ea

l d
ex

te
rit

y

Human hand1

1 Potential dexterity

R
ea

l d
ex

te
rit

y

Human hand1

1P2P1

D1

D2

(a) (b)

Figure 2.12: Potential versus real dexterity: general case (a) and an example (b).

dexterity [50, 51, 52, 53] but, despite the effectiveness of manipulation by rolling or sliding can
be observed also in human beings, these results are not applied to complex robot hands. In the
same way, the use of tactile sensors for direct servoing have been the subject of several recent
works [11, 54], but practical demonstrations of the achieved results has been done only by means
of robotic devices purposely designed.
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Table 2.3: Main features of Okada and Stanford/JPL Hands.

Project
identification

Project denomination Okada Hand Stanford/JPL Hand
Reference author(s) T. Okada Salisbury
Research institute Electrotechnical laboratory,

Japan
Stanford University

Year of presentation 1979 1983
Reference [30] [16, 31, 32]

Picture

Mechanical
structure:

Arm/hand Integration MH IH
Main upper fingers X X

Kinematical
scheme:

Opposable thumb X X

Fourth finger - -
Fifth finger - -
Palm - -
Number of links 12 10
Number of joints 11 9
Number of controlled
degrees of freedom

11 9

Morphological
features:

Size w. r. to a human
hand

> =

Surfaces apt to con-
tact with objects

Fingertips/Phalanges Fingertips

Contact surface
smoothness and
continuity

Fair Poor

Mechanical
details

Structural design con-
cept

Exoskeletal Exoskeletal

Actuator location Remote Remote
Actuation type Electrical revolute motor Electrical revolute motor

(DC)
Act. joints back-
drivability

Not Found (NF) X

Kind of not-actuated
joints

- -

Type of transmission Tendons Tendons
Transmission routing Pulleys/sheaths Pulleys/sheaths

Sensors:

Position
Motor position sensors X X

Joint position sensors Potentiometers -

Force/Torque
sensors

Joint torque sensors - -
Tendon tension sen-
sors

- X

Motor effort sensors X -
Contact
sensors

Intrinsic tactile sen-
sors

- Fingertip force sensors

Tactile array sensors - 8×8 tactile sensors array
with complete coverage of the
cylindrical fingertip

Additional
Sensors
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Table 2.4: Main features of Utah/Mit And Belgrade/USC Hands.

Project
identification

Project denomination Utah/Mit Hand Belgrade/USC Hand
Reference author(s) Jacobsen G.A. Bekey/R. Tomovic/I.

Zeljkovic
Research institute Utah University University of Belgrade
Year of presentation 1983 1988
Reference [6, 33, 34] [7]

Picture

Mechanical
structure:

Arm/hand Integration IH MH
Main upper fingers X

Kinematical
scheme:

Opposable thumb X X

Fourth finger X X

Fifth finger - X

Palm X X

Number of links 17 16
Number of joints 16 18
Number of controlled
degrees of freedom

16 4 (2 thumb+2 fingers)

Morphological
features:

Size w. r. to a human
hand

= =

Surfaces apt to con-
tact with objects

Fingertips/Phalanges/Palm Fingertips/Phalanges/Palm

Contact surface
smoothness and
continuity

Good Fair

Mechanical
details

Structural design con-
cept

Exoskeletal Exoskeletal

Actuator location Remote Remote
Actuation type Pneumatic actuator DC Motors
Act. joints back-
drivability

X -

Kind of not-actuated
joints

- Rigid passive-driven joints

Type of transmission Tendons Linkages
Transmission routing Pulleys -

Sensors:

Position
Motor position sensors X X

Joint position sensors Rotary Hall effect Rotary potentiometers

Force/Torque
sensors

Joint torque sensors - -
Tendon tension sen-
sors

X -

Motor effort sensors - -
Contact
sensors

Intrinsic tactile sen-
sors

- -

Tactile array sensors Capacitive tactile sensors cov-
ering finger segments and
palm

Touch-pressure sensors (Force
sensing resistor) on fingertips

Additional
Sensors
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Table 2.5: Main features of Barret and UB (II) Hands.

Project
identification

Project denomination Barret Hand UB Hand II
Reference author(s) W.T.Townsend Bonivento/Melchiorri/Vassura
Research institute Barret Technology, Inc Bologna University
Year of presentation 1988 1992
Reference [15, 35] [18, 19, 2]

Picture

Mechanical
structure:

Arm/hand Integration MH IH
Main upper fingers X X

Kinematical
scheme:

Opposable thumb X X

Fourth finger - -
Fifth finger - -
Palm X X

Number of links 9 14
Number of joints 8 13
Number of controlled
degrees of freedom

4 13(2 wrist+11 hand)

Morphological
features:

Size w. r. to a human
hand

= =

Surfaces apt to con-
tact with objects

Fingertips/Phalanges/Palm Fingertips/Phalanges/Palm

Contact surface
smoothness and
continuity

Fair Good

Mechanical
details

Structural design con-
cept

Exoskeletal Endoskeletal

Actuator location Inside the fingers Remote
Actuation type Electrical revolute motors

(Brushless)
Electrical revolute motors

Act. joints back-
drivability

X X

Kind of not-actuated
joints

Underactuated -

Type of transmission Spur and worm gear Tendons
Transmission routing - Pulleys/sheaths

Sensors:

Position
Motor position sensors Optical encoders X

Joint position sensors - Hall-effect based

Force/Torque
sensors

Joint torque sensors Strain-gauges based -
Tendon tension sen-
sors

- -

Motor effort sensors Implicit (by means of break-
away clutches)

-

Contact
sensors

Intrinsic tactile sen-
sors

- 6-axis IT-sensors in the pha-
langes and the palm

Tactile array sensors - -
Additional
Sensors
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Table 2.6: Main features of DLR I and LMS Hands.

Project
identification

Project denomination DLR Hand I LMS Hand
Reference author(s) Butterfass/Hirzinger/Knoch/Liu Gazeau/Zeghloul/Arsicualt
Research institute DLR-German Aerospace Cen-

ter
Université de Poities

Year of presentation 1997 1998
Reference [3, 36] [37]

Picture

Mechanical
structure:

Arm/hand Integration MH IH
Main upper fingers X X

Kinematical
scheme:

Opposable thumb X X

Fourth finger X X

Fifth finger - -
Palm X X

Number of links 17 17
Number of joints 16 17
Number of controlled
degrees of freedom

12 16

Morphological
features:

Size w. r. to a human
hand

À =

Surfaces apt to con-
tact with objects

Fingertips/Phalanges/Palm Fingertips/Phalanges

Contact surface
smoothness and
continuity

Good Good

Mechanical
details

Structural design con-
cept

Exoskeletal Exoskeletal

Actuator location Inside the finger Remote
Actuation type Electrical revolute motors Electrical revolute motors
Act. joints back-
drivability

X NF

Kind of not-actuated
joints

Adaptive passive-driven joint -

Type of transmission Tendons Tendons
Transmission routing Pulleys Pulleys/Sheaths

Sensors:

Position
Motor position sensors X X

Joint position sensors Optical based Potentiometers

Force/Torque
sensors

Joint torque sensors X -
Tendon tension sen-
sors

- Implicit (tendon elongation)

Motor effort sensors - -
Contact
sensors

Intrinsic tactile sen-
sors

x-y force sensor on fingertips -

Tactile array sensors Tactile sensors(Force sensing
resistor)in each finger link

-

Additional
Sensors

Stereo-camera in the palm
and light projection diodes in
the fingertip to simplify image
processing
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Table 2.7: Main features of DIST and Robonaut Hands.

Project
identification

Project denomination DIST Hand Robonaut Hand
Reference author(s) Cafés/Cannata/Casalino C.S.Lovhik/M.A.Diftler
Research institute DIST-Universitá di Genova NASA Johnson Space Center
Year of presentation 1998 1999
Reference [38, 39] [17, 5, 40]

Picture

Mechanical
structure:

Arm/hand Integration MH IH
Main upper fingers X X

Kinematical
scheme:

Opposable thumb X X

Fourth finger X X

Fifth finger X X

Palm X X

Number of links 17 22
Number of joints 16 22 (2 wrist + 20 hand)
Number of controlled
degrees of freedom

16 14 (2 wrist + 12 hand)

Morphological
features:

Size w. r. to a human
hand

> =

Surfaces apt to con-
tact with objects

Fingertips Fingertips/Phalanges/Palm

Contact surface
smoothness and
continuity

Poor Very Good

Mechanical
details

Structural design con-
cept

Exoskeletal Endoskeletal

Actuator location Remote Remote
Actuation type Electrical revolute motors Electrical revolute motors

(Brushless)
Act. joints back-
drivability

NF X

Kind of not-actuated
joints

- Adaptive Passive-driven joints

Type of transmission Tendons Flex-shaft + lead screw
Transmission routing Pulleys/Sheaths -

Sensors:

Position
Motor position sensors X X

Joint position sensors Hall-effect based X

Force/Torque
sensors

Joint torque sensors -
Tendon tension sen-
sors

X

Motor effort sensors -
Contact
sensors

Intrinsic tactile sen-
sors

3-axis fingertip force sensors -

Tactile array sensors - FSR (Under development)
Additional
Sensors
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Table 2.8: Main features of Tokyo and DLR II Hands.

Project
identification

Project denomination Tokyo Hand DLR Hand II
Reference author(s) Y.K.Lee/I.Simoyama Butterfass/Grebestein/

Hirzinger/Liu
Research institute Univ.of Tokio,bunkyo-ku,J DLR-German Aeropsace Cen-

ter
Year of presentation 1999 2000
Reference [41] [4]

Picture

Mechanical
structure:

Arm/hand Integration IH MH
Main upper fingers X X

Kinematical
scheme:

Opposable thumb X X

Fourth finger X X

Fifth finger X -
Palm X X

Number of links 17 18
Number of joints 16 17
Number of controlled
degrees of freedom

12(1 wrist + 11 hand) 13

Morphological
features:

Size w. r. to a human
hand

= À

Surfaces apt to con-
tact with objects

Fingertips/Phalanges/Palm Fingertips/Phalanges/Palm

Contact surface
smoothness and
continuity

Very good Good

Mechanical
details

Structural design con-
cept

Endoskeletal Endoskeletal

Actuator location Remote Inside the fingers
Actuation type Pneumatic Mckibben artificial

muscles
Electrical revolute motors

Act. joints back-
drivability

X X

Kind of not-actuated
joints

Rigid passive-driven joints Rigid passive-driven joints

Type of transmission NF Harmonic drives/gears
Transmission routing NF -

Sensors:

Position
Motor position sensors X X

Joint position sensors - Potentiometers

Force/Torque
sensors

Joint torque sensors - Strain-gauges based
Tendon tension sen-
sors

- -

Motor effort sensors X -
Contact
sensors

Intrinsic tactile sen-
sors

- 6-axis force sensors in the fin-
gertips

Tactile array sensors Pressure sensors foreseen -
Additional
Sensors
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Table 2.9: Main features of Tuat/Karlsruhe and Ultralight Hands.

Project
identification

Project denomination Tuat/Karlsruhe Hand Ultralight Hand
Reference author(s) Fukuya/Toyama/Asflur/Dillman Schultz/Pylatiuk/Bretthaue
Research institute Tokyo and Karlsruhe Univer-

sities
Research center of Karlsruhe

Year of presentation 2000 2000
Reference [13] [42]

Picture

Mechanical
structure:

Arm/hand Integration IH IH
Main upper fingers X X

Kinematical
scheme:

Opposable thumb X X

Fourth finger X X

Fifth finger X X

Palm X X

Number of links 22 17
Number of joints 24 18
Number of controlled
degrees of freedom

1 13 (3 wrist+ 10 fingers)

Morphological
features:

Size w. r. to a human
hand

= À

Surfaces apt to con-
tact with objects

Fingertips/Phalanges Fingertips/Phalanges/Palm

Contact surface
smoothness and
continuity

Poor Good

Mechanical
details

Structural design con-
cept

Endoskletal Exoskeletal

Actuator location Remote Inside the fingers
Actuation type Electrical revolute motors Pneumatic
Act. joints back-
drivability

NF X

Kind of not-actuated
joints

Adaptive passive-driven joints Rigid passive-driven joints

Type of transmission Link mechanisms Direct drive
Transmission routing - -

Sensors:

Position
Motor position sensors X X

Joint position sensors - Bending sensors

Force/Torque
sensors

Joint torque sensors - -
Tendon tension sen-
sors

- -

Motor effort sensors Self-adapting mechanism -
Contact
sensors

Intrinsic tactile sen-
sors

- -

Tactile array sensors - Pressure sensors in finger links
Additional
Sensors
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Table 2.10: Main features of GIFU and Shadow Hands.

Project
identification

Project denomination Gifu Hand Shadow Hand
Reference author(s) Kawasaki/Shimomura/Shimizu
Research institute Gifu University Shadow Robot Company Ltd
Year of presentation 2001 2002
Reference [6, 43] [44]

Picture

Mechanical
structure:

Arm/hand Integration MH IH
Main upper fingers X X

Kinematical
scheme:

Opposable thumb X X

Fourth finger X X

Fifth finger X X

Palm X X

Number of links 21 24
Number of joints 20 23
Number of controlled
degrees of freedom

16 23 (4×4 fingers + 5 thumb +
2 wrist)

Morphological
features:

Size w. r. to a human
hand

= ≥

Surfaces apt to con-
tact with objects

Fingertips/Phalanges/Palm Fingertips/Phalanges/Palm

Contact surface
smoothness and
continuity

Good Fair

Mechanical
details

Structural design con-
cept

Exoskeletal Exoskeletal

Actuator location Inside the fingers Remote
Actuation type Built-in DC Maxon servomo-

tors
Pneumatic

Act. joints back-
drivability

- X

Kind of not-actuated
joints

Rigid passive-driven Joints -

Type of transmission Worm gear Tendons
Transmission routing - NF

Sensors:

Position
Motor position sensors X -
Joint position sensors Hall-effect based

Force/Torque
sensors

Joint torque sensors
Tendon tension sen-
sors
Motor effort sensors X

Contact
sensors

Intrinsic tactile sen-
sors

6-axis fingertip force sensors

Tactile array sensors Distributed resistive tactile
sensors

Additional
Sensors



Chapter 3

A robotic gripper for space activities

In this Chapter, a robotic gripper purposely designed for space applications is
presented. Although in Ch. 2 a trend towards anthropomorphic hands has been
recognized, the design of this device aims to demonstrate the effectiveness of a
not-anthropomorphic structure to perform complex operations.

3.1 Space robotics: objectives and requirements

In recent years, in both the research and the industrial environments, there has been a renewed
and growing interest for the planned activities in space, deriving from very important achieve-
ments such as the construction of the ISS, with all the implications of this realization, the
exploration of planets or asteroids, the increasing need for satellites, and so on. These activities
will obviously require the presence and the work of astronauts but, on the other hand, will also
require a relevant use of automation techniques and autonomous devices. As a matter of fact,
as already demonstrated in other fields, there are tasks in which it is not convenient (or even
non possible) to employ human operators (the astronauts). In particular, robotic systems can
be profitably used to to perform tasks, which are:

• too dangerous (e.g. because of the hostile environment)

• too difficult (e.g. because of the large masses involved, high precision and repeatability
required, long duration...)

• too boring, time consuming or expensive (e.g. routine handling of experiment logistics)

If both terrestrial and spatial robots have the same aims, that is to support or replace human
beings, the spatial environment has a strong impact in the robot design and requires peculiar
features, which make these manipulators very different from industrial or “service” ones [55]. In
table 3.1 the major constraints and their consequences on the robot design are summarized.
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In the light of these constraints the solutions (concerning the mechanical structure, the sensory
equipment and the control modalities) adopted in this research activity can be easily understood.

Constraint Typical design impact

Function in vacuum Careful material selection, brushless motors preferred, some
sensing principles not applicable (e.g. acoustic)

Function in lack of gravity Everything has to be fastened; smooth accelerations and low
speeds in order to preserve micro-gravity conditions

Function under extreme radiation
exposure

Shielded and hardened electronics, outdated computer perfor-
mance (state-of-art computer not space compatible)

Function under extreme lighting
and contrast conditions

Difficult for vision and image processing

Function in extremely remote envi-
ronment (communications with the
Earth very limited and expensive)

Adequate degree of autonomy

On-board mass very limited and ex-
pensive

Extremely lightweight design

On-board power/energy very lim-
ited and expensive

Very high efficiency, limited computing resources

High reliability and safety “Inherently safe” design, problems with “non-deterministic” ap-
proaches (e.g. AI)

Table 3.1: Typical constraints in space activities and relative consequences in robots design.

3.2 Why a robotic gripper?

Although in Ch. 2 a very strong effort towards the development of dexterous robotic hands has
been recognized, the choice of a “simple” gripper seems, at the moment, the most appropriate
solution for space activities. As a matter of fact, the proposed end-effector tries to fill a gap
between two opposite tendencies:

• the design of 2-jaw grippers, which currently are the state-of-art in the field of space
robotics [56, 57];

• the development of the already mentioned dexterous robotic hands, aiming to reproduce
the human hand concerning its functional capabilities as well as its structure.

If anthropomorphic robotic hands probably represent the future of space robotics (in the field
of end-effectors), the limitations in terms of computational resources, power, material selection
and the heavy constraints of safety and reliability (summarized in previous section) which a
robotic device must satisfy in order to be qualified for space, make such complex devices not
suitable for space applications yet. Conversely, the robotic end-effectors, employed in past space
missions (e.g. the ROTEX gripper [56]), have very simple structure (with one or two degrees
of freedom) and hence they can only perform “trivial” tasks, such as grasping small and quite
regular objects; as a matter of fact, such devices have been often considered just experiments to
evaluate the pro and cons of the application of robotic technologies in space.
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In this frame, the design of a medium complexity robotic gripper represents an attempt to
improve the capability of existing end-effectors, maintaining a structure compatible (in terms of
simplicity, reliability...) with the space environment (see Fig. 3.1). In particular, this new device

PSfrag replacements

Complexity ↑
Functional capabilities ↑

Figure 3.1: The proposed gripper as trade-off between complexity and functional capabilities.

has been purposely designed for EVA (extra-vehicular activities), where also humans, because
of the thick gloves they must wear, show very poor dexterity [23]. But also considering activities
performed inside spatial vehicles (the so called IVA), which could be accomplished by means of
robotic systems, a not-anthropomorphic end-effector appears perfectly adequate. In fact, the
required tasks are basically (see Fig. 3.2):

a) inserting a connector;

b) opening a drawer;

c) rotating a knob;

d) pushing a button.

All these “manipulation” activities can be accomplished by the gripper shown in Fig. 3.1, if a
proper functional integration with the carrying arm is achieved. As a matter of fact, in this case
the task that the gripper must perform is simply grasping some objects, whose shape is variable
and possibly not regular.
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(a) (b)

(c) (d)

Figure 3.2: Typical tasks performed in IVA.

3.3 A meditated minimalism as design criterium

The development of a robotic gripper, rather than a dexterous robotic hand with many degrees
of freedom, results from the considerations of the previous section, and from the good old engi-
neering principle of minimalism, which prescribes the choice of the simples mechanical structure,
the minimum number of actuators, the simple set of sensors, that will do the desired job.
Nevertheless, the gripper is not so simple as one can think looking at Fig. 3.1. This will be
immediately clear by considering both its mechanical structure and its sensory equipment.

3.3.1 Mechanical Architecture

The mechanical structure (whose design is due to the research group leaded by Prof. Vassura
of DIEM [58, 59]) is the result of two basic specifications:

• the possibility of simultaneous application of the contacts;

• a limited complexity of the kinematic architecture, with not more than three controlled
degrees of freedom.

The gripper shows a modular structure, characterized by three articulated fingers disposed along
three intersecting lines equally spaced of 120o. Each articulated finger has a distal phalanx, that
gets in touch with the object, and two intermediate phalanxes, coupled by means of internal
transmissions so that pure translation of the distal link is generated. In addition to the advantage
of using only revolute pairs, this kinematic structure presents a high ratio between maximum
and minimum extension, obtaining a very large workspace with respect to the size of the gripper
body: the positions of the contacts can range from a diameter of 3 mm up to 195 mm, being
120 mm the external diameter of the gripper.
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The actuation of each finger is provided by a linear actuator, as shown in Fig. 3.3. This
linear actuator is manufactured by Wittenstein Gmbh, Germany, and is composed of a high-
speed brushless motor integrated with a high-ratio, high efficiency roller-screw mechanism, that
allows direct generation of linear motions.
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Figure 3.3: Sensory equipment (a) and kinematic structure (b) of a finger of the gripper.

Since the fingers move independently, the grasping configuration may be any triangle with
vertices on the approach trajectory segments. This feature allows to grasp irregular objects,
even if they are not positioned in a central configuration with respect to the workspace of the
gripper itself.

3.3.2 Sensory equipment

The sensory system of the gripper has been designed taking into account both the motion of
the fingers and the approach and interaction phases with the grasped object. In particular, as
shown in Fig. 3.3.a, each finger is equipped with:

• a Hall effect position sensor;

• a proximity sensor;

• a miniaturized (6-axis) force/torque sensor.

The proximity sensor (based on a simple light emitter-receiver) measures the distance of each
finger from the object surface and allows to plan the approach motion in order to get synchronous
contacts. Moreover in can be used to explore an unknown environment if other exteroceptive
sensors (i.e. a camera) are not available or to improve the estimation that other sensors can
provide. For example, in Fig. 3.4 a reconstruction of the shape of an object and the normal
directions to the surface as computed numerically are shown. The force-torque sensor (which



34 A robotic gripper for space activities

−6 −4 −2 0 2 4 6
−5

−4

−3

−2

−1

0

1

2

3

4

5
Esagono; dist 8.5mm

−3 −2 −1 0 1 2 3
−3

−2

−1

0

1

2

Figure 3.4: Reconstruction of an object by exploration with the proximity sensors and compu-
tation of the normal directions.

can detect the interaction forces, by measuring the deformation on the fingertip structure by
means of the classical strain gauge technology) can be used for the control of grasping forces
once contacts have been applied. Note that, being capable of detecting not only the intensity
of contact force components but also the position of the contact centroid on the external sur-
face of the finger, the intrinsic tactile sensor can efficiently recognize actual contact conditions,
including incipient sliding [60].

3.3.3 Control of the gripper

The real time control of the gripper is based on standard HW/SW components. The control
is performed with a DSP (TMS320C32) board connected to the motor drives and to an input
board for the sensors. This board has been purposely designed because of the relatively high
number of signals (30) to be acquired in real-time. The DSP is hosted on a PC, which provides
an high-level user interface, under Linux OS, developed in order to monitor the real time control
process running on the DSP board and allow the communication with the other components of
the whole system (e.g.the carrying arm).
In order to cope with the main problems of the space environment (e.g. the lack of gravity) and
exploit the structural features of the gripper a logic-based switching control has been designed.
As a matter of fact, the different tasks are performed by the gripper according to a sequence of
the following main controllers:

• position control;

• proximity control;

• stiffness control.

The position control of each finger is based on a classical PI regulator, as depicted in Fig. 3.5.
At this level, a difficulty has been the compensation of nonlinearities caused by the actuation
system, in particular a relevant (and non constant) dead zone and the nonlinear characteristic
of the Hall effect position sensors [61].
The same structure has been exploited to accomplish the proximity control of the finger (by
simply switching the feedback signal from the position sensor to the proximity one), and, in
order to guarantee a smooth behavior of the finger, a proper trajectory generation has been
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Figure 3.5: Complete control scheme of the gripper.

implemented. In this modality, it is possible to approach the fingertip to the object surface
up to the desired distance and keep that constant, thus avoiding undesired interactions. An
example of this procedure is reported in Fig. 3.6 where the signals from both the position and
proximity sensors are shown. The finger is moved towards a moving object, plot (a), until a
desired distance (10 mm) is reached and maintained, plot (b), also with the object in motion.
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Figure 3.6: Measurements of the position (a) and proximity (b) sensor. The task is to approach
a moving object and then to maintain a desired distance (10 mm) from it. The output signal of
the proximity sensor is saturated at 23 mm.

When an interaction with the environment (usually an object to be grasped) is desired, the
force exerted by the fingers can be regulated by means of a stiffness control [62], which in steady
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state assures an applied force proportional to the displacement from the desired position (xd):

F = Ke(x− xd)

In this way each finger behaves like a programmable spring, whose stiffness Ke can be modified
according to the desired task.

Therefore, the control of the gripper can be subdivided in an hierarchical structure, in which
two main levels can be considered:

• Servo control level, in which the basic position/proximity/force controllers for each
finger are implemented;

• Supervision level, which coordinates the three fingers by scheduling the activation of
the proper control in order to perform some basic tasks (e.g. approach to an object in the
work space of the gripper or grasp with a certain force);
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Figure 3.7: Control logic for a grasp task .

In Fig. 3.7 it is shown how a sequence of primitive controllers has been arranged in order to
get a safe execution of a grasp task, that is the most critical operation the gripper must perform.
First, the fingers approach the object within the gripper workspace by means of the position
control, then when a distance p∗ has been detected, the proximity control is activated in order
to reach and maintain the desired distance p from the object surface. Once all the fingers are
at distance p (sufficiently small) they are synchronously closed on the object (see Fig. 3.8). In
this way it is possible to avoid undesired contacts with the object, which can cause its loss due
to the lack of gravity, and assure a synchronous grasp of irregular or moving object. Finally
when the forces applied by fingers become appreciable the stiffness control drives the motors to
get the desired force values. In Fig. 3.9 the position and normal force for a finger, during the
execution of a grasp, are shown. The object is approached under position control (phase 1),
then the proximity control is switched on (2) and finally, once contact has been established, the
applied force is controlled (3, 4). In this case, the reference force is changed during manipulation
(from fd = 12 N to fd = 15 N) to show the effectiveness of the force control. At the end, the
object is released and the force is null (phase 5).
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Figure 3.10: The overall system.

3.4 The overall system

As stated in Sec. 3.2, in order to accomplish complex manipulation tasks, a key role is played by
the functional integration between the end-effector and the robotic arm. Therefore to validate
the gripper, it has been mounted as end-effector on a Comau SMART 3-S robot arm. This is an
industrial 6 degrees of freedom robot anthropomorphic manipulator with a non-spherical wrist.
The robot is equipped with the standard controller C3G-9000, which drives the manipulator
according to the user commands. In this setup this controller is open, that is it has been
connected, by means of an high-speed bus, to a PC which can perform the real time control,
using the controller as a simple interface towards the robot (in order to acquire the data from
the encoders and drive the motors). Moreover a camera, whose images are acquired by means
of a frame grabber, has been installed on the wrist of the robot arm.
The complete robotic setup is shown in Fig. 3.10.

3.4.1 Control architecture

The control of the overall arm/gripper system is based on 3 main elements: 2 standard PCs and
a general purpose DSP (TMS320C32) board, as shown in Fig. 3.11. As stated in Sec. 3.3.3,
this last board, devoted to the control of the robotic gripper, is hosted on a PC, which provides
an high-level user interface and allows the communication with the other components of the
robotic setup. In particular this PC, equipped with a real-time version of Linux Os (RTAI-
Linux [63]), is the heart of the whole system. As a matter of fact, the kernel real-time running
on it performs the position control of the robot arm, while a user space application (and therefore
not real time) carries out the supervision of the system based on the information coming from
the gripper control, the arm control, the vision system and according to the desired tasks [64].
Finally, the aim of the second PC is to process the images and to extract the features (e.g.
position of the target object) necessary to drive the manipulator. Note that the functions
performed by this PC can be easily hosted also on the first personal computer.
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Figure 3.11: Control architecture.

3.4.2 Control of the arm and supervision

The Comau robot arm must drive the gripper in the right position in order to grasp the ob-
ject. For this purpose it is used under a cartesian position control which allows to move the
end-effector according to the user commands.
In this specific application an automatic grasp procedure has been implemented based on the
feedback of the camera. As a matter of fact, the simple structure of the gripper and of its
control system makes this device particularly suitable to perform autonomous operations, that
is without any human intervention. This can very useful in space activities, where costs and
difficulties (due to the distances) of communications are very crucial.
A supervision system uses the information extracted from the images to compute the distance
from the target and plan the proper approach phase. Obviously, because stereo-camera is not
employed, 2 images from 2 different points of view (whose relative positions are known) are
necessary. Moreover the camera is used to implement a classical algorithm, based on visual
feedback, of the kind look-and-move [65]: from the images the position set-points for the manip-
ulator are constructed in order to bring the gravity center of the target object into the center
of the image.

3.4.3 Choice of the grasp configuration

In order to deal with objects with variable and unknown shapes, a grasp synthesis algorithm
has been implemented. The main theoretical foundation of this procedure is the concept of
immobility, that is the lack of any freedom for finite movements of the immobilized object. In
fact, considering a possible use of the robotic gripper in a space environment, the classical opti-
mization processes of grasp points choice, appear not completely effective or not suitable. Aim
of these algorithms is to collocate the contact points on the surface of target objects in order
to maximize the external wrenches, which can be resisted by the fingertips’ forces [66, 67]. But
it is worth to notice that, due the lack of gravity, the magnitude of external forces in the space
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environment are usually quite small. Instead the most critical problem in this context is the
stability [68] of the grasp; as a matter of fact a small unbalanced force or a positioning error
can produce the loss of the object. Therefore in this case it is necessary to find a configuration
as insensitive as possible to this kind of disturbances. Moreover, also the constraints imposed
by the mechanical structure of the gripper must be considered. In fact the fingers have a single
degree of freedom and can behave as simple linear springs moving along the radial direction.
The implemented procedure considers 2D grasps, therefore it is suitable for relatively flat ob-
jects, or that can be treated as an extrusion of their projected silhouettes. This hypothesis is not
too limiting but appears consistent with the mechanical structure of the gripper, which (consid-
ering its three parallel fingers) results particularly suitable to deal with this kind of objects.

The grasp synthesis algorithm is based on several steps aiming to identify the best triplet of
contact points, [69].

Step 1: Parameterization of object contour

The presented algorithm relies on a image processing procedure and does not require any model
of the object. Based on images obtained by the camera, the object shape is extracted (according
to standard algorithms) and parameterized by means of circular arcs. Of each arc, the curvature
(obviously infinite if straight lines are considered) and the normal vector (in the medium point)
are computed.

Step 2: Equilibrium test

This stage aims at selecting all the triplets of arcs, which might be possible candidates for the
grasp. In order to hold the object, a necessary condition is the equilibrium of the wrenches wi

exerted by fingers, that is:

λ1w1 + λ2w2 + λ3w3 = 0, with λi > 0

Besides their magnitude, the wrenches depend on geometry of the contact, therefore it is possible
to find if the previous equation may admit a solution just considering the shape of the object.
Moreover, in this phase also the specific geometry of the gripper has been taken into account:
in fact in order to reduce the number of possible solutions, configurations too far from the ideal
case (contact forces oriented as the action line of the fingers and focus of the forces coincident
with the center of the gripper) are discarded.

Step 3: Immobility

It is well-known that, in general, it is possible to achieve frictionless force-closure of almost all
2D objects by means of 4 contact points. However the effects of the curvature may allow to
immobilize an object with less than 4 fingers. In order to find a grasp, that could guarantee the
immobilization of the object, the so called 2nd order mobility index m2

q0
[70, 71] is computed, for

each possible (i.e. after Step 2) configuration. This index considers the admissible motions of
the object (constrained by the fingers) in its configuration space taking into account the relative
curvature between object and fingers. It has a simple interpretation: if m2

q0
> 0 there exist

accelerations such that the object can break away from the 3 fingers.
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(a) (b) (c)

Figure 3.12: Grasp points selection considering a circle (a), a triangle (b), a “potato” (c).

Step 4: Optimal grasp

Among the configurations with the lower 2nd order mobility index (possibly 0, that is the object
is immobilized), a further optimization process is performed in order to choose the “best” grasp.
This last step considers the reaction forces (exerted by fingers) to an angular displacement α
imposed around the focus of the contact normals, and tries to maximize these quantities.
Also in this choice the curvatures of the object and the fingers play a central role. In fact the
momentum of the finger reaction force is

mi =
1

2
k2i α

3

where

ki =
(ρi − rOi

)(ρi + rFi)

rFi + rOi

and ρi , rOi
and rFi are respectively the distance of the contact point from the rotational axis,

the radii of curvature of the object and of the finger in the considered point. The purpose of
this procedure is therefore to obtain the maximum value of

3
∑

i=1

k2i

.

Finally, the criteria used to find a suitable grasp configuration lead to the intuitive results,
shown in Fig. 3.12 where a circle, a triangle and an irregular object are considered.

3.4.4 Experimental activity

In order to test the effectiveness of the robot arm/gripper system together with the control
strategies and the grasp planner introduced in previous Sections, a completely autonomous pro-
cedure has been developed. The desired task is to grasp an unknown object placed within the
manipulator workspace and selected by the user, see Fig. 3.13.

The procedure is composed by 6 main steps:
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object selection

(a) (b)

Figure 3.13: Screen-shot of the object selection (a), and robotic system in action (b).

(1) The user moves the robot end-effector by means of the keyboard, the mouse or a joystick
until the vision system points to the object to be grasped. Because we are currently using
a single camera and considering a two dimensional model of the object, with this operation
the user implicitly chooses the approach direction to the target.

(2) At this step the vision system moves the robot arm in order to align the center of the
camera with the object. The vision algorithm can also deal with moving objects.

(3) Since the current vision system is not stereo, the distance from the target can not be
estimated from a single image. Therefore the robot is moving along the camera-object
direction in order to take two picture of the object and then compute the distance by
means of simple geometric considerations.

(4) Using previous estimation, the robot is moved in order to reach a given distance from the
object.

(5) The grasp planner selects the contact points on the object according to the criteria men-
tioned in Sec. 3.4.3 and computes the proper position trajectory for the end-effector in
order to reach this configuration.

(6) Finally, the robot is moved according the planned trajectory and the grasp performed by
the gripper, as shown in Section 3.3.3.

3.5 Conclusions

In this chapter the development and the validation of a robotic gripper for space activities have
been reported. Its kinematic configuration with three independent one-dof fingers allows to
deal with irregular and quite variable in size objects. On the other hand, its simple structure
and its high-level sensing apparatus (which includes proximity and force/torque sensors) make
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this robotic device particularly suitable to perform grasp and manipulation operations in an
autonomous way. In fact, the simplicity of the mechanical configuration allows to adopt simple
but very reliable control strategies (by means of position, proximity and force sensors). In
particular, it may be easily implemented an on-line planner to automatically choose the grasp
points, and also the coordination with the robot arm results immediate. The gripper must be
leaded in a position, with the target objects within its work-space, and then it can perform the
grasp based on its own sensors (e.g. proximity sensors, force sensors).
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Chapter 4

A novel sensor for mechanical stress

measurement

This Chapter describes a research activity on a new sensing element for mechan-
ical “strain” aiming to validate its use in the robotic field. In particular, this
new transducer (directly built on a deformable substrate) could replace tradi-
tional strain-gauge technology in force/torque sensors manufacturing, encourag-
ing a deeper integration between mechanical and electronic part. The final result
will be a general simplification and a considerable reduction of the dimensions
of force sensors, which could be easily integrated in those structures where the
available room is very narrow, such as the fingers of a robotic hand.

As mentioned in previous Chapters, force and/or tactile sensing is one of the most ba-
sic requirements for any manipulator interacting physically with the environment in a non-
conventional or non-structured manner. Also in the case of the “simple” gripper, shown in
Ch. 3, the use of Intrinsic Tactile (IT) sensors installed in each fingertip, greatly contributes to
its overall dexterity. As a matter of fact if the shape and the size of an object are unknown,
a position control is absolutely inadequate to grasp it and it can produce unacceptable contact
forces, which can damage the object and the gripper itself. Conversely, by means of direct
measurements of the forces applied on the contacted objects, it is possible to control the in-
teraction and apply control strategies in order to accomplish complex tasks in autonomous or
semi-autonomous way. Other sensory equipments can provide only generic information on the
interaction between the manipulator and the environment. For example vision systems, that
cannot give precise and local information on the contact state, are often used in the planning
phase, and not exploited for regulation purposes. For these reasons, the design of tactile/force
sensors (installed directly on the fingertips) and the development of techniques to exploit their
information are considered relevant research areas for the robotic community.
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4.1 An introduction to force sensing

As briefly summarized in Sec. 2.3 the technologies current available to get information about
the contact with the external environment are basically:

• force/torque sensors;

• intrinsic tactile sensors;

• tactile array sensors.

The last sensors are still characterized by severe problems in terms of reliability and functional
capabilities because of the large number of electrical connections they require, the nonlinear
phenomena (such as hysteresis) which affected their measurements. Moreover the data they
provides can be hardly used in real time tasks, because of the very large number of the sensing
elements and the related signals. Therefore, force and IT sensors are usually preferred. This
kind of sensors are commonly based on the well settled technology of strain gauges (i.e. electrical
resistances whose value change because of a mechanical stress) [72]:

• forces/torques are measured by means of the induced mechanical strains on flexible parts
of their mechanical structure;

• the mechanical strains are transduced into electrical signals by strain gauges, properly
glued on the structure, that change their resistance according to local deformations, see a
schematic drawing in Fig. 4.1.a.
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Figure 4.1: Conceptual scheme of a force/torque sensor (a) and a sensor connected to a link of
known shape (b).

In order to derive the actual values of the applied forces/torques, a linear mapping between
the readings of the strain gauges, collected in a vector s ∈ IRn, and the applied wrench w =
[fT , mT ]T ∈ IR6 is commonly assumed. This linear mapping is expressed by a matrix, called
the calibration matrix C ∈ IR6×n:

w = Cs (4.1)
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Based on force/torque sensors, Intrinsic Tactile sensors are able to provide not only the esti-
mation of the wrench vector w applied during the interaction with the object/environment, but
also the position of the contact centroid. Obviously some hypotheses are needed. In particular
the knowledge of the shape of the external shell, rigidly connected to the force sensor (and which
physically is involved in the interaction), and the a unique contact point are required. The basic
idea of the IT principle is illustrated in Fig. 4.1.b. Despite the limitations which characterize
this kind of sensor, in particular as regard the impossibility of detecting when multiple contacts
occur (and also the size and shape of the contact area), IT sensors are widespread in the field of
dexterous robotic manipulation (as shown in Ch.2). The key of such a success is the relatively
low complexity (if compared with force array sensors) of this type of sensor, which can be inte-
grated also in very small structures, such as the phalanges of a robotic hand. Nevertheless some
problems (mainly technological) remain: as a matter of fact, as shown by eq. (4.1) the amount
of required strain gauges is clearly proportional to the number of wrench components which one
want obtain and if the magnitude of all the six components of wrench are desired must be n ≥ 6,
that is at least six different information from the strain gauges are necessary. In the practice, a
higher number is commonly used to reduce the effects on force estimation of electrical noise and
other possible measurement errors. For example, in the gripper for space applications shown in
Ch. 3 intrinsic tactile sensors have been obtained by means of eight independent strain gauges
installed on the structure of each fingertip. In this case the strain gauges have been arranged
in a serial configuration (with a constant current) and an extra sensor is used to compensate
for the resistance drift due to the temperature variations. In more general situations the strain
gauges are disposed in half- or full- bridge configurations, thus their number considerably grows.
Furthermore, in order to reduce the effects of electro-magnetic disturbances, the electronics for
signal conditioning (in particular for the amplification) must be placed as near as possible to
strain gauges’outputs. Therefore (IT) force sensors are highly integrated systems (see, for ex-
ample, Fig. 4.2) with very small dimensions, and with typical problems of reliability and high
costs.

To this drawbacks it is necessary to add the basic problems deriving from the use of strain
gauge technology:

• in some application (e.g. miniaturized force/torque sensors for robotic finger) the area
of the strain gauges is not negligible with respect the dimensions of the other involved
elements and therefore they impose strong constraints on the design of the overall sensor;

• the operations needed to glue the strain gauges to the deformable structure are time
consuming and quite tricky. In order to make the manufacturing process easier, the design
of the force sensor is further constrained. Moreover the final result can be not-satisfactory,
e.g. because of a not perfect placement of the strain gauges;

• the layer of glue may reduce the sensitivity of strain gauges to mechanical deformations
and produce nonlinear phenomena, e.g. hysteresis.

The development of an innovative transducer, aiming to replace strain gauges in force/torque
sensors and thus overcoming the related drawbacks, is presented in the following. This sensing
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Figure 4.2: Miniaturized 6-dof (fingertip) force/torque sensor with full digital output realized
at DLR [73].

element, capable to detect mechanical “strain”, was originally designed considering its integra-
tion in microelectronic circuits in order to measure the stress induced by plastic packaging [74].
Tacking into account, on the one hand, its features and, on the other hand, the needs of dexter-
ous manipulation an activity to validate the employment of this transducer in the robotic field
has been performed.
This new device, based on amorphous silicon technology, is particularly promising to obtain a
great simplification of the present force sensors. As a matter of fact, it can be easily constructed
by directly depositing the electronics of the sensor on the flexible part subject to mechanical
deformations. This allows the realization of a very small and high-sensitive sensors.

4.2 Structure and physical principle of the sensor

As mentioned in previous section, the sensor is based on silicon technology. In fact, silicon is an
excellent piezoresistive material, with good mechanical properties and hence it is particularly
suitable to convert mechanical deformations into electrical signals. Therefore, silicon is widely
used in sensors for mechanical stresses, such as pressures, forces and flows. In this context,
while mono-crystalline silicon is well known and commonly used, the behavior of the amorphous
silicon has not been deeply investigated yet.
The basic structure of the sensor consists of a thin layer acting as sensitive area, with size
300×300µm, grown on a bed of a-silicon, previously deposed on the mechanical substrate. Four
metallic contacts, that can be of different geometries and sizes, provide the connections with
the other electronic components: two of these metallic contacts are used to apply a voltage or a
current to the sensing element, while the other two, orthogonal to the previous ones (Fig. 4.3),
provide as output a voltage proportional to the mechanical stress.
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Figure 4.3: Structure of the sensing element and shear stress σs.

The active area, which is formed by a compound of amorphous silicon, behaves in such a
way as, when mechanical stress is applied, an anisotropic modification of resistivity occurs [75].
As a matter of fact, theoretical considerations and experimental tests (reported in the following)
suggest that in this device the electric field E⊥ perpendicular to the current density | ~J | can be
written as:

E⊥ = ρ γs σs| ~J | (4.2)

where ρ refers to the resistivity of the active layer, γs and σs to the shear piezo coefficient and to
the shear stress respectively, see Fig. 4.3. By simply integrating (4.2), the dependance of output
voltage Vout on the input Vin can be written as:

Vout = Vin ·
w

l · h ·
∫

h

γs(z) · σs(z)dz

or with reference to the input current Iin:

Vout = Iin · ρ ·
1

h2
·
∫

h

γs(z) · σs(z)dz

where l e w respectively are the length and the width of the active area and the integral has
been done over the whole depth h of the layer itself (see Fig. 4.3). By applying, for exam-
ple, a fixed current to the sensor, when a mechanical stress occurs, because of the variation of
σs, the value of E⊥ changes according to 4.2 and Vout can be measured with standard electronics.

Amorphous silicon has been deposited by PECVD (Plasma Enhanced Chemical Vapor De-
position) in high vacuum deposition system, at temperature ranging from 200 to 250 oC. A
multi-layered thin film metalization (15 + 100 + 15 nm) of chromium-aluminum-chromium has
been used to reduce aluminum penetration into amorphous silicon layer. The active layer is a
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“side effect” of the metalization process and therefore does not require further steps.
Since the PECVD does not need special substrates (like for instance the epitaxy which needs
a crystalline substrate) and since the deposition process can be made at relatively low tem-
peratures (200 ÷ 250 oC), several materials can be used as mechanical substrate, such as for
example plastics. Thus, this possibility makes the sensor suitable for special requirements and,
in particular, low cost applications. In fact, the sensing elements can be directly integrated on
the material that must be monitored. Moreover, the sensing element is intrinsically insulated
from the electrical point of view because of the underlying a-silicon layer and can be directly
deposed on metallic substrates. This makes the range of possible applications of the proposed
sensor very wide.

4.3 Basic Properties

A prototype of the sensor described in the previous section has been constructed by depositing
amorphous silicon on a mechanical support consisting of a glass beam, with dimensions 100 ×
50×1.2 mm. Note that neither the material (standard glass) nor the dimensions of the beam are
of particular relevance for the sensor properties. Several sensing elements have been deposited
on this support, with different orientations, in order to test the measuring capabilities of the
transducer when mounted in different configurations, see Fig. 4.4.

(a) (b)

Figure 4.4: Prototype of the sensor (a) and Micrograph showing the different designs and place-
ments of the sensing elements(b).

In fact, considering the principle on which the sensor is based, it is clear that the reciprocal
orientation between the current ~J and the applied stress σx affects the measure [74], see Fig. 4.5.

In particular, for the first sensor in Fig. 4.5 the applied strain is parallel to the current di-
rection and therefore the output voltage is zero. Instead, the second sensor is capable to detect
σs, the component of σx that is orthogonal to the current, while the third sensor is the most
sensitive to the mechanical stress σx.

From an electrical point of view, each sensing element can be considered as a simple resistance
if the relationship between the input voltage Vin and input current Iin is considered, see Fig. 4.3.
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Figure 4.5: The angle between current and mechanical stress affects the measurement.

In Fig. 4.6 the input voltages Vin corresponding to several input currents Iin are shown. The
resistance value of the sensing element is in this case Rin = 7.5 kΩ.
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Figure 4.6: The sensor, considering the input voltage and current, can be considered as a
resistance.

Note that, for the tests described in the following, a fixed bias current has been applied
to the sensing elements. A fixed current, rather than a fixed bias voltage, has been chosen in
order to try a first compensation of several undesired effects, such as temperature drift and
photo-sensitivity variations. In particular, in order to avoid problems of auto-heating that could
damage the sensor, a current of 1 mA has been applied, with a input voltage of about 7.5 V . In
this manner, the power flowing to the sensing element is very low, about 7.5 mW .

Several tests have been performed on this prototype concerning the gauge factor and the
linearity, which are the preeminent properties of a sensor for mechanical stress. Moreover some
additional features of the sensor have been tested, such as the variation of the output with the
temperature and the influence of EM fields.
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4.3.1 Linearity

A first, basic, feature of the sensor is the linearity of its output signal as regard to the me-
chanical deformation. In order to test this property, the beam has been subjected to a bending
momentum, by fixing a side with a clamp and by applying a vertical force at the other end, as
shown in Fig. 4.7. In Fig. 4.8 typical responses are reported.
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Figure 4.7: Scheme of the experimental setup (L=7cm).
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Figure 4.8: Linearity properties of the sensor: one interpolating line (a), two interpolating lines
(b).

In particular, in Fig. 4.8.a the output of a sensing element (more precisely the element “B”,
see Fig. 4.4) is shown as a function of the load applied to the glass beam, along with the linear
interpolation of the data. In Fig. 4.8.b two interpolating lines are used, one for the positive
loads and one for the negative ones. In this manner, a better approximation is obtained, with
a typical linearity error of 1%. Note that this different behavior between positive and negative
values is due to the fact that the sensing elements have been deposited only on one side of the
beam, and therefore, there is an asymmetry between its positive and negative deformations.
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Figure 4.9: Variation with temperature of the sensor’s output.

The gain of the sensor (mV/N) in the implemented configuration is G = 0.37 considering only
one interpolating line and G− = 0.41, G+ = 0.33 with two interpolating lines. The weights
applied to the beam are w = ±[4, 18, 43, 61, 74, 101, 113, 125, 131, 143] g. Obviously, the loads have
been limited to these values in order not to break the glass support.

4.3.2 Influence of temperature

A second important feature is the influence of the temperature on the sensor output and on
its gain. These properties are summarized in Fig. 4.9, where the sensor has been loaded with
constant weights (w = [20, 43, 74, 94, 117] g) at different temperatures. Note that the linearity
and the gauge factor of the sensor are basically constant, while a bias output value, function of
the temperature, appears. This phenomenon can be removed by means of proper hardware or
software compensation which simply add an offset depending on external temperature.

4.3.3 Dynamic behavior and electromagnetic sensitivity

In Fig. 4.10 the output of the sensor is shown when a coin is dropped on the beam. This
shows the capability of the sensor to measure impulsive forces and not only static forces. In
Fig. 4.10.a the output of sensor is shown, while in Fig. 4.10.b the filtered signal is reported.
One can note that the data of the sensor are rather satisfactory, considering the low value of
the load. Obviously this test gives only a qualitative idea of the capacity of the sensing element
to follow the changes of the applied stresses, and a more quantitative characterization of its
dynamic properties is necessary. However, if it is important to notice that those properties are
function of both the sensing element and the mechanical support and hence a characterization
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Figure 4.10: Detection of a falling coin.

of the transducer alone is in practice impossible but requires the definition of the complete force
sensor. A consideration can be done at this level: the proposed technology does not need glue
but is directly built on the mechanical support and hence, without any “filtering” intermediate
layer, will be very sensitive to the imposed deformations and to their variations.

Another aspect that can be of some relevance for the use of the sensor is its sensitivity to
EM fields. Although the new sensing element has a physical structure quite similar to Hall-effect
sensors, its sensitivity to the external electro-magnetic fields appears good. In particular, some
“empirical” tests have been performed by generating an EM disturbance (by means of a DC-
Brushless motor). Fig. 4.11 shows the behavior of the new sensor and of a strain-gauge when
the motor is switched on and off at a distance of 2 cm from the sensor. In order to estimate
the disturbance, its magnitude has been compared with the response of the sensor to the strain
caused by a force of 0.19 N acting on the glass (as shown previously). From these measures it
appears clear that the proposed sensor has a standard behavior, and it does not require special
precautions if compared to a standard strain-gauge sensor.

4.4 Comparison with strain-gauge sensors

As shown in the previous Section, the behavior of the sensor under development appears quite
promising for the proposed use, that is as transducer of mechanical stress in force/torque sen-
sors for robotics. However, in order to understand its real performances, an analysis aiming to
compare it with the technologies current available appears necessary.

As stated in Sec. 4.1, strain-gauges, installed on some flexible mechanical element, are the



4.4 Comparison with strain-gauge sensors 55

0 5 10 15 20

−0.05

0

0.05

0.1

time

m
V

strain gauge

10 15 20 25 30 35
−0.05

0

0.05

0.1

0.15

time

m
V

New sensor

Figure 4.11: Electro-magnetic sensitivity of new sensing element compared with that of tradi-
tional strain gauges.

standard solution for force/torque sensing. They are simple electrical resistances whose value
changes according to the relation:

∆R

R
= GF

∆L

L
= GF ε

where ∆L
L

= ε is the relative deformation (or strain) and GF is the so called gage-factor.
Strain-gauges can be of two main type:

• semiconductor;

• metallic.

Semiconductor strain gauges have gauges factors approximately 50 times greater than metallic
ones, and moreover their dimensions are smaller. However, they have a high temperature coef-
ficient of resistance and a higher nonlinearity. Thus, semiconductor strain gauges are employed
where it is desirable to use a simple amplification electronics, or for elastic elements of small
size. Metal-foil strain gauges seem to be more general purpose. They are appropriate for sen-
sors without constraint on dimensions, including force sensors with small nominal strain in the
elastic element. Low temperature coefficient and substantially lower level of thermal noise in
these strain gauges compensate for their lower gauge factor.

A first difference between this new sensor and the standard technology is the fact that
the linearity and hysteresis properties can be noticeably improved because there is no need of
adhesive resin to fix the sensor elements. As a matter of fact, the deposition process used to
realize the sensor ensures the lowest non-linearity error and low hysteresis.
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Figure 4.12: Sensor’s output with different input currents and loads.

A second important aspect concerns the gauge factor. With this respect, the sensor has been
compared with a classical full-bridge configuration of strain gauges. In this case, the relation
between the applied strain and the output is

Vout

Vin

= GFs ε (4.3)

where Vin is the input voltage of the bridge, GFs the gauge factor and ε the strain. A similar
relation can be determined for the new sensor, which implements a kind of implicit bridge
configuration (see Fig. 4.13), whose differential output voltage Vout is a linear function of both
the input voltage Vin (or current Iin, see Fig. 4.6) and the strain ε1. In particular, the sensor
tested in these experiments has a gauge-factor GFn = 0.98.
In Fig. 4.14.a the comparison (with respect to the sensitivity to imposed strains) between the
two sensing technologies is shown. For the strain-gauges, different values of gauge factor (2 and
50) and input voltage (3− 10 V ) have been considered. It is possible to notice that the gain of
the new sensor is similar to that of metallic strain-gauges, but it is also important to underline

1In Fig. 4.8 the dependence of Vout on the external force is reported, but, as well known, it exists a linear
relation between the loads applied to the glass beam and the produced strains. Such a relation depends on
mechanical parameters of the glass substrate, according the following formulas:

σ = ε · E (4.4)

and

σ =
Mb · y

J
(4.5)

where E is the elastic modulus of the glass, Mb the applied bending momentum, J the inertia momentum of the
glass beam, y = h

2
with h height of the glass substrate.
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that the power required is considerably less than that necessary with standard technology. As
a matter of fact, the power coming in a strain-gauge bridge is

Pin = Vin · Iin = RSG · I2in =
V 2
in

RSG

where RSG is the resistance of strain-gauges; if, for instance, typical values are considered, such
as Vin = 3V and RSG = 120Ω, Pin is 75mW (À 7.5mW required by the new sensor). Therefore,
seeing that, as shown by eq. (4.3), the output of the bridge is a linear function of strain through
Vin (and hence Pin) as well as the gauge-factor, the comparison of sensitivity has been done
considering the same coming power. In Fig. 4.14.b the results are reported, and can be noted
that the new sensor shows the best performances. That suggests two immediate considerations:

• the new sensing technology is particular suitable for those applications which require very
low power (e.g. space applications);

• the sensitivity (to imposed strains) of the new sensor can be improved if higher cur-
rent/voltage values (at the moment constrained by problems of auto-heating) are used.
That could be simply obtained by increasing the dimensions of the sensing element, by
connecting in parallel several elements, or with different geometries.

4.5 Achieved results

The results so far achieved shows that this new transducer for the mechanical stress can be par-
ticularly suitable for robotic applications, and can lead to a general simplification of force/torque
sensors. As a matter of fact the possibility to directly build the sensing elements on the stressed
mechanical structure and its very small dimensions may abate design and manufacturing prob-
lems, and the side effects intrinsically tied to strain gauges technology (non-linear behavior,
wrong placement, low sensitivity). In particular, this new technology will allow a reduction of
the dimensions of the final force sensor for its integration in devices where the available room
is very narrow, i.e. the fingers of a robotic hand or a manipulator for MIS (Minimum Inva-
sive Surgery) [76]. Furthermore the manufacturing process allows to use almost every kind of
substrate: plastic and metallic. Finally the sensing element can be easily integrated with the
electronics needed for signal conditioning and amplification, possibly printed in the same sub-
strate, with a noticeable reduction of the wires necessary for data transmission.
The final result of this research activity has been the definition of a data sheet of the proposed
sensing element, whose the main characteristics are summarized in Tab. 4.1.
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Parameter Min Typ Max Units

Current excitation 500 1500 µA

Null offset 80 190 mV

Linearity ±1 % Span

Strain sensitivity 1,0 2,8 µV /µε

Input resistance 7,5K 27,0K Ω

Resistance shift 20 to 50◦C 0.027 %/◦C

Null shift 20 to 50◦C 90 270 µV/◦C

Power consumption 3,75 40,5 mW

Table 4.1: Performance characteristics of the new sensor at 25◦C.
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Chapter 5

Control of complex systems

physically interacting with the

environment

This chapter presents the development of a controller able to drive a complex
robotic system, such as a multifingered robotic hand, during the interaction with
the environment in order to perform grasp and manipulation tasks. In particular a
suitable strategy has been recognized in the impedance controller approach, which
has been adapted to solve the specific problems of dexterous robotic end-effectors.
The achieved control algorithm has been implemented and experimentally vali-
dated on the DLR Hand II [4].

5.1 A paradigm for advanced robotic hands: The DLR Hand II

One of the most advanced robotic hands developed up to now is certainly the so called “DLR
Hand II”, the second generation of robotic hands designed at the Institute for Robotics and
Mechatronics of DLR (the German Space Agency)[4, 77]. The hand (see Fig. 5.1) shows a
modular structure, characterized by four identical fingers arranged in a human-like way, that is
three upper fingers and an opposable thumb. This modular approach allowed to greatly simplify
the design and the manufacturing process of the whole hand, which is however an extremely
complex systems, as it is clear by tacking into account the features of the single fingers.
The fingers have an anthropomorphic kinematic structure, with three phalanges, and three

joints:

• the proximal joint has 2 degrees of freedom; one is for the curling motion and another is
for abduction/adduction;
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Figure 5.1: DLR’s Hand II.

• the motions of the middle phalange and the distal phalange are not individually controllable
but the relative base joints are rigidly coupled (by means of a belt) in a such way as to
accomplish a motion similar to those of human fingers during grasping; therefore they are
actuated by one motor and the coupling ratio is with a good approximation one to one.

The three independent joints are actuated by means of brushless DC-motors (integrated in the
modular structure of each finger), whose motion is transmitted by tooth belts, harmonic drive
gear and, in the base joint, bevel gears.
Furthermore, in the finger structure are hosted several sensors (and the relative electronics for
signal conditioning and amplification) which provide information about the configuration of the
hand and the state of the interaction with the environment/object; in particular, besides the
Hall-effect position sensors integrated in the motors:

• each joint is equipped with strain gauge based torque sensors and specially designed po-
tentiometers, which yield a direct measure of the joint position;

• in the fingertip is located a tiny force/torque sensor (depicted in Fig. 4.2), able to detect
all the six components of the wrench vector exchanged during a contact with the external
environment, as shown in Sec. 4.1.

This schematic description of the main characteristics of the DLR Hand II, gives an insight into
the complexity of a such device; complexity which is a common features of the generality of
articulated robotic hands. Moreover, as will be shown in the following, the DLR Hand exhibits
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some drawbacks (quite important for control purposes), which are also widespread in the field
of robotic manipulation. Therefore it can be considered as a paradigmatic example of dexterous
robotic device and the development of control strategies suitable for this specific case has a more
general meaning and more general applications.

5.2 Hierarchical control structure for multifingered robotic hands

The controller of a multifingered robotic hand, although conceptually simple, is made partic-
ularly difficult by the complexity of the system to be controlled. As a matter of fact, it must
be able to deal with a device with many degrees of freedom (thirteen in the case of DLR Hand
II1), large amount of sensory information, and multiple control objectives which are necessary
for manipulation.
A natural way to dominate such a complexity is the adoption of the classical principle divide
et impera, that is splitting the (control) problem in subproblems, which can be easily solved.
The same approach has been followed in the design of the hand itself, which has been developed
by joining the single modular fingers. And also the nature seems exploiting the same concept:
in the biological control of the human hand, for example, it is possible to recognized different
control levels, with different degrees of complexity and capabilities.
In particular, as shown in Fig. 5.2, it has been proved that in the human case there are 2 main
control loops:

• the external one (and therefore the highest level in this hierarchical structure) is accom-
plished by the brain that perceives the sensory information and originates the conscious
motor commands (by means of sensory and motor cortex) which are in turn coordinated
and sent down the spinal cord (by brainstem and cerebellar structures); one of the main
characteristics of this loop is the high delay between the brain and the muscles (variable
between 150 and 250 ms), which demonstrates the existence of a “local muscle control”;

• the low-level is the so called “spinal reflex loop”, performed by the muscles and the sensory
organs of each finger; in particular, muscle spindles, directly “integrated” in the muscles,
have afferent nerves, which besides sending information up the spinal column, make excita-
tory connection onto the nerves that send motors command out to the muscles themselves;
in this way a stimulation of a muscle spindle produces the contraction of the corresponding
muscle with a delay of 25/30 ms (and this is the fastest feedback system in the human
body). In addition to this control mechanism, Golgi tendon organ makes a feedback con-
nection via the spinal cord to the muscle it is in, but in this case the action is inhibitory
(that is tending to turn off the muscles). The combination of these (force, position and
velocity) feedbacks works in such a way as to modulate the muscle’s impedance (that is
the dynamic behavior of the muscle).

Probably inspired by the solution adopted by nature and according to the criterium of simplicity
above mentioned, the systems which actually implement the control of complex robot hands have
a similar structure [78], as shown in Fig. 5.3. In particular in these control architectures two

1Four fingers with three degrees of freedom each one, as stated in Sec. 5.1 and an additional dof to change the
position of the opposable thumb.
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Figure 5.2: Hierarchical control scheme of human fingers.

main parts, which play a complementary role, can be recognized:

• a deliberative module, which takes care of planning the tasks to be performed, by means
of reasoning and learning capabilities (and thus can be compared with the human brain).

• a (underlying) reactive layer, which accomplishes reflex-based activities, that ensure the
safety, adaptability and autonomy of the overall system.

This last layer can be further subdivided: the control of the hand, and therefore the control of
the operations aiming to grasp and manipulate a some object, is usually founded on the control
of the single fingers, that finally is an atomic operation.
The control of a very complex systems, such as a dexterous robotic hand, may therefore reduced
to the control of a set of “simple” manipulators, which, during manipulation operations, are
coupled to each other and to the grasped object by velocity/force constraints and must be
properly steered in order to carry out the desired tasks (e.g. changing the orientation of the
object).
In the following, the attention will be focussed on the single robotic finger, which is the basic
element of the overall system.
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5.3 A natural controller for physical interactions

Robotic manipulation fundamentally requires a physical interaction with the object(s) being
manipulated; in other words the robot manipulator, during the execution of the planned tasks,
encounters some constraints and hence the interaction forces are not negligible. Obviously, in
this case the robot hand can not be treated as an isolated system and the control strategies
must explicitly consider this issue.
In the literature a number of controllers, which face the problem of interaction with the envi-
ronment, have been proposed:

• force control strategies [79];

• hybrid approaches, where position and force controllers are joined in order to achieve
desired behaviors in different directions of the robot work-space or in different phases of
the task to be performed [79];

• impedance controllers [80].

At this point, it is worth to notice that all the strategies involving explicit force controls are
inadequate in the case of a robot hand. As a matter of fact the tasks, a such device must
perform, involve the interaction with environments and objects whose dynamics is unknown
or only partially known. Furthermore, they require not only the application of desired forces
but also the capability to perform precise positioning in free space and tracking of planned
trajectories (and obviously in this case a force control does not make sense since, in free space,
it is not possible apply forces different from zero). Finally, manipulation tasks often need the
simultaneous application of desired forces and position displacements and they contemplate also
the transition between no-contact and contact conditions.
More suitable to accomplish manipulation and grasp operations appears an impedance controller,
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whose target is to modulate and control the dynamic behavior of the manipulator, rather than
a vector quantity such as force, position and velocity.
The basic idea is quite simple and has a clear physical meaning. When a robotic system interacts
with the environment an exchange of energy occurs through this interaction port; in order to
characterize the power flow between the manipulator and the environment the system must be
described on one hand by means of forces/moments (more generally, efforts) and on the other
hand by velocities/angular rates (more generally, flows). The interaction port behavior, that is
the dynamic behavior at this energetic port, depends on the existing relation between these port
variables. Borrowing terms original of electrical network theory, it has been defined impedance
the dynamic operator that map an input motion time function ẋ(t) into an output force time
function F (t):

{

ż = Zr(z, ẋ, t)
F = Zo(z, ẋ, t)

(5.1)

where z is a finite-dimension state vector and Zr() and Zo() are algebraic functions. The admit-
tance (characterized by Yr() and Yo()) is the dual operator relating F (t) to ẋ(t). In general, a
robot is described by an impedance and the environment by an admittance (see Fig. 5.4). As
a matter of fact, the environment is composed by inertial elements which accept effort (force)
inputs and yield flow (velocity) outputs. As a consequence the robot manipulator (coupled to
the environment) is an impedance which accepts motions and determines the interaction forces.

Aim of this control approach is to modulate the impedance of the robot (and hence its
dynamics behavior) at the port of the interaction with the environment. Therefore, given a
generic manipulator which can be described in work-space coordinates x as

M̃(θ)ẍ+ C̃(θ̇, θ)ẋ+ G̃(θ) = Fc + F (5.2)

where M̃(θ), C̃(θ̇, θ), G̃(θ) are the dynamic parameters of the system as viewed from the work-
space variables, Fc and F are respectively the forces applied to the manipulator by the control
(through the actuators) and the environment, the goal of this control approach is to transform,
by using a feedback controller, its structural behavior described by eq. (5.2) into a new desired
one (i.e. that described by eq. (5.3)). In this way, as shown in Fig. 5.5, by means of control
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it is possible to define a new equivalent robot, characterized by a dynamic relation between
velocities(/positions) and forces, which, for sake of simplicity, is commonly assumed to be linear

F =M ẍ+B ẋ+K x (5.3)

Therefore, it is possible to use the classical tools of the linear analysis, and write the impedance
as:

F(s)

sX(s)
= Z(s) = sM+B+

K

s
(5.4)

As a result of this approach, the robotic system (or more precisely its end-point, if cartesian co-
ordinates are considered) appears like a pure mechanical system with mass (matrix)M, damping
B and stiffness K arbitrary chosen.
It is clear that in order to accomplish a stable positioning of the robot, the impedance (defined
as a dynamic map between velocity and force) must include a static relation between force and
position, which is given by the spring of stiffness K. In this sense, the impedance can be thought
as a dynamic generalization of the stiffness. Stiffness(/impedance) at a point is a system prop-
erty independent of any objects it may contact, and hence the meaning of impedance controller
becomes clear: it is an attempt to determine the interactive behavior of a manipulator that is
unaffected by contact with environment. The only constraint remains a properly choice of the
impedance parameters to perform a particular task and this is the a duty of the supervisor built
over this basic controller (see Fig. 5.6) [62]. As the physical intuition suggests, in those direc-
tions where a contact is expected the values of M must be high in order to limit the dynamics
of the robot, and the stiffness low enough to keep the contact forces small. Conversely along
the “position controlled” directions (where a physical contact is not foreseen) an high stiffness
value can guarantee an accurate positioning. Finally the terms of B affect the dissipation of
the kinetic energy and therefore their value must be high enough to damp the response of the
system.
In the title of the section this control approach has been defined “natural”. Two are the main
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reasons: firstly, as already stated, impedance controller appears as the most immediate (and
conceptually simple) solution to the problem of physical interaction; furthermore, the same
mechanism is “implemented” in the human body, where the effects of the choice of impedance
parameters (in particular, the stiffness) are evident: when we explore an unknown environment
(typically by means of hands) the stiffness of the arm/hand muscles is set to a small value in
order to apply small forces during a possible interaction, conversely when we want follow a some
trajectory our supervisor, that is our brain, makes the muscles very stiff.

5.4 An impedance controller for dexterous robotic hands

As pointed out in Sec 5.1 a dexterous robotic hand is a extremely complex system and (on the
basis of the previous considerations) the impedance control can be considered the key element
to manage such a complexity. As a matter of fact, this control strategy is not only the mean
to explicitly face the problem of the physical interaction, but also an important way to achieve
a great simplification of the overall system; in particular it allows to mask the structural be-
havior of a robot manipulator, which is strongly nonlinear with couplings between the different
directions of work-space and several non idelities (e.g. static friction), and to choose the desired
(linear, uncoupled) dynamics. That considerably simplifies the job of the supervision system.
It is not an accident that in the fields of grasp choice and task planning (i.e. manipulation of
an object) the trend is to use quite simple models, basically mass-spring-damper systems (or
simply springs, considering only static conditions). For example, Asada, in one of the earliest
works about prehension and handling by means of robotic hands [81], assumes elastic fingers
moving along a linear trajectory with a single degree of freedom. More recently Nguyen [82]
addresses the stability of three-dimensional objects grasped by virtual springs, corresponding to
the interactions between the object surface and the fingertips.

The aims and the reasons of the adoption of an impedance controller for robotic manip-
ulation and in particular for robotic hands have been outlined but no hints about its actual
implementation has been given: as a matter of fact the terms impedance controller defines the
goal of this approach (that is to change the dynamic behavior of a system according to the
constraints imposed by the task to be performed), while a number of alternative ways to achieve
this goal are available.
The implementation of a specific regulator must take into account the characteristics of the
physical systems: mechanical architecture, sensory equipment... In particular, if the fingers of
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Figure 5.7: The modular finger (a) and its kinematic structure (b).

a robotic hands, like the DLR Hand, are considered the control must cope with the drawbacks
that such devices present and exploit their peculiar features.

5.4.1 Model of the robotic finger

To construct any controller for a robotic device the natural starting point are the equations
describing its dynamic behavior; furthermore in order to implement such a controller, some
tools, tied to kinematic structure of the manipulator, are needed, namely:

• direct (L) and inverse kinematics (L−1);

• Jacobian J (and its transposed).

Therefore in the section the kinematic and dynamic model of robotic finger structure described
in Sec. 5.1 are deduced and discussed.
Fig. 5.7 shows the modular finger and the corresponding kinematic chain, with the reference
frames associated to each link.

According to the Denavit-Hartemberg notation, the four parameters which synthetically
describe the kinematic transformation between two contiguous frames are reported, for each
link, in Tab. 5.1. By means of well known homogeneous transformations, the relation between
the joint variables θ = [θ1 θ2 θ3 θ4]

T and the position/orientation of the fingertip frame (t-
subscript) in the base frame (b-subscript) is

bHt = bH0
0H1

1H2
2H3

3H4
4Ht

=









C234 0 S234 l2S2 + l3S23 + l4S234

S1S234 C1 −S1C234 −(l2C2 + l3C23 + l4C234)S1

−C1S234 S1 C1C234 (l2C2 + l3C23 + l4C234)C1

0 0 0 1








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d θ a α

L1 0 θ1 0 π
2

L2 0 θ2 l2 0
L3 0 θ3 l3 0
L4 0 θ4 l4 0

Table 5.1: Denavit-Hartemberg parameters of the DLR Hand’s finger.

where
Sijk = sin(θi + θj + θk)
Cijk = cos(θi + θj + θk)

In the matrix bHt one can recognize a part (bRt) related to the orientation of the fingertip and
a component which provides the position of the tip frame origin. By taking into account that,
because of the mechanical coupling between the two last joints of the finger, is

θ3 = θ4

the orientation of the of the end-frame can be expressed as

bRt =





C233 0 S233

S1S233 C1 −S1C233

−C1S233 S1 C1C233





while the position of the fingertip is given by





x
y
z



 = L









θ1
θ2
θ3







 =





l2 S2 + l3 S23 + l4 S233

−(l2 C2 + l3 C23 + l4 C233) S1

(l2 C2 + l3 C23 + l4 C233) C1



 (5.5)

Since the finger has a total of three degrees of freedom, the controller will deal only with
its position in the workspace (neglecting the orientation); concerning the speeds, only the linear
ones will be obviously considered. Therefore the kinematic relation between joint and task-space
velocities can be obtained by simply differentiating (5.5) with respect to θ. This leads to the
relation





ẋ
ẏ
ż



 = J(θ)





θ̇1
θ̇2
θ̇3



 (5.6)

where the Jacobian J(θ) of the robotic finger is

J(θ) =





0 l2C2 + l3C23 + l4C233 l3C23 + 2l4C233

−C1(l2C2 + l3C23 + l4C233) S1(l2S2 + l3S23 + l4S233) S1(l3S23 + 2l4S233)
−S1(l2C2 + l3C23 + l4C233) −C1(l2S2 + l3S23 + l4S233) −C1(l3S23 + 2l4S233)





From the last expression, it is possible to compute the singular configurations for the kinematic
structure under analysis. As well known in these configurations (where Jacobian matrix is no
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link # length

l2 75
l3 40
l4 29.5

θi θmin θmax

1 -0.52 0.52
2 -0.5 0.7
3 0 1.4

(a) (b)

Table 5.2: a - Length of the finger-links (mm); b - Range of the joint angles (rad).

longer full-rank) the robot exhibits a pathological behavior (i.e. it “loses” degrees of freedom,
that is it can not generate speeds in some directions). The following equation provides the
analytical values of such positions:

det(J(θ)) = −(l3(l2 + l4) + 4l2l4C3)(l2C2 + l3C23 + l4C233)S3 = 0

Note in particular that θ3 = 0 is one of such conditions: that means that when it is upright, the
finger is in singularity; nevertheless this configuration is frequently used in manipulation tasks
(as we can observe in our everyday life, by looking at our hand). Instead the other singular
configurations can not be physically reached because of the limits on the joint angles (see Tab.
5.2);

Finally, the relation between the positions in the task-space x and the configuration of
joint θ, can be obtained for the robotic finger in a close form by means of simple geometrical
considerations (and thanks to the fact that θ3 = θ4). The inverse kinematics





θ1
θ2
θ3



 = L−1









x
y
z









is expressed by the following equations







































θ1 = atan2(−y, x);
zp = − z

cos(θ1)
;

l =
√

x2 + z2p ;

θ3 = arccos

(

1/8
−2 l2 l3−2 l3 l4+2

√
l23 l22−2 l23 l2 l4+l23 l24−4 l4 l32−4 l34 l2+4 l2 l4 l2+8 l22 l24

l4 l2

)

;

θ2 = atan2(zp, x) + arcsin
(

l3 (l2−l4)+(l22−l
2
4+l2) cos(θ3)

l (l3+2 l2 cos(θ3))

)

;

and leads, within the feasibile work-space, to a unique solution.

Concerning the dynamic behavior of the finger, it can be described by means of the familiar
Lagrangian formulation, as

M(θ)θ̈ +C(θ, θ̇)θ̇ + g(θ) = τact + JT (θ)Fext (5.7)
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whereM(θ) is the inertia matrix, C(θ, θ̇)θ̇ represents the centrifugal and coriolis forces, g(θ) the
gravitational forces, τact are the torques supplied to the joints by the actuators, and Fext the
external forces impressed at the fingertip. However, to this set of dynamic terms theoretically
computed, must be added an important (and troublesome) contribution (some times neglected
in theoretical analysis and control synthesis), that is the friction. As a matter of fact the friction
is one of the main problems on manipulation by means of robot hands in particular for small
motions or when an interaction with the environment occurs. In fact the main efforts in robotics
have been devoted to compensation of friction in tracking problems (see for example [83]) but
few researches address the problem of compensating for it when the robot exchanges forces with
the environment. In particular friction does not allow to control such forces in a fine way, and
makes the manipulation of small or fragile objects prohibitive.
According to the classical model, in frictional phenomena several components can be recognized.
Each of them takes care of certain aspects of friction forces. In particular the main contributions
are:

• coulomb friction, taking into account the forces that oppose the motion and whose mag-
nitude is independent from speed and contact area;

• viscous friction, which considers the friction component proportional to the velocity;

• stiction, describing the friction force at rest.

The superposition of all these effects leads to the following behavior:

τfric =







τCV (θ̇) if θ̇ 6= 0

τe if θ̇ = 0 and |τe| < τmax
S

τmax
S sgn(τe) otherwise

(5.8)

where τe is the external torque acting on the joints and τ(θ̇) is a function of the speed θ̇ as
shown in Fig. 5.8, where two models are introduced, according to different levels of detail.

PSfrag replacements

θ̇

τfric
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θ̇

τfric

(a) (b)

Figure 5.8: Examples of static friction models. Figure a) shows Coulomb plus viscous friction, figure b) shows
how the friction force decrease continuously from the static friction level.

Due to the use of harmonic drive the friction in the joints heavily affects the dynamic behavior
of the fingers of DLR Hand II and a terms such as (5.8) must be added to (5.7); in particular
the breakaway torque, that is the torque needed to overcome the stiction while the motion of the
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joints starts, is about 10% of the maximum torque that actuators can supply (that is 0.4 Nm).
Moreover its value is different for each joint and for each finger because of small variations on
mechanical manufacturing and assembly, and also considering the same joint it is not constant
but depending on the configuration, with a not negligible stochastic component. On the other
side, because both the physical characteristics (length and weight of each link) of the robotic
finger and the required speeds are small, the effects of Coriolis and centrifugal forces can be
neglected (in particular, if compared with friction terms). In Fig. 5.9 the contributions of the
different dynamic terms, which describe the behavior of the finger, are reported (considering
different configurations, velocities and accelerations). This simulation has been done on the
base of the theoretical model (5.7), with the values of the mechanical parameters given by the
CAD program used to design the finger. By a simple comparison, the heavy effect of the stiction
on robot behavior appears clear.
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Figure 5.9: Dynamic terms of the finger behavior.

5.5 A passivity-based approach to the impedance control

Tacking into account the possible applications of a robot hand, it is obvious that the main goal of
the controller to be implemented must be the stability of the system during the interaction with
objects and environment. In particular an hand must be capable to deal with a set as large as
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possible of objects, whose dynamics may be unknown and considerably complex. To guarantee
such robustness properties, the best starting point for the implementation of an impedance
controller is the so called passivity-based approach.
Aim of this approach is to impose to the robot manipulator an impedance with the following
form:

Fz = K(xz − x0) +B(ẋz) (5.9)

whereK() andB() are generic function defining the relation force/displacement and force/velocity
and x0 is the vector of equilibrium positions for the target impedance (and therefore for the ma-
nipulator) when it is isolated from the environment. The behavior described by (5.9) is defined
as a simple impedance if:

1. K(xz−x0) is the gradient of a positive-definite nondecreasing function of the displacement
(xz − x0);

2. ẋTB(ẋ) > 0 ∀ẋ 6= 0

It is possible to prove that when a simple impedance is coupled with an environment of arbitrary
dynamic complexity, provided that the environment was stable in isolation, the overall system
is still stable [84]. Therefore, if it is possible to impose to the fingers of a robotic hand the
behavior of a simple impedance, they will be stable during the interaction with generic objects
(with the only condition of their stability in isolation).
An immediate solution to the implementation of this kind of controller may be achieved by
coupling the robot manipulator with the model of impedance so far introduced: the basic idea is
to consider the robot and the controller as two interacting dynamic systems. A typical realization
of the impedance (5.9) with the two cited conditions is achieved by means of:

K(xz − x0) = K · (xz − x0) and B(ẋ) = B · ẋ

where K and B are positive-definite matrices.
Considering the usual Lagrangian formulation of the robot finger dynamics, expressed by (5.7),
the coupling with the target impedance is expressed by

{

M(θ)θ̈ +C(θ, θ̇)θ̇ + g(θ) + τfric = τact + JT (θ)Fext

τact = τg − JT (θ)Fz
(5.10)

where the the further term τg = g(θ) has been added to compensate for the gravity, JT (θ) is
the transposed Jacobian of the finger (which maps task-space forces into joint torques) and Fz

is given by (5.9). It is worth to notice that when the target impedance and the manipulator
are coupled (in the work-space) their position and velocity variables are the same and hence
they are related to the generalized coordinated of the robotic finger (θ) by the usual kinematic
transformations (5.5) and (5.6). The dynamic equation describing the overall system is therefore

M(θ)θ̈ +C(θ, θ̇)θ̇ + τfric = JTK(x0 − x)− JTBẋ+ JT (θ)Fext (5.11)

and the complete control scheme is reported in Fig. 5.10.
In the case that no interactions with the external environment occur (Fext = 0) and if the
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Figure 5.10: Complete control scheme for the robotic finger based on passivity approach.

generalized forces due to the friction are neglected the global stability of the system for (ẋ = 0,
∆x = 0)2 can be easily proved. In the same way can be shown the stability if friction phenomena
are considered, but in this case the position error ∆x will not converge asymptotically to zero.
In order to prove the stability of the system in this last case, the following Lyapunov function
can be chosen:

V (θ,∆x) =
1

2
θ̇TM(θ)θ̇ +

1

2
∆xTK∆x > 0 ∀θ̇,∆x 6= 0 (5.12)

where, by the assumption of a simple impedance, K is symmetric and positive-definite.
The derivative of this Lyapunov function is

V̇ = θ̇TM(θ)θ̈ +
1

2
θ̇TṀ(θ)θ̇ + ∆̇x

T
K∆x

which computed along the trajectories of the system (5.11) leads to the expression

V̇ = θ̇T (−C(θ, θ̇)θ̇ − τfric + JTK∆x− JTB∆ẋ) +
1

2
θ̇TṀ(θ)θ̇ + ∆̇x

T
K∆x (5.13)

Since

∆̇x = −J(θ)θ̇

and (M(θ)− 2C(θ, θ̇)) is, as well known, a skew-symmetric matrix and therefore

θ̇T (M(θ)− 2C(θ, θ̇))θ̇ = 0

equation (5.13) can be reduced to

V̇ = −θ̇TJTBJθ̇ − θ̇T τfric (5.14)

2∆x = x0 − x
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If we consider the model of friction (5.8), shown in previous section, we can write

τfric = τS + τCV (θ̇) (5.15)

where τS and τCV (θ̇) are respectively the contribution of the stiction and of coulomb/viscous
friction. In particular it must be noticed that, according to the adopted static model, the two
terms affect the system in different phases. Considering the vector components, for each joint is

{

τSi = 0 if θ̇i 6= 0

τCV i = 0 if θ̇i = 0

Furthermore, since τCV i(θi), as depicted in Fig. 5.8, belongs to the first and third quadrant

θ̇i · τCV i(θ̇i) ≥ 0 ∀θi (5.16)

while
θ̇i · τSi = 0 (5.17)

By substituting (5.15) into (5.14), from considerations (5.16) and (5.17) and under the hypothesis
that B is definite positive (simple impedance) immediately follows that

V̇ ≤ 0

and, in particular
V̇ = 0 for θ̇ = 0

Therefore the function V (θ̇,∆x) decreases until θ̇ 6= 0. In this case the dynamic equation of the
system (5.11) becomes

JTK∆x = τS (5.18)

To show the effects of of the friction (and in particular of the stiction), it is worth to map the
friction torques into the equivalent forces in the work-space, according to

FS = J−T τS (5.19)

Since the components of FS are a linear combination of τSi, which are limited from above, as
reported in (5.8), if the finger is not in a singularity condition, follows that

|τSi| < τS
max
i ∀i → |FSj | < FS

max
j ∀j

Taking into account the case, quite common in the practice, of a diagonal matrix K (that means
uncoupled stiffness on different directions of work-space), it holds the inequality

|∆xi| <
Fmax
S i

Kii

that is

xi ∈ (xi0 −
Fmax
fric i

Kii

, xi0 +
Fmax
fric i

Kii

) (5.20)
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Figure 5.11: Tracking of a desired trajectory (x0) by means of a passive impedance controller
(Kii = 50 Nm−1).

This reflect the fact that, with uncompensated stiction, the fingertip will stop within a dead
zone around the desired position x0. The width of such a dead zone is inversely proportional to
the “gain” Kii and depends also by the finger configuration (through J−T (θ)).
The approach followed to point out the stability properties of the controller (5.9) considers only
the position tracking problem and is particularly suitable to highlight the (heavy) effects of
friction on the system’s performances (as shown in Fig. 5.11, where the fingertip position x and
the set point x0 are displayed). But, if an interaction with the external environment is considered
(and hence Fext can be no longer neglected) a different analysis based on Hamiltonian formalism
seems preferable. By defining the Hamiltonian of the controller (that is the target impedance
corresponding to a mechanical spring/damper system) and of the robot finger, impedance control
assumes a clear physical meaning. To this end one must remember that:

• the Hamiltonian of a system corresponds with its total energy:

H(p,q) = Ek(p,q) +Ep(q)

where Ek(p,q) and Ep(q) are respectively the kinetic energy and the potential energy,
which are function of the generalized momenta p and of the generalized coordinates q (= θ
for the robot finger) describing the system;

• the dynamic interaction between two physical system is isenergetic, that is involving a
power exchange without loss, storage or generation of energy;

• a robot manipulator is a passive system from the input τact to the output θ̇ (with reference
to the symbol used in (5.7)), that is its total energy has a bounded minimum.
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The coupling of the controller (5.9) and the manipulator leads to a controlled system which may
be described by an equivalent physical system, whose Hamiltonian HC(p, q) (and therefore the
energy) is the sum of Hamiltonians for the uncontrolled system (HF (p, q)) and the impedance
(HZ(p, q)):

HC(p, q) = HF (p, q) +HZ(p, q) (5.21)

where (p, q) refers to the robot finger. Therefore if the goal is to drive the robot finger in a desired
position x0, that can be achieved by shifting, through the controller, the energy minimum of the
overall system in such position. That is exactly the procedure followed with the control approach
above described: the potential energy of the robot (due to the gravity) has been compensated
and a new elastic potential

Uk =
1

2
(x− x0)

TK(x− x0)

whose minimum is in x0 has been added. In this way, if the system is stable it will move towards
such energy minimum.
Formally, given a system described by the following equations:

q̇ =
∂H(p, q)

∂p
(5.22)

ṗ = −∂H(p, q)

∂q
−D(p, q) +P(t) (5.23)

where D(p, q) are the generalized non conservative forces and P(t) the generalized (external)
forces, if, as usual, the kinetic and potential energy are positive-definite, non decreasing functions
respectively of the momenta p and the generalized displacements q (and therefore at equilibrium
p = 0 and q = 0), the Hamiltonian may be used as Lyapunov function for the analysis of
stability. In particular, it is sufficient to show that:

dH(p, q)

dt
< 0 (5.24)

to prove the stability of the equilibrium point (p = 0, q = 0).
The Hamiltonian of the overall system robot finger/impedance model HC(p, q) has a rate of
change

dHC

dt
= −θ̇T τfric − ẋTBẋ+ ẋTFext (5.25)

Considering Fext = 0, by a simple inspection (see (5.13)), results that

dHC

dt
= V̇

and therefore it is possible to reach the same conclusions. If finally, an interaction with the
environment occurs, the total energy for the coupled system is still the sum of the two systems
in isolation

HT (pt, qt) = HC(p, q) +HE(pe, qe) (5.26)
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where HE(pe, qe) is the hamiltonian of the environment. The temporal derivative of the overall
energy is therefore

dHT

dt
= −q̇Te De + ẋT

e Fe − θ̇T τfric − ẋTBẋ+ ẋTFext (5.27)

with qe and Fe generalized coordinates and generalized forces of the environment (which because
of the physical interaction are related to robotic finger variables according to (5.5) and (5.6))
and De dissipative forces.
Since the coupling can not generate power

ẋT
e Fe + ẋTFext = 0 (5.28)

and hence
dHT

dt
= −q̇Te De +−θ̇T τfric − ẋTBẋ (5.29)

From the last equation can be easily inferred that sufficient conditions for the asymptotic stability
of the overall system are the stability of the robot system (5.25) and the environment (q̇Te De >
0 ∀q̇e 6= 0) when they are decoupled. As a result, the finger is able to deal with a large class of
objects, which are stable in isolation.
In Fig. 5.12 the interaction of the robotic finger (steered by the controller so far introduced,
assuming a diagonal stiffness matrix whose elements are Kii = 50 Nm−1) with an obstacle
disposed in xb = 0.045 m (see Fig. 5.19) is reported. Despite the intrinsic properties of robustness
of this approach, its poor performances are also evident: the force Fx is quite different from the
ideal value given by K11 ·∆x (= 1.75 N), and above all there are strong (undesired) couplings in
the different directions of the work-space (in particular along z direction, where no constraints
exist, the value of the force should be identically equal to 0). The reason of this behavior is
again the friction on the joints, which makes this control approach not suitable for the considered
test-bed, that is the DLR Hand.

5.6 Practical issues on the implementation of an impedance con-

troller

The two main constraints to the implementation of the controller described in Sec. 5.5 are:

1. co-location of sensors;

2. friction on the joints.

According to the former condition, position sensors (which are the only required by the con-
troller (5.10)) must be placed in the location where the interaction between the robot and the
controller occurs. This point (previously called “interaction port”) is obviously on the motors
which provide the torques commanded by the control algorithm. In this way the port is described
by two power consistent variables (position/speed θm/θ̇m and torque τm of the actuator) whose
product provides the power flow and hence the energetic considerations made in previous section
are valid. Conversely, if torques and speeds refer to different sections, such considerations are
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Figure 5.12: Interaction of the robotic finger (driven by the impedance controller based on
passivity) with a wall placed in xb =const.

no longer true.
The problem of co-location of the sensor is a quite general problem, which affects force control
of robotic system and it is not limited to energetic approaches. In general when actuator and
sensor are physically located at different points, in the closed loop system are introduced dy-
namic modes which can be instable (e.g. when flexible structures are considered) [85].
In the practice it is often supposed that the mechanical transmission is ideal and therefore
torques/positions are the same at the initial and final sections of the kinematic chain; however
this assumption is quite far from the reality if tendons or (like in this case) belts, which un-
avoidably introduce dynamic effects, are used.
Therefore, the implementation of the controller (5.10) on the robotic finger should be based on
the hall position sensors directly integrated in the motors; this solution seems ideal, considering
that, thanks to the high reduction ratio of the mechanical transmission, these sensors allow
very high resolutions. Unfortunately they yield a relative position information which must be
integrated with the position measure made by special potentiometers directly located on the
joints (in this case absolute but not as precise as the one provide by hall sensors).
The target is to find a trade off between:

- a precise and absolute estimation of the joint position;
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Figure 5.13: Filter for the fusion of the position information coming from motor (hall effect)
sensors and joint potentiometers.

- a position information “in phase” with motor motion.

A possible solution is reported in Fig. 5.13: it is a simple low-pass filter on the signal coming from
the potentiometer (PotPos), whose cut-off frequency is proportional to the gain K. In addition
a feed-forward term given by the hall sensor’s signal has been introduced at the output of the
integrator. In this way (as shown by simulation reported in Fig. 5.14, where a sinusoidal motion
with a frequency of 0.1 Hz is supposed) if K is sufficiently small (in the example K = 0.1) there
is no delay between the hall sensor’s signal (conveniently translated to make a clear comparison)
and the filtered position (see Fig. 5.14.b). On the other hand, since, as shown in Fig. 5.14.a, there
may be an initial error and a drift between hall sensor data and the real position of joints (directly
measured), the feed-back loop guarantee that the filtered position asymptotically converge to the
real value. By changing the value of K it is possible to make the filtered position more similar
to the Hall sensor’s measure or to the potentiometer’s estimation: in the present application the
sensors integrated in the actuators have been privileged (for the above mentioned constraint of
co-location).
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(a) phase delay with respect to hall sensor signal (b).
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As claimed at the beginning of this section, a second important problem in the experimental
implementation of an impedance controller concerns the friction. Frictional phenomena on the
joints and in particular “stiction”, as widely substantiated in the previous section, prejudices
the performances of the system in terms of both position tracking capabilities and application
of desired forces. Therefore its compensation appears absolutely necessary.
A first way (very often adopted in practice) to achieve such compensation is adding to the control
input a feed-forward term equal and opposite to the friction torque contribution. But, on the
contrary to the standard robot applications, where the goal is to follow a desired trajectory with
an error as small as possible, in the case of a robot hand also the interaction with the external
environment must be taken into account.
Considering the friction model reported in (5.8) and the simple (1-dof) robot depicted in Fig. 5.15
(which can be used to model a single finger joint), where τact is the force applied by the actuator
(and computed on the base of the implemented controller), and τext a possible external force,
an additive term able to erase the stiction effects is:

τ ′act = τmax
S sgn(τe) if θ̇ = 0 (5.30)

where τmax
S is the maximum value of the static friction, θ̇ the speed of the robot and τe is the

total force acting on the mass M :
τe = τact − τext

At this point some considerations are necessary:

• in order to estimate the value of τe, sensors on the joints able to detect the applied external
torques are needed. Therefore the basic control strategy which does not require in principle
force/torque transducers, can be enhanced by adding in the robot structure such kind of
sensing technology. In the case of the DLR Hand torque sensors are actually integrated in
the fingers’ joints, and a compensation for the stiction can be implemented;

• besides additional force sensors, the friction compensation requires the estimation of the
joint speed θ̇, which is usually achieved by differentiating the position signal; therefore the
measure of the position must have a resolution as high as possible but unavoidably the
velocity signal will be affected by noise (amplified by differentiation operation). The real
implementation of the compensation term (5.30) will be:

τ ′act = τmax
S sgn(τe) if |θ̇| < ε
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where ε is a parameter experimental chosen to discriminate when the speed is “practically”
null;

• from the physical point of view, the effect of the additive term (5.30) it to inject energy
in the system (composed by both the mechanical structure of the robot finger and the
adopted controller); in order to preserve its stability it must be assured that the amount
of this energy is smaller than the energy dissipated by frictional phenomena, and hence
must be:

{

τ ′act = τ∗Ssgn(τe) if |θ̇| < ε
τ∗S = min(τmax

S )
(5.31)

As a matter of fact the magnitude of the stiction components τmax
S is, as reported in

Sec.5.4.1 is extremely variable, therefore to avoid an overcompensation (which can lead to
the instability) in every operative condition the choice of the coefficient of compensation
term must be conservative and assume the minimum value of τmax

S . Conversely, a real-time
estimation of such term is not conceivable because its rate of change is comparable with
the typical frequencies of the robot finger.

When the motion of the finger starts (that is |θ̇| > ε) a partial compensation of the dynamic
friction is also performed; as a matter of fact, as shown in (5.25) dissipative terms make the
system (robot, control and object) stable; nevertheless in order to avoid an an excessive loss
of energy (especially for small velocities) and a discontinuous behavior of the finger when the
speed is different from zero (and therefore the additive term for the stiction compensation
vanishes) the coulomb friction term has been also compensated, by simply adding a constant
torque contribution, whose sign depends from speed direction. Also in this case hold the same
considerations previously done with respect to the stiction (in particular concerning the great
variability of the parameters’ values in different devices and in different conditions), therefore
in order to avoid an overcompensation the additive term is

{

τ ′act = τ∗Csgn(θ) if |θ̇| > ε
τ∗C = min(τC)

(5.32)

where τ ∗C is a term certainly lower than the real magnitude of the coulomb friction τC .

As a result of the extremely conservative estimates of the parameters τ ∗S and τ∗C , the final
compensation of the friction is quite rough and the performances of the impedance controller
remain unacceptable, in particular for small values of the stiffnesses/gains Kii. Otherwise,
if bigger Kii are assumed, the position tracking capabilities (when no interactions occur) are
improved but the interaction forces will be too large to perform grasp and manipulation tasks.
In particular in Fig. 5.16 the system (whose stiffness parameters Kii are set to 1000 Nm−1) is
shown while tracks a position set-point: the performances in terms of error and coupling between
the different direction of the work-space are in this case satisfactory.

Beside the friction, other elements makes the implementation of the controller shown in Sec.
5.5 quite different from the ideal target. As a matter of fact by simply coupling the target
impedance (5.9) with the robot system, the overall system dynamics will be the sum of the two
component dynamics as shown by eq. (5.11). In particular it is worth to notice that, even if in



84 Control of complex systems physically interacting with the environment

0 5 10 15 20 25 30 35 40 45 50
−0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

time (s)

w
or

k−
sp

ac
e 

po
si

tio
n 

(m
)

PSfrag replacements

x0
y0
z0

x
y
z

Figure 5.16: Tracking of a desired trajectory (x0) by means of a passive impedance controller
(Kii = 1000 Nm−1).

the case of the DLR Hand fingers the term C(θ, θ̇)θ̇ may be neglected, and the gravity has been
explicitly compensated, nevertheless the inertia matrix M(θ) of the robot remains and leads to
a behavior of the system which depends on the specific configuration and is coupled along the
different directions of the work-space.
In order to overcome these problems in the standard control approach, before imposing the
desired impedance model, a compensation for the non-linear robot dynamics is performed [86].
Starting from task-space dynamics of the robot finger

M̃(θ)ẍ+ C̃(θ, θ̇)ẋ+ G̃(θ) + F̃fric = J−T τact + Fext (5.33)

which can be easily deduced from (5.7), the first step concerns the achievement of the dynamics
behavior

ẍ = u (5.34)

by means of the controller

J−T τact = M̃(θ)u+ C̃(θ, θ̇)ẋ+ G̃(θ) + F̃fric − Fext (5.35)

where u is an auxiliary input. Afterwards a target impedance, i.e. (5.3), can be directly imposed
through

u = ẍ0 −M−1(B(ẋ− ẋ0) +K(x− x0) + Fext) (5.36)

where ẍ0, ẍ0, x0 are the desired task-space accelerations, velocities, and positions. In this case,
as can be seen substituting (5.36) in (5.34),in ideal conditions, the target impedance behavior
can be perfectly reproduced. But if the robot dynamics is not exactly known, the inverse task-
space dynamics given by (5.35) will be corrupted by uncertainties and the final result will be
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quite far from the ideal one.

To reduce the effects of unmodeled dynamics and improve the capability of exerting desired
(small) forces on the environment, the implementation of a cartesian impedance controller on
the DLR Hand’s finger must proceed in a different way and can not leave aside force sensing.

In particular two are the alternative approaches to the implementation of such a controller
which exploit the force/torque sensors integrated in the fingertip and in the joints:

1. by constructing the controller over an explicit torque loop, see Fig. 5.17.a;

2. by basing the impedance controller on an inner position control loop, see Fig. 5.17.a.
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Figure 5.17: Impedance controller based on a inner torque loop (a) and on a inner position loop
(b).

5.7 Torque-based impedance control

The so called passivity-based approach to the implementation of an impedance controller (shown
in Sec. 5.5) is founded on the assumption that the robot (finger) can be adequately modelled
as a rigid-body kinematic mechanism driven by controllable force actuators. This hypothesis,
valid for direct-drive robot, is not true for the robot hand, object of this research activity:
as shown in Sec. 5.4.1 the mechanisms adopted to perform the motion transmission (from the
actuators to the joints) cause strong frictional phenomena which dissipate a considerable portion
of the energy provided by motors. The results are those shown in previous section, with poor
performances on position tracking as well as on the application of desired forces. To obtain
good results and overcome the friction disturbance a possible solution is the implementation of
a (high -gain) joint torque controller, on which the impedance model is constructed.
The conceptual steps of this approach are:

1. given the position/velocity inputs x, ẋ (derived from the joint variables θ, θ̇ by means of
(5.5) and (5.6) ) from the impedance model, e.g. (5.9), one achieves the corresponding
forces Fz;
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2. the torques τd related to Fz can be obtained as:

τd = −JT (θ)Fz (5.37)

3. τd are used as set-point for the torque control loop, which generates the torque motor
commands τm;

In the specific case of the DLR Hand, the torque controller has been obtained with a simple
proportional (high) gain and an additive term (positive-definite) function of the speed which
damps the system

τm = Kτ (τd − τext)−Bθθ̇ (5.38)

The torque set-point is then computed according to the impedance model

Fz = K(x− x0) +B(ẋ− ẋ0) (5.39)

where the variables x0 and ẋ0 are the virtual (because if an interaction with the environment
occurs they can not be reached) positions and speeds and K, B are assumed definite-positive
and symmetric. In particular, as already mentioned, in the performed experimental tests this
matrices have been considered diagonal; this does not prejudge the generality of the control,
as a matter of fact, considering only linear displacements (as in the current application), the
system which plans the motions (and therefore provides the values of x0 and ẋ0) certainly will
choose the desired value of stiffness/damping along the different directions of the work-space
according to the task to be performed, without any coupling between displacements along a
particular direction and forces exerted in another one. In the general case these directions will
be not coincident with those of the base frame associated to the finger (but they will be aligned
with the frame normal to the surface at the desired point of contact) and hence K (and in the
same manner B) must be defined (by means of a singular value decomposition) as:

K = R K′ RT

where R = [r1 r2 r3] is an orthonormal matrix representing the principal axis of stiffness (in the
base frame) and K′ a diagonal matrix, whose elements define the magnitude of stiffness along
the directions ri. By taking K and B diagonal, implicitly it is assumed that R is equal to the
identity matrix.

The overall scheme of the impedance controller based on an inner torque loop, is reported in
Fig. 5.18 while Fig. 5.19 shows a meaningful experimental test: the robot finger interacts with
an obstacle placed along the xb direction; in particular the metallic case of a PC, whose dynamic
behavior is quite stiff but not very well damped, has been used as test-bed.
Despite the robotic finger, steered by this controller (whose stiffness parametersKii have been set
to 50 Nm−1 and the damping terms Bii to 5 Nsm−1), is able to follows position trajectories with
small errors, when interacts with the environment shows some instability phenomena. During
the transition between unconstrained and constrained motion some oscillations occur and make
the behavior of the finger absolutely unacceptable. The cause is probably the high gain of
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the torque controller which reduces the effects of the friction and of the other uncompensated
dynamics terms, but on the other hand tends to destabilize the controller itself and to amplifies
the measurement noise. In particular, force and torque sensors based on strain gauges are
usually characterized by a considerable electric disturbance overlapping the signal of interest, and
however a (heavy) filtering is not conceivable, since the stability of the overall system depends
on the bandwidth of the basic torque control (especially if big value of Kii are considered). Due
to the same reason, is not possible to reduce the gain Kτ of the controller under a certain value
or add more damping.

Another important drawback of this control strategy is that the control signal (and therefore
the behavior of the finger) strongly depends from the finger configuration, and in particular
near to singularities the system exhibits a behavior quite far from the desired one; the following
example can be explanatory: because of the relation (5.37) from task-space forces to joint torques
(which also maps control forces into desired torques) when the robotic finger is upright (that is
in the singular configuration given by θ3 = 0), it is infinitely rigid along its axis and the control
in the same direction (i.e. a virtual displacement ∆x is imposed in this direction) is null; as a
matter of fact, in this condition, the Jacobian is no more full rank and

K∆x ∈ Ker(J(θ)T )

Therefore
J(θ)TK∆x = 0

and no motion can happen along this direction even if an external force acts on the system or
a position set-point is given, despite the goal is to have in each position of the cartesian space
the equivalent of a spring/damper/mass system. In the practical cases, singularities are not a
simple set of points, but rather a set of regions where the behavior of the manipulator is critical.
By using this control approach (which exploit the transposed Jacobian) the stiffness (and more
generally the impedance) of the finger is similar to that programmed, only if its configuration
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Figure 5.19: Interaction of the robotic finger with a wall placed in xb =const (with an impedance
controller based on a inner torque loop).

is far enough from a singularity. Conversely, the goal is to achieve a behavior as uniform as
possible in each point of the work-space.

5.8 Position-based impedance control

An alternative solution for the implementation of a cartesian impedance controller exploits an
underlying position loop. According to this approach the robot receives as input a force and gives
as output a position; for this reason this control approach is usually pointed out as “admittance
control”. However, it is worth to notice that the causality (mentioned in Sec. 5.3) between the
behavior of the robot manipulator and that of the environment is not lost: as a matter of fact the
environment obviously remains an admittance (which therefore determines the position/velocity
of the interaction port), the robot becomes also an admittance, but, interposed between them,
there is the force sensor which can be modelled as an impedance (and in particular a spring).
In this case the conceptual steps are:

1. given the force inputs Fext (directly measured by means of the sensor collocated at the
finger end-point) from the desired admittance model one achieves the corresponding posi-
tions/speeds (xz/ẋz).

2. the position xz(t) is employed as set-point for the position control loop, which generates
the torque motor commands τm;

As in the case of the auxiliary torque loop, also in this approach the high gain position controller
is able to compensate for friction (and more generally for unmodelled dynamics), but equally
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instability problems can arise, in particular for low desired stiffness and damping, for which
the bandwidth of the external (admittance) loop approaches the position bandwidth. A further
drawback found in the practical implementation of this controller is in the vicinity of singularities,
where fast and destabilizing movements can occur [87].
In the following a specific implementation of this general approach is presented. At first an
impedance target is chosen; as in previous cases has been adopted the linear model

Fext =M ẍz +B (ẋz − ẋ0) +K (xz − x0) (5.40)

where x0 is the virtual point position, and M B, K are definite positive matrices which can be
written as:

T = R T′ RT

withR = [r1 r2 r3] orthonormal matrix and T′ diagonal. Given the external force Fext measured
by the fingertip force/torque sensor and expressed in the base frame 3, and the two inputs x0 and
ẋ0 which allow to define desired position and velocity trajectories, the solution of the differential
equation (5.40) provides in each instant the position (and speed) of a system with the desired
behavior (and with the real force affecting the robotic finger as input). At this point, it is enough
to impose this behavior (in terms of positions/velocities) to the manipulator, that is to assure
that all the time

x ≡ xz

An immediate solution is to couple the output of the impedance model with the passive controller
described in Sec. 5.5 (and reported in Fig. 5.10)

τact = Kx(xd − x) +Bx(ẋd − ẋ) (5.41)

that for high gains (Kx) assures good position tracking capabilities and very nice properties of
robustness.
The overall complete scheme, where the terms for stiction and gravity compensations are also
reported, is shown in Fig. 5.20. As already stated, this scheme makes use of the force/torque
sensors installed in the fingertips of DLR Hand (and which often are part of the standard
sensory equipment of a robotic hand), where the interaction is expected; therefore the measure
is certainly betters than that provided by torque sensors placed on the joints and is not affected
by the configurations of the finger (i.e. singularities).
This force measure is transformed into a position by means of the impedance model, which can
be rewritten (without the inputs x0, ẋ0) as

X(s)

F(s)
=

1

s2 M+ s B+K
(5.42)

Hence the force signal is implicitly filtered by a low-pass filter whose cutoff frequency depends
on the impedance parameters. Moreover the high-gain loop is based on position signals, which
are characterized by very low level of electrical noise; as a matter of fact the Hall effect sensors

3
Fext =

b
Rt Fs, with Fs = [Fsx Fsy Fsz]

T vector of the force components provided by the force sensor, and
b
Rt rotational matrix from the fingertip frame (coincident with the sensor frame) to the base frame



90 Control of complex systems physically interacting with the environment

+

+

-

-

+

+

PSfrag replacements

Finger

Stiction

Compensation

x

xoẋo
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placed on the motor provide a signal with a very high resolution, because of the mechanical
reduction of the motion, and the ratio signal/noise is very favorable.
As a consequence, electrical disturbances have only a little influence on this control scheme, and
the behavior of its real implementation is similar to the ideal case.

Nevertheless some important drawbacks occur:

• the performances of the position control loop depends on the finger configuration; as a
matter of fact this controller is nothing but a PD controller, whose proportional gain is
given by KxJ(θ)

T and hence is depending on the joint position θ through the transposed
Jacobian. As for the controller based on the inner torque loop reported in Sec.5.7, in this
case the same problems arise near to singularity conditions, where the robotic finger “loses”
a degrees of freedom. In these configurations the force sensor (which is directly placed on
the tip) is able to detect the forces exchanged with the environment, the impedance model
provides the corresponding displacements in the task-space but the position controlled
robot cannot follows these trajectories. The solution usually adopted to overcome this
drawback is to avoid that a singularity occurs by properly planning the desired trajecto-
ries. This is not possible in the case of a robotic hand driven by an impedance controller,
for a number of reasons.
First the singular configuration corresponding to θ3 = 0 (that is upright finger) is usually
the starting point for any grasp/manipulation task; and also in our everyday life we can
observe that hand configurations with some extended fingers are very important and fre-
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Figure 5.21: Joint configurations of the robotic finger corresponding to the same end-point.

quently employed.
Furthermore, even if the planned trajectory are far enough from a singularity, the actual
position of the robotic finger depends also on external environment (through Fext) which
can steers the manipulator into (or simply near) a “forbidden” configuration.

• As shown in Sec. 5.5 the position control based on transposed Jacobian assures the stability
of the robot finger in the task-space and the convergence to the equilibrium point x = xz,
but not the stability of the configuration of the manipulator. In the case of the DLR Hand
fingers there are not extra degrees of freedom (but to the three task-space variables x,
y, z correspond exactly three joint variables θi) and therefore the stability of x implies
that of θ. Anyway in joint space is not possible stated the global asymptotical stability of
the system: if for simplicity we consider the planar manipulator obtained by blocking the
adduction/abduction joint, without limit in the joint motion, it can reach any end-point
position (not in the boundary of its workspace) at two joint configurations (the “left-hand”
and the “right-hand” solutions of the inverse kinematic equation), as shown in Fig. 5.21.
Indeed, the joint motions are limited (in particular θ3 ≥ 0) therefore only a configuration
is really allowed; nevertheless, by means of the controller based on the transposed Jacobian
it is not possible take into account these constraints, and in some case happens that is
depicted in Fig. 5.22: give a some virtual point x0, the finger moves towards the “wrong”
configuration (see Fig. 5.22.b), but clearly the joint position θ3 remains equal to zero.
At the end, the finger remains in a singularity configuration where the magnitude of the
control is null or too small to overcome the uncompensated friction phenomena (Fig. 5.22.c)
and the desired set-point is not reached, even if no interaction occurs.
Also in this case, an immediate solution consists in a proper planning of the virtual point
trajectory but unfortunately the real set-point xz also depends on the external forces Fext

(which are unknown and not controllable).

To solve the above mentioned drawbacks, preserving at the same time the positive properties
of the controller so far constructed (smooth behavior in the neighborhood of a singularity,
robustness, use of transposed Jacobian and not of its inverse) a further control term in the
position loop is added.
The criteria which leading to its choice is clear if we consider the potential energy of the overall
system (robot + position control) expressed in the joint variable space. As a matter of fact,
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Figure 5.22: Motion of the robotic finger under the impedance control based on task-space
position loop: effect of joint limits.

as reported in Sec. 5.5, the position controller has been achieved by reshaping the potential
energy of the physical robotic system, by compensating the potential associated to gravity field
and adding an elastic potential whose minimum corresponds with the desired set-point x0. As
already stated, if the total potential energy is reported in the joint space, there is not a unique
minimum but two configurations of minimum energy exist, see Fig. 5.23.a. In order to drive the
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Figure 5.23: Iso-potential contours of the energy (expressed in the joint space) associated to the
elastic term Kx ∆x (a), to the elastic term Kθ ∆θ (b), and to their sum (c).

system towards the (unique) desired configuration the principle of superposition of impedances4

can be exploited: as a matter of fact, the dynamic behavior of the manipular is given by the
simple addition of the component impedances.
According to this principle it has been added a potential contribution whose minimum coincides
with the feasible configuration

θd = L−1(xd) with θd3 ≥ 0

4the position controller is nothing but an impedance controller with very high stiffness values.
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that is the elastic potential

Uk =
1

2
(θ − θd)

TKθ(θ − θd) (5.43)

with Kθ positive-definite diagonal matrix.
The overall potential energy given by the contribution of the virtual spring in the work-space
and of that in the joint-space is depicted in Fig. 5.23.c: in this case a unique minimum exists and
coincides with the desired position. Therefore the system will move towards this configuration.
In terms of forces/torques acting on the system, the new potential means an additional control
term

τact = −τKθ
= Kθ(θd − θ) (5.44)

which corresponds to an elastic torque acting on the joints and whose stiffness is Kθ. The choice
of this last parameter is particularly crucial. In fact (5.44) is a (proportional) controller in the
joint space which can be adopted alone to accomplish the position servo loop. But it is also the
cause of that “nervous” behavior of robot system in the neighborhood of singularities which has
been experimentally observed [87].

By recalling that the variation of the joints’ configuration due to a variation of the end-point
position can be approximated as

∆θ ' J−1(θ)∆x (5.45)

the terms (5.41) and (5.44) can be described with the following mappings:

Kx JT

∆x → Fact → τact
(5.46)

J−1 Kθ

∆x → ∆θ → τact
(5.47)

For the sake of simplicity, only the static relations between ∆x and τact are considered. This
means that the derivative parts of (5.41) is neglected, but this does not prejudice the validity of
the overall analysis. Since, in particular, we want to consider the effects of the Jacobian on the
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control action, a further simplification is performed, that is the stiffness matrices are considered
identity. This leads to

JT

Kx = I2 ⇒ ∆x → τact
(5.48)

and
J−1

Kθ = I2 ⇒ ∆x → τact
(5.49)

Therefore, the relations between a displacement ∆x and the resulting torque control are given
by JT and J−1. Obviously these relations have only a numerical (and not physical) meaning;
as a matter of fact in (5.48) ∆x is a linear force (expressed in N) numerically identical to the
corresponding displacement.
To understand the effects of these two relations, we have defined a tool similar to the “manip-
ulability ellipsoids”, which show how velocities and torques are transmitted from joint-space to
the task-space by a particular robotic structure in a specific configuration [88]. In this case the
converse operation has been done, that is we have defined two ellipsoids which represent how
a displacement, with amplitude one, is mapped into the space of the control torques by (5.48)
and (5.49).
The two ellipsoids, which display the sensitivity of the control to a variation of the set-point, are
defined by

∆xT∆x = 1⇒ τT
actJJ

T τact = 1 (5.50)

and

∆xT∆x = 1⇒ τT
act(JJ

T )−1τact = 1 (5.51)

They are depicted in Fig. 5.25, where for sake of clarity the 2-dof planar robot, obtained
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Figure 5.25: Sensitivity of the control to variations of ∆x considering a configuration of the
robotic finger far from (a) and close to (b) a singularity.

by blocking the adduction/abduction joint of the finger, is considered. As a matter of fact,
the reachable singular configurations depend only by θ3, while the the first joint (θ1) does not
play any role. As for standard position/force manipulability ellipsoids, the principal directions
of (5.50) and (5.51) are the same, while the lengths of axis are inversely proportional. This
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suggests that in those directions (of workspace) where the control approach (5.41) gives the
smallest contribution with respect to a position displacement ∆x, (5.44) produces the largest
control torques and viceversa.
In particular if the singular condition θ3 = 0 is taken into account (as reported in Fig. 5.25.b)
there are some task-space directions, where torques corresponding to (possibly large) position
variations, computed by means of the control approach exploiting the transposed Jacobian (that
is (5.46)), are null (∆x ∈ Ker(JT (θ))). In this case the finger can not follow any trajectory
along these directions. In practice it is necessary to consider not only the point τact = 0 but
also a region which depends on the static friction magnitude τS (see Fig. 5.25.b). If the control
torques belong to this region, the robotic finger keeps still.
Conversely, the control approach (5.47) provides, along these directions, a theoretically infinite
contribution. As already stated, (5.45) is only an approximation, and the actual torque com-
puted on the basis of (5.44) will be limited ((θ − L−1(xd)) is certainly bounded), nevertheless
the corresponding ellipsoid gives an insight into the behavior of this class of controllers: when
the robot (finger) is close to a singularity there are some directions where the control torques are
very large because of small variation of ∆x. In this way it is possible to explain that “nervous”
behavior that robots, position controlled in the joint space, exhibit near to a singularity, and
the great sensitivity to the noise of the sensors.
The use of matrices Kx, Kθ 6= I2 does not change the results. As a matter of fact, these
matrices are usually taken diagonal and with the same (or similar) values5, and therefore their
effect is to amplify the ellipsoids, without changing their shape.
If controller different from simple gains are adopted, the considerations so far reported give any-
way a qualitative idea of the final result: by directly implementing a controller in the task-space
there will be tracking problems near to a singularity, conversely if the controller is carried out
in joint-space it will be extremely sensitive to small variations of the position error ∆x (due to
variations of the set-point or the noise on position measure).

By combining the two position control approaches, in the work-space and in the joint-space,
which are shown in Fig. 5.24 it is possible to assure good performances in every configuration. To
avoid that the control (through (5.44)) could be too sensitive to small variations of xd in singu-
larity configuration, the components of Kθ are kept as small as possible: (5.44) must assure the
tracking of a generic position trajectory only in the neighborhood of the singularity, while when
the finger is far enough by a singular configuration the main control action is provided by (5.41).

In Fig. 5.26 the complete control scheme is reported with:

- the terms for the compensation of the gravity and of the stiction;

- the overall position loop;

- the differential equation which represents the impedance model and which must be solved
in real-time.

5there is no reason to have different “gain” along different directions in a position controller.
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M ẍz +B (ẋz − ẋ0) +K (xz − x0) = Fext

Figure 5.26: Impedance controller constructed over an inner cartesian/joint position control.

It must be noticed that this scheme does not make use of the inverse Jacobian and therefore
no computational problems arise. The work-space positions (coming by the target impedance
model) are directly transformed into motor torques (by means of J(θ)T ) or into feasible joint
positions (through the inverse kinematics which for the finger is available in the closed form).
The position loop in joint-space exploits the natural damping (viscous friction) of the robot and
hence does not require any damping injection.
In the Fig. 5.27 the performances of the impedance controller are shown, when no interaction
with the environment occurs. In particular the adopted parameters are reported in Tab.5.3.

Despite the very small values of stiffness and the unavoidable (small) errors on force mea-
surement, the system is able to follow desired trajectories with acceptable errors, i.e. 1 mm, (the
goal of a robot hand is the interaction with the environment more than the absolute precision
in positioning) and also the couplings between the different directions are negligible. Obviously

Kii 50 Nm−1

Mii 0.1 Kg
Bii 4.5 Nsm−1

Kxii 500 Nm−1

Bxii 25 Nsm−1

Kθii 1 NmRad−1

Table 5.3: Parameters of the overall impedance controller based on a position loop.
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if better performances are required, it is sufficient rising the stiffness values.
When an interaction happens (in this case K11 = 50 along x, while in y and z directions of the
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Figure 5.27: Performances of the position based impedance controller in joint-space (a) and in
work-space (b).

workspace Kii = 200) the system maintains a stable behavior, as shown in Fig. 5.28, where the
finger meets an obstacle along the xb direction. In this case the finger behaves almost like an
ideal (decoupled in the work-space directions) spring; as a matter of fact Fx = K11(x0−x) with
good approximation while Fy and Fz are quite small despite the high stiffness values and the
coupling due to the friction of the contact; moreover, during the contact phase, the virtual point
is moved in y and z directions (where no constraints exist) and the fingertip is able to follow this
set-point. It is worth to notice that when the z position of the finger changes also the x moves:
the reason is the fact that the adopted model considers a punctual fingertip, indeed the finger
end point has a precise shape, and due to its rotation the tip frame position (and therefore the
x position) changes.
Finally in Fig. 5.29 a motion of the finger starting from a singularity configuration is reported:
the tracking error is quite large, but it is possible to improve the performance of the controller
by acting on Kθ (by taking a higher gain this error can be reduced but the behavior of the finger
will be probably less smooth in critical configurations).

5.9 Conclusions

A cartesian impedance controller has been realized. This strategy which “transforms” the fin-
gertips of the DLR Hand II (used for fine manipulation tasks) into mass-spring-damper systems
(whose parameters can be arbitrarily chosen) allows to greatly simplify task planning opera-
tions. The proposed solution exploits the overall sensor equipment of the hand (motor position
sensors and joint potentiometers, joint torque sensors and the fingertip force/torque transducer)
to achieve a controller robust with respect to:
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Figure 5.28: Interaction of the robotic finger (steered by an admittance controller) with an
obstacle placed in xb = const.

- friction and unmodeled dynamics of the finger;

- singularity conditions of the kinematic structure.

The result is a robotic system whose end-point has a smooth behavior decoupled in different
directions of the workspace, and stable during the interaction with a wide class of objects.
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Figure 5.29: Tracking of a trajectory starting from a singularity condition with the complete
admittance control.
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Chapter 6

Towards a new kind of dexterous

robotic hands

This Chapter describes the development, from the early idea to a working proto-
type, of a new kind of articulated robotic fingers, which is the basic element for
a new hand for dexterous manipulation. This research summarizes in real terms
the idea developed over this thesis and in this sense it is the right conclusion of
the overall work; in particular it shows how, by means of a proper integration
between the design of the physical structure (mechanical frame as well as sensory
equipment) and the choice of the control strategies, it is possible to achieve a
general simplification of robotic devices for dexterous manipulation.

6.1 Issues in robotic end-effectors design

As reported in Chapter 2, in the last two decades, a number of advanced robotic end-effectors
has been developed in the laboratories of universities and institutions (e.g. [2, 3, 4, 5, 6, 7]).
Main aim of these robotic devices is to reproduce the functional capabilities (and often the
structure) of the human hand, and hence are usually named “hands”.
In the ‘80s, the seminal works of Salisbury and Jacobsen paved the way for dexterous robotic
hands, that is hands able to deal with unknown objects, in a possibly unstructured environment.
Afterwards several devices have been designed with the main purpose of achieving dexterity.
These end-effectors are characterized by different mechanical structures, sensory equipments
and control strategies, but all of them share a common drawback, that is the complexity of both
the hardware and the software.
As a matter of fact dexterous manipulation requires a high number of controlled degrees of
freedom and consequently a large number of actuators, which must be hosted in an extremely
small space (if a self-contained device is aimed). Salisbury [89] showed that a minimum of 9
dofs are necessary to perform manipulation tasks, under the hypothesis of hard contact model,
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but if soft contacts are considered this number grows.
At the same time, in order to achieve dexterity, an adequate sensing apparatus, including ,besides
the standard position sensors, other sensors able to detect forces/torques exchanged during the
interaction with the environment, is necessary (see Sec. 2.3). If the richness of force and tactile
information greatly contributes to the overall dexterity of a hand (as well demonstrated by the
human beings), on the other side it requires a noticeable growth of complexity.
Therefore, a structure, with the typical dimensions of a human hand, must host actuators,
mechanical transmissions, sensors and electronics. In order to cope with this very limiting
constraint, a natural solution is to jointly design the hand and the arm (examples of this approach
are the Robonaut hand [5], the UB-Hand II [2]), reproducing in some way the human model.
As a matter of fact, in an integrated system (hand + arm) the constitutive components can be
distributed in the whole structure. In particular, the choice of integrating the hand and the
arm with simultaneous design allows the placement of actuators (which, because of the available
technology, are usually very bulky) in the forearm. But an obvious drawbacks arises from this
choice, that is the impossibility of separating the hand from the arm.
Conversely, some hands have been designed independently on the carrying robot manipulator
(examples of this approach are the DLR Hands [3, 4], the Barret Hand [35],...), and because all
the components must be placed in their structure, the size of such modular hands is larger with
respect to the human hand, the grasping forces are often weaker and the overall design seems
complex and not enough reliable.
Often the hand design is neither integrated nor modular, but the actuation system is simple
located remotely, in a separated structure. These devices are usually laboratory tests, developed
to show the effectiveness of a particular kinematic structure and of a certain sensory equipment
but without the precise target to produce a “usable” robot hand. The same impression comes
out from the fact that in these projects, reliability and costs are factors often underestimated
if not at all neglected. Conversely, if we consider commercial hands, like the Barret hand, this
issues are prevalent, at the expense of a lower functional effectiveness.

6.2 An integrated approach to the development of a new robotic

hand

If dexterous hands are too complex, and conversely commercial hands have low functional ca-
pabilities, is it possible to find a trade-off between these opposite trends? If so, how can this
trade-off be found? In the following, a possible answer to these basic questions is given.
In the design of a new robotic finger(/hand), problems like:

- complexity,

- reliability,

- costs,

have been faced since the beginning, together with functional specifications, adopting a mecha-
tronic approach. That may sound obvious: as a matter of fact, all the examples of robotic
hands reported in Chapter 2 show a deep integration between mechanic and electronic parts.
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Nevertheless, according the definition of mechatronics given by IRDAC (Industrial Research and
Development Advisory Committee) of the European Union [90] it is evident that often robotic
hand design and development are not strictly mechatronic. As a matter of fact, this definition
states that:

The term mechatronics refers to a synergistic combination of precision engineering,
electronic control and system thinking in the design of products and manufacturing
process. It is an interdisciplinary subject that both draws on the constituent disci-
plines and includes subjects not normally associated with one of the above.

Conversely, in robotic hand design, the third element commonly recognized in a mechatronic
design, that is information technology and control theory [90, 91], is often added in a second
stage, after the design of the hardware (see Fig. 6.1.a). In this way, the control algorithms must
be compliant to a specific structure, and cope with the drawbacks that such a structure may
present. This approach adds complexity to complexity (as a matter of fact control strategies
must already manage a large number of actuators and an equally large number of sensors in
order to get the desired capabilities). In particular, side effects of the mechanical design need
sometimes heavy compensations. For instance, friction phenomena or backlashes in the motion
chain require the adoption of additional sensors (e.g. joint position sensors or torque/force
sensors) as well as suitable (and not always completely effective) control strategies. An example
of this design approach, actually widespread in the dexterous manipulation field, is reported
in Chapter 5: an impedance controller, able to steer the fingers of the DLR Hand II during
manipulation tasks, has been constructed on the basis of the structure and the features of the
hand itself; obviously the final control scheme is quite complex (as shown in Fig. 5.26), despite
the controller itself is an attempt to simplify the system.

Mechanics Electronics

Control
(information technology)

Software
Hardware

Control
(information technology)(information technology)

Electronics

Mechanics

(a) (b)

Figure 6.1: Traditional approach to robotic hand design (a) and fully mechatronic design ap-
proach (b).
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In order to reduce the overall complexity of an articulated robotic hand preserving its dexter-
ity, in this research activity, a traditional mechatronic approach has been assumed, and, besides
the mechanics and the electronics, also control issues have been taken into account from the
beginning. In this way it has been possible to exploit the positive features of each component,
and to optimally balance each part.
Since, as stated in the definition of mechatronics this approach is strongly interdisciplinary and
requires the interaction of researchers belonging to different areas, the development of this new
robotic hand is done jointly with the colleagues of the mechanical department (DIEM) and in
particular with the research group of Professor Vassura. The contribution given by this thesis
concerns:

• the choice of a suitable sensory equipment;

• the development of the most adequate control strategies.

However, it is worth to highlight the strong integration with the mechanical design.

6.3 A “nontraditional” robotic finger design

The starting point of this research activity has been considerations about the appropriateness of
the traditional mechanical solutions applied to dexterous robotic hands. Despite several hands
have been successfully developed according these criteria, they show (as stated in Sec. 6.1)
heavy limitations in terms of high complexity and cost, low reliability ... Mechanical structures
inspired to biological models (in particular to the obvious model given by the human hand) may
enhance the success of the overall design, concerning in particular its simplicity. Therefore, it
has been defined a new finger structure based on the so called “compliant mechanisms”, i.e.
chains of rigid links connected through elastic hinges allowing relative motion between them.
The interest towards compliant mechanisms and the investigation on their properties and de-
sign criteria have been rapidly growing in the last years, with significant applications in many
fields, including MEMS (micro electro mechanical systems) and robotics [92], but application
of compliant mechanism concepts to robotic end-effectors has been so far limited to small-scale
manipulation grippers [93].
The new structure tries to reproduce the biological model, whose frame is obtained by separate
bones connected by ligaments. In particular the endoskeletal concept, which is the base of the
new design, can easily integrate distributed sensing capabilities as well as an external “skin”
reproducing the tissues of the human hand. As a matter of fact, it has been shown that the
presence of an external soft layer can greatly improve the manipulation capabilities of robotic
fingers [45], in terms of stability of the interaction (because of dissipation introduced by the non-
linear visco-elastic behavior of the compliant layer) and of the grasp (due to the conformability
to the object), and also enhances the reliability of the underlying (mechanical and electronic)
structure.
Moreover the whole articulated structure is particularly suitable to be realized by a single piece
(e.g. a moulded plastic item) composed of rigid and elastic parts (hinges); this structure greatly
simplifies manufacturing and assembly operations, reduces costs, improves reliability.
Several morphological solutions have been defined, according to a systematic design approach
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[94], [95], and different designs have been implemented and experimentally evaluated.
At present, only three parallel joints have been implemented: the adduction-abduction joint is
not present. The proximal and the medial joints are independently actuated, while the distal
joint is coupled to the movement of the medial joint. Joint actuation is provided by remote
motors, and transmission is obtained with guided flexures, that can be directly integrated with
the finger structure in PTFE, as well as obtained in different material, e.g. delrin (a plastic
material often employed to construct deformable objects and devices) or high-strength steel.
In Fig. 6.2 the first implemented prototype is reported; in this case, both the finger structure
and the tendons are obtained from the same piece of PTFE.

Figure 6.2: First prototype of the finger.

6.4 Interactions between mechanics, electronics and control

The optimization process of the mechanical structure, and in particular of the hinges, make use
of theoretical considerations and experimental tests [94, 95]. But, as stated in Sec. 6.2 and
shown in Fig. 6.3 this is only a part of the overall project. Side by side with the mechanical
implementation of the basic idea, the study of a suitable sensing apparatus and adequate control
strategies has been proceeding. Obviously, this research activity takes into account the main
features of the proposed mechanical design, as well as the specifications tied to the desired target,
that is a robotic hand able to interact with environment and perform dexterous manipulation.
Conversely, the achieved results, in the both fields of electronics and control, have strong effects
on the mechanical structure, which, because of its simple manufacture process (see Fig. 6.2), is
intrinsically suitable for rapid prototyping and can be easily and rapidly modified.
In the following, the steps, which have leaded to the current state of this research activities are
reported in the chronological order to give a precise idea of the development process and of the
strong integration between the different parts (mechanics, electronics, control).

6.5 The early experimental tests

In order to validate the mechanical design of the finger and infer useful observations about its
properties, a number of experimental tests have been performed on the different components of
the finger, namely:

• skeletal frame;
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Figure 6.3: Approach followed in the development of the new robotic hand.

• soft material for the finger pads;

6.5.1 The skeletal frame

The prototype used for the tests on the mechanical frame is shown in Fig. 6.2, while its structure
is reported in Fig. 6.4. In this case, to actuate the two degrees of freedom of the finger (the last
two joints are coupled), only two flexure are used, and therefore they must work both under
tension and under compression load.

h2

h1

h3

Tendons

Coupled Joints

Figure 6.4: Possible structural scheme of the endoskeleton.

The way the two flexures act during the free motion depends on the kinematic design and on
the structural design of hinges, the stiffness of which must be overcome by flexures. By adopting
a relaxed configuration of the finger frame with angles of 45o between each pair of links (like in
the prototype under evaluation), it is necessary to apply compression loads only when the finger
is opening, while only tension loads occur during closure and, most important, when a contact
on the internal surfaces (normally used for grasping and manipulation) happens.
In order to impose controlled linear displacements on flexures, the setup shown in Fig. 6.5.a has
been built. It is composed by two brushless motors and two ball screws which transform the
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rotative motion into a linear one.

tendons displacements

nib

brushless motors
+

ball screws

x
x

Initial points

Desired trajectory

(a) (b)

Figure 6.5: Experimental setup for the endoskeleton (a) and trace of the desired motion (b).

Through a nib placed on the fingertip, the trajectory in the workspace can be recorded. In
this way it is possible to verify the kinematic properties of the finger, comparing the desired
trajectory with the real one.
In fact, due to their peculiar structure, the hinges do not generate exactly rotative motions,
and in some conditions (e.g. when compression load occurs) the flexures may be not completely
stretched out, being subject to undesired deformations (e.g. bending) and other non-idealities.
Anyhow, in order to plan desired motions, the following theoretical kinematic relation between
tendons displacement (hi) and joint variables (θi) has been adopted (in addition to the “tradi-
tional” kinematic relation for a 3-dof planar manipulator with revolute joints):

hi = di θi
sin( θi0−θi2 )

sin( θi2 )

being θi0 the joint angle corresponding to the initial configuration, di a mechanical parameter
shown in Fig. 6.6. This equation is computed under the hypothesis of ideal revolute pairs
(see Fig. 6.6) and does not take into account nonlinear effects, as shown in Fig. 6.5.b where a
repetitive circular motion of the fingertip is reported. The same trajectory has been repeated
several times, with different initial positions: although the tracking errors are not negligible, it
is worth to notice that the behavior of the finger is perfectly repetitive.

The main cause of error has been recognized in the flexures, which in some case must work
under compression loads; when this occurs they are subject to bending and are not able to drive
the finger as planned. For example by means of only two flexures it is impossible to completely
extend the finger skeleton. Moreover, the flexures show a strong elastic behavior: in Fig. 6.7
the elongation of a tendon due to the applied force is reported. This test has been performed
by pulling the tendon (which is fixed at the other end) with a known force, and measuring the
achieved displacement. The total length of the tendon is about 160mm and the overall stiffness
k = 1.5Nmm−1;



108 Towards a new kind of dexterous robotic hands

d

θ −θ

θ

h  -h

i0

i0 i

θ 

i

i0

i

i

Figure 6.6: Ideal model of the hinges.

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

10

12

Time (s)

A
pp

lie
d 

fo
rc

e 
(N

)

0 2 4 6 8 10 12 14 16 18 20
0.2

0.4

0.6

0.8

1

Time (s)

Te
nd

on
 le

ng
th

 (m
m

)

Figure 6.7: Tendon elongation due to the applied forces.

6.5.2 The soft material for the finger pads

Currently, the finger frame is tested without any soft layer, but tests tending to choose (and
characterize) the material for the external compliant shell have been also performed.
In particular a suitable material has been identified in Technogelr, a polyurethane gel, which
shows a softness quite close to the human skin, a nonlinear viscoelastic behavior (with a related
dissipation that can contribute to stabilize of the grasp) and other promising features (for a
complete analysis see [96]); among the different tests performed, the more significant is depicted
in Fig. 6.8.b, where the dynamic responses of the Technogelr (obtained by means of the
experimental setup shown in Fig. 6.8.a) to compressive loads and the following shape recovery
are reported (6 mm is the thickness of the specimen at rest).
It is evident the non-linear behavior of the material, and it is also worth to notice that the
recovery time is perfectly compatible with our application (the gel is able to go back up to the
80% of the rest thickness in less than one second).
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Figure 6.8: Experimental setup for the polyurethane gel (a) and response of Technogelr to a
compressive loads and shape recovery (b).

6.6 Control strategy and actuation modalities

As stated in Sec. 6.2, this project is an attempt to improve the integration of the structure and
control design. The target is not only the optimization of some parameters of the mechanical
structure according the features of the adopted control strategies and vice-versa, but also to
determine the most suitable mechanical solutions in order to carry out a given control (which is
in turn inspired by the structure of the finger frame) [91].
In fact, a number of theoretical works have faced the problem of dexterous manipulation and
control of robots interacting with the environment [97, 84, 98], but the results they show, al-
though interesting, remain often unapplied (or with applications limited to simple test setups
purposely developed, e.g. 1-dof manipulators), because of the gap between the assumed hypoth-
esis and the real conditions. The target is to reduce this difference.
In Ch. 5 impedance control has been recognized as the most suitable strategy to perform robotic
manipulation, when an interaction with an unstructured environment occurs. In particular,
among the possible approaches for the implementation of such a controller, one seems well fit-
ting with this application, that is impedance controller based on the passivity concept. This
approach, deeply described in Sec. 5.5, consists in coupling the robotic finger with a target
impedance

Fz = K(xz − x0) +B(ẋz) (6.1)

which leads to the control

τact = −JT (θ) K (L(θ)− x0)− JT (θ) B J−1(θ)θ̇ (6.2)

where K, B are the stiffness and the damping of the impedance regulator, J(θ), L(θ) are the
Jacobian and the forward kinematics of the robotic finger (described by joint variables θ).

As shown in 5.5 by means of the Hamiltonian formalism, the controller (6.2) has very robust
properties of stabilities during the interaction with the environment. Furthermore, it is robust
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towards two classes of crucial nonidealities and side-effects which characterize the mechanical
structure of the robotic finger, namely:

a) large errors in finger kinematic equations, due to tendons bending and elongation;

b) unmodeled interface dynamics between the finger and the environment (e.g. soft pads); as
a matter of fact the soft layer, that will cover the endoskeletal structure, can, as stated
in Sec. 6.3, aid the stability of the system if a proper control (e.g. a passive controller)
is adopted; conversely, because of their nonlinear behavior [84], the pads can compromise
the stability.

If an error affects the kinematic model of the finger, and hence the (wrong) position of the
fingertip in the work-space is computed as

x′ = L′(θ)

the Hamiltonian of the controller becomes

H′Z(q) = HZ(L
′(θ)− x0) (6.3)

The total energy of the system (finger structure and control) is, according to (5.21) where
interactions with the external environment are neglected,

H′C(p, q) = HF (p, q) +H′Z(p, q) (6.4)

The temporal derivative of (6.4) is

dH′C
dt

= −θ̇T τfric − ẋ′TBẋ′ (6.5)

where ẋ′ is the velocity corresponding to the wrong kinematics

ẋ′ = J′(θ)θ̇

Equation (6.5) is equivalent to (5.25), with Fext = 0, therefore the same conditions for the sta-
bility hold. And the same happens if an interaction with the external environment is considered.
Therefore, despite the large errors in the kinematic model which characterize the finger structure
(as shown by the first experimental tests), the finger, steered by a simple impedance, will be
stable if an interaction with an object, stable in isolation, happens.

Concerning the effects of the soft layer, which will cover the finger endoskeleton, the stability
of the whole system (controller, finger, soft interface, environment) can be proved by means of
simple energetic considerations. If the interface dynamics are stable in isolation, the environment
is stable in isolation, and the manipulator (with the impedance controller) is stable in isolation,
then the total energy of the coupled system is the sum of the energies of the components
and never increases. Therefore dynamic interaction between these three systems cannot cause
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instability.
Considering a visco-elastic material, the soft interface can be described through

qi = x− xe

where x, xe are the position coordinates of the fingertip and of the environment. Its dynamic
behavior is

Fi = Ki(qi) +Bi(q̇i) (6.6)

where Ki(qi) and Bi(q̇i) (with q̇Ti Bi > 0 for q̇i 6= 0) represent respectively the elastic and the
damping terms. The corresponding Hamiltonian (potential function of the elastic part) is

Hi(qi) =

∫

Ki(qi)dqi (6.7)

which is assumed to be a positive-definite nondecreasing function of qi.
The Hamiltonian HT for the coupled system may be obtained by adding the individual Hamil-
tonians

HT (pt, qt) = HC(p, q) +HE(pe, qe) +Hi(x− xe) (6.8)

Therefore, the rate of change of HT is

dHT

dt
= −q̇Te De + ẋT

e Fe − θ̇T τfric − ẋTBẋ+ ẋTFext − q̇Ti Bi + q̇Ti Fi (6.9)

Since the power generated by the coupling is zero

FT
e ẋe + FT

extẋ+ FT
i q̇i = 0 (6.10)

by substituting (6.10) in (6.9) the rate of change becomes

dHT

dt
= −q̇Te De − θ̇T τfric − ẋTBẋ− q̇Ti Bi (6.11)

Thus the properties of the environment, the manipulator, the simple impedance1, and the surface
are sufficient that the Hamiltonian for the couple system

1. is locally positive-definite;

2. never increases.

The coupled system is therefore locally asymptotically stable.

1see Sec. 5.5.
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Figure 6.9: Sketch of the linear motor used to actuate the finger.

6.6.1 Choice of the actuation system

Besides its properties of stability, the passivity-based approach for the implementation of an
impedance control provides further advantages. In particular, as clearly shown by eq. (6.2), the
controller does not need any force feedback, and therefore, in a minimal approach, the use of
force sensors, which are usually cause of high complexity and low reliability, can be avoided.
On the other hand, the implementation of such a controller requires two main conditions:

1. the back-drivability of the actuation chain;

2. the co-location of position sensors.

In particular its performances are strictly depending on the friction. For this reason, as shown
in Ch. 5, this control strategies is often unapplicable in robotic hands. As a matter of fact the
mechanisms that allow high reduction ratio (e.g. harmonic drive) and that are often necessary
in order to provide sufficient forces by means of small (concerning sizes and therefore supplied
forces/torques) actuators, likewise yield high friction levels [83].
From the last consideration, it follows the need of limiting the friction as much as possible,
both in the kinematic chain and in the actuation system. As the transformation of a rotational
motion into a linear one normally produces such effects and often requires complicated and/or
not-back-drivable mechanical solutions, linear motors have been chosen for the actuation.
This kind of technology, not yet extensively adopted in robotics, allows a simple and direct
connection with the flexures. In this way, it is possible to have back-drivable transmission
chain and with limited frictions. Moreover, in the motors used for our application (produced
by LinMotr [99]) the position sensor is integrated in the structure (thus the problem of sensor
co-location is automatically solved), that is a simple tubular stator with a moveable slider, see
Fig. 6.9. Despite the quite small dimensions, suitable for an integration into the forearm of a
hand/arm system, the performances of these actuators are appropriate to actuate the fingers, as
shown in Tab. 6.6.1. Since, in this approach, the motors are used as an ideal source of force, some
experiments have been performed in order to test their capabilities (with the standard control
boards which implement the basic current/force controller) to supply desired linear forces. For
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Peak force 33 N
Continuous force 9 N
Max accel. 280 m/s2

Max velocity 2.4 m/s
Position resolution 1 µm

Table 6.1: Main characteristics of the linear motors used for the finger actuation.
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Figure 6.10: Experimental setup used to test linear motors behavior (a) and applied forces (b).

this purpose, the simple setup of Fig. 6.10.a has been constructed: it allows to measure, by
means of a (strain-gauges based) load cell directly installed on the motor slider, the forces that
the motor is applying. Therefore, some force set-points have been provided to the motor control
board, and the real force measured. The results are reported in Fig. 6.10.b, in the static case
(application of a step set-point) as well as in dynamic conditions (sinusoidal set-point). In
the worst case the difference, probably due to frictional phenomena, is about 20%. If better
performances (in terms of precision of the applied forces) are required, the load cells can be used
for control purposes, but this is not problematic because they can be easily integrated in the
forearm and they are co-located [85] (that is directly installed on the actuators).

6.7 Implementation and experimental validation of the impedance

control

In order to demonstrate its effectiveness, the control strategy (6.2) has been experimental im-
plemented. As a matter of fact, the models used for simulations can not take into account all
the dynamic effects that characterize the finger structure, the tendons, the actuators...
To this purpose, a new setup, reproducing the final working conditions of the finger in a complete
robot hands, has been built. In Fig. 6.11, this setup is shown: three linear motors, equipped
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with load cells installed on the slider, actuate the flexures/tendons, whose length is quite large
to reproduce their routing in the final robotic hand. As a matter of fact, in order to include

Finger Linear motorsTendons Load cells

Figure 6.11: Experimental setup used to validate the control strategies.

all the components in a self-contained device, the integration between the hand and the arm
is considered, and thus the motors will be located in the forearm, quite far from the actuated
fingers.
Moreover, to overcome the problem of flexures bending (within the finger and along the path
from actuators to the finger), a new one has been added to the structure. In this way they
work all the time with tensile load, and also threadlike tendons can be used. This new finger
prototype is shown in Fig. 6.12: the degrees of freedom are still two (the last two joints are
coupled by means of h4), but the shape of the hinges and the connection of the tendons (that
in this case are separated from the endoskeleton) are quite different from the early prototype
presented in Sec. 6.5.

In order to implement the control algorithm (6.2), it is necessary to map the required joint
torques τact into the forces Fh which the linear motors can apply to the tendons. The steps
necessary for the implementation of the overall controller are therefore:

1. Considering a planar robot (depicted in Fig. 6.12) with three standard revolute joints but
two degrees of freedom (because of the mechanical coupling between the last two joints),
from (6.2), it is possible to compute the torques τact, which must be provided to the joints.

2. From τact, according to the static relation between joint torques and tendon forces, the force
set-points Fact for the linear motors can be computed. Note that it must be guaranteed
that Facti are all positive (the tendons must work under tension loads).

6.7.1 Kinematic model of the new prototype

In order to implement the impedance control, it is necessary to derive the relation between joint
positions and tendon lengths (corresponding to the linear actuator positions) and between joint
torques and tendon forces.
By considering the finger structure depicted in Fig. 6.12, the relation between joint angles θi
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Figure 6.12: Reference frames of the finger endoskeleton (a) and tendons configuration (b).

and tendon lengths hi is














h1 = h10 −
√

r211 + d211 − 2r11d11 cos(θ10 − θ1)

h2 = h20 −
√

r222 + d222 − 2r22d22 cos(θ20 − θ2)− r21θ1
h3 = h30 − r31θ1 − r32θ2 − r32θ2
h4 = h40 −

√

r243 + d243 − 2r43d43 cos(θ30 − θ3)− r42θ2 = const

(6.12)

where rji, dji and θi0 are mechanical parameters reported in Fig. 6.13 (j refers to the con-
sidered tendon and i to the joint).
By differentiating (6.12) with respect to the time, it follows



























ḣ1 =
r11d11 sin(θ10−θ1)√

r2
11+d2

11−2r11d11 cos(θ10−θ1)
θ̇1

ḣ2 =
r22d22 sin(θ20−θ2)√

r2
22+d2

22−2r22d22 cos(θ20−θ2)
θ̇2 − r21θ̇1

ḣ3 = −r31θ̇1 − r32θ̇2 − r32θ̇2

ḣ4 =
r43d43 sin(θ30−θ3)√

r2
43+d2

43−2r43d43 cos(θ30−θ3)
θ̇3 − r42θ̇2 = 0

(6.13)

From last equation of (6.13) it is possible to achieve the relation between θ̇3 and θ̇2, which are
rigidly coupled, and finally obtain





ḣ1
ḣ2
ḣ3



 = P(θ)

(

θ̇1
θ̇2

)

(6.14)

By classical duality argument between forces and velocities

(

τθ1
τθ2

)

= P(θ)T





Fh1

Fh2

Fh3



 (6.15)
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Figure 6.13: Relation between angular displacements and tendon length.

where Fh are the tendon forces and

τθ2 = τθ
′
2 + τθ

′
3

is the overall contribution of the torques on the last two joints (τθ
′
2 and τθ

′
3).

6.7.2 Implementation of the controller

Given the desired torques

τact =

(

τact1
τact2

)

provided by (6.2), where JT (θ) defines the relation

(

τ1
τ2

)

= J2×2(θ)
T

(

Fx

Fy

)

(6.16)

in principle, the control scheme can be implemented by mapping τact into the linear forces Fact,
which must be applied to the tendons

Fact = P(θ)+τact + FactN

where P(θ)+ is the pseudo-inverse of P(θ)T and FactN ∈ ker(P(θ)T ) is an internal force which
insures that all tendon tensions are positive. Obviously FactN will be chosen as small as possible,
so that the tendons remain taut but are not subject to excessive internal forces.

However, in this way, it is guaranteed that the actuated tendons are always pulled, while the
state of the internal tendon h4 (which must also work under tension load) is completely neglected.
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Therefore, a different approach is preferable. By separately considering the equilibrium of the
torques in each joint, the following relations hold:







−r21Fh2 − r31Fh3 + f1(θ1)Fh1 = τθ1
−r32Fh3 − r42Fh4 + f2(θ2)Fh2 = τθ

′
2

−r33Fh3 + f4(θ3)Fh4 = τθ
′
3

(6.17)

where

fi(θj) =
rijdij sin(θj0 − θj)

√

r2ij + d2ij − 2rijdij cos(θj0 − θj)

Therefore, given the desired torques

τact =





τact1
τact
′
2

τact
′
3





computed on the basis of (6.2), where JT (θ) defines, in this case, the relation




τ1
τ ′2
τ ′2



 = J3×2(θ)
T

(

Fx

Fy

)

(6.18)

from the third equation of (6.17), which considers the equilibrium of the torques in the last joint,
it is possible to choose Fact3 which guarantees that Fh4 > 0 (and in particular that Fh4 = ε,
with ε = 1N)

Fact3 =
f4(θ3)ε+ τact

′
3

r33
(6.19)

By substituting the value of Fact3 (and Fh4) into

Fact2 =
r42Fh4 + r32Fact3 + τact2

f2(θ2)
(6.20)

the value of the force Fact2 can be obtained, and finally, by substituting Fact2 in

Fact1 =
r21Fact2 + r31Fact3 + τact1

f1(θ1)
(6.21)

Fact1 can be computed.
At this point, it must be verified that

Fact2 > 0

Fact1 > 0

If these conditions are not satisfied the internal forces must be increased, by adding to Fact

a vector FactN ∈ ker(P(θ)T ). In particular ker(P(θ)T ) is a one-dimensional vector space, which
can be represented by means of

Fact
∗ =





Fact
∗
1

Fact
∗
2

1




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If Fact1 or Fact1 or both are less than zero the additive contribution is simply





Fact1

Fact2

Fact3





N

= m Fact
∗ (6.22)

with

m =

∣

∣

∣

∣

min

{

Fact1

Fact
∗
1

,
Fact2

Fact
∗
2

}∣

∣

∣

∣

An experimental result of the overall control algorithm, given by (6.2), (6.19), (6.20), (6.21)
and (6.22) is shown in Fig. 6.14. In this case the finger is interacting with an object along the
x direction, and by changing the position set-point it is possible to change the exerted forces.
Note that, despite an obstacle is present, the finger position changes. This is due to the rotation
of the fingertip that is not a point, as supposed, and to some couplings between task-space
directions which have been not compensated. However the interaction is stable. In Fig. 6.15
the motor efforts needed to guarantee the task-space forces are reported. It is worth to notice
that all the forces are obviously positive and that h3 must provide very low (and quite constant)
levels of force and hence can be substituted by a passive element (such as a spring).
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Figure 6.14: Physical interaction of the finger, steered by an impedance controller, with the
environment.
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Figure 6.15: Mapping between work-space forces and motor efforts.

6.8 Design of the sensing apparatus

In the minimal approach, shown in Sec. 6.7, the finger, steered by the impedance controller,
performs interaction tasks without any force information, but based only on motor position
sensors. Nevertheless, in order to enhance the capability of the robotic end-effector the adoption
of a suitable set of sensors (including position sensors on the joints and distributed tactile sensors,
as shown in Fig. 6.16) seems necessary [100]. As a matter of fact, the estimation of the joint

Tactile sensors

Position joint sensors

Figure 6.16: Sensory equipment of the finger.

angles from the tendon lengths, obtained by means of (6.12), leads to large errors (mainly due to
tendon elongation). Moreover, to compensate for inevitable friction phenomena and allow fine
manipulation tasks, which involve small forces, or to properly plan the manipulation operations
force and tactile sensors must be used.
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6.8.1 Position sensors

In order to know the relative positions between the links of the finger, a measure based only on
tendon lengths is not sufficient. On the other hand, the peculiar structure of the joints (without
a fixed rotation center) makes it difficult to find a suitable position sensor. In fact, the standard
robotic technologies (e.g. potentiometers or hall-effect based sensors) require well defined paths.
A possible solution could be a special purpose sensor (see Fig. 6.17.a), directly built on the

hinges of the endoskeleton. This solution is based on strain gauges, glued on the deformable
structure. Nevertheless, in this manner only a partial compensation of kinematic errors is pos-
sible, such as those produced by tendons bending, but not of errors directly imputable to the
hinges.
An alternative solution is based on flex-sensors, Fig. 6.17.b, usually used in data gloves to mea-
sure the bending of human fingers. These sensors are based on piezoresistive effect, and provide
a variation of resistance proportional to the bending angle. In this case, the position information
can compensate for all the kinematic errors, because the sensor is physically separated from the
finger structure. A characterization of this sensor has been performed, by means of a mechanical
setup, which mimics the structure of the finger joints, but in this case the center of rotation is
fixed (see Fig. 6.18). It is therefore possible to compare the angular displacements, estimated
by means of a potentiometer, with the measurements provided by the flex sensor, which has
been arranged as reported in Fig. 6.18.b, with an end fixed to the structure and the other one
free of sliding. The results, based on a number of measurements, are reported in Fig. 6.19. The
Figure (a) shows the static relation existing between the angular displacement and the voltage
output of the sensor: this relation is nonlinear but monotone, and hence can be easily inverted.
In particular, it is enough the second-order polynomial

Y = −0.00089·x2 + 0.02·x+ 3.7 (6.23)

to interpolate the points, with very small errors (0.02 rad).

The Figure (b) shows the dynamic behavior of the sensor: in particular the actual output
that it provides, and the ideal output that it should provide (according the static characteristic)
are compared, when the joint moves with a sinusoidal velocity. It is clear that, in this case,
the behavior of the sensor is acceptable only for intermediate angular values, but probably this
drawback is due to the mechanical arrangement, which should be redesigned. Further tests are
needed, maybe directly integrating the sensor in the finger endoskeleton.

Hinge

Strain gauge

(a) (b)

Figure 6.17: Joint position sensors: special purpose sensor (a), commercial flex sensor (b).
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Figure 6.18: Setup for the characterization of the bending sensor (a) and its functional scheme
(b).
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Figure 6.19: Static characteristic (a) and dynamic behavior of the flex sensor (b).

An alternative solution which allows to keep the finger structure (and hence the overall end-
effector) as simple as possible, is the use of a camera to estimate the finger configuration. This
possibility, currently under evaluation, appears the most adequate for those tasks, which in any
case need a visual feedback.

6.8.2 Force sensors

In order to exert very small forces on the environment, an implicit force control based on motor
current(/force) control appears not to be an optimal solution. Additional force/tactile sensors
seems necessary, also in the task planning phase, in order to have a sufficiently precise estimate
of exchanged forces and to known the exact location of the contact points. Two are the possible
solutions:

• tactile array sensors [100];
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Figure 6.20: Setup for the characterization of the pressure sensor (a) and response of the pressure
sensor to the application of a force of 10 N with and without soft cover(b).

• intrinsic tactile sensors [100].

The former set includes a number of different devices, able to detect the amplitude of the normal
forces exerted on their surface (usually planar) and the contact shape. They can have different
spatial resolutions and different sensitivities to the applied forces according to their degree of
complexity. For the present application, inspired by criteria of simplicity and reliability, the
use of a commercial single element pressure sensors has been investigated. In particular, the
FlexiForcer manufactured by Tekscan [101], has been tested in order to verify the suitability of
its integration in the finger design. Therefore, the focus has been the study of the interactions
between the sensor and the other elements of the robotic finger, in particular the polyurethane
gel for the pads. As the sensors must be placed under this soft cover, a setup to measure how
the force is transmitted to the sensor through the gel has been designed (see Fig. 6.20.a). By
means of this setup the response of the force sensor to a known force has been recorded, with
and without a layer of gel.

As shown in Fig. 6.20.b, where the achieved results are reported, the presence of the gel layer
(3 mm thick) reduces the sensitivity of the sensor, and above makes the dynamic of the sensor
very slow. The reason of this behavior is due to the polyurethane gel which, after the initial
application of the external force, changes its configuration, distributing the external pressure on
the overall underlying surface (also outside the sensitive area of the sensor). This filtering effect
of the Technogelr makes the use of this sensor for control purposes very difficult.
A solution which seems more suitable for the proposed finger are intrinsic tactile sensors, directly
built on the finger frame. As a matter of fact this kind of sensor, able to detect the magnitude
of the applied force/torque and the position of the contact centroid, provides a measure of the
forces/torques resultant, and therefore it is insensitive to the above mentioned effects of gel;
nevertheless a deeper analysis seems necessary, in order to test the interactions between the gel
layer and an IT sensors.
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(a) (b)

Figure 6.21: Conceptual scheme of a 2-jaw end-effector based on compliant mechanisms (a) and
design of a robotic hand based on compliant mechanisms (UB-Hand III)(b).

6.9 Conclusion and future work

In this Chapter the design of a innovative robotic finger has been reported. The basic idea
is the adoption of so the called “compliant mechanisms” in the field of robotic hands, which
appears still too tied to traditional criteria of robot design. Because of the lack of suitable
technological solutions (e.g. artificial muscles), these criteria lead to complex, costly and not
enough reliable structures. Conversely, the proposed design shows attractive characteristics,
such as a small size, which allows the adoption of a visco-elastic cover (similar to the human
hands) and an easy integration with the sensory system, and above all a simplicity, also in the
production process, that could lead to a wider diffusion of robot hands. On the other side, the
first experimental activity has shown some drawbacks of the prototype, concerning in particular
the difficulty of modelling the kinematics of the finger as well as its overall dynamic behavior
(including elastic tendons, hinges and soft pads). Therefore, the control strategies and the
sensory system have been designed in order to solve these specific problems in the more effective
(and possibly simplest) way, influencing in turn the choice of particular mechanical solutions
(e.g. the actuation system by means of linear motor).
The result is a simple, reliable and low-cost system. Moreover, thanks to its structure the
finger is suitable for modular designs of robotic end-effectors. Therefore the target can an
anthropomorphic robot hand with 4 upper fingers and an opposable thumb (whose sketch is
depicted in Fig. 6.21.b), but also more simple structures, such as the articulated 2-jaws gripper
shown in Fig. 6.21.a.
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[74] M. Gavesi, F. Palma, and B. Riccò. Novel low-cost mechanical stress sensor. Alta Fre-
quenza, 12(4), 2000.

[75] W. E. Spear and M. Heintze. The effect of applied and internal strain on the electronics
properties of amorphous silicon. Philosophical Magazine B, 54(5), 1986.

[76] M.Tanimoto, F. Arai, T. Fukuda, I. Takahashi, and M. Negoro. Force display method for
intravascular neurosurgery. In Proc. IEEE Int. Conf. on Systems, Man, and Cybernetics,
1999.

[77] Dlr hand ii webpage. http://www.robotic.dlr.de/mechatronics/hand/.

http://www.rtai.org/
http://www.robotic.dlr.de/mechatronics/minift/
http://www.robotic.dlr.de/mechatronics/hand/


130 BIBLIOGRAPHY

[78] R.M. Murray, D.C. Deno, K.S.J. Pister, and S.S. Sastry. Control primitives for robot
systems. IEEE Transaction on Systems, Man, and Cybernetics, 22(1), 1992.

[79] B. Siciliano and L. Villani. Robot Force Control. Kluwer Academic Publishers, 1999.

[80] N. Hogan. Impedance control: an approach to manipulation. part i-iii. ASME Journal of
Dynamic Systems, Measurement, and Control, 107, 1985.

[81] H. Asada. Studies on Prehension and Handling by Robot Hands with Elastic Fingers. PhD
thesis, Kyoto University, 1979.

[82] V. Nguyen. Constructing force-closure grasps. Int. J. Robotics Research, 3(7), 1988.

[83] T. Doersam and P. Duerrschmied. Compensation of friction in mechanical for a three
fingered robot gripper. In Proc. IEEE/RSJ Int.Conf.on Intelligent Robots and Systems,
IROS’96, 1996.

[84] N. Hogan. On the stability of manipulators performing contact tasks. ASME Journal of
Dynamic Systems, Measurement, and Control, 4(6), 1988.

[85] S.D. Eppinger and W.P. Seering. Three dynamic problems in robot force control. IEEE
Transactions on Robotics and Automation, 8(6), 1992.

[86] H. Liu and G. Hirzinger. Cartesian impedance control for the dlr hand. In Proc. IEEE/RSJ
Int.Conf.on Intelligent Robots and Systems, IROS’99, 1999.

[87] A. Albu-Schaeffer and G. Hirzinger. Cartesian impedance control techniques for torque
controlled light-weight robots. In Proc. IEEE Int. Conf. Robotics and Automation,
ICRA02, 2002.

[88] L. Sciavicco and B. Siciliano. Modelling and Control of Robot Manipulators - 2nd Edition.
Springer-Verlag, 2000.

[89] M.T. Mason and J.K. Salisbury. Robot Hands and the Mechanics of Manipulation. MIT
Press, 1985.

[90] J. van Amerongen. The role of control in mechatronics. Engineering Science and Education
Journal, 9(3), 2000.

[91] Q.Li, W.J. Zhang, and L. Chen. Design for control - a concurrent engineering approach
fo mechatronic system design. IEEE/ASME Trans. on Mechatronics, 6(2), 2001.

[92] L.L. Howell. Compliant mechanisms. John Wiley & Sons, 2001.

[93] J. M. Goldfarb and N. Celanovic. A flexure-based gripper for small-scale manipulation.
Robotica, 17, 1999.

[94] F. Lotti and G. Vassura. A novel approach to mechanical design of articulated fingers
for robotic hands. In Proc. IEEE/RSJ Int. Conf. on Intelligent Robots and Systems ’02,
IROS 02, 2002.



BIBLIOGRAPHY 131

[95] F. Lotti and G. Vassura. Sviluppo di soluzioni innovative per la struttura meccanica di dita
articolate per mani robotiche. In Associazione Italiana per l’Analisi delle Sollecitazioni
(AIAS) XXXI Convegno Nazionale, 2002. in italian.

[96] P. Tiezzi, F. Lotti, and G. Vassura. Polyurethane gel pulps for robotic fingers. In Inter-
national Conference on Advanced Robotics, ICAR03, 2003.

[97] S. Stramigioli, C. Melchiorri, and S. Andreotti. A passivity-based control scheme for
robotic grasping and manipulation. In Proc. of the 38th IEEE Conference on Decision
and Control, 1999.

[98] A. Bicchi and V. Kumar. Robotic grasping and manipulation. In A. Bicchi, S. Nicosia,
B. Siciliano, and P. Valigi, editors, Articulated and Mobile Robotics for SErvices and
TEchnologies (RAMSETE). Springer Verlag, 2001.

[99] Linmot webpage. www.linmot.com.

[100] C. Melchiorri. Tactile sensing for robotic manipulation. In A. Bicchi, S. Nicosia, B. Sicil-
iano, and P. Valigi, editors, Articulated and Mobile Robotics for SErvices and TEchnologies
(RAMSETE). Springer Verlag, 2001.

[101] Tekscan webpage. www.tekscan.com/flexiforce/flexiforce.html.

www.linmot.com
www.tekscan.com/flexiforce/flexiforce.html

	Acknowledgements
	List of Figures
	List of Tables
	Introduction
	Presentation of the work
	Contents of the thesis

	An overview on advanced robotic hands
	What is an advanced robotic hand?
	The meaning of dexterity
	The role of anthropomorphism
	A key-word in robotic hands design: the integration

	Some comparative indices
	An anthropomorphism index
	A measure of dexterity

	Potential dexterity related to the sensory apparatus
	 A synthesis of sensing technologies for manipulation
	A comparative index

	 A survey on advanced robotic hands
	Potential or real dexterity? The role of control

	A robotic gripper for space activities
	Space robotics: objectives and requirements
	Why a robotic gripper?
	A meditated minimalism as design criterium
	Mechanical Architecture
	Sensory equipment
	Control of the gripper

	The overall system
	Control architecture
	Control of the arm and supervision
	Choice of the grasp configuration
	Experimental activity

	Conclusions

	A novel sensor for mechanical stress measurement
	An introduction to force sensing
	Structure and physical principle of the sensor
	Basic Properties
	Linearity
	Influence of temperature
	Dynamic behavior and electromagnetic sensitivity

	Comparison with strain-gauge sensors
	Achieved results

	Control of complex systems physically interacting with the environment
	A paradigm for advanced robotic hands: The DLR Hand II
	Hierarchical control structure for multifingered robotic hands
	A natural controller for physical interactions
	An impedance controller for dexterous robotic hands
	Model of the robotic finger

	A passivity-based approach to the impedance control
	Practical issues on the implementation of an impedance controller
	 Torque-based impedance control
	 Position-based impedance control
	Conclusions

	Towards a new kind of dexterous robotic hands
	Issues in robotic end-effectors design
	An integrated approach to the development of a new robotic hand
	A ``nontraditional'' robotic finger design
	Interactions between mechanics, electronics and control
	The early experimental tests
	The skeletal frame
	The soft material for the finger pads

	Control strategy and actuation modalities
	Choice of the actuation system

	Implementation and experimental validation of the impedance control
	Kinematic model of the new prototype
	Implementation of the controller

	Design of the sensing apparatus
	Position sensors
	Force sensors

	Conclusion and future work


