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Abstract

This thesis deals with the design possibilities concerning the next
generation of advanced Robots. Aim of the work is to study, analyse
and realise artificial systems that are essentially simple, performing
and robust and can live and coexist with humans. The main design
guideline followed in doing so is the Soft Robotics Approach, that
implies the design of systems with intrinsic mechanical compliance
in their architecture. The first part of the thesis addresses design
of new soft robotics actuators, or robotic muscles. At the beginning
are provided information about what a robotic muscle is and what
is needed to realise it. A possible classification of these systems is
analysed and some criteria useful for their comparison are explained.
After, a set of functional specifications and parameters is identified
and defined, to characterise a specific subset of this kind of actuators,
called Variable Stiffness Actuators. The selected parameters converge
in a data-sheet that easily defines performance and abilities of the
robotic system. A complete strategy for the design and realisation of
this kind of system is provided, which takes into account their me-
chanical morphology and architecture. As consequence of this, some
new actuators are developed, validated and employed in the execution
of complex experimental tasks. In particular the actuator VSA-Cube
and its add-on, a Variable Damper, are developed as the main com-
ponents of a robotics low-cost platform, called VSA-CubeBot, that
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can be used as an exploratory platform for multi degrees of freedom
experiments. Experimental validations and mathematical models of
the system employed in multi degrees of freedom tasks (bimanual as-
sembly and drawing on an uneven surface), are reported.

The second part of the thesis is about the design of multi fingered
hands for robots. In this part of the work the Pisa-IIT SoftHand
is introduced. It is a novel robot hand prototype designed with the
purpose of being as easily usable, robust and simple as an industrial
gripper, while exhibiting a level of grasping versatility and an aspect
comparable to that of the human hand. In the thesis the main theo-
retical tool used to enable such simplification, i.e. the neuroscience–
based notion of soft synergies, are briefly reviewed. The approach
proposed rests on ideas coming from underactuated hand design. A
synthesis method to realize a desired set of soft synergies through
the principled design of adaptive underactuated mechanisms, which
is called the method of adaptive synergies, is discussed. This ap-
proach leads to the design of hands accommodating in principle an
arbitrary number of soft synergies, as demonstrated in grasping and
manipulation simulations and experiments with a prototype. As a
particular instance of application of the method of adaptive syner-
gies, the Pisa–IIT SoftHand is then described in detail. The design
and implementation of the prototype hand are shown and its effec-
tiveness demonstrated through grasping experiments. Finally, control
of the Pisa/IIT Hand is considered. Few different control strategies
are adopted, including an experimental setup with the use of surface
Electromyographic signals.
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Introduction

This thesis studies novel design possibilities of the next generation
of advanced Robots, capable to fill the gap with one of the most
advanced mechanical system that lives in our natural environment:
the Human. The main goal of the work is the realisation of essentially
simple, performing and robust artificial systems, taking in to account
one basic rule: these systems should live and coexist with humans in
a world designed for humans. Behind these statements there is the,
obvious awareness that this fatigue can not be solved in one simple
thesis, but there is also the hope that this thesis could be a small
advance, yet tangible, in the growth of Robots of the near future.

One of the main guidelines of this thesis, can be clearly explained
looking at the incommensurate differences that exist between a Hu-
man and a Robot in the near state of art. These differences lie not only
in the brain and cognitive capabilities, that for sure represents one of
the most exciting challenges of robotic research, but also in the intrin-
sic mechanical performance of these systems, and in the capabilities
that a natural system can show, such as running, jumping, manipu-
lating, and interacting with the surrounding world, fighting etcetera.
Fig. 1 shows a sequence where many of the mechanical possibilities
of a human system are emphasised: explosive movements, robustness,
adaptiveness, force, agility, velocity, etcetera. Fig. 2 is the state of art
robotic counterpart, in particular this sequence shows of one of the
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Introduction

Figure 1: The sequence shows a parkour perform a series of jumps and
articulated movements exploiting some intrinsic characteristics of the
human body, such as power, robustness, explosive energy, precision
etcetera [W31]

most advanced robots in the world executing a task which difficulty is
very high for a robot but is incomparably low when confronted with
Fig. 1. The sequence of Fig. 2, shows not only the limitation of a tra-
ditional robotics architecture, but also the intrinsic fragility of these
systems. Fig. 4 shows a sequence of what a Robot approaching the
Human performance should do: unfortunately this sequence is just a
computer graphic animation: these three pictures together illustrate
the driving push behind a relevant part of the research community.

A concrete example of what this means is the new DARPA Robotics
Challenge [W34,W35]. This competition focuses on humanoid robotics
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Figure 2: The sequence shows the robot Asimo (HONDA [W32])
performing a simple task for a human, but an an hard task for a
robotic system. This old video shows some limitations of conventional
robot designs [W33].

and its primary goal is:

[...] to develop ground robotic capabilities to execute complex tasks
in dangerous, degraded, human-engineered environments. The pro-
gram will focus on robots that can use available human tools, ranging
from hand tools to vehicles. The program aims to advance the key
robotic technologies of supervised autonomy, mounted mobility, dis-
mounted mobility, dexterity, strength, and platform endurance. Super-
vised autonomy will be developed to allow robot control by non-expert
operators, to lower operator workload, and to allow effective operation
despite low fidelity (low bandwidth, high latency, unreliable) commu-
nications. [W35]

Motivations behind these ambitious goals are related to the possi-
bility of use robots in situation where humans are unable to get close
enough to complete their mission, such for example after a nuclear
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disaster or an earthquake disaster. In this situation a robot could be
helpful, but a robot that can deal with this kind of situation has to
come. In fact:

[...] Our best robotic tools are helping, but they are not yet robust
enough to function in all environments and perform the basic tasks
needed to mitigate a crisis situation. Even in degraded post-disaster
situations, the environment is scaled to the human world, requiring
navigation of human obstacles such as doors and stairs, manipulation
of human objects such as vehicles and power tools, and recognition of
common human objects such as levers and valves [W35].

And is for these reasons that the aim of the competition is:

[...] meet these needs by developing robotic technology for disaster
response operations. This technology will improve the performance of
robots that operate in the rough terrain and austere conditions char-
acteristic of disasters, and use vehicles and tools commonly available
in populated areas. [W35].

Fig. 3 shows some tasks that the robot has to deal with during
the competition, such as: operate a valve or use a jackhammer [W35].
Other tasks include walking over rough terrain, walking on an unsta-
ble bridge, use of tools (drills, screwdriver, etc.), drive a car, open
or close doors, etcetera. As said before, the source of all differences
can not be demanded only to limitations in the cognitive and brain
capabilities of the robotics system, but have to be sought also in the
intrinsic peculiarities of the Human body, and talking about the Hu-
man body, we have to take in to account the full body. Fig. 5
shows a frame of the sequence of Fig. 1, in this specific moment all
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Figure 3: The picture, extracted from the official website of the
DARPA Robotics Challenge [W35], shows two of the main tasks that
robots participating the competition have to solve: operate a valve
and use a jackhammer.

Figure 4: The sequence shows some frames extracted from a famous tv
spot where a robot shows performance near to the human being [W36].

the components of the human body have an active role in the exe-
cution of the task; hands, wrists, arms, legs, spine and foots are in-
volved together in the action, the full architecture (bones, ligaments,
muscles, sensors, etcetera) gives to the human system the ability to
perform this impressive movement, enpowering the human with the
properties we have highlighted before (robustness, power, etcetera).
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Figure 5: The picture shows a frame of the sequence reported in Fig.
1, the image highlights an instant where the full body is involved
in the performance. Arm, hands, spine, feets, all the mechanical
body parts have a role in the movements, exalting some mechanical
characteristics such as adaptability, power, force etcetera.

Taking into account Fig. 5, it is a useful exercise highlight some of
the main properties of the human body and translate them in a list
of mechanical design parameters. These parameters are summarised
in Tab. 1. This exercise is useful to highlight how some of these
specifications lack in a robotic system, as reported in Tab. 2. An-
other useful consideration has to be made on the simplicity of the
Human system. With a reasonable grade of abstraction it is possible
to consider the human body as a combination of simple and redundant

6



Human Feature Design parameter

Robust Resilience

Reliable Fatigue life

Long time task Continuous power

Explosive task Peak power

Safe in interaction Safety Normatives

Low energy consumption Efficiency

Accurate Repeatibility, Precision

Adaptable Designed for Uncertain

Table 1: Main mechanical properties of the musculoskeletal system.

Human Feature Robotic System

Robust no impacts are allowed

Reliable under some load conditions

Powerful Mass/power ratio is not comparable

Explosive Energy Mass/power ratio is not comparable

Safe in interaction no interactions are allowed

Efficient not in autonomy

Accurate repeatibility, precision

Adaptable Designed for specific tasks

Table 2: Main mechanical properties of conventional robotic systems

elements; from a mechanical point of view an organised combination
of: structural frame (bones), elastic joints (ligaments) and actuation
system (muscles). This feature is a peculiar property that must be
taken into account in the design of a robotic body system. Moving
from these abstractions and translating them in a real mechanical
system is not an easy work, and is a process that can follow different
theories and approaches. This thesis bases its work on some simple
rules: understanding and interpreting the Human body architecture
and its control policies and translating them in a proper mechanical
and control platform, not passively coping the human system. The
main design guidelines followed in this work is characterised by the
adoption of the Soft Robotics Approach. A reasonable definition of
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the meaning of these three words could be: a set of design techniques
and control strategies, based on the realisation of inherently elastic
mechanical systems, prompted as one of the possible interpretation
of the human system. Translated in a much more compact way it
means: to add mechanical compliance in the robot architecture. The
ultimate correctness of this approach is not questioned within the
limits of this thesis, but many factors exist that encourage the entire
research community in the prosecution of this approach, motivations
coming from biophysics, analysis of mathematical models and prac-
tice and experimental evaluation. Fig.s 6(h), 7, 8 and 9 show some
of the most recent advancements in Robotics development. All these
images show robots based and developed following the ideas behind
the Soft Robotics, as for example the introduction of passive elastic
elements in the architecture of the robots (Fig.s 7, 8 and 9), or ac-
tively controlling the impedance of the system (Fig. 6) or exploiting
the intrinsic elasticity of the mechanical components Fig. 6.

Figure 6: The sequence shows the new ASIMO [W32] running, with
a velocity of [9km/h], and jumping [W37]. In this case each joint is
controlled with an active impedance controller, an intrinsic elasticity
is provided from the Harmonic Drive gearboxes [W38].

Main Research Arguments Fig. 10 shows the main research ar-
guments of this thesis: robotic muscles and hands. This kinds of dis-
tinction is made in order to distinguish and isolate two macroscopic

8



Figure 7: The sequence shows the robustness of the equilibrium con-
trol and stabilisation control of the robot COMAN [W39], developed
at Italian Institute of Technologies (IIT) [W40]. Each joint has a pas-
sive elastic element in series with the output shaft of the actuator. A
sophisticated impedance control is employed to have these kinds of
performance.

Figure 8: The sequence shows the robot PET-MAN (Boston Dynam-
ics [W41]) performing some advanced tasks such as: climb an obstacle
or walk in uneven terrain [W42]. The robot have a pneumatic actua-
tion system, for this reason has an intrinsic passive compliance.

subsystem of the Human Body. These two systems have many com-
mon elements but in general require different design approaches, and
different solutions; also according to different roles and different scale
they have in the human system. For both arguments my research
activity focused on the mechanical design and in the implementation
of solutions for the joints and the actuation systems.
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Figure 9: The sequence [W43] highlights the intrinsic robustness of
the new DLR Hand-Arm system [W44]. In this device each joint is
equipped with a Variable Stiffness Actuator, also the hand has a struc-
ture where each joint has a passive compliance system of actuation.

Main Contributions and their correlation with international
research projects The main contributions of my Thesis can are
summarised in:

• A contribution is given on the classification and analysis of
newest soft robotics systems, the effort focuses on the most re-
cents advances in the development of Variable Impedance Actu-
ators (Chapter 2). It is a result produced inside the European
Community’s projects VIACTORS [P52] and SAPHARI [P53].

• Introduction of a possible standard data-sheet for a specific ty-
pology of robotic muscles, variable stiffness actuators. It is a for-
malisation where the main functional parameters and the main
characteristics are summarised and arranged in an organised
and practical way, taking in to account, as first objective, the
user’s point of view (Chapter 4). The work done in this part

10



Figure 10: Main research arguments of this thesis, contextualised in
the human body environment.

of the thesis is a result produced inside the European Commu-
nity’s projects VIACTORS [P52] and SAPHARI [P53], with the
collaboration of all its partners.

• Formalisation of a new mechanical design strategy for the de-
velopment of robotic muscles, this new procedure takes into ac-
count their intrinsic mechanical structure (Chapter 5). It is a
result produced inside the European Community’s projects VI-
ACTORS [P52] and SAPHARI [P53].

• Introduction of a new, high-end, variable stiffness actuators
(Chapter 5). This new system is a result of the design guide-
lines described in the first part of the same chapter. It is a
result produced inside the European Community’s projects VI-
ACTORS [P52] and SAPHARI [P53].

• Introduction of a new affordable and simple variable stiffness
actuator, VSA-Cube. The actuator is developed to be the ba-
sic component of a robotic platform, VSA-CubeBot, developed
for a diffusion of variable stiffness technology. The concept of
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variable stiffness servo actuator is introduced (Chapter 6). The
VSA-CubeBot represents, also, one of the first multi degrees of
freedom platform equipped with Variable Stiffness Actuators. It
is a result produced inside the European Community’s projects
VIACTORS [P52] and SAPHARI [P53].

• Introduction of one of the first variable impedance actuator.
This is a system where both stiffness and damping can be changed
simultaneously and independently (Chapter 7). It is a result
produced inside the European Community’s project SAPHARI
[P53].

• Formalisation and implementation of experiments multi degrees
of freedom with a robotic platform, VSA-CubeBot, totally equipped
with variable stiffness actuators (Chapters 9 and 8). It is a re-
sult produced inside the European Community’s projects VI-
ACTORS [P52] and SAPHARI [P53].

• Introduction of new design strategies for the development of a
new generations of robotic hands, based on the introduction of
the concept of the soft synergy framework inside the mechanical
architecture of the hand. To do this kind of work a new frame-
work, called adaptive synergies, is introduced and implemented
in the Pisa/IIT SoftHand (Chapter 12). It is a result pro-
duced inside the European Community’s projects THE [P54],
Roblog [P55] and SoftHands [P56].

• Introduction of a new soft, robust and simple robotic joints,
thinked as an evolution of the well known HillBerry joint. The
most important novelty in the new design is the introduction
of elastic ligaments between the moving parts (Chapter 12). It
is a result produced inside the European Community’s projects
THE [P54], Roblog [P55] and SoftHands [P56].

• Contribution in the realisation of a new control strategy for
synergistic under-actuated robotic hands based on the adoption
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of surface electromyographic signals (Chapters 13 and 14). It
is a result produced inside the European Community’s projects
THE [P54], Roblog [P55] and SoftHands [P56].

Structure of the thesis The thesis is organised as follow: Part
One is about design of Robot Muscles, starting from simple consider-
ations on human muscles and their translation in a mechanical model,
some elements are reported about the basic components constituting
the new generation of robotic actuator and a short panoramic on the
state of the art is provided (chapter 1 and 2). Chapter 3 is a short
dissertation on optimality principle in design and control of these new
generations of actuators, in particular some elements are highlighted
in order to justify some design strategies selected for the develop-
ment of the robotic muscles. An example of optimal control design
for the realisation of a soft jumping robots is analysed in detail (Sec.
3.2). Chapter 4 is an explanation of the main mechanical and con-
trol parameters constituting a robotics muscle, with particular atten-
tion to one possible standardisation of the functional specifications.
Starting from notions of Chapter 4 in Chapter 5 some new design
guidelines and methodologies are highlighted for the realisation of a
robot muscle, these elements culminate in the design of a new variable
stiffness actuator, called VSA-HD. Chapters 6 and 7 deal the design
of a small, economic and affordable robotic platform, useful for the
diffusion and test of soft robotics muscles. This approach culminate
in the realisation of one of the first variable impedance actuator for
robots. Chapter 9 and 8 show some experimental results obtained
with the platform developed in Chapter 6 and 7. For both examples
mathematical and experimental results are provided.

Part Two deals with the problem of the hands design. After a
short dissertation on the human hand architecture and its functional
role in the human system (chapter 10), with some notes on its con-
trol strategy and policies, a short discussion on robotics hands and
their architecture is made, highlighting, in particular, their mechan-
ics characteristics (chapter 11. Chapter 12 is about the design of the
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Pisa/IIT Soft Hand, with particular attention on the actuation sys-
tem, joints design, and feasible implementation. Chapter 13 and 14
show the Pisa/IIT Soft Hand hardware employed with different con-
trol methodologies, including control with sEMG signals and with a
tele-impedance control strategy.

Clarification This thesis collects and presents many of the articles
(published, in press or under submission) of the author, arranging
them accordingly with the train of thought that has characterised
his Ph.D.. The development of complex systems is not possible un-
less accompanied by a working group be able to cover all aspects of
development, from the mathematical synthesis up to the practical im-
plementation. Is of particular importance in the eyes of the author,
point out how his work, carried out in this thesis, above all concerns
the ideation, design and implementation of the various mechanical
systems presented. The author definitely wants to emphasise that
his work without the work (on electronics, control, mathematics) and
ideas of the whole group of colleagues and supervisors would not have
been possible otherwise.

[AV21]
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Part I

Muscles for Robots
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Chapter 1
Implementation Principles of
Variable Impedance Actuation

The text of this chapter is adapted from:
[P52] European Community’s projects VIACTORS. Deliverable D1.1
[A1] B. Vanderborght, A. Albu-Schaeffer, A. Bicchi, E. Burdet, D.
Caldwell, R. Carloni, M. Catalano,O. Eiberger, W. Friedl, G. Ganesh,
M. Garabini, M. Grebenstein, G. Grioli, S. Haddadin,H. Hoppner,
A. Jafari, M. Laffranchi, D. Lefeber, F. Petit, S. Stramigioli, N.
Tsagarakis, M. Van Damme, R. Van Ham, L.C. Visser, S. Wolf, Re-
view of Variable Impedance Actuators, under submission to Robotics
and Autonomous Systems [A2] Vanderborght B., Albu-Schaeffer A,
Bicchi A, Burdet E, Caldwell DG, Carloni R, Catalano MG, Ganesh
G, Garabini M, Grioli G. Variable Impedance Actuators: Moving the
Robots of Tomorrow. International Conference of Intelligent Robots
and Systems - IROS 2012- Best Jubilee Video Award. 2012.

The goal of this chapter is to extensively consider the different princi-
ples and technologies by which a variable impedance actuator system
can be realized. We begin with a brief description of the characteris-
tics of natural muscles.
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Implementation Principles of VIA

1.1 Natural Muscles

1.1.1 Mechanics and Control of Vertebrate Mus-

cles

The major consequence of the information processing that takes place
in the vertebrate brain is the contraction of skeletal muscles, which
move the bones and flesh. This section1 examines the mechanical
properties and control of these muscles which are responsible for vol-
untary motor control.

1.1.2 Sarcomere as Building Blocks of the Muscles

A typical muscle consists of many thousands of muscle fibers working
in parallel. It is often useful to consider motor units, i.e. one or several
fibers with the motor neuron activating them. A single muscle fiber
contains several myofibrils, made of sarcomere separated by Z disks,
which can be examined under the microscope.

In a sarcomere, thin (actin) and thick (myosin) filaments are ar-
ranged in a hexagonal lattice, such that one thick filament interacts
with six thin filaments. Cross-bridges linking actin and myosin pull
towards center resulting in muscle shortening. Huxley’s model states
that actin and myosin filaments slide against each other by repeated
attachment and detachment of cross-bridges. If muscle shortening is
prevented, isometric tension develops.

At a given (constant) muscle activation, the active force in a sar-
comere declines at long lengths as filament overlap is reduced, as there
are fewer actin sites available for myosin binding. Active force also
declines at short lengths because filaments interfere. Further, sarcom-
ere force and stiffness vary with muscle length in proportion to the
number of cross bridges. In addition to this active force, the passive

1The text of this section is adapted from the lecture notes of E. Burdet for his
neuromuscular control course at Imperial College London.
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1.1 Natural Muscles

force increases at long lengths as structural proteins and myofilaments
are stretched.

Sarcomere force also depends on velocity. It increases by 20-50%
by lengthening. Detaching and reattaching causes the myosin heads
to spend more time near the end of their power stroke by shortening,
resulting in decreasing ability to generate force.

Figure 1.1: Experimental setup to measure how muscle tension depends
on length and velocity and fit of the resulting data, which were obtained
from the soleus muscle of a cat during tetanic activation [57].

1.1.3 Force in a muscle

We may expect that muscles have similar mechanical properties as
sarcomeres, as they are composed of them. By controlling the muscle
length at constant activation and measuring its tension (Fig. 1.1 top
panel), one can estimate how the force developed by a muscle depends
on its length and contraction/extension velocity.

The bottom panel of Fig. 1.1 shows that muscle force at constant
activation depends both on muscle length and velocity in a nearly
independent way, with similar length and velocity dependencies as in
a sarcomere. Note that small changes in velocity around zero create
particularly large changes of force.

Human motor control can make use of the mechanical proper-
ties of muscles. For example, the (biarticular) hamstring muscles are
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used in the swing phase of walking. The knee is flexed thus tends to
shorten the hamstrings, while the hip is also flexed, and thus tend-
ing to lengthen them. Therefore, the hamstrings are not shortened
and can produce a large force (Fig. 1.1). Using monoarticular knee
muscles to flex the knee would consume much energy to produce the
necessary force, while shortening the hip extension through the ham-
strings also helps decelerating the leg by elasticity.

Figure 1.2: Lowpass filtering property of muscles (see [58]).

In order to investigate how fast muscles respond to a motor com-
mand, [58] studied the response of periodical action potentials while
varying the frequency. We see in Fig. 1.2 that the tension varies with
the same periodicity as the action potential. However, the amplitude
of the muscle force modulation decreases as the action potential fir-
ing rate and phase-lag increase. This shows that muscles act like a
low-pass filter.

The bottom panel of Fig. 1.2 analyzes how the amplitude de-
creases with the frequency of the action potential, corresponding to
the gain plot. We see that muscles filter the stimuli with a cutoff
frequency around 1-2Hz for action potential frequency modulation.
This does not mean that you will not be able to make movements at
higher frequency. For example you can oscillate with one finger or the
wrist until 4-5 Hz, but the amplitude of the oscillations will decrease
with increasing amplitude (as you can try).
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1.1 Natural Muscles

Figure 1.3: The tension in isolated cat medial gatrocnemius (MG) and
soleus (SOL) muscles in the same hindlimb is measured while muscle is
gradually stretched and shortened [59].

1.1.4 Muscle spring-like property

We know from everyday experience that muscles are “elastic”. In
a perfect spring, force increases linearly with elongation according
to Hooke’s law, and when released decreases of the same amount.
When a muscle is gradually lengthened (Fig. 1.3), its tension increases
monotonically, first linearly and then with smaller slope. When it is
then shortened, tension decreases monotonically, but on a curve below
the tension measured during lengthening.

This hysteresis means that there is an energy loss when muscles
are lengthened and then shortened. Energy is the integral of length
multiplied by tension, so the energy loss corresponds to the surface
between the upper and lower curves. The large energy loss means
that muscles not only develop elastic forces, but also dissipate energy.

figure
How does elasticity of a muscle depend on the force applied on it?

This cannot be measured as the gradient of the force length relation-
ship in Fig. 1.1, as these figures show the tension in the static state
when the force from the spring-like properties of the muscle are not
contributing to the measured force. However we can already obtain a
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Figure 1.4: (Intrinsic) stiffness K and damping B in a deafferented cat
muscle [60] in response to a random perturbation of a given amplitude in
a given frequency range.

rough idea by examining the derivative of the length-tension curve in
Fig. 1.3. To examine this systematically, [60] applied a random po-
sition perturbation with controlled frequency range on a deafferented
cat muscle. Stiffness and damping were identified from the measured
force in response to the random perturbation.

Fig. 1.4 shows that muscle stiffness increases linearly with mus-
cle force. Stiffness tends to increase at higher frequencies, and de-
creases with larger perturbation amplitude. Damping also increases
with muscle force and decreases at higher frequencies, i.e. with higher
velocity (Fig. 1.4).

1.1.5 Muscle sensory receptors

Sensory receptors transform energy into changes in membrane poten-
tial. Photoreceptors transform light, nociceptors and mechanorecep-
tors mechanical energy, thermoreceptors thermal energy, chemorecep-
tors and nociceptors chemical energy. Sensing equipping the human
body can be classified in two types:

• exteroception detects external stimuli, including vision, hearing,
smell, taste, touch, temperature, pain, via sensory receptors in
the eyes, ears, nose, tongue, and skin;
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1.1 Natural Muscles

• proprioception detects output of the motor system. It senses
limb position and movement via mechanoreceptors in muscle,
joints and skin

Skeletal muscles are richly supplied with a variety of propriocep-
tors. Muscle spindles and Golgi tendon organs are particularly im-
portant for motor control. Muscles spindles are placed in parallel to
the muscle fibers and Golgi organs in series to a muscle. Correspond-
ingly, spindles measure changes of length while Golgi organs measure
forces.

Golgi tendon organs are encapsulated structures about 1mm in
length, which are located at the junction of muscle and tendon. Af-
ferent axons intertwine among collagen fascicles, such that stretching
of the ending organ straightens the collagen fibers, which deforms
nerve endings, causing them to fire.

1.1.6 Summary

Muscle have the following mechanical properties:

• muscle tension increases with stretch and activation;

• tension at fixed activation depends on both length and velocity;

• muscles act like a low-pass filter with a cutoff frequency around
1-2Hz for action potential frequency modulation;

• muscle have spring-like properties;

• stiffness and damping increase with activation.

Muscles are equipped with sensors which can provide stretch (e.g.
spindles) and force (e.g. Golgi tendon organs) information to the
nervous system.
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1.2 Mechanical translation of a natural mus-
cle

In this section is introduced a simple model with which is possible
translate the functional characteristics of a natural muscle in a me-
chanical systems. Although it is a rough simplification, it is useful to
understand, design and control artificial muscles. From Sec. 1.1 it is
clear how a natural muscle can change its own stiffness and damping,
this means that it can change its impedance. In this section a simple
definition of what is the mechanical impedance is provided.

The simplest example of mechanical impedance is a spring, i.e.
a sample of material which exhibits a proportional relation between
applied force f and displacement at equilibrium y given by

y = cf.

The proportionality constant c is the spring compliance. The inverse
of this relation, i.e.

f = ky

introduces the spring stiffness as the reciprocal of compliance, k =
c−1.

The concepts of compliance and stiffness are generalized from
static (equilibrium) to dynamic cases by introducing the notion of
admittance and impedance, respectively.

Consider e.g. a damper made of viscous material that opposes to
displacements proportionally to how quick they are, i.e.

f = bẏ,

where b is the damping coefficient. Finally consider the inertial effects
of accelerating an equivalent mass m of material under deformation,

f = mÿ.
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1.2 Mechanical translation of a natural muscle

In most materials the three effects occur at the same time, and we
have that the force/displacement relation is described by an ordinary
differential equation. In our simple example we have

f = mÿ + bẏ + ky, (1.1)

i.e. a relation between two functions of time, f(t) and y(t). Such a dif-
ferential equation describes a dynamical system. This can be regarded
as a causal system if displacement (appearing with the highest-order
derivative) is regarded as the effect (or output), and force as the cause
(or input). Indeed, knowledge of initial conditions on displacement,
and the time course of force, determine all subsequent evolution of
displacement.

The differential equation (1.1) is linear and time-invariant. To
analyze its input-output behavior, it is useful to introduce Laplace
transforms from functions in the domain of time t to functions in
the domain of the complex variable s. By denoting F (s), Y (s) the
transforms of f(t) and y(t), respectively, one has immediately

F (s) = (ms2 + bs+ k)Y (s). (1.2)

The operator Z(s) := (ms2+ bs+k) is called (mechanical) impedance
of the spring-damper-mass system, and is clearly a generalization of
the stiffness coefficient k to a dynamic setting2. The reciprocal op-
erator of impedance, called admittance A(s), generalises compliance,
and maps forces in displacements as

Y (s) =
1

ms2 + bs + k
F (s) := A(s)F (s). (1.3)

You want to point out that the above considerations can be extended
to systems with several degrees of freedom, however, for the purposes
of this thesis such an extension is not required.

2It should be noted that in the literature, the term impedance is sometimes used
to denote the relationship between velocity and force. This is more consistent with
the definition of electrical impedance in terms of flow and effort correspondence.
However, the usage of this chapter is more convenient to our purposes.
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Taking into account what said before, and what shown in Sec.
1.1 a robotic muscle can be schematised as in Fig. 1.5(a), where k,
c and m are respectively the stiffness, the damping factor and the
output inertia of the robotic muscles; f represent the source force in
the system and y the output position.

Due the capability of the muscle to change its intrinsic properties
(as said stiffness, damping and inertia) a much more real schematisa-
tion is given in Fig. 1.5(b), where arrows indicates the capability of
the robotic muscle to vary, independently, its stiffness, its damping
and its inertia, in other words is capable to change its impedance. A

(a) (b)

Figure 1.5: Mechanical model of a robotic muscle, with a fixed
impedance (a). Mechanical model of a robotic muscle, with variable
impedance capabilities (b).

robotic muscle capable to change one, two or all together these pa-
rameters is called Variable Impedance Actuator (VIA). Many times
only one of these parameters can be modified, in this case, these sys-
tem are called Variable Stiffness Actuators, Variable Damper Actua-
tor or Variable Inertia Trasmission, in function of which parts of the
impedance can be changed. Other common ways to call this type of
systems are: Variable Passive impedance actuator (or Joint), Variable
Passive compliance Actuator (or Joint) and Variable passive Damp-
ing Actuator (or joint). In this case the word passive, means that
the impedance (or the single components k, c and m) can be changed
due the mechanical intrinsic structure of the system (see Sec. 2.3).
This name is used to differentiate these system from system where the
impedance (or the single components k, c and m) is changed by an ac-
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tive control strategy (see Sec. 2.1). There is also a category between
this two families that is called Variable Active/Passive Impedance Ac-
tuator (or Joint), in this case the systems can vary the own impedance
by an active control, but have in their mechanical design some passive
elements, such as springs (see Sec. 2.2). The author wishes to point
out that this nomenclature is not uniquely used in the scientific com-
munity, however, seems to be that, over the years, it is increasingly
asserted. In this thesis, we will typically refer to this nomenclature,
in some specific cases will be introduced to the various variants.

1.2.1 VIA as a network of simple components

A widely known approach for the modelization of complex dynamical
systems, consists in breaking them down into a network of simpler
elements, whose behaviour is already known and easily described.

The resulting network of simple components can then be anal-
ized with consolidate mathematical tools (i.e.: Northon and Thevenin
Theorems, Kirchoff Laws, and network theory in general). Results of
this analysis can used to infer the behavior of the real system, be it
mechanical, hydraulic, pneumatic, electric, magnetic, etcetera.

An important characteristic of these networks is the possibility to
highlight the energy exchanges in the model, analysing the whole in
terms of flow/effort variable pairs. In short, a flow/effort pair is a set
of two variables on which a product function is defined. The result
of this product is a power, representing the energy flowing between
those components of the system that share that particular flow/effort
pair.

The particular name choosen for these two variables reflects an
intrinsic isomorphism that can be found among many different fields
of physics. Flow variables are associated with quantities that are
related to movement or transportation: linear or angular velocity, heat
flow, volume flow or mass flow, etc. Effort variables, on the converse,
identify tensions and potentials: force, torque, temperature, pressure,
etc..
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One straightforward consequence of this modelization approach,
and an important aid in the analisys of systems is the possibility to
categorize the simple elements constituting a network, in function of
their energetic behaviour.

A first consideration is that, neglecting mass/energy transforma-
tions, which is always the case in most engineering applications, en-
ergy is always conserved, and can only move with respect to what is
considered as our system. More in particular, it can stay in the same
energetic domain, like when a mass and a spring exchange power os-
cillating, or transfer from one to another, like when an electric motor
transforms electromagnetic energy into movement.

This first consideration allows for a first categoryzation: on one
side there are Storage elements, that keep the energy inside the same
energetic domain, while on the other there are Transducers, that allow
a flow of energy from one domain to another. This includes elements
that inject energy inside the system, and that extract it to the outside.

Further considerations on the nature of the energy trasformation
happening in transducers allows to subdivide the class of transducer
elements. The criterion determining this is the direction of energy
transfer and in general the arrow of entropy. Second law of termo-
dynamics compels energy to slowly transform in thermal agitation.
A first subset of transducers is therefore made of those dissipating
energy via heat production: these elements are commonly referred as
Passive Elements, or Energy Sinks.

Another important category of transducers accounts for all those
elements which, on the other hand, have the potential to inject energy
inside the system. These elements are called Active elements or En-
ergy Sources. It is important to state that energy sources have just
the potential to inject energy because, depending on the particular
system (the list of its components and their interconnection topol-
ogy), an Energy Source could perform negative work on the system
(for example think of a motor decelerating a car).
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1.3 Components for robot Muscles - Prime
Movers

1.3.1 Effort Sources, Flow Sources, Real Sources

Among Sources, one more categorization is possible dividing them in
sources which are static, and sources that are dynamic. Particular
interset in the analyis of a system is played by those dynamic sources
whose behaviour is determined by some control. This control can
often be determined by some quantity related to the system being
analysed, givingi rise to control loops, which are decisive in determin-
ing the correct behaviour of the system.

In parallel, sources, both static and dynamic, can be divided be-
tween Flow Sources, Effort Sources and Hybrid or Real Sources. This
last particular distinction gives the title to this section of the present
work but it is, as a matter of facts, fictious.

From a practical point of view, a Source is some device that, for the
system being analised, can be considered as imposing a constraint to
the flow/effort pair that shares with the rest of the system network3.
A flow source determines the amount of flow going through it, without
caring for the effort needed to keep such flow, while the converse holds
for an effort source. A hybrid source, instead, is a device that offers
a generic onstraint between the effort/flow pair; a large part of them
can be approximate with linear constraints, and are thus called linear.

Notice that a generic linear source can be always approximate as a
flow source in parallel with a linear impedance, or an effort source in
series with a linear impedance (results known as Norton and Thevenin
theorems respectively). On the converse, the use of non-linear ele-
ments, as well as of control loops, can stongly alter the behaviour of
a source, rendering a real source more similar to a flow or an effort
source, as well as shaping its constraint in many other different ways.

3Note that this vision of the element as a constrain between flow and effort
is not limited to the sources but, being the essence of the equivalent network, is
possible for every element.
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Flow sources, effort sources or real sources are important because
in most applications some elements (at least one) of the network can
be approximate with one of such sources. Nevertheless it is often
not the case for Variable Impedance Actuators, or VIAs. VIAs are
transducers whose mechanical behaviour designed to function as con-
trolled sources whose behaviour is regulated by two controls. One of
this controls, shared with common actuators, primarily controls the
power being tranferred to the mechanic domain, the other, instead, is
able to change the mechanical behavior of the actuator. They can be
more similar to a flow source, an effort sources or an hybrid source,
depending not only on the particular application, but also on the
value of this second control. Moreover, the behaviour of VIAs is of-
ten strongly non-linear, this implying that considering them as linear
hybrid sources is not always a cautious road to follow, it needs to be
pondered with particular care, case by case.

Nevertheless, even VIAs are systems, and can be modeled using
a network circuital approach: they are made of the same simpler ele-
ments, that compose other systems, used in different ways. This is the
motivation behind this chapter: to present a short but comprehensive
list of those transducers (in particular those that can be used to re-
alize variable impedance), sorted as flow sources, effort sources and
real (hybrid) sources, based on their most frequent approximation in
common pratice.

1.3.2 Source components

Deal with the vastness of actuation systems is not in the aim of this
thesys, the basic idea of this work is to show how many actuation
principles can be used in the developing of robotic muscles. In this
section some of the most common actuation principles are shortly de-
scribed together with some of the newest technologies, in particular
are highlighted some of the new tecnologies that can be a promis-
ing actuation system for the future robotic muscles. Some conven-
tional actuation systems, as, for example, engine, are not described,
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although also their can be adopted. Their own dimensions and their
feeding system, which involves the use of combustible fluids, tanks
etcetera, make them unsuitable for the design of humanoid robots.
From another point of view electric motors, e.g. DC motors, brush-
less motors, are the most common actuation system in robotics and
are well known to all, for these reason their section is only a short
summary of how many typologies they are.

1.3.2.1 Electric Motors

Electric motors operate on three different physical principles: mag-
netic, electrostatic and piezoelectric 4. By far the most common is
magnetic. In magnetic motors, magnetic fields are formed in both
the rotor and the stator. The product between these two fields gives
rise to a force, and thus a torque on the motor shaft. One, or both,
of these fields must be made to change with the rotation of the mo-
tor. This is done by switching the poles on and off at the right time,
or varying the strength of the pole. The main types are DC motors
and AC motors, the former increasingly being displaced by the latter.
AC electric motors are either asynchronous and synchronous. Once
started, a synchronous motor requires synchronism with the moving
magnetic field’s synchronous speed for all normal torque conditions.
In synchronous machines, the magnetic field must be provided by
means other than induction such as from separately excited windings
or PMs. Fig. 1.6 shows the main typologies of electric prime movers.

1.3.2.2 Pneumatic Actuator

A pneumatic actuator converts energy, in the form of compressed gas,
into motion [61, 62]. The motion can be rotary or linear, depending
on the type of actuator. An example of a linear pneumatic actu-

4The text and the Fig. 1.6 of this section is adapted from Wikipedia, searched
words: electric motor.
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Figure 1.6: Abbreviations: BLAC - Brushless AC; BLDC - Brush-
less DC; BLDM - Brushless DC motor; EC - Electronic commuta-
tor; PM - Permanent magnet; IPMSM - Interior permanent magnet
synchronous motor; PMSM - Permanent magnet synchronous mo-
tor; SPMSM - Surface permanent magnet synchronous motor; SCIM
- Squirrel-cage induction motor; SRM - Switched reluctance motor;
SyRM - Synchronous reluctance motor; VFD - Variable-frequency
drive; WRIM - Wound-rotor induction motor; WRSM - Wound-rotor
synchronous motor. Source: Wikipedia.
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ator is shown in Fig. 1.7(a). Some types of pneumatic actuators

(a) (b) (c)

Figure 1.7: Example of linear pneumatic actuator and application,
valve control, a). Example of linear hydraulic actuator and applica-
tion, valve control, b). Example of cell of a comb finger array c).

include tie rod cylinders, rotary actuators, grippers, rodless actua-
tors with magnetic linkage or rotary cylinders, rodless actuators with
mechanical linkage, pneumatic artificial muscles, and vacuum genera-
tors. Pneumatic cylinders are considered here as a significant example
of pneumatic actuators. Thy are mechanical devices which produce
force, often in combination with movement, and are powered by com-
pressed gas (typically air). To perform their function, pneumatic
cylinders impart a force by converting the potential energy of com-
pressed gas into kinetic energy. This is achieved by the compressed
gas being able to expand, without external energy input, which itself
occurs due to the pressure gradient established by the compressed gas
being at a greater pressure than the atmospheric pressure. This air
expansion forces a piston to move in the desired direction. The piston
is a disc or cylinder, and the piston rod transfers the force it develops
to the object to be moved. Once actuated, compressed air enters into
the tube at one end of the piston and, hence, imparts force on the
piston. Consequently, the piston becomes displaced (moved) by the
compressed air expanding in an attempt to reach atmospheric pres-
sure. Although the diameter of the piston and the force exerted by a
cylinder are related, they are not directly proportional to one another.
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Additionally, the typical relationship between the two assumes that
the air supply does not become saturated. Due to the effective cross
sectional area reduced by the area of the piston rod, the instroke force
is less than the outstroke force when both are powered pneumatically
and by same supply of compressed gas. The relationship among force
on outstroke, pressure and radius, is as follows:

F = p(πr2) (1.4)

where F represents the exerted force, r is the radius and p is the
pressure. On instroke, the same relationship between force exerted,
pressure and effective cross sectional area applies. However, since
the cross sectional area is less than the piston area the relationship
between force, pressure and radius is different. The effective cross
sectional area is merely that of the piston less that of the piston
rod. For instroke, therefore, the relationship between force exerted,
pressure, radius of the piston, and radius of the piston rod, is as
follows:

F = p
(
πr21 − πr22

)
(1.5)

where F represents the exerted force, r1 is the radius of the piston,
r2 is the radius of the piston rod, and p is the pressure.

1.3.2.3 Hydraulic actuators (pressure controlled)

Hydraulic actuators (hydraulic cylinders) are used to deliver a linear
force through a linear stroke [61]. They get power from pressurized
hydraulic fluid, which is typically oil. The hydraulic cylinder consists
of a cylinder barrel, in which a piston connected to a piston rod moves
back and forth. The barrel is closed on each end by the cylinder
bottom (also called the cap end) and by the cylinder head where the
piston rod comes out of the cylinder. The piston has sliding rings and
seals. The piston divides the inside of the cylinder in two chambers,
the bottom chamber (cap end) and the piston rod side chamber (rod
end). The hydraulic pressure acts on the piston to do linear work and
motion. An example of a linear pneumatic actuator is shown in Fig.
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1.7(b). While the hydraulic cylinder is the actuator or “motor” side of
the system, the “generator” side is the hydraulic pump which brings
in a fixed or regulated flow of oil to the bottom side of the hydraulic
cylinder, to move the piston rod upwards. The piston pushes the oil
in the other chamber back to the reservoir. The piston moves instead
downwards if oil is pumped into the piston rod side chamber and the
oil from the piston area flows back to the reservoir without pressure.
The pushing or pulling force F of a hydraulic cylinder is:

F = Ab ∗ pb− Ah ∗ ph (1.6)

Where Ab = (π/4)(Bottom diameter)2, pb is the pressure at bottom
side, ph is the pressure at cylinder head side and Ah = (π/4)((Bottom diameter)2−
(Piston rod diameter)2)).

1.3.2.4 Electrostatic actuators

Electrostatic actuators ares based on the attraction and repulsion of
electric charges [63]. Usually, electrostatic motors are the dual of con-
ventional coil-based motors: in fact, electrostatic actuators typically
require a high driving voltages at low currents, while electromagnetic
motors instead employ magnetic attraction and repulsion, and require
high currents at low voltages. Electrostatic motor finds frequent use
in micro electromechanical systems (MEMS), where their drive volt-
ages are typically below 100 volts, and where moving, charged plates
are far easier to fabricate than coils and iron cores. Amomg the sev-
eral types of electrostatic actuators, so-called comb-drives are largely
useed as linear motors. They utilise electrostatic forces that act be-
tween two metal combs (Fig. 1.7(c)). While comb drives built at
macroscopic scales are inefficient, there is the potential to minimize
them to microscopic or nanoscale devices where other actuation tech-
nologies become ineffective. Actually, almost all comb-drives are built
on the micro or nano scale and are typically manufactured using sil-
icon. The electrostatic forces are created when a voltage is applied
between the combs causing them to attract. The force developed by
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the motor is the force between the two combs (which increases with
voltage difference, the number of comb teeth, and the length of the
teeth, and decrease as the combs are further apart). The combs are
arranged so that they never touch (because then there would be no
voltage difference). Typically the teeth are arranged so that they can
slide past one another until each tooth occupies the slot in the oppo-
site comb (Fig. 1.7(c)). The force generated by a comb-drive actuator
is given by the following expression:

F =
1

2

n tε0εrV 2

g
(1.7)

where V is the applied electric potential, εris the relative permitivity
of dielectric, ε0 is the permitivity of free space, n is the number of
electrode pairs, t is the electrode thickness, and g is the gap between
electrodes.

1.3.2.5 Inorganic piezoelectric actuators

Piezoelectricity is the ability of some materials (notably crystals
and certain ceramics) to generate an electric field or electric po-
tential in response to applied mechanical stress [64]. The effect is
closely related to a change of polarization density within the ma-
terial’s volume. If the material is not short-circuited, the applied
stress induces a voltage across the material. The piezoelectric effect
is reversible in that materials exhibiting the direct piezoelectric ef-
fect (the production of an electric potential when stress is applied)
also exhibit the reverse piezoelectric effect (the production of stress
and/or strain when an electric field is applied). The latter effect (Fig.
1.8(a)) can be used for actuation. The most used synthetic materi-
als for piezoelectric transducres consist of ceramics with perovskite
or tungsten-bronze structures. Siginifcant examples are Barium ti-
tanate (BaTiO3), Lead titanate (PbT iO3) and Lead zirconate ti-
tanate (Pb[ZrxT i1−x]O3 0 < x < 1), commonly known as PZT [64].
Also piezoelectric polymers are widely used. The most common is
Polyvinylidene fluoride (PV DF ).
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(a) (b) (c)

Figure 1.8: Expansion and contraction of a piezoelectric disk in re-
sponse to an applied voltage (note that the piezoelectric coefficient
d31, which describes the lateral motion, DD, is negative) a). Con-
cept of a multilayer stack actuator b). Example of an amplified piezo
actuator with multilayer stacks c).

Puiezoelectric actuators are best suited for micros-scale applica-
tions. In fact, as very high electric fields correspond to only tiny
changes in the width of the material, this width can be changed with
better-than-micrometer precision. This makes piezo materials one of
the most important tools for positioning objects with extreme accu-
racy - thus their use in microactuators. Multilayer (stacks) actuators,
made of several layers (usually thinner than 100 microns) plied up
(Fig. 1.8(b)), allow reaching high electric fields a reduce voltages (usu-
ally lower than 150V). Stacked actuators are used within two kinds of
structures: direct piezo actuators and amplified piezo actuators (Fig.
1.8(c)). While direct actuator’s stroke is generally lower than 100 µm,
amplified piezo actuators can reach millimeter strokes. Piezoelectric
motors include travelling-wave motors (e.g. used for auto-focus in
reflex cameras), inchworm motors (for linear motion) and stepping
motors (using the stick-slip effect). All of these motors, except for
the stepping stick-slip motor, work on the following principle. Driven
by dual orthogonal vibration modes with a phase difference of 90deg,
the contact point between two surfaces vibrates in an elliptical path,
producing a frictional force between the surfaces. Usually, one surface
is fixed causing the other to move. In most piezoelectric motors, the
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piezoelectric crystal is excited by a sine wave signal at the resonant
frequency of the motor. Using the resonance effect, a much lower
voltage can be used to produce a high vibration amplitude. Stick-slip
motors work using the inertia of a mass and the friction of a clamp
(Fig. 1.9).

Figure 1.9: Concept of a slip-stick piezoelectric actuator.

1.3.2.6 Inorganic electro- and magneto-strictive materials

Electrostriction is a property of any dielectric material that causes
it to change its shape under the application of an electric field. The
effect is caused by the presence of randomly-aligned electrical domains
within the material. When an electric field is applied to the dielec-
tric, the opposite sides of the domains become differently charged and
attract each other, reducing material thickness in the direction of the
applied field. The resulting strain (ratio of deformation to the original
dimension) is proportional to the square of the polarization. There-
fore, reversal of the electric field does not reverse the direction of the
deformation.

Magnetostriction is a property of ferromagnetic materials that
causes them to change their shape or dimensions when subjected to
a magnetic field. Internally, ferromagnetic materials have a structure
that is divided into domains, each of which is a region of uniform
magnetic polarization. When a magnetic field is applied, the bound-
aries between the domains shift and the domains rotate, both of these
effects cause a change in the material’s dimensions. The reciprocal
effect, the change of the susceptibility of a material when subjected to
a mechanical stress, is called the Villari effect. Two other effects are
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related to magnetostriction: the Matteucci effect is the creation of a
helical anisotropy of the susceptibility of a magnetostrictive material
when subjected to a torque and the Wiedemann effect is the twisting
of these materials when a helical magnetic field is applied to them.
Magnetostrictive materials can convert magnetic energy into kinetic
energy, or the reverse, and are used to build actuators and sensors
(Fig. 1.10(a)) [65]. Magnetostriction is quantified by the magne-

(a) (b) (c)

Figure 1.10: a)Example of a magnetostrictive actuator, comprising a
magnetostrictive material (inside), a magnetising coil, and magnetic
enclosure (outside). b) Example of solenoid actuator and application
(valve control). c) U-channel linear induction actuator. The view
is perpendicular to the channel axis. The two coils at center are
mechanically connected, and are energized in “quadrature” (with a
phase difference of 90deg (π/2 radians)). If the bottom coil (as shown)
leads in phase, then the motor will move downward (in the drawing),
and vice versa.

tostrictive coefficient, which is the fractional change in length as the
magnetization of the material increases from zero to the saturation
value. Among alloys, the highest known magnetostriction is exhibited
by Terfenol-D (Ter for terbium, Fe for iron, NOL for Naval Ordnance
Laboratory, and D for dysprosium). Terfenol-D, TbxDy1-xFe2, ex-
hibits strain of the order of 0.1% in a field of the order 100 kA m−1
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at room temperature, and it is the most commonly used engineering
magnetostrictive materia. While this phenomeno can be used for ac-
tuation, it is also a “side effect” in other systmes. For instance, it is
responsible for the familiar "electric hum" which can be heard near
transformers and high power electrical devices.

1.3.2.7 MEMS thermal actuators

A MEMS thermal actuator is a micromechanical device that typi-
cally generates motion by thermal expansion amplification. A small
amount of thermal expansion of one part of the device translates to
a large amount of deflection of the overall device. Usually fabricated
out of doped Single Crystal Silicon or Polysilicon as a complex com-
pliant member, the increase in temperature can be achieved internally
by electrical resistive heating (Joules’s effect) or externally by a heat
source capable of locally introducing heat. Typical kinds of thermal
actuators include symmetric (bent beam) and asymmetric (bimorph)
structures.

1.3.2.8 Linear induction actuators

A linear induction actuator consists of an electric motor having its
stator “unrolled” so that instead of producing a torque (rotation) it
produces a linear force along its length [66]. The most common mode
of operation is as a Lorentz-type actuator, in which the applied force
is linearly proportional to the current and the magnetic field (F =
qv×B). Many designs are available. An example is reported in Fig.
1.10(c).

1.3.2.9 Hydraulic actuators

When hydraulic actuators (described above) are volume controlled,
instead of pressure controlled, they might be considered as position-
source actuators. For details about hydraulic actuators, the reader is
referred to the preceding section.
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1.3.2.10 Stepping actuators

A stepper motor is a brushless, synchronous electric motor that can
divide a full rotation into a large number of steps. The motor’s posi-
tion can be controlled without any feedback mechanism, as long as the
motor is sized to the application. Stepper motors operate differently
from DC brush motors, which rotate when voltage is applied to their
terminals. Stepper motors, on the other hand, effectively have multi-
ple "toothed" electromagnets arranged around a central gear-shaped
piece of iron. The electromagnets are energized by an external con-
trol circuit. To make the motor shaft turn, first one electromagnet is
given power, which makes the gear’s teeth magnetically attracted to
the electromagnet’s teeth. When the gear’s teeth are thus aligned to
the first electromagnet, they are slightly offset from the next electro-
magnet. So when the next electromagnet is turned on and the first
is turned off, the gear rotates slightly to align with the next one, and
from there the process is repeated. Each of those slight rotations is
called a “step”, with an integer number of steps making a full rotation.
In that way, the motor can be turned by a precise angle, as shown
in Fig. 1.11. Three main types of stepper motors are available: 1)

Figure 1.11: Working principle of a stepper motor.

permanent magnet stepper; 2) hybrid synchronous stepper; 3) vari-
able reluctance stepper. Permanent magnet motors use a permanent
magnet (PM) in the rotor and operate on the attraction or repulsion
between the rotor PM and the stator electromagnets. Variable re-
luctance (VR) motors have a plain iron rotor and operate based on
the principle of that minimum reluctance occurs with minimum gap,
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hence the rotor points are attracted toward the stator magnet poles.
Hybrid stepper motors use a combination of PM and VR techniques
to achieve maximum power in a small package size. Stepper motor
performance is strongly dependent on the drive circuit. Torque curves
may be extended to greater speeds if the stator poles can be reversed
more quickly, the limiting factor being the winding inductance. To
overcome the inductance and switch the windings quickly, one must
increase the drive voltage. This leads further to the necessity of lim-
iting the current that these high voltages may otherwise induce.

1.3.2.11 Shape Memory Alloys and Polymers

Shape Memory Alloys A shape memory alloy (SMA) is a mate-
rial that “remembers” its original, cold, forged shape, and which re-
turns to that shape after being deformed by applying heat. The three
main types of shape memory alloys are copper-zinc-aluminum-nickel,
copper-aluminium-nickel, and nickel-titanium (NiTi) alloys [67]. NiTi
alloys are generally more expensive and change from austenite to
martensite phase upon cooling; Mf is the temperature at which the
transition to martensite phase is finished during cooling. Accordingly,
during heating As and Af are the temperatures at which the trans-
formation from martensite to austenite phase starts and finishes (Fig.
1.12(a)). Repeated use of the shape memory effect may lead to a
shift of the characteristic transformation temperatures (this effect is
known as functional fatigue, as it is closely related with a change of
microstructural and functional properties of the material). The tran-
sition from the martensite phase to the austenite phase is only depen-
dent on temperature and stress, not time, as most phase changes are,
as there is no diffusion involved. Similarly, the austenite structure gets
its name from steel alloys of a similar structure. It is the reversible dif-
fusionless transition between these two phases that allow the special
properties to arise. While martensite can be formed from austenite
by rapidly cooling carbon-steel, this process is not reversible, so steel
does not have shape memory properties. Shape memory alloys have
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(a) (b)

Figure 1.12: a) martensite phase fraction ξ(T ) as a function of tem-
perature T for a shape memory alloy. b) one-way (left) and two-way
(right) shape memory effects: (a) the sample is initialy in the marten-
site phase; (b) the sample reversibly deformed for the one-way effect,
or irreversibily (severely) deformed for the two-way; (c) sample heat-
ing above the transition temperature; (d) sample cooling.

different shape memory effects. Two common effects are one-way and
two-way shape memory (Fig. 1.12(b)).

The one-way effect is as follows. When a shape memory alloy is
in its cold state (below As), the metal can be bent or stretched and
will hold those shapes until heated above the transition temperature.
Upon heating, the shape changes to its original form. When the
metal cools again it will remain in the hot shape, until deformed again
(Fig. 1.12(b), left). Cooling from high temperatures does not cause a
macroscopic shape change. A deformation is necessary to create the
low-temperature shape. On heating, transformation starts at As and
is completed at Af (typically 2 to 20 ◦C or hotter, depending on the
alloy or the loading conditions). As is determined by the alloy type
and composition. It can be varied between −150 ◦C and 200 ◦C.

The two-way shape memory effect is the effect that the mate-
rial remembers two different shapes: one at low temperatures, and
one at the high temperature shape. In fact, a material that shows a
shape memory effect during both heating and cooling is called two-
way shape memory. This can also be obtained without the application
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of an external force (intrinsic two-way effect). The reason the mate-
rial behaves so differently in these situations lies in training. Train-
ing implies that a shape memory can “learn” to behave in a certain
way. Under normal circumstances, a shape memory alloy “remem-
bers” its high-temperature shape, but upon heating to recover the
high-temperature shape, immediately “forgets” the low-temperature
shape. However, it can be “trained” to “remembers” to leave some
reminders of the deformed low-temperature condition in the high-
temperature phases. There are several ways of doing this. A shaped,
trained object heated beyond a certain point will lose the two way
memory effect, this is known as “amnesia”. The way in which the
alloys are “trained” depends on the desired properties. The “training”
dictates the shape that the alloy will remember when it is heated.
This occurs by heating the alloy so that the dislocations reorder into
stable positions, but not so hot that the material recrystallises. They
are heated to between 400 ◦C and 500 ◦C for 30 minutes. Typical vari-
ables for some alloys are 500 ◦C and for more than 5 minutes. They
are then shaped while hot and are cooled rapidly by quenching in
water or by cooling with air. The copper-based and Ni Ti (nickel and
titanium)-based shape memory alloys are considered to be engineer-
ing materials. These compositions can be manufactured to almost any
shape and size. The yield strength of shape memory alloys is lower
than that of conventional steel, but some compositions have a higher
yield strength than plastic or aluminum. The yield stress for Ni Ti
can reach 500 MPa. One of the advantages of using shape memory
alloys for actuation is the high level of recoverable strain that can be
induced, up to 8% in some cases. This compares with a maximum
strain 0.5% for conventional steels. Weak points of the technology
are energy inefficiency, slow response times, and large hysteresis. As

an observation, it can be worth stressing that there is also another
type of SMA’s, called ferromagnetic shape memory alloys (FSMA),
that change shape under strong magnetic fields. These materials are
of particular interest as the magnetic response tends to be faster and
more efficient than temperature-induced responses.

44



1.3 Components for robot Muscles - Prime Movers

Shape Memory Polymers Shape memory polymers (SMPs)
are smart materials that have the ability to return from a deformed
state (temporary shape) to their original (permanent) shape induced
by an external stimulus (trigger), such as temperature change [68,
69]. Most SMPs can retain two shapes, and the transition between
those is induced by temperature. In some recent SMPs, heating to

Figure 1.13: Schematic representation of the thermally induced shape
memory effect.

certain transition temperatures allows to fix three different shapes. In
addition to temperature change, the shape change of SMPs can also
be triggered by an electric or magnetic field, light or solution.

With reference to thermal activation, the shape memory effect
(Fig. 1.13) can be described as follows. Polymers exhibiting a shape
memory effect have both a visible, current (temporary) form and a
stored (permanent) form. Once the latter has been manufactured
by conventional methods, the material is changed into another, tem-
porary form by processing through heating, deformation, and finally,
cooling. The polymer maintains this temporary shape until the shape
change into the permanent form is activated by a predetermined ex-
ternal stimulus. As for polymers in general, the broad SMP fam-
ily covers a wide property-range, from stable to biodegradable, from
soft to hard, and from elastic to rigid, depending on the structural
units that constitute the SMP. SMPs include thermoplastic (physi-
cally crosslinked) and thermoset (covalently cross-linked) polymeric
materials. Physically crosslinked SMPs include polyurethanes, block
copolymers of polyethylene terephthalate (PET) and polyethyleneox-
ide (PEO), block copolymers containing polystyrene and poly(1,4-
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butadiene), and an ABA triblock copolymer made from poly(2-methyl-
2-oxazoline) and poly(tetrahydrofuran). Chemically crosslinked SMPs
include polyurethanes and PEO-PET block copolymers.

1.3.2.12 Electro-Active Polymers

Shape memory polymers described above represent an example of
viscoelastic materials which can be used for actuation. More gener-
ally, polymer actuators can convert electrical power (but also other
sources of energy, such as heat, light, chemicals, etc.) into mechanical
power, so that to transfer motion to loads. Polymer based materi-
als inherently able to transduce electrical into mechanical energy are
called ElectroActive Polymers (EAP). They are classified principally
in two main categories, as summarised in Fig. 1.14: ionic EAP (whose
actuation is based on diffusions of ions and solvents) and electronic
EAP (whose actuation is based on electronic charging of the mate-
rial). These two classes presents the following sub-division in specific
groups:

• ionic EAP: polyelectrolyte gels, such as modified poly(acrylonitrile);
ionic polymer metal composites (IPMC), such as Nafion/Pt;
conducting polymers, such as polypyrrole (PPy) and polyani-
line (PANi); carbon nanotubes, currently classified as EAP even
though they are non-polymeric macromolecular materials;

• electronic EAP: piezoelectric polymers, such as PVDF; elec-
trostrictive polymers, such as copolymers based on PVDF; di-
electric elastomers, such as silicone; flexoelectric polymers, such
as liquid crystal elastomers.

46



1.4 Components for robot Muscles - Elastic Storage

Figure 1.14: EAP classification and examples of materials.

1.4 Components for robot Muscles - Elas-
tic Storage

In physics, elasticity is the physical property of a material that re-
turns to its original shape after that the stress (e.g. external forces),
which made it deformed, is removed. The relative amount of defor-
mation is called strain.

Elasticity is, generally, referred to an intrinsic property of the ma-
terial, for a body or a structure is possible to define the stiffness,
considering it like the resistance to a deformation of an elastic body
to an applied load. Elastic modulus is a property of the constituent
material; stiffness is a property of a solid body. That is, the elastic-
ity modulus is an intensive property of the material; stiffness, on the
other hand, is an extensive property of the solid body dependent on
the material and the shape and the boundary conditions.

To explain this concept and to clarify the possibility to manipu-
late some parameter to change the impedance of a system, is useful
a simple example of a beam of elastic linear material, subject to a
traction load (Fig. 1.15(a)).

In a mono-axial load configuration stress and strain are related by
the equation

σ = Eε (1.8)
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(a) (b)

Figure 1.15: a) Typical yield behavior for ferrous alloys. 1) true
elastic limit, 2) proportionality limit, 3) elastic limit and 4) offset
yield strength. b) Stress - Strain curves for different materials

Now defining ε = ∆L
L0

where ∆L is the amount by which the length
of the object changes and L0 is the original length of the object, and
the tensile stress σ = F

A0
where E is the Young’s modulus (modulus

of elasticity) and A0 is the original cross-sectional area through which
the force is applied. Replacing the previous equations in eq. 1.8 is
obtained F:

F =

(
E A0

L0

)
∆L = k x (1.9)

where k = EA0

L0
is stiffness and x = ∆L is the shift this relation

describes the stiffness of an ideal spring.
Energy density per unit volume is defined as (for a elastic-omogenous-

isotropic material)

u =
1

2

3∑

i,j=1

σijτi,j (1.10)

and total energy stored in the system is

U =

∫

V

u dV. (1.11)
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For the previous example (uniform section) energy stored is

U =

∫

l

EA0∆L

L0
dL =

EA0

L0

∫

l

∆LdL =
EA0∆L2

2L0
(1.12)

where U is the elastic potential energy, and can be rewritten like

U =

∫

l

kxdx =
1

2
kx2. (1.13)

From this example is possible to see how energy is stored in a
system and so the relation between force and displacement depend
not only by the material but also by the design and the peculiarity of
a particular system and solution.

1.4.1 Materials

Describing the properties of a material is not easy in general. There
are a lot of variables that influence performances and behaviour of a
material. The same material at different temperatures or load con-
ditions presents different behaviours. With this classification a set of
possible materials useful to made variable impedance is proposed, the
classification criteria are based on the theory of continuous mechanics,
and particular attention on constitutive relation is posed. Modelling
an object as a continuum assumes that the substance of the object
completely fills the space it occupies. Modelling objects in this way
ignores the fact that matter is made of atoms, and so is not contin-
uous; however, on length scales bigger than that one of inter-atomic
distances, such models are highly accurate. Fundamental physical
laws such as the conservation of mass, the conservation of momen-
tum, and the conservation of energy may be applied to such models
to derive differential equations describing the behavior of such ob-
jects, and some information about the particular material studied is
added through a constitutive relation. In general all type of material
can be described with this approach and for our scopes this method
is useful to describe materials and their properties.
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From a mechanical point of view the distinction between solid and
fluid (liquid and gas) is based on the different answer that the material
has when it is subject to an external force, more precisely the capacity
of the material to support shear stress. Solids can be subjected to
shear stresses, and to normal stresses - both compressive and tensile.
In contrast, ideal fluids can only be subjected to normal, compressive
stress which is called pressure. Real fluids display viscosity and so
are capable of being subjected to low levels of shear stress. In a solid,
shear stress is a function of strain, but in a fluid, shear stress is a
function of rate of strain.

These observations are very important to describe the influence of
a material to develop a variable impedance system.

In this section attention is posed on energy storage, therefore a
simple description about materials capable to store and release en-
ergy (without or with low dissipation phenomena) will be made. In
section 1.6 other material and other physics properties will be taken
in to account. Materials are classified considering their linear or not
linear behaviour.

Linear Energy Storage The stress-strain curve is a graphical rep-
resentation of the relationship between stress, derived from measuring
the load applied on the sample, and strain, derived from measuring
the deformation of the sample, i.e. elongation, compression, or distor-
tion. The nature of the curve varies from material to material. In Fig.
1.15(b) some typical stress-strain curve are reported for different kind
of materials.. The linear portion of the curve is the elastic region and
the slope is the modulus of elasticity or Young’s Modulus. After the
yield point, the curve typically decreases slightly because dislocations
escaping from Cottrell atmospheres. Area subtended of each curve
is the energy stored during the deformation process, only the energy
stored in elastic phase is useful. Energy absorbed during plastic de-
formation is dissipated to move the dislocation, or more general to
win the internal friction, and it can not be discharged when the load
is turned off. In general elastic energy can be evaluate with eq.1.11.
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Many elastic materials have linear behaviour, sometimes only for a
small portion of their stress-strain curve. Considering the sample of
material with standard dimension used to obtain the Stress - Strain
graph, energy stored in linear phase can be evaluated with eq.1.12
and eq.1.13. Therefore parameters that characterise a material are
Young’s Modules (E) and % of displacement.

Some of the most popular and newest materials, with linear char-
acteristic, used in elastic storage systems are reported below.

• Metal Alloys
Some metal alloys are well known as spring materials. In steels,
the medium and high-carbon grades are suitable for springs.
Beryllium copper and phosphor bronze are used when a copper-
base alloy is required. The high-nickel alloys are used when high
strength must be maintained in a elevated-temperature environ-
ment. Some of the most important materials are:
- Music Wire (AISI 1085)
- Oil - Temperd Wire (AISI 1065)
- Hard - drawn wire (AISI 1066)
- Chrome - Vanadium (AISI 6150)
- Chrome - Silicon (AISI 9254)
The selection of material is always a cost-benefit decision. Some
factors to be considered are costs, formability, fatigue strength,
corrosion resistance, stress relaxation. All materials after the
spring forming have heat treatment (at low and high temper-
ature) to improve and restore mechanical characteristics (e.g.
Yield Stress value). In Fig. 1.16 properties of various spring’s
metal alloys materials are shown. In column four is reported
the elongation percent and is possible to see how Monel K500
and Inconel X-750 (Nickel Base Alloys) have the bigger values,
with a good and similar Tensile Strength but different Modulus
of Elasticity.

• Composite Materials
In its most basic form a composite material is one which is
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Figure 1.16: Typical Properties of Spring-Tempered Alloy

composed of at least two elements working together to produce
material properties that are different to the properties of those
elements on their own. In practice, most composites consist
of a bulk material (the matrix), and a reinforcement of some
kind, added primarily to increase the strength and stiffness of
the matrix. This reinforcement is usually in fibre form. To-
day, the most common man-made composites can be divided
into three main groups: Polymer Matrix Composites (PMC),
Metal Matrix Composites (MMC) and Ceramic Matrix Com-
posites (CMC). Design of composite materials is a compromise
among various aspects, properties of basics constituent mate-
rials and their arrangements, for these reasons there is a very
large range of mechanical properties that can be achieved with
composite materials. Even when considering one fibre type on
its own, the composite properties can vary by a factor of 10
with the range of fibre contents and orientations that are com-
monly achieved. The comparisons proposed in Fig. 1.17 there-
fore show a range of mechanical properties for the composite
materials. The lowest properties for each material are associ-
ated with simple manufacturing processes and material forms
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Figure 1.17: Range of Elastic Modules and Tensile Strength for different
composites and material.

(e.g. spray lay-up glass fibre), and the higher properties are
associated with higher technology manufacture (e.g. autoclave
moulding of unidirectional glass fibre prepreg), such as would
be found in the aerospace industry. These properties can best
be summed up as high strengths and stiffnesses combined with
low densities. It is these properties that give rise to the char-
acteristic high strength and stiffness to weight ratios that make
composite structures ideal for so many applications. This is
particularly true of applications which involve movement, such
as cars, trains and aircraft, since lighter structures in such ap-
plications play a significant part in making these applications
more efficient. Many of these materials can be used to develop
structures to store energy. Some of the most used composites
are:
- Glass Fibre with epoxy resin
- Carbon Fibre with epoxy resin
- Kevlar Fibre with epoxy resin.

• Carbon Nanotubes
These materials have high tensile strength combined with high
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Figure 1.18: Film of nanotubes acting like a layer of mattress springs.

flexibility and elongation (15%), and low density. Some new ap-
plications use them like springs, in Fig. 1.18 a films of nanotubes
to act like a layer of mattress springs, flexing and rebounding
in response to a force, is showed.

Non - Linear Energy Storage The most popular non linear elas-
tic elements are:

• Elastomer
An elastomer is a polymer with the property of viscoelasticity
(colloquially "elasticity"), generally having notably low Young’s
modulus and high yield strain compared with other materials.
The term, which is derived from elastic polymer, is often used
interchangeably with the term rubber, although the latter is
preferred when referring to vulcanisates. Each of the monomers
which link to form the polymer is usually made of carbon, hy-
drogen, oxygen and/or silicon. Elastomers are amorphous poly-
mers existing above their glass transition temperature, so that
considerable segmental motion is possible. At ambient tempera-
tures rubbers are thus relatively soft (E 3MPa) and deformable.
Their primary uses are for seals, adhesives and molded flexible
parts. In Fig. 1.19 typical Tensile Strength - Elongation curves
for different materials are reported.

• Superelastic Materials
Superelastic alloys belong to the larger family of shape memory
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Figure 1.19: Tensile Strength - Elongation curves for different elastomeric
materials

alloys (SMA). Characteristics of SMA are reported in sec. 1.3.2.11.
When mechanically loaded, a superelastic alloy deforms reversibly
to very high strains - up to 10% - by the creation of a stress-
induced phase. When the load is removed, the new phase be-
comes unstable and the material regains its original shape. Un-
like shape-memory alloys, no change in temperature is needed
for the alloy to recover its initial shape. Some common su-
perelastic alloys are: Nitinol and Copper - Aluminium Alloy.
As shown in Fig. 1.20, when in its high temperature Austen-
ite state, Coper - Alluminium Alloy has a unique stress-strain
profile. Traditional spring materials such as stainless steel or
beryllium copper have an elastic limits of one-half to one per-
cent, compared to this alloys which can be 10 to 20 times more
elastic, and can recover from deformations in excess of nine per-
cent. This hyperelastic deformation absorbs and releases energy
at a nearly constant force across the deformation range, which
evenly distributes the load acceleration during deformation and
recovery. In general these alloys have more advantages like: ex-
treme flexibility, high spring energy storage, precise temperature
transition and biocompatibility.

• Gas
Possibility to use gas as springs is discussed in 1.4.2.7.
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Figure 1.20: Stress-Strain Property of a Copper - Aluminium Alloy

1.4.2 Elastic Components

Making a classification of various kind of mechanical springs is not
easy. During history many kind of elastic storage systems have been
developed, many of them have intrinsic properties and their study is
not easy.

During the develop of a variable impedance system one of the
most important feature of elastic elements is the energy stored and
its relation with element’s volume, but also its relation between load
and displacement. The mechanics working principles (stress state
which is material subjected), sets how the energy is stored, and a
preliminary classification can be based on this. In this way some
complex phenomena can be neglected but the general behaviour of a
system can be isolated. Torque, blending, tension (compression) and
complex stress state can be the main categories of this classification.
On the other hand the enormous quantity of different kind of spring
and the possibility that the engineer has to change the parameters of
these makes not easy this approach. From a design point of view for
a develop of a VIA the relation load-displacement and the amount of
energy stored during deformation is useful and a classification based
on their linear or non linear behaviour is preferable. Many of commons
spring can be rearrange to be linear or non linear, in general, based
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on the deformation pattern, springs can be divided into the following
three types (fig. 1.21):
- springs with linear characteristics (1)
- springs with degressive characteristics (2)
- springs with progressive characteristics (3)
The area (U) under the spring characteristic curve represents the

Figure 1.21: Behaviour of three different kind of springs: linear (1), de-
gressive (2), progressive (3)]

deformation work (energy) of a spring performed by itself the spring
during its loading and can be evaluated with eq. 1.11

To make easy a comparison and to have a good overview about
different systems for each kind of spring a small description about
how they work and how can be rearranged is made. If needed for par-
ticular structures where different kind of materials are used a simple
description about these implementations will be made.

1.4.2.1 Torsion bar

Description Springs based on the principle of long slender bars
of circular or rectangular section subjected to torque loads. The ends
of bars with circular section are mostly fixed by means of grooving.
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Figure 1.22: Torsion bar schema (left) and its automotive application
(right)

Sometimes one end is square-shaped in order to facilitate attachment.
A torsion bar , also known as a torsion spring or incorrectly torsion
beam, is a general term for any system suspension that uses a torsion
bar as its main weight bearing spring. In Fig. 1.22 an example of
vehicle’s application is showed.

Specific Properties - suitable for higher loading torques
- linear working characteristics
- high spring constant
- considerable length requirements, otherwise minimum space needed
- low production costs

Working principles, energy and stiffness Element’s defor-
mation is caused by a torsion stress state generated by an external
load (force or torque). In general for a pure torsion stress state energy
density is

u =
1

2

τ 2

G
(1.14)
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where τ are torsional shear stress, and are function of system’s geom-
etry. For a generic beam the torsional stiffness is:

k =

∫ l

0

1

GJ0
ds (1.15)

If section, along beam’s length, is constant, eq.1.15 becomes

k =
JG

L
(1.16)

and relation between load and displacement is linear.

Variations Stiffness can be non linear adopting variable section
beam.

Materials - Metal Alloys
- Composites
- Superelastic

1.4.2.2 Coil spring

Description Coil spring are made of an elastic material formed
into the shape of a helix which returns to its natural length when
unloaded. Metal coil springs are made by winding a wire around a
shaped former, a cylinder is used to form cylindrical coil springs. The
two usual types of coil spring are:

• Tension coil springs (Fig. 1.23(a)), designed to resist stretching.
They usually have a hook or eye form at each end for attach-
ment.
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(a) (b) (c) (d) (e) (f)

Figure 1.23: Coil spring: tension (a), compression (b), variable pitch
(c), variable diameter (d), mixed (e). Load-Deformation chart for
progressive spring (f)

• Compression coil springs (Fig. 1.23(b)), designed to resist being
compressed. A typical use for compression coil springs is in car
suspension systems.

Both types can be formed with round or rectangular wires, this
have effects on spring’s elastic properties.

Specific Properties - suitable for low and medium load forces
- linear working characteristics
- relatively low spring constant
- easy mounting and dismantling
- low production costs

Working principles, energy and stiffness Coil springs are a
special type of torsion spring: the material of the spring acts in torsion
when the spring is compressed or extended, for this reason density of
energy stored is similar to eq.1.14. The stiffness, for a round wire,
according with eq.1.14 is

k =
4JG

D3Nπ
. (1.17)
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Variations From eq. 1.17, making D or N variable with dis-
placement, the function of spring becomes non linear with a progres-
sive behaviour.

In variable pitch progressive springs (Fig. 1.23(c), 1.23(d), 1.23(e))
each coil is spaced differently and has a variable spring rate. When
free, it is easy to compress progressive springs for first centimeters. As
you apply more forces, coil on a progressive spring come closer. After
a certain point, coils at the top 1/4 of progressive springs begin to
touch each other and finally become inactive or dead, and that makes
the spring stiffer. Apply more forces to a progressive spring then
it becomes stiffer because as the number of active coils in a spring
decreases, the spring rate increases (Fig. 1.23(f)). So, progressive
springs may both be sensitive to very small bumps on the road, while
giving the stiffness you need during hard braking and turning. Other
kind of progressive springs are conical and mixed spring (variable
pitch and diameter), an example is showed in Fig. 1.23(f).

For each progressive spring a limit force Fc is defined. When exter-
nal load (F ) is upper, the behaviour becomes non linear (Fig. 1.23(f)).

Materials - Metal Alloys
- Composites
- Superelastic.

1.4.2.3 Leaf spring

Description Leaf Springs are widely used in the automobile
and railway industries for suspension applications. The simplest ar-
rangement is the single beam spring (Fig. 1.24(a)), which has two
primary variations: the cantilever spring and the simply supported
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(a) (b)

Figure 1.24: Two primary variations of leaf springs: cantilever and simply
supported beam (a). Laminate leaf springs (b)

beam. The more normal application is the laminated (multiple) leaf
spring (Fig. 1.24(b)) which provides a more efficient stress distribu-
tion. Sometimes referred to as a semi-elliptical spring or cart spring,
it takes the form of a slender arc-shaped length of spring steel of rect-
angular cross-section. The center of the arc provides location for the
axle, while tie holes are provided at either end for attaching to the
vehicle body. For very heavy vehicles, a leaf spring can be made from
several leaves stacked on top of each other in several layers, often with
progressively shorter leaves. Leaf springs can serve locating and to
some extent damping as well as springing functions. While the inter-
leaf friction provides a damping action, it is not well controlled and
results in stiction in the motion of the suspension. For this reason
manufacturers have experimented with mono-leaf springs.

Specific properties Single spring
- suitable for low and medium load forces
- linear working characteristics
- relatively low spring constant
- considerable length requirements, otherwise minimum space needed
- low production costs

Laminated leaf springs
- suitable for higher loading forces
- theoretically linear working characteristics (friction between the
leaves causes hysteretic pattern of the working curve)
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- relatively higher spring constant (stiffness)
- high space requirements
- demanding maintenance (lubrication and cleanness)

Working principles, energy and stiffness Working prin-
ciples is bending, this means that stress on material is a tensile-
compression stress. Energy density can be defined as

u =
1

2

σ2

E
(1.18)

Stiffness for single-leaf, cantilever and simply supported respec-
tively, can be expressed like

k =
3EI

L3
k =

48EI

L3
(1.19)

and for laminated-leaf, respectively, as

k =
2EIn

L3
k =

48EIn

3L3
. (1.20)

Variations
Acting on the section of a single leaf, making it variables with beam’s
length, a non linear behaviour can be obtained.

Materials
- Metal Alloys
- Composites

1.4.2.4 Spiral spring

Description The spring made of a strip with rectangular sec-
tion wound into the shape of Archimedes spiral, with constant spac-
ing between its active coils, loaded with torque in the direction of the
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winding. The constant spacing determinate a linear working charac-
teristics.

Specific Properties - suitable for low loading torques
- linear working characteristics
- low spring constant
- low production costs

Working principles, energy and stiffness Working prin-
ciple is the same of a torque spring, the flat wire is in a tensile-
compression stress state, and energy density is expressed like in eq. 1.18.

Stiffness for a rectangular strip is

k =
Ebt3π

12 ∗ 180L
(1.21)

Variations
If space between active coils is not constant the behaviour becomes

Figure 1.25: Three different kind of spiral springs: constant force (left),
mainspring (centre) and volute spring (right)

non linear, a similar effects can be obtained acting on the slop of the
spiral. Implementing these changes some various kind of springs can
be obtained.
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• Constant force spring
A constant-force spring (Fig. 1.25) is a spring for which the
force it exerts over its range of motion is a constant. Gener-
ally constant-force springs are constructed as a rolled ribbon of
spring steel such that the spring is relaxed when it is fully rolled
up. As it is unrolled, the restoring force comes primarily from
the portion of the ribbon near the roll. Because the geometry
of that region remains nearly constant as the spring unrolls, the
resulting force is nearly constant.

• Mainspring
A mainspring (Fig. 1.25) is a spiral torsion spring of metal rib-
bon that is the power source in mechanical watches and some
clocks. Winding the timepiece, by turning a knob or key, stores
energy in the mainspring by twisting the spiral tighter. The
force of the mainspring then turns the clock’s wheels as it un-
winds, until the next winding is needed.

• Volute Springs
A Volute spring (Fig. 1.25) is a wide, thin strip,or "flat", of
material wound on the flat so that the coils fit inside one to
another. Since the coils do not stack, the solid height of the
spring is the width of the strip. A variable-spring scale is ob-
tained by permitting the coils to contact the support. Thus, as
the deflection increases, the number of active coils decreases.

Materials - Metal Alloys
- Composites

1.4.2.5 Torsion spring

Description A helical torsion spring (Fig. 1.26(a)), is a metal
rod or wire in the shape of a helix (coil) that is subjected to twisting
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(a)

(b)

Figure 1.26: Torsion spring (a). Bellville Springs (single and stacking
sequence) examples (b)

about the axis of the coil by sideways forces (bending moments) ap-
plied to its ends, twisting the coil tighter. Torsional load frequently
acts on these spring, the amount of force (actually torque) it exerts
is proportional to the amount it is twisted.

Specific Properties - suitable for low and medium loading torques
- linear working characteristics
- relatively low spring constant
- low production costs

Working principles, energy and stiffness This kind of spring
work on bending, the energy density is expressed like in eq.1.18.

Stiffness, for a round wire, is definite like

k =
EI

DNaπ
(1.22)
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1.4.2.6 Belleville spring

Description A Belleville spring (Fig. 1.26(b)), also known as
a coned-disc spring, is a type of spring shaped like a washer. It has
a slight conical shape which gives the washer a spring characteristic.
Belleville washers are typically used as springs, or to apply a pre-load
or flexible quality to a bolted joint. Belleville springs are also used in
a number of landmines.

Multiple Belleville (Fig. 1.26(b) on the right) washers may be
stacked to modify the spring constant or amount of deflection. Stack-
ing in the same direction will add the spring constant in parallel,
creating a stiffer joint (with the same deflection). Stacking in an al-
ternating direction is the same as adding springs in series, resulting in
a lower spring constant and greater deflection. Mixing and matching
directions allow a specific spring constant and deflection capacity to
be designed.

Specific Properties - suitable for large loading forces
- Load-deflection curves which can be designed for various applica-
tions ranging from linear rates to negative rates
- Stacking in "parallel" to increase load
- Stacking in "series" to increase deflection
- high spring constant (stiffness)
- low space requirements
- easy mounting and dismantling
- low production costs

Working principles, energy and stiffness Stress occurring
in the Belleville spring is rather complex. Maximum stress (compres-
sive) develops in the inner top edge. Tensile stress occurs on the
bottom outer edge. Maximum compressive stress serves for strength
check of springs subjected to static load. The shape of the Belleville
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spring characteristic curve is strongly affected by the relative height
h0/t (unloaded spring heigth and thickness). For small values of the
relative height the spring has nearly linear working characteristics;
with rising ratio the characteristics are sharply digressive (Fig. 1.27(a)
on the right). Also the stacking sequence change the behaviour of the
total spring (Fig. 1.27(a) on the left).

(a)

(b)

Figure 1.27: (a)Bellville Load-Deformation curves: relation with
equivalent heigth and for various stacking sequence. (b) Various kinds
of flat springs: slotted, wave and a stack of wave springs

Energy density is a complex function and is valuable from eq.1.10.
The stiffness is a complex function of many parameters, its generic

formula for a single spring is

k =
4E

1− µ2

t3

K1D2
e

[(
h0

t
)2 − 3

h0

t

s

t
+

3

2
(
s

t
)2 + 1]. (1.23)
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Variations Various kind of flat spring with different behaviour
and characteristics have been produced. Many of them can be stud-
ied with methodology used for Belleville springs. Some of them are
reported in Fig. 1.27(b).

Materials - Metal Alloys
- Composites
- Superelastic

1.4.2.7 Gas Spring

(a) (b) (c)

Figure 1.28: (a) Examples of a commercial Gas springs. (b) Schema-
tisation of a gas spring. (c)Force-Dispalccement curve of a gas spring.
In red the displacement when piston is pushed and in blue when it is
pulled.
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Description A gas spring is a type of spring that, unlike a typ-
ical metal spring, uses a compressed gas, contained in a cylinder and
variably compressed by a piston, to exert a force. Gas springs are
used frequently in automobile construction, where they are commonly
used to support the weight of vehicle doors while they are open. They
are also used in furniture, medical, and aerospace applications (Fig.
1.28(a)).

Working principles, energy and stiffness From a theoreti-
cal point of view we can consider the system in Fig. 1.28(b) a good
approximation, with assumption:
- Ideal Gas
- Adiobatic Boundary
- Quasi-Static Compression
- Initial Pressure in the cylinder is atmospheric pressure
- No friction
Analysis of the system can be made in dimensionless number. Piston
displacement is measured in % of sealed length, and force is measured
as a factor of the initial force (force factor). Initial force equals initial
pressure multiplied by piston area. Fig. 1.28(c) plot the characteris-
tic of the spring in two cases: push or pull the piston. The relation
between force and displacement is, respectively for pushing and for
pulling is

Fpush = (
L

L− x
)γ − 1 Fpull = (

L

L+ x
)γ − 1. (1.24)

The system behaviour is very different. The only limit on how high a
pressure difference in the pushing case is how hard you can push and
when the piston will rupture. In the pulling case even if you could
pull the piston far enough to get a perfect vacuum (which you can
not obtain) the largest pressure difference across the piston would be
bewteen the atmospheric pressure and the vacuum.
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(a) (b)

Figure 1.29: (a) Air springs: section and description. (a) Load-
Displacement chart for different inside pressure (from the Firestone
Air Spring catalogue).

1.4.2.8 Air Springs

Description An air spring is a carefully designed rubber/fabric
bellows which contains a column of compressed air. The rubber bel-
lows itself does not provide force or support load. This is done by the
column of air. Air springs are used in vehicle suspensions, support
devices, roller friction brake and more other applications.

Specific Properties - low cost respect to traditional hydraulic
cylinder
- long life
- no maintenance or lubrication
- friction free
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- compact design with respect to traditional cylinder

Working principles, energy and stiffness In first approxi-
mation an approach like in gas spring is acceptable. In Fig. 1.29(b)
an example of load-deflection ratio is showed. The force [1] is given
on the right hand axis vs the air spring height [2] as shown along the
bottom axis; thus, load vs. deflection for different inner air pressure.

1.4.2.9 Rubber Springs

(a) (b)

Figure 1.30: (a) Rubber Springs. Structure and samples. (b)Load-
Displacement (left) and low damping curves for a rubber spring

Description The most frequent implementation is a cylindrical
rubber material with mechanical interfaces to link them with struc-
ture. In more complex solution different kind of rubbers and rein-
forcement structures are employed. These elements may be modified
to meet specific load and performance requirements. In general rub-
ber with low damping factor and particular treatment are used to
improve performance. In Fig. 1.30(a) some different solutions and
examples are reported.
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Specific Properties - High load carrying capacity
- Low cost
- Simplicity
- Variable dimension
- Compact design

Working principles, energy and stiffness «««< .mine When
analostomeric material is used like a spring application the damping
ratio is reduced to a minimal level. If it is neglected is possible to
analyse the rubber spring like a beam with tensile-compression stress,
but the non linearity of the material must be taken in account. En-
ergy density is ======= When an elastomeric material is used as
a spring, the damping ratio is reduced to a minimal level. If it is
neglected, it is possible to analyse the rubber spring like a beam with
tensile-compression stress, but the non linearity of the material must
be taken in account. Energy density is »»»> .r188

u =
1

2

σ2

E
(1.25)

And stiffness is

k =

∫ l

0

1

EA
ds (1.26)

In Figure an example of Load/Deflection curve (confronted with
steel) and an example of a low damper rubber springs (low hysteresis)
are reported.

1.5 Components for robot muscles - Ki-
netic storage

The Kinetic Energy of an object is the extra energy which it pos-
sesses due to its motion. It is defined as the work needed to accelerate
a body of a given mass from rest to its current velocity. Having gained
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this energy during its acceleration, the body maintains this kinetic en-
ergy unless its speed changes. Negative work of the same magnitude
would be required to return the body to a state of rest from that veloc-
ity. In a simple system of one dof the total kinetic energy is composed
by two terms, translational and rotational, like in the equation 1.27

Ek =
1

2
Mv2 +

1

2
Iω2 (1.27)

From this simple equation is possible to understand how varying
the mass or the inertia, but also velocity of a system its energy is
changing, and consequently impedance of the system change.

Afterwards systems able to change their inertia and velocity are
discussed, in general both ability can coexist in the same system.

1.5.1 Inertial Components

1.5.1.1 Flywheel energy storage

Storing energy in the form of mechanical kinetic energy (for compar-
atively short periods of time) in flywheels has been known for cen-
turies, and is now being considered again for a much wider field of
utilisation, competing with electrochemical batteries ( [70]). In iner-
tial energy storage systems, energy is stored in the rotating mass of
a flywheel. The rotating mass stores the short energy input so that
rotation can be maintained at a fairly constant rate. In Fig. 1.31 is
possible to see the first hand flywheel system invented by Leonardo
da Vinci : rotating the shaft by hand the kinetic rotational energy is
stored. Flywheels have been applied in steam and combustion engines
for the same purpose since the time of their invention. The applica-
tion of flywheels for longer storage times is much more recent, and has
been made possible by developments in materials science and bearing
technology. The energy capacity of flywheels, with respect to their
weight and cost, has to date been very low, and their utilisation was
mainly linked to the unique possibility of being able to deliver very
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Figure 1.31: Leonardo’s flywheel

high power for very short periods (mainly for special machine tools).
The energy content of a rotating mechanical system is :

E =
1

2
Jω2

where J is the moment of inertia and ω the angular velcoty. The
moment of inertia is determined by the mass and the shape of the
flywheel, and is defined as :

J =

∫
x2dmx

where x is the distance from the axis of rotation to the differential
mass dmx. Let us consider a flywheel of radius r in which the mass
is concentrated in the rim. The solution of the integral will then be
simple since x = r = constant :

J = x2

∫
dmx = mr2
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and
E =

1

2
r2mω2

The last equation shows that the energy stored depends on the total
mass of the flywheel to the first power and the angular velocity (the
number of revolutions per time unit) to the second power. This means
that, in order to obtain high stored energy, high angular velocity is
much more important than the total mass of the rotating flywheel
storage. The energy density Em, (the amount of energy per kg) can
be derived directly by dividing the energy content of the flywheel by
its mass

Em =
1

2
r2ω2

The volume energy density Evol is derived by substituting m in the
equation with m expressed as the mass density ρ multiplied by the
volume :

Evol =
1

2
ρr2ω2

The tensile strength of the material dictates the upper limit of angular
velocity. In our example, the tensile stress in the rim is given by

σ = ρω2r2

so that the maximum kinetic energy per unit volume will be

Evolmax =
1

2
σmax

Thus, if the dimensions of the flywheels are fixed, the main require-
ment is high tensile strength. High values of Evol are important in cer-
tain cases, but if transport applications are involved it would clearly
be better to use the maximum Em as a criterion. By combining mass
and volume density equations as a function of ρ and σ it is possible
to define maximum mass density as follows :

Emmax =
1

2

σmax

ρ
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An elementary theoretical analysis of the flywheel therefore shows
that the energy storable, per unit mass, is proportional to the allow-
able tensile stress divided by the material density. Contrary to most
people’s intuition, the maximum energy storage capacity of a flywheel,
for a given load on its bearings, is achieved with a flywheel not made
of a heavy metal, but of a material which combines low density with
high tensile strength. The factor 0.5 in the energy density expression
relates to a simple rim flywheel. The general expression for any fly-
wheel, made from material of uniform mass density, may be given as
follows:

Emmax = K
σmax

ρ
.

The value of K depends on the geometry of the flywheel, and is usually
called the flywheel shape factor or form factor. Essentially, the value
of K comes from the expression for the moment of inertia J .

The shape factor K is a measure of the efficiency with which the
flywheels geometry uses the material’s strength. The ideal shape
would be a constant stress disc where all the material is uniformly
stressed biaxially so that the tangential and radial stress components
remain at equal levels to an outer radius of infinity and therefore K
= 1. In case of urban vehicles, particularly for public services buses,
a simple cycle with stops at constant intervals can be defined. A
simple velocity-time cycles such as shown in Fig. 1.32(a), in which a
constant-rate accelleration is followed by a constant-velocity cruise, a
constant-slow down and a specified time spent at standstill, can be
defined. In Fig. 1.32(c)(d) is shown data for a city bus, the average
power is about 30 kW. A storage capacity of 480W h is required. The
energy savings possible with a system of this type has been estimated
to be in the order of 30% ( [71]).

A typical system that uses flywheel consists of a rotor suspended
by bearings inside a vacuum chamber to reduce friction. First genera-
tion flywheel energy storage systems use a large steel flywheel rotating
on mechanical bearings. Newer systems use carbon-fibre composite
rotors that have a higher tensile strength than steel and are an order of
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Figure 1.32: Flywheel internal combustion engine hybrid vehicle.

magnitude less heavy. Magnetic bearings are sometimes used instead
of mechanical bearings, to reduce friction (see Fig. 1.33(a)). Flywheel
power storage systems in current production have storage capacities
comparable to batteries and faster discharge rates. Newer flywheel
systems completely levitate the spinning mass using maintenance-free
magnetic bearings, thus eliminating mechanical bearing maintenance
and failures ( [72]). Last year the most important system that uses
flywheel to starage kinetic energy (see Fig. 1.33(b)) was the KERS
(Kinetic Energy Recovery System) used in Formula One ( [73]). Us-
ing a CVT (Continuously Variable Transmission), energy is recovered
from the drive train during braking and stored in a flywheel. This
stored energy is then used during acceleration by altering the ratio of
the CVT. In motor sports applications this energy is used to improve
acceleration rather than reduce carbon dioxide emissions although the
same technology can be applied to road cars to improve fuel efficiency.
then used to pull up another container.

1.5.2 Velocity Components

1.5.2.1 Gears and trasmissions

A gear is a rotating machine part having cut teeth, or cogs, which
mesh with another toothed part in order to transmit torque. Geared
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(a) (b)

Figure 1.33: (a) Last generation flywheel system. (b) KERS used in
Formula One.

devices can change the speed, magnitude, and direction of a power
source. The gear ratio τ is the relationship between the numbers of
teeth on two gears that are meshed or two sprockets connected with a
common roller chain, or the circumferences of two pulleys connected
with a drive belt. Since the number of teeth is also proportional to
the circumference of the gear wheel (the bigger the wheel the more
teeth it has) the gear ratio can also be expressed as the relationship
between the circumferences of both wheels (where d is the diameter
of the smaller wheel and D is the diameter of the larger wheel):

τ =
πD

πd
=

D

d
=

2R

2r
=

R

r

It is possible also to write the gear ratio τ taking into account that
vd = vD which it leaves to write ωdr = ωDR, then

R

r
=

ωd

ωD
⇒ τ =

ωd

ωD

In other words, the gear ratio is proportional to ratio of the gear
diameters and inversely proportional to the ratio of gear speeds. In
the case of τ > 1 it comes ωD > ωd while for τ < 1 it implies that
ωd > ωD. With gear ratio τ equal to 1 the velocity of the two gears is
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the same. If ωD is the angular velocity of the actuated sprocket, for
example by a DC motor, it is possible to reduce (τ > 1) or increase
(τ < 1) the speed of the other one. In transmissions which offer
multiple gear ratios, such as bicycles and cars, the term gear, as in
first gear, refers to a gear ratio rather than an actual physical gear.
It is possible to change the gear ratio τ manually. A common manual
trasmission used in cars is shown in Fig. 1.34 for the reverse gear and
Fig. 1.34 for the fourth gear. It is also possible to change the gear
ratio τ continuosly. For this purpose a CVT (Continuously Variable
Transmission) has been developed.

Figure 1.34: Trasmission used to change the gear ratio manually: (sx)
reverse gear, (dx) fourth gear.

Figure 1.35: Semi-automatic transmission: (sx) 6-Speed Direct-Shift Gear
Box, (dx) Electrohydraulic Manual Transmission.

In the middle point of the two possible manner to change the
gear ratio τ there is the semi-automatic transmission (see Fig. 1.35)
(also known as clutchless manual transmission, automated manual
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transmission, flappy-paddle gearbox, or paddle shift gearbox). This
system uses electronic sensors, processors and actuators to execute
gear shifts on the command of the driver. This removes the need
for a clutch pedal which the driver otherwise needs to depress before
making a gear change, since the clutch itself is actuated by electronic
equipment which can synchronise the timing and torque required to
make gear shifts quick and smooth. Sophisticated electronics and hy-
draulics control the clutches, just as they do in a standard automatic
transmission. In a Dual Clutch Transmission (DCT) (see Fig. 1.35)
the clutches operate independently. One clutch controls the odd gears
(first, third, fifth and reverse), while the other controls the even gears
(second, fourth and sixth). Using this arrangement, gears can be
changed without interrupting the power flow from the engine to the
transmission. A CVT is a transmission which can change steplessly
through an infinite number of effective gear ratios between maximum
and minimum values. This contrasts with other mechanical transmis-
sions that only allow a few different distinct gear ratios to be selected.
The flexibility of a CVT allows the driving shaft to maintain a con-
stant angular velocity over a range of output velocities. This can
provide better fuel economy than other transmissions by enabling the
engine to run at its most efficient revolutions per minute (RPM) for a
range of vehicle speeds. Alternatively it can be used to maximise the
performance of a vehicle by allowing the engine to turn at the RPM
at which it produces peak power. In Fig. 1.36 is shown a simple ex-
planation of the CVT behaviour: the crankshaft of a engine increases
its angular velocity then the rotating mass moves from the left to the
right increasing the diameter of the gear. Accordingly the diameter of
the second gear is reduced increasing the velocity of the other wheel.
A brief description of the commercial CVT used mainly in automotive
applications is given in the following.
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Figure 1.36: CVT changes the gear ratio continuously: (sx) how works a
CVT, (dx) implementation of a simple CVT.

1.5.2.2 Variable-diameter pulley (VDP)

In this most common CVT system, there are two V-belt pulleys that
are split perpendicular to their axes of rotation, with a V-belt (see Fig.
1.37 c) running between them. The gear ratio is changed by moving

Figure 1.37: Variable-diameter pulley (VDP): (a) CVT low gear, (b) CVT
high gear, (c) V-belt pulleys.

the two sections of one pulley closer together and the two sections of
the other pulley farther apart. Due to the V-shaped cross section of
the belt, this causes the belt to ride higher on one pulley and lower on
the other. Doing this changes the effective diameters of the pulleys,
which in turn changes the overall gear ratio. The distance between
the pulleys does not change, and neither does the length of the belt,
so changing the gear ratio means both pulleys must be adjusted (one
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bigger, the other smaller) simultaneously in order to maintain the
proper amount of tension on the belt (see Fig. 1.37).

1.5.2.3 Toroidal or roller-based CVT

Toroidal CVTs are made up of discs and rollers that transmit power
between the discs (see Fig. 1.38). The discs can be pictured as two
almost conical parts, point to point, with the sides dished such that
the two parts could fill the central hole of a torus. One disc is the
input, and the other is the output (they do not quite touch). Power

Figure 1.38: Toroidal or roller-based CVT: (a) Gear ratio %= 1, (b) Gear
ratio 1:1, (c) Gear ratio %= 1.

is transferred from one side to the other by rollers. When the roller’s
axis is perpendicular to the axis of the near-conical parts, it contacts
the near-conical parts at same-diameter locations and thus gives a 1:1
gear ratio (see Fig. 1.38). The roller can be moved along the axis of
the near-conical parts, changing angle as needed to maintain contact.
This will cause the roller to contact the near-conical parts at varying
and distinct diameters, giving a gear ratio of something other than 1:1
(see Fig. 1.38). Systems may be partial or full toroidal. Full toroidal
systems are the most efficient design while partial toroidals may still
require a torque converter, and hence lose efficiency.

1.5.2.4 Hydrostatic CVTs

Hydrostatic transmissions use a variable displacement pump (see Fig.
1.39(a)) and a hydraulic motor. All power is transmitted by hydraulic
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fluid. These types can generally transmit more torque, but can be
sensitive to contamination. Some designs are also very expensive.
However, they have the advantage that the hydraulic motor can be

(a) (b)

Figure 1.39: (a) Hydrostatic CVTs. (b) Variable toothed wheel trans-
mission

mounted directly to the wheel hub, allowing a more flexible suspension
system and eliminating efficiency losses from friction in the drive shaft
and differential components. This type of transmission is relatively
easy to use because all forward and reverse speeds can be accessed
using a single lever. An integrated hydrostatic transaxle (IHT) uses
a single housing for both hydraulic elements and gear-reducing ele-
ments.

1.5.2.5 Variable toothed wheel transmission

A variable toothed wheel transmission (see Fig. 1.39(b)) is not a
true CVT that can alter its ratio in infinite increments, but rather
approaches CVT capability by having a large number of ratios, typ-
ically 49. This transmission relies on a toothed wheel positively en-
gaged with a chain where the toothed wheel has the ability to add or
subtract a tooth at a time in order to alter its ratio relative to the
chain it is driving. The “toothed wheel” can take on many configu-
rations including ladder chains, drive bars and sprocket teeth. The
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huge advantage of this type of CVT is that it is a positive mechanical
drive and thus does not have the frictional losses and limitations of
the roller-based or VDP CVTs. The challenge in this type of CVT
is to add or subtract a tooth from the toothed wheel in a very pre-
cise and controlled way in order to maintain synchronized engagement
with the chain. No CVTs of this type are in commercial use, probably
because of above mentioned development challenge.

1.5.2.6 Infinitely Variable Transmission (IVT)

A specific type of CVT is the infinitely variable transmission (IVT), in
which the range of ratios of output shaft speed to input shaft speed
includes a zero ratio that can be continuously approached from a
defined “higher” ratio. A zero output speed (low gear) with a finite

Figure 1.40: Infinitely Variable Transmission (IVT).

input speed implies an infinite input-to-output speed ratio, which can
be continuously approached from a given finite input value with an
IVT. Low gears are a reference to low ratios of output speed to input
speed. This low ratio is taken to the extreme with IVTs, resulting in
a “neutra”, or non-driving “low” gear limit, in which the output speed
is zero. Unlike neutral in a normal automotive transmission, IVT
output rotation may be prevented because the backdriving (reverse
IVT operation) ratio may be infinite, resulting in impossibly high
backdriving torque; ratcheting IVT output may freely rotate forward,
though.
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The IVT dates back to before the 1930s; the original design con-
verts rotary motion to oscillating motion and back to rotary motion
using roller clutches.The stroke of the intermediate oscillations is ad-
justable, varying the output speed of the shaft. This original design
is still manufactured today, and an example and animation of this
IVT can be found here.Paul B. Pires created a more compact (radi-
ally symmetric) variation that employs a ratchet mechanism instead
of roller clutches, so it doesn’t have to rely on friction to drive the
output.

Most IVTs result from the combination of a CVT with a planetary
gear system (which is also known as an epicyclic gear system) which
enforces an IVT output shaft rotation speed which is equal to the
difference between two other speeds within the IVT. This IVT con-
figuration uses its CVT as a continuously variable regulator (CVR)
of the rotation speed of any one of the three rotators of the planetary
gear system (PGS).

IVTs can in some implementations offer better efficiency when
compared to other CVTs as in the preferred range of operation be-
cause most of the power flows through the planetary gear system and
not the controlling CVR. Torque transmission capability can also be
increased. There’s also possibility to stage power splits for further
increase in efficiency, torque transmission capability and better main-
tenance of efficiency over a wide gear ratio range.

1.5.2.7 Ratcheting CVT

The ratcheting CVT is a transmission that relies on static friction and
is based on a set of elements that successively become engaged and
then disengaged between the driving system and the driven system,
often using oscillating or indexing motion in conjunction with one-way
clutches or ratchets that rectify and sum only “forward” motion. The
transmission ratio is adjusted by changing linkage geometry within
the oscillating elements, so that the summed maximum linkage speed
is adjusted, even when the average linkage speed remains constant.
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Figure 1.41: Ratcheting CVT: (a) High gear ratio, (b) Intermediate gear
ratio, (c) High gear ratio.

Power is transferred from input to output only when the clutch or
ratchet is engaged, and therefore when it is locked into a static friction
mode where the driving and driven rotating surfaces momentarily
rotate together without slippage.

These CVTs can transfer substantial torque, because their static
friction actually increases relative to torque throughput, so slippage
is impossible in properly designed systems. Efficiency is generally
high, because most of the dynamic friction is caused by very slight
transitional clutch speed changes. The drawback to ratcheting CVTs
is vibration caused by the successive transition in speed required to
accelerate the element, which must supplant the previously operating
and decelerating, power transmitting element.

Ratcheting CVTs are distinguished from VDPs and roller-based
CVTs by being static friction-based devices, as opposed to being dy-
namic friction-based devices that waste significant energy through
slippage of twisting surfaces.

A running prototype and animation of a functioning two stage
ratcheting CVT is shown in Fig. 1.41.

1.5.2.8 Cone CVTs

This category comprises all CVTs made up of one or more conical
bodies that function together along their respective generatrices in
order to achieve the variation. In the single-cone type, there is a
revolving body (a wheel) that moves on the generatrix of the cone,
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thereby creating the variation between the inferior and the superior
diameter of the cone.

Figure 1.42: Cone CVTs.

In a CVT with oscillating cones (see Fig. 1.42, the torque is
transmitted via friction from a variable number of cones (according
to the torque to be transmitted) to a central, barrel-shaped hub. The
side surface of the hub is convex with a specified radius of curvature,
smaller than the concavity radius of the cones. In this way, there will
be only one (theoretical) contact point between each cone and the
hub.

The cones swing on the barrel-shaped hub it is possible to achieve
all possible pairs with diameters of the same barrel, according to a
range of ratios ranging from 1:1 to 1:7.5 (besides being able to create
even a relationship reverse). The contact between the cones satel-
lites and the barrel is maintained and enforced by a pneumatic (or
hydraulic) that pushes all the cones satellites against the barrel and
the outer ring, called the reaction ring.

1.5.2.9 Radial roller CVT

The working principle the radial roller CVT is similar to that of con-
ventional oil compression engines, but, instead of compressing oil,
common steel rollers are compressed. The motion transmission be-
tween rollers and rotors is assisted by an adapted traction fluid, which
ensures the proper friction between the surfaces and slows down wear-
ing thereof. Unlike other systems, the radial rollers do not show a
tangential speed variation (delta) along the contact lines on the ro-
tors. From this, a greater mechanical efficiency and working life are
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obtained. The main advantages of this CVT are the manufacturing
inexpensiveness and the high power efficiency.

1.5.2.10 Traction-drive CVT - NuVinci CVPT

This is a Fallbrook Techologies NuVinci Continuously Variable Plan-
etary Transmission (see Fig. 1.43). NuVinci technology is a new class
of higly adatable and scalable continuosly variable transmission. It
promises to be the more practicle and economical CVT for both hu-
man power and motor power vechicles and machine. The NuVunci
hub is a Continuously Variable Planetary drivetrain. Continuously
variable means there are no fixed gear ratios and planetary refers to
the way torque in trasfered to the hub using a set of rotating balls
positioned around the central point. Tilting the balls change their
contact angles and variates the speed ratio (see Fig. 1.43). In the
Fig. 1.43) is shown a NuVinci CVT designed for bicycle the blue ring
on the left represents the output (the real wheel of the bike) the red
ring on the right represents the input (for example driven by pedal-
ing). In Fig. 1.43) is possible to see rotating balls back and forward
and it is adjusted by twisting the shifter located on the bikes handle-
bar. As the rider adjust the shifter the idle moves from left to right
tilting the axes of rotating balls and changing the transmission ratio.
In underdrive the input disc spins faster than the output disc perfect
for starting and stop or climbing hills. As the rider adjusts the twist
grip both discs begin to spin at the same speed. Then as the rider
continues to adjust the shifter and overdrive the switch the output
disc spins faster than the input disc. Another unique feature of the
NuVinci CVP is the way torque in transfered using a special fluid that
fills the inside of the hub. As is possible to see in Fig. 1.43) there
is a microscopic space between the rotating balls and both the input
and the output discs. When the fluid passes through this microscopic
space the very high pressure of the rolling contact causes it to solidify
momentarily. For that moment the fluid has a rigid structure. This
allows torque to be transfered between the ball and the disc.
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Figure 1.43: NuVinci CVPT.

1.6 Components for robot muscles - Damp-
ing systems

Damping is any effect that tends to reduce the amplitude of oscilla-
tions in an oscillatory system. In physics and engineering, damping
may be mathematically modelled as a force synchronous with the ve-
locity of the object but opposite in direction to it. For example if
this force is proportional to the velocity, as for a simple mechanical
viscous damper (dashpot), the force F may be related to the velocity
v by

F = −cv (1.28)

where c is the viscous damping coefficient, given in units of newton-
seconds per meter. Damping coefficient is, in general, an extensive
property of a system dependent on the material and the shape and
boundary conditions. Like the elastic property of a material (body or
system) is a relation between stress (force) and strain (displacement),
damping is a relation between stress (force) and rate of strain (ve-
locity). To clarify these concepts is useful analyse the simple system
proposed in Fig. 1.44, where are depicted two plates closely spaced
apart at a distance y, and separated by a homogeneous substance.
In general, in any flow, layers move at different velocities and the
fluid’s viscosity arises from the shear stress between the layers that
ultimately opposes any applied force. If the flow conditions are lam-
inar, and the assumption that the fluid is Newtonian is adopted the
relation of the shear stress, τ between layers is proportional to the
velocity gradient, ∂u/∂y, in the direction perpendicular to the layers.
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Figure 1.44: Laminar shear of fluid between two plates. Friction between
the fluid and the moving boundaries causes the fluid to shear. The force
required for this action is a measure of the fluid’s viscosity. This type of
flow is known as a Couette flow.

The coefficient of proportionality is the constant µ, named viscosity.
This relation is expressed by the equation

τ = µ
∂u

∂y
(1.29)

and is possible to manipulate it to obtain the relation between force
and velocity

F =
µA

y
u. (1.30)

The ratio µA/y is the damping coefficient c. Analysing this simple
example get across how to implement a damping in a mechanical
system is possible to work not only on the property of a material,
but also on the geometry and realisation of a particular mechanical
layout.

Moreover to develop a variable damping (impedance) system is
possible to work on the property of the material but also on the layout
of the design solution. For example if in the previous schema we
suppose an actuation on the upper plate, along y-axis, is possible to
vary the damping factor.
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Various energy dissipation devices have been developed and imple-
mented over the years such as metallic yield dampers, friction dampers
and viscous or viscoelastic dampers and have been extensively ap-
plied to a diverse range of applications ranging from the control of
excessive structural response to transient environmental disturbances
in civil structures, to automotive suspension systems and more re-
cently in robotics. A passive dissipation system usually consists of
an elastic component (stiffness) and an energy dissipation element
(damper). The elastic element of the dissipation system is consti-
tuted by a spring (coil springs but also air springs and leaf springs are
employed) whereas the damping/dissipation element is typically of a
viscous or friction type.

Damping may be mathematically modelled as a force synchronous
with the velocity of the object but opposite in direction to it. If such
force is also proportional to the velocity, as for a mechanical viscous
damper, the force f may be related to the velocity v by

f = −bv (1.31)

where b is the viscous damping coefficient.
This force is an approximation to the friction caused by drag. De-
pending on the physical properties of the fluid (mainly its viscosity),
the geometry of the orifices and of the damper a variety of damping
curves/coefficients can be generated.

Passive, semi-active and active are referred in the literature as the
three most commonly used classifications for damping/dissipation sys-
tems utilized in suspension or vibration control systems. A damping
or dissipation system is referred as passive semi-active or active based
on the amount of external power required for the damping control
system to perform its functionality.

A passive dissipation system usually consists of an elastic compo-
nent (stiffness) and an energy dissipator (damper) to either dissipate
the vibration energy or to load the transmission path of the disturbing
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vibration, Fig. 1.45a. As expected this type of energy dissipation sys-
tem is optimally performing within the frequency region of its highest
sensitivity. Passive dissipation systems have significant limitations in
applications when broadband oscillations or other disturbances need
dissipation. This is a consequence of the trade-off in the choice of
the spring rate and the fixed damping coefficient usually selected to
achieve a satisfactory performance over a certain range of frequencies.

To overcome this limitation active vibration control systems can
be used where an additional active force is employed and become a
part of the dissipation system Fig. 1.45b. This additional active force
can then be used to control the dissipation system making more sensi-
tive to the specific nature of the disturbances. By using this external
actuator active dissipation systems can be controlled to outperform
any passive system.

Figure 1.45: The three typical versions of energy dissipation systems
a) Passive, b) Active and c) Semi-Active configurations.

However, usually active control systems require a substantial amount
of energy to produce the required dissipation forces. In this perspec-
tive the semi-active systems, Fig. 1.45c offer the reliability of passive
device while at the same time maintain the versatility and adaptabil-
ity of the active systems without requiring large amount of power.
The semi-active configuration reduces the amount of external power
required to achieve the desired performance by combining the active
and passive dissipation approach. In contrast to the active systems
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where both the elastic and the damping elements can be actively con-
trolled in the semi-active configurations only the amount of damping
can be controlled. According to accepted definitions, a semi-active
dissipation control device cannot inject mechanical energy into the
controlled system but has the functionality (which can be controlled)
to optimally reduce the responses of the system. As these devices
do not inject energy into the system they do not have the potential
to destabilize it. If appropriately controlled semi-active systems per-
form significantly better than passive devices and have the potential
to achieve the majority of the performance of fully active systems,
thus allowing for the possibility of effective response reduction during
a wide array of dynamic conditions ( [74, 75]).

Considering the principle of operation and performances of the
three main types of energy dissipation systems the Semi-active dissi-
pation systems are of particular interest for the development of vari-
able impedance actuators. The different methods and principles for
the realization of semi-active systems are discussed in the following
sections.

1.6.1 Damping components

The core of the semi-active dissipative systems is the variable damper.
Some of the most common types of semi-active variable dampers em-
ployed in engineering applications include variable orifice dampers,
friction dampers, smart controllable fluids dampers, tuned mass and
liquid or shape memory alloy dampers. From the different semi-active
damper implementations three can be considered as the most compat-
ible with the requirements of the robotic servo mechanisms. These are
the variable orifice dampers or valve based dampers, the controllable
friction devices and the dampers realized with controllable fluids (e.g
electrorheological and magnetorheological fluids). Brief details on the
principle of the operation of these three types are reported here.
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1.6.1.1 Fluid dynamics damper

Two main possibilities exist when using fluids to damp: the quadratic
damping and the linear damping. The Reynolds number can be used
as indicator of the main phenomenon by which the damper works.
These two possibilities are described as follows:

Quadratic damping when the fluid is characterized by turbulent
flow (high Reynolds number) it produces a damping force proportional
to the square of the relative speed

Fd = −sign(q̇r)Cv q̇r
2 , (1.32)

from where the term quadratic damping comes from. A practical
example of quadratic damping is a damper with an orifice allowing
fluid flow, as largely used in automotive industry. Such device gen-
erates, at a given frequency, high damping for high amplitudes, but
lower damping for lower amplitudes, and thus, has the drawback of
presenting long lasting residual oscillations ( [76]). Variable orifice
viscous dampers are probably the most widely used type of dampers
in engineering. In viscous based dampers the damping action is ob-
tained by passing a viscous fluid through orifices. The basic principle
of a variable orifice damper is shown in Fig. 1.46(a). It is a common
hydraulic device configuration where a double ended piston consists is
integrated with a variable orifice (valve) on a by-pass pipe. The vari-
able orifice on the bypass tube is usually realized with a controllable
valve unit which permits the regulation of the orifice. The damping
characteristics of a variable orifice can be controlled within a range
defined by the controllable orifice range which can be achieved by
valve. The adjustment of the orifice can be made usually electrome-
chanically using servo or solenoid valves. As simple on/off valve will
regulate the damping of the dissipation system between two damping
values (low damping when the valve is completely opened and high
damping when the valve is completely closed) while a servo valve will
permit the device to produce a specific intermediate damping dissi-
pation levels.
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(a) (b) (c)

Figure 1.46: (a) Principle of operation of a Variable Orifice damper.
(b) Principle of operation of a friction based damper. (c) Principle of
operation of an ER damper

Linear damping is the phenomenon present when a fluid is charac-
terized by laminar flow (low Reynolds number) and produces a damp-
ing force proportional to the speed gradient in the fluid.

Fd = −d(µ,A, h)q̇r . (1.33)

Here, the damping coefficient d mainly depends on three parame-
ters: A the area of the surface in contact with the fluid; h the height
of the fluid chamber; and µ, the viscosity of the fluid.

1.6.1.2 Friction damper

In principle it is possible to achieve also the viscous damping effect
by other means. An alternative is the frictional damping. Although
friction is usually associated with brake systems it can also be used
in damping control.

A friction damper is a device which conceptually is a plate fixed
on a moving mass and a pad pressing against it. A schematic repre-
sentation of a friction damper is shown in Fig. 1.46(b) An external
force fn is applied to the mass by the pad and consequently because
of the relative motion between the pad and the plate and the presence
of friction a damping force fd can generated with appropriate control
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of fn.
The pure dry or lubricated friction is of no practical use because of
its hardness but if the friction force is modulated the performance
of the friction damper can be improved. The challenge is therefore
the control of the friction force so as to obtain the desired damping
characteristics. If the friction damper is properly controlled it can em-
ulate viscous characteristics or any other type of generalized damping
effect. It is also interesting to notice that this kind of dampers can
produce high damping force at low velocities.

The choice of using dry friction force as a mean of achieving a
damping effect is not so conventional in the sense that in most ser-
vomechanisms a considerable amount of effort has been devoted in
order to identify and compensate for friction which is one of the most
critical causes of performance deterioration of control systems. In-
stead, here friction force is the control signal in the closed-loop damp-
ing control system. For the generation of fn different actuators can
be employed from electro hydraulic or motorized to miniature piezo
actuators depending on the applications requirements and needs.

1.6.1.3 Magnetorheological and electrorheological dampers

The magnetorheological (MR) or electrorheological (ER) fluid dampers
are not very different from a conventional viscous damper. Megne-
torheological fluids belong to the family of fluids whose properties
depends on the strength of a magnetic or electrical field applied. This
family of fluids includes the ferrofluids, electtrorheological fluids and
the magnetorheological fluids. ER and MR fluids respond to an elec-
tric and magnetic field respectively by drastically changing their rhe-
ological behaviour. The main characteristic of these fluids is their
ability to change reversibly from free flowing linear viscous liquids
to semi-solids with the yield strength being controllable (milliseconds
scale) when exposed to either en electric or magnetic field.

The idea of applying an ER damper to vibration control has been
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initiated in auto mobile suspensions, followed by other applications
( [77]). When subject to electric potential ER fluids are materials
which undergo significant changes in the material characteristics, the
most significant of which is associated with complex shear moduli of
the material, and hence ER fluids can be usefully exploited in systems
where variable rate damping is required, Fig. 1.46(c). In shear mode
and under the electrical field, the constitutive equation of an ER fluid
damper has the form of Bingham plastic ( [78]).

τ = ηγ̇ + τy(E), τy(E) = aEβ (1.34)

where τ is the shear stress, η is the fluid viscosity, γ̇ is shear rate
and τy(E) is yield stress of the ER fluid which is a function of the
electric field E. The coefficients α and β are intrinsic values, which
are functions of particle size, concentration and polarization factors.
The variable damping force in shear mode can be obtained as

FER = 4πRLd(ηγ̇/h+ aEβsgn(γ̇) (1.35)

where h is the electrode gap, Ld is the electrode length of the mov-
ing cylinder, r is the mean radius of the moving cylinder, ẏ is the
transverse velocity of the ER damper, and sgn() denotes the signum
function. It can be observed from eq. (1.35) that the ER fluid damper
demonstrates an adaptive viscous and frictional damping principle
( [79]).

MR fluids are the magnetic equivalent of ER fluid and typically
consist of micron-sized, magnetically polarizable particles dispersed
in a carrier medium such as mineral or silicon oil. When inactive, the
MR fluid behaves as ordinary oil. When exposed to a magnetic field
the micron-size iron particles that are distributed throughout the fluid
align themselves along the magnetic flux lines. Once aligned the iron
particles resist being moved out of their respective flux lines and act
as a barrier to fluid flow. Under this condition the MR fluid exhibits
plastic behaviour similar to that of ER fluids. Transition to rheo-
logical equilibrium can be achieved in a few milliseconds, providing
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devices with high bandwidth ( [80]). MR fluid can be used in three
different modes, all of which can be applied to MR dissipation system
design depending on the damper use. These modes of operation are
referred to as squeeze mode, valve mode, and shear mode, Fig. 1.47.
A MR damper in a squeeze mode use a thin layer of MR fluid that is
pressed between two paramagnetic pole surfaces. In the shear mode
of operation when a thin layer the MR fluid is sandwiched between
two paramagnetic moving surfaces. In the valve mode the MR fluid is
used to modulate the flow of MR fluid from one chamber to another
( [81, 82]).
Similar to Bigham plasticity model eq. (1.34), the behaviour of con-

Figure 1.47: Modes of operation of a MR damper, (a) Squeeze mode,
(b) Shear mode, (c) Valve mode.

trollable fluid can described by

τ = ηγ̇ + τy(H) (1.36)

where H is the magnetic filed. Similarly to ER dampers, the variable
force developed by an MR damper is

FMR = ηAγ̇/h+ τy(H)A (1.37)

where ẏ is the relative pole velocity, A is the shear pole area and the
rest of the parameters are similar to those of the ER damper ( [83]).

Three different implementations of magnetorheological cylindrical
dampers are discussed here. In Fig. 1.48(a) a single MR damper is
shown. Single dampers have only one reservoir for the MR fluid and
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an accumulator volume filled with gas to accommodate the change in
volume that results from the insertion of the piston rod inside the MR
fluid volume. The accumulator piston provides a separation between
the MR fluid and gas. MR fluid restricts the flow of fluid from one
side of the piston to the other when the fluid is close to the choking
points. Varying the magnetic field strength has the effect of chang-
ing the apparent viscosity of the MR fluid. In fact, the viscosity of
the carrier oil does not change as the magnetic field strength varied.
It is the apparent viscosity of fluid which appears to change due to
resistance caused in the fluid flow due to the alignment of iron parti-
cles. As the magnetic field strength increases, the resistance to fluid
flow at the choking locations increases until a saturation point has
been reached. Any further increase in magnetic field strength does
not result in an increase in damper resistance. The double chamber

(a) (b) (c)

Figure 1.48: (a) Single chamber Magnetorheological damper. (a)
Double tube valve-mode Magnetorheological damper. (a) Double
ended piston valve-mode magnetorheological damper.

MR damper has two fluid reservoirs, one inside of the other. This
configuration, which can be seen in Fig. 1.48(b), has an inner and
an outer chamber. The inner reservoir guides the piston/piston rod
assembly similarly as the single chamber damper does. This inner
chamber is filled with MR fluid. To cope with changes in volume due
to piston rod movement, an outer “jacket” chamber which is partially
filled with MR fluid is added. In practice, a valve assembly called a
“foot valve” is attached to the bottom of the inner chamber to regu-
late the flow of fluid between the two reservoirs. As the piston rod
enters the damper, MR fluid flows from the inner chamber into the
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outer volume through the compression valve that is attached to the
bottom of the inner housing. The amount of fluid that flows from the
inner housing into the outer housing is equal to the volume displaced
by the piston rod as it enters the inner housing. As the piston rod
is withdrawn from the damper, MR fluid flows into the inner housing
through the return valve. The double ended piston damper shown
in Fig. 1.48(c) eliminates the need for a gas accumulator volume by
having a second rod of the same diameter to protrude from both sides.
With this configuration the motion of the piston does not affect the
volume inside the chamber and therefore the need of the gas accumu-
lator is not further required. All configurations described above can
be used as electrically controlled viscous dampers by modulating the
strength of the magnetic field at the choking locations. This resis-
tance to flow that the iron particles cause is what allows the use of
MR fluid in electrically controlled viscous dampers.

1.6.1.4 Eddy Current Dampers

Eddy Current Dampers (ECDs) are magnetic devices composed of a
conductive material moving through a magnetic field. Eddy currents
are induced and create a damping force that is proportional to the
relative velocity q̇r between the material and the magnetic field

Fd = −D(r, d, h, B, σ)q̇r . (1.38)

The coefficient D depend, ultimately, on the geometry of the conduc-
tor, represented by r, and of the magnet, denoted by d, their gap h,
the magnetic flux B and the specific conductivity of the conductor σ.

These devices can be realized with both permanent magnets or
electromagnets. In both cases there is the possibility to design a
device whose damping can be adjusted ( [84], [85]). In one case, the
damping coefficient can be controlled by varying the intensity of the
magnetic field, in the other case, by modifying the geometry of the
conductor, or the gap between the conductor and the magnets (the
effectiveness is shown in [85]). Albeit electromagnetic ECDs are not
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composed of mobile parts, they have the disadvantage of consuming
power while maintaining a fixed damping value.

This class of devices, being fluid-free and contact-free, is not af-
fected by typical troubles due to oils (e.g., the need of seals against
leakage), and by frictional wear. Still, they present the disadvantage
of requiring a gearbox because of their low damping torque.
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Chapter 2
Variable Impedance Actuator
Arrangements

In classical robotic applications, actuators are preferred to be as stiff
as possible, in order to make precise position movements or trajectory
tracking control easier (quicker systems with high bandwidth). On the
other hand, compliant actuators, which have a spring like behavior,
are probably less suited for classical position controlled applications.
However, they offer valuable advantages in certain novel applications,
e.g. safe human-robot interaction, comfortable actuated prostheses
and orthoses, and in the design of passive dynamic walkers.

One way to vary the compliance of an actuator is by software con-
trol of a stiff actuator. Based on the measurement of the external force
or torque, a certain deviation is calculated by the controller and set by
the stiff actuator. This type of compliant actuator requires an actua-
tor, sensor and controller that are all fast enough for the application,
but it permits the adjustment of the compliance during operation.
Thus, the characteristic of an imitated spring is programmed and as
such is adjusted online; this is often referred to as active compliance.
The main disadvantage of active compliance is continuous energy dis-
sipation; whereas energy could be stored and subsequently released
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again when a passive element (e.g. a spring) is used. In Sec 2.1, active
compliance will be discussed in more detail.

To combine energy storage and adaptable compliance, an elastic
element to store energy is needed, together with a way to adapt the
compliance. A substantial number of designs have been developed as
will be discussed in next section.

As described in Sec. 1.2 to manage the impedance of a mechanical
system is possible to act also on the damping. Also in this case is
possible to distinguish systems where an active control is implemented
and systems where the variable damping is introduced in the design
with a proper passive mechanism.

In Sec. 2.4 an example of active control of the damping is pre-
sented. In Sec. 2.5 and 2.6 examples of Active/Passive and Passive
Variable Damping Actuator are provided, this kinds of system, due to
the novelty of the approach, have, until now, a low number of units
developed. Much more details on the possibles layout that this kind of
systems can have, in particular their integration with other systems,
such as variable stiffness actuator, is given is Sec. 7.1.

Note on the classifications criteria The classification in the fol-
lowing sections is based on the design criteria, it takes account mainly
of how the various elements elastic or dissipative are used in the me-
chanical design. Give a clear classification for this type of systems is
an arduous job, and under discussion in the scientific community. Al-
though in this thesis the references to this type of classification will be
recurring, sometimes it is convenient to resort to other classifications,
which can not be fully described in this work. If one considers that a
passive robotic muscle always consists of at least two prime movers, a
classification very useful is that which divides passive robotic muscles
in:

• systems that vary the stiffness (or damping) explicitly (ESV),
in this case a prime mover takes care of managing the position
(and therefore the torque and speed) of the robotic joint, while
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the other prime mover takes care of managing the stiffness (or
damping) of the joint, e.g. systems described in Sec. 2.3.3;

• systems in which the prime movers act in a coordinated way
to manage the stiffness (or damping) and the position of the
robotic joint (and thus the torque and speed), e.g. systems
described in Sec.s 2.3.1.1, 2.3.1.2 and 2.3.1.3.

The author want to point out that in this classification, there are
also some sub-groups which have a degree of partial coupling between
the prime movers, which depends on the system design. Examples
of this category are the systems described in 2.3.1.5 or the VSA-HD
described in Sec. 5.4.1.

2.1 Active compliance

One approach is to generate the compliance by software. Two control
paradigms can be distinguished: Impedance control and Admittance
Control. Both are based on the idea that the relation between force
and displacement must be controlled. Impedance control means that
the force is measured, and a displacement from the current position
is calculated depending on the required compliance. The motor is
then controlled to set this displacement. In case of admittance con-
trol, the position is measured. The position and required stiffness are
used to calculate the force. Thus, both paradigms are based on the
implementation of Hooke’s Law, equation (1), in the software of the
controller (see Fig. 2.1) ( [86]). Since these types of actuators require
continuous control, they are not inherently passive. No energy can be
stored and thus power is required to both accelerate and decelerate
a mass. Therefore, this method to obtain compliance is called Active
Compliance. The acceleration of the actuator is limited. Therefore,
the system will not be able to react fast enough when an impact oc-
curs. Passive systems have an unlimited bandwidth to absorb shocks,
while the active compliant system’s bandwidth is restricted due to the
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Figure 2.1: Control scheme for active compliance.

controller and the acceleration limits of the actuator and also due to
the signal delay and the sensor resolution.

Nevertheless, since the compliance is actively controlled, the com-
pliance is not limited to a linear relationship between force and de-
viation ( [86]). By using active compliance, any force-deviation re-
lationship can be generated, e.g. quadratic, exponential, and even
hysteresis and non-symmetrical relations can be obtained. Moreover,
during normal operation this relationship can be adjusted.

Another advantage is that only one standard actuator is required.
Most systems with passive adaptable compliance discussed in this
section, require at least two actuators. Obviously, the use of less ac-
tuators results in a more compact design with less weight. Notice

Figure 2.2: MARIONET Schematics, taken from [87].

that for impedance and admittance control, compliance and equilib-
rium position are both controlled by one motor. However, Sulzer et
al. developed the MARIONET ( [87]), which is an active controlled
system where the compliance and equilibrium position are controlled
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by two separate motors. In Fig. 2.2 a schematic drawing of the
MARIONET is given. On the left side, only the rotator subsystem is
drawn. It consists of a disc rotating around point xC , which is driven
by a belt; the drive motor is placed at xD. This motor controls the
position where no torque will be generated by the actuator, defined as
the equilibrium position. On the right the complete system is drawn,
including the arm. From a point xL on the arm, a cable runs around
a pulley xP on the disc towards the tensioner motor, which is force
controlled. The drive motor is position controlled and will set the
equilibrium position, which is where the arm collides with the pul-
ley xp. The MARIONET is capable of delivering torque to a joint
with advantages that include remote actuation, independent control
of compliance and equilibrium position, and the ability to span mul-
tiple joints. The drawback of this type of active compliance is the use
of two motors, and the friction introduced by the cables and pulleys.
Other researchers ( [88], [89]) have also tried to control the stiffness by
using a large compliant actuator coupled with a stiff micro actuator.
For some applications, active compliance has major advantages, e.g.
when compactness and weight are important issues, or when online
adaptation of the force-displacement relationship is required. How-
ever, for walking robots, where energy efficiency is very important,
the continuous control of the stiffness relationship is not justifiable.
For walking robots, actuators with adaptable passive compliance are
more suitable.

2.2 Fix Passive and active/passive compli-
ance

Actuators with a fixed compliance can be used for force control ( [91])
or safe human-robot interaction ( [92]), but they do not control the
natural frequency of a mechanical system. Controlling the natural
frequency can be done by introducing adaptable, passive compliance.

The most well-know fix compliant actuator is the Series Elastic Ac-
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(a)

(b)

Figure 2.3: (a) Force control using a Series Elastic Actuator.
(b)Drawing of a hydraulic and an electric series elastic actuator, taken
from [90].

tuator ( [91]), developed at the Massachusetts Institute of Technology,
is essentially a spring in series with a stiff actuator. The compliance
is determined by the spring constant and is therefore not adjustable
during operation. The SEA is a compliant actuator allowing force to
be controlled in an easy manner. Fig. 2.3(a) shows a typical setup of
a SEA for force control. The elongation of the spring is used as force
measurement and fed back in the control loop.

In Fig. 2.3(b), two CAD drawings are shown. The left picture
represents a hydraulic SEA, while the right one depicts a SEA with an
electrical motor, as they are now commercially available from Yobotics
( [90]), a MIT spin-off. This company used the SEA to build the
RoboWalker ( [93]): a powered orthotic brace that augments muscular
functions of the lower extremities of the human leg. The inherent
compliance of the SEA makes the orthosis safe and comfortable. In
recent work, Au et. al. at MIT ( [94]) have develop a prosthetic ankle
foot device that utilizes a variant of the SEA in a parallel configuration
with a passive uni-directional spring. The heart of the design is the
uni-directional spring, which acts to passively store energy during the
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rollover phase of gait.
The compliance of this actuator is fixed and is determined by

the selection of the spring; thus, the physical compliance cannot be
changed during operation.

Sugar has also developed a spring-based actuator, which utilizes
the concept of equilibrium controlled stiffness. A linear spring is added
in series to a stiff actuator and the equilibrium position of the spring
is controlled to exert a desired force or desired stiffness ( [95]). The
compliance is actively changed using a control law instead of fixing the
compliance by passively adding springs. The force control problem is
converted to a position control problem using electric motors. The
motor position is adjusted based on the deflection of the spring to
alter the tension or compression of the spring.

(a) (b)

Figure 2.4: (a) System for one limb. The limb length is measured by
l while the internal motor adjusts the length s. The compliance of
the limb is adjusted by varying the length s. (b) The prototype of the
compact SEA module.

The intrinsic spring stiffness cannot be altered, but the link or
limb stiffness can be selectively varied using an active control law.
Fig. 2.4(a) best explains the control of a single actuator. The force
applied by the link is given by:

F = −Kact(l − s− a) (2.1)
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where l is the length of the actuator, s is the length of the internal
ball screw that adjusts the equilibrium position of the spring, and a
is the free length of the spring. Kact is the intrinsic spring stiffness.
If we desire a behavior given by:

F − Fo = −Kdes(l − lo) (2.2)

about an operating point (Fo, l0), the desired actuator position is given
by:

sdes = l − a+ (F0−Kdes(l − l0))/Kact (2.3)

Thus a position control scheme achieves the stiffness control of a single
compliant limb. Controlling the position of DC motors is very simple
and differs from the work by Pratt where they control the torque on
the motors and in turn control the impedance. The disadvantages
of using an approach to control the "virtual stiffness" are that the
performance is limited by the bandwidth of the controller (e.g. during
impact the hardware stiffness will be felt) and it consumes energy to
adjust the position of the spring. One overlooked advantage is that
the compliant spring acts to passively change the transmission ratio
of the system. For example, if a force compresses the spring to the
left and the desired behavior is to move the limb to the right, then as
the spring compresses, the motor must spin faster thus increasing the
transmission ratio at the opportune moment.

Tsagarakis et al. ( [96]) developed a compact rotational version of
the SEA as depicted in Fig. 2.4(b). The miniaturization of the high
performance unit was achieved with a use of a novel rotary spring
module realized by 6 linear springs arranged to constrain the motion of
a three spoke structure which rotates relatively to the reduction drive
output and acts as a mounting basement for the output link. The
proposed control scheme is a velocity based controller that generates
velocity commands as a function of the desired virtual stiffness using
the spring deflection state.
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2.3 Variable passive compliance

This section will describe the working principles of the different exist-
ing designs of adaptable passive compliant actuators. It will be shown
that the designs can be divided into three groups: spring preload, me-
chanically controlled stiffness and physical properties of the spring.

Figure 2.5: Demonstration of the necessity of using non-linear springs.

The necessity of non-linear springs The non-linearity of the
spring is essential to obtain the adaptable compliance. To explain
this, a simple linear antagonistic setup-shown in Fig. 2.5 is used. The
two springs are linear and have the same spring constant. In the figure,
x0A and x0B are the controllable positions when zero force is applied
by the springs (the rest length of both springs is assumed zero). Each
position can be independently controlled by two actuators. The force
on the block in the center is the sum of the forces of both springs:

F = −k(x− x0A) + k(0B−x) = −2kx+ k(x0A − x0B) (2.4)

The stiffness becomes:

K =
dF

dx
= −2k (2.5)

This result is independent of the controllable parameters x0A and x0B

and consequently the compliance is uncontrollable if linear springs are
selected.

111



Variable Impedance Actuator Arrangements

When two springs with a quadratic characteristic are used, the
force is:

F = −k(x−x0A)
2+k(0B−x)2 = −2kx(x0A−x0B)+k(x2

0A−x2
0B) (2.6)

The stiffness becomes:

K =
dF

dx
= −2k(x0A − x0B) (2.7)

As can be seen the stiffness is a linear function of the difference be-
tween the controllable parameters. The equilibrium position is the
position where no forces are generated:

− 2kx(x0A − x0B) + k(x2
0A − x2

0B) = 0 (2.8)

Which leads to

x =
x2
0A − x2

0B

2(x0A − x0B)
=

x0A + x0B

2
(2.9)

This result is the average of x0A and x0B. Thus, by controlling the
two positions x0A and x0B, both compliance and equilibrium position
can be set. This principle is used in a number of different designs,
which are described in the following sections. It can be noted that
work on both springs must be performed to adjust the equilibrium
position, which can be costly.

2.3.1 Spring preload

The best-known example of a system based on the variation of preload
of an elastic spring is the agonistic-antagonistic setup of biceps and
triceps in the human arm. When the biceps contracts and the triceps
relaxes, the arm is flexed. When the triceps contracts and the biceps
relaxes, the arm extends. One of the reasons why an antagonistic
setup is required is the fact that muscles can only pull and not push.
However, more can be achieved with this setup: when both biceps and
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Figure 2.6: Three basic antagonist arrangements: Simple, Cross-coupled
and Bi-directional.

triceps contract, the elbow becomes stiff; when they both relax, the
elbow becomes very compliant and the arm hangs freely. In the above
mentioned explanation, only the extreme cases were described. In re-
ality, the muscles in the human arm are controlled in a continuous way,
and thus, the system can cover a whole range of positions and com-
pliant behavior. Agonist/antagonist actuator pairs have been studied
in biomechanics as well as robotics since long time [97]. Although
the concept of agonistic-antagonistic actuation for variable stiffness
is well known, it might be useful to recall here three different pos-
sible embodiments of the concept, schematically drafted in Fig. 2.6
below. These will be referred to as “simple”, “cross-coupled”, and “bi-
directional” antagonistic arrangements. This three are not the only
possible arrangements, in literature there are several kind of system
based on alternative possibility of interconnection between the basic
components. Some of these examples are shown in the continuous of
this section.

2.3.1.1 Simple Antagonistic Arrangements

A simple antagonistic arrangement basically consists of two prime
movers, actuating a one-d.o.f. joint. The two prime movers transmit
power to the joint through two elastic transmission means, as shown
in the schematic of Fig. 2.7(a)(left). This arrangement corresponds to
the simple model of natural joint actuation by antagonistic muscles,
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where the motors/muscles can only pull. The nonlinear elastic char-
acteristic of each tendon is a necessary element to obtain variable stiff-
ness. A first implementation, realized at UNIPI, is a simple antagonis-
tic arrangement using pneumatic actuators, the so-called McKibben
artificial muscles, as shown in the schematic in Fig. 2.7(a)(right). The

(a) (b) (c)

Figure 2.7: (a) Antagonistic actuation using pneumatic muscles, as
McKibbens. (b) A simple antagonistic actuation arrangement with
non-linear springs. (c) Prototype of the non linear spring with expo-
nential force-length characteristic.

joint stiffness here is varied by controlling the pneumatic pressures in
the bladders. Further prototypes of the simple antagonistic type have
been developed at UNIPI to understand some aspects of variable stiff-
ness actuation schemes. In particular, attention was focused on the
role of different nonlinear elastic characteristics of the elastic tendons.
In Fig. 2.7(b) a simple laboratory arrangement developed by UNIPI
is shown. The non-linear elastic transmissions in the arrangement are
two identical exponential springs, attached through unilateral flexi-
ble tendons (steel wires). The exponential design is inspired to the
stiffness characteristic of natural muscles when passively subject to
external forces [98]. Till date, the most common choice for tendon
elastic characteristics is a quadratic force-length function [99]. This
design (with two identical antagonistic springs) results in a constant
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joint stiffness characteristic, independent of the joint angle deflection.
In addressing this aspect, the design of an exponential spring has

been attempted. A principle, coinciding with a muscle’s passive char-
acteristics, is found in force is proportional to the stiffness along
the line of action. This gives rise to an exponential force-length
characteristic of the elastic element. It is not easy to design a gen-
eral force-length function. An exponential function can be seen as
a characteristic aiding in attaining fastest change in stiffness varia-
tion. The design of the spring starts with a specification of the joint
stiffness (minimum and maximum stiffness, stiffness range, deflection
range, maximum force to be transmitted, a bounded relative force er-
ror and a force offset). Also, the generation of the cam profile follows
an exact analytical method. In translating the designed force-length
function into an engineering mechanism assembly, a technique has
been used using principle of virtual work. In fact, by this technique,
any arbitrary monotonic continuous function can be realized in actual
mechanism design and development, of course within the manufactur-
ing and assembly tolerances. The assembly of a preliminary design
is shown in Fig. 2.7(c). In the literature, [100] has developed a sim-
ilar device, using profile cam, used for achieving a quadratic spring
characteristic curve.

Figure 2.8: a) Picture of setup, b) schematic drawing of the antagonistic
setup of two SEA, c) schematic of a quadratic spring device, taken from
[100].
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Migliore et al. ( [100]) describe a device based on the antagonistic
setup of two non-linear springs. This biological inspired joint stiffness
control is a rotational joint, actuated by two series elastic actuators.
In Fig. 2.8, a picture of the experimental setup and a schematic
drawing of the working principle are given. In the top figure, the
two position controlled servomotors (agonist and antagonist servo)
are shown. They control the attachment points of the springs.

As explained before, the springs have to be non-linear to obtain
a system with adaptable compliance. To obtain a linear angle-torque
characteristic, quadratic springs are required, as shown in the previous
section. The linear characteristic of the spring is transferred into a
quadratic characteristic, by using special shaped pieces, over which
two wheels roll, as shown in Fig. 2.8c. The centers of the wheels are
interconnected by a linear spring.

The advantage of this design is that the force-elongation charac-
teristic of the springs can be chosen during the design phase, as well
as the resulting compliance characteristic of the overall system. The
drawback is the size, extra complexity, and friction of the mechanisms
to make the quadratic springs.

Other systems using antagonistic quadratic springs include the
work by Koganezawa [101] and English [102].

2.3.1.2 Antagonistic arrangement with Cross-coupling

It is observed that in Simple antagonistic arrangement, the maximum
joint torque can be only the maximum torque of one motor. On the
other hand at the maximum possible stiffness, all the motor torques
are used up and no torque is available for accelerating the joint. A
particular task specification may need high terminal stiffness, as nor-
mally preferred in point to point task for attaining higher accuracies.
In such cases, it is desirable that the mechanism can attain high stiff-
ness in nominal rest position with no power, so that bigger share of
the motor torques become available for accelerating the joint; however,
for fast-and-soft phase of the motion, share of the motor torques also
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will be consumed to vary the stiffness. The antagonistic arrangement
with cross coupling meets this particular need, where a crosscoupling
between the two motors is used to provide preloading to attain high
stiffness in rest position, which is illustrated in Fig. 2.6.This concept
of providing cross-coupling over a simple antagonistic arrangement
has culminated in a prototype development of Variable Stiffness Ac-
tuator, the VSA-I in UNIPI, as shown in Fig. 2.9. Tonietti et al.
( [103]) describe the Variable Stiffness Actuator (VSA). This design
is based on the same agonistic-antagonistic setup. However, it is not
as obvious as the previous design. In Fig. 2.9, two CAD views of
the VSA are shown. The VSA consists of three pulleys (1, 2, 3) over
which a timing (toothed) belt (10) is placed. Two of the pulleys (2,
3) are controlled, each by a servo motor (5, 6). The other pulley
(1) is connected to the arm (4). On the belt between the pulleys,
three tensioning mechanisms (7, 8, 9) are placed. Although all three
tensioning mechanisms are equal, their function is different. The two
tensioning mechanisms (8, 9), neighboring the pulley connected to the
arm, form the non-linear springs. The other mechanism (7) is just a
tension mechanism to keep the timing belt (10) against the other two
pulleys.

Figure 2.9: a,b) Two CAD views of the VSA and c) Mechanism to make
the springs non-linear in the VSA, taken from [103].

The attentive reader can see that the VSA is actually made with
two SEA’s: 2, 5, 8 and 3, 6, 9. The two springs 8, 9 of each SEA
are linear, but due to the tensioning mechanisms, they are made non-
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linear. The mechanism that makes the springs non-linear is shown in
Fig. 2.9c. The big circle on the left represents the pulley with the
radius arm 1, and the big circle on the right is either pulley 2 or 3,
depending on the considered SEA. As seen from Fig. 2.9c, the length
of the spring is a non-linear function of the length of the belt between
the two pulleys. The complete formula for the torque can be found
in [103].

To make the VSA stiffer, pulley 2 with motor 5 has to rotate
counter clockwise and pulley 3 with motor 6 has to rotate clockwise.
As a result, the two springs in the mechanism 8, 9 are compressed,
and spring 7 elongates, to keep the belt tight against the pulleys.
When rotating both pulleys 2, 3 in the same direction, the spring’s
length does not change and as such, the compliance will stay the
same, but the equilibrium position will change. As is the case for
each antagonistic setup, both actuators have to be used to influence
only one variable: compliance or equilibrium position.

2.3.1.3 Bi-directionally Actuated Antagonistic Arrangement

An example of this kind of arangments is the VSA-II. Unlike the sim-
plified schematic of Bi-directional actuation, the VSA-II transmission
system is based on 4-bar mechanisms which show more robustness and
larger load bearing capacity than the timing belt used on the previous
prototype. The aim of the transmission system is to get a non linear
torque-displacement characteristic between the input torque applied
by the motors and the angular deflection of the joint shaft. The
well known 4-bar mechanism can be suitably designed to have desired
transmission ratio between input and output. Employing a simple
linear spring on the input, the relationship between deflection and
torque on the output shaft can be made non-linear.
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Figure 2.10: VSA-II Prototype, open up. The prototype integrates
the non-linear elements needed to obtain the variable stiffness. It is
composed of two equals halves; each half contains two 4-bar mecha-
nisms to allow internal stress to be distributed more evenly along the
structure.

2.3.1.4 Antagonistic arrangements with independent mo-
tors

Another design based on the same principle, is the Actuator with
Mechanically Adjustable Series Compliance (AMASC), developed by
Hurst et al. ( [104]). As can be seen in Fig. 2.11, the AMASC
is a rather complex mechanism, with a great number of pulleys and
cables. Nevertheless, the advantage is that only one actuator is used to
control respectively compliance or equilibrium position. Thus, each of
the actuators has its specific function, allowing different motor types
in order to optimize the weight of the complete system. The working
principle is based still on the antagonistic setup of two non-linear
springs. In Fig. 2.11b, a schematic overview of the AMASC is given.
The springs FY are two fiberglass leaf springs, which are placed on
both sides of the prototype, as can be seen on the photographs in Fig.
2.11a. In the case of the AMASC, the non-linear spring is formed by a
set of spiral pulleys, shown in Fig. 2.11b, in series with the fiberglass
plate. Since the reduction ratio of the pulleys varies proportionally
with the fiberglass spring deflection, one can create an output spring
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Figure 2.11: a) picture of AMASC ( [104]), b) Schematic overview of
AMASC, based on [104].

function:
Fz(z) = kz2 (2.10)

Instead of using these quadratic springs in a straightforward an-
tagonistic setup, as was done in the previous devices, a number of
pulleys are used to uncouple the control of compliance and equilib-
rium position.

The leg of the actuator is placed on pulley J2. One motor controls
the angle θ2 of pulley J1, which is the setting for the equilibrium
position. When this motor turns counter clockwise, the set of floating
pulleys ZA will move to the left, and the set of floating pulleys ZB

will move to the right. This motion will result in a counter clockwise
rotation of the leg, which is connected to pulley J2. All this can be
done without changing the lengths of the springs, thus keeping the
compliance constant.

On the other hand, when the displacement X3-controlled by the
second motor-moves to the left, both sets of pulleys ZA and ZB will
also move to the left. This will elongate both springs, and thus make
the joint stiffer, while the equilibrium position is kept constant.

The AMASC is an actuator where the compliance and the equi-
librium position can be controlled independently, each by a dedicated
motor. This independence makes the control easier and allows one
to design the two motors separately in order to meet the demands of
a specific application, e.g. compliance varies slowly while the equi-
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librium position has to be set faster. The main disadvantage of the
AMASC is its complexity. Here the stiffness of the whole leg can
changed, instead of the stiffness of the joints. Thorson [105] developed
a linear variant, where control of equilibrium position and stiffness is
done each by a separate motor.

2.3.1.5 Not Antagonistic arrangements with independent
motors

These systems adjusts stiffness by varying the points where a compli-
ant element is attached to the structure, thus changing the pre-tension
or preload of the spring.

An example of this kind of solution is the MACCEPA [106]] showed
in Fig. 2.12(a). The principle behind this implementation is shown

(a) (b)

Figure 2.12: CAD drawing of the MACCEPA (a)and its schematisa-
tion (b).

in Fig. 2.12(b). The body on the left is considered grounded. The
body on the right is the actuated arm rotating around the joint. The
third body, pointing upwards in the figure, is a lever arm, of which
the position ϕ relative to the first body can be controlled by a motor.
Between a point on the arm and a point on the lever arm, a spring
with zero rest-length is placed. In the case of a zero rest-length,
this spring will line up the arm with the lever arm. Since no torque
is applied to the arm when the arm is in line with the lever arm,
the lever arm determines the equilibrium position of the joint. By
varying the points where the spring is attached, e.g. by varying the
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length B and C, the torsional stiffness of the joint can be adjusted.
In this setup, the rest-length of the spring should be zero, which is
not possible in a real setup. Therefore, in the next sections, different
examples based on this principle are discussed.

At DLR in Germany, another device based on this kind of arrange-
ments was developed: the Variable Stiffness Joint (VS-Joint) [107].
the Fig. 2.13(a) shows a picture of the variable stiffness part. The
cam disk (lower part) is connected to the joint. The vertical position
of the Spring Base Slider is defined by the spindle which is actuated by
the small motor for the stiffness setting. This upper plate compresses
the springs. The angular position of the upper plate is controlled
by the position motor. Fif. 2.13(b) shows the unwinded schematic

(a) (b)

Figure 2.13: (a) VS- joint prototype. (b) Unwinded schematic of the
VS-Joint principle in equilibrium position and deflected position

of the VS-joint. The shaded part is one of the 3 cam disks, which
are connected to the joint, while the linear bearing in the figure is
connected to the upper plate and position motor. A roller is pushed
by a spring to the lowest position in the cam disk. When a torque is
applied on the joint, there will be a joint deflection of the roller e.g.
to the right, as shown in Fig. 2.13(b)b and pushing the roller upwards
causing a translational deflection of the springs. The spring pushes
the roller downwards, which will generate a force in the direction of
the lowest point of the cam disk. This lowest point is the equilibrium
position of the joint. By changing the position motor the angle of the
stiffness mechanism is adjusted, and thus also the position where no
torque is generated. The advantage of this design is that can easily
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be integrated into a robotic arm. The shape of the cam disk can be
adjusted to obtain a progressive, degressive or linear system behav-
ior. Although one spring is enough, the VS joint uses three springs
for symmetry. It is also a design where 2 motors of different sizes
can be used, a small one for the stiffness preset, and a more powerful
motor for the link position. Note that the VS-Joint and the MAC-
CEPA actuator are in a way complementary, since in the VS design
the spring is used in compression, while the latter uses the spring in
tension. Both designs use the pre-tension or preload of the spring to
vary the stiffness and both have one motor for the stiffness setting
and one for the equilibrium position.

2.3.2 Physical properties of the spring

As an alternative to the antagonistic setup of two non-linear springs,
variations in stiffness can also be achieved through manipulation of
the effective structure of a spring, also called Structure Controlled
Stiffness (SCS) ( [108]). As an example, bending a leaf spring is a
form of storing energy. However, apart from simple loading (energy
storage) and unloading (energy return) of the leaf spring, an extra
step of altering the leaf spring’s effective stiffness is introduced. To
understand the basic concepts of a SCS actuator, consider the small
deflection beam equation:

M = (
EI

L
)θ (2.11)

M is the bending moment, E the material modulus, I the moment of
inertia, L the effective beam length, and θ is the angle of bending or
slope. In this representation of bending, the term EI/L represents the
bending stiffness. In order to control the stiffness of the structure, any
of the three parameters in this bending stiffness can be manipulated.

The parameter E is a material property, which cannot be con-
trolled by a structural change, but for some materials, it can be
changed e.g. by changing the temperature. In most instances, the
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(a) (b)

Figure 2.14: (a)Variation of moment of inertia by rotating the beam.
(b)Laminated structure and its deformation.

temperature of such a material cannot be changed fast enough to
be useful to create adaptable compliant actuators for bipedal walk-
ing. Examples of mechanisms where the moment of inertia I and
the length of the elastic element L are changed, are discussed in the
following sections.

2.3.2.1 Variation of moment of inertia by axial rotation

An actuator can be built that has a passive element with variable me-
chanical impedance, resulting in an actuator with adaptable compli-
ance. For example, when the aspect ratio of a beam differs from one,
then compliance can be changed by rotating the beam over 90 deg. A
prototype of a spring with variable stiffness used in wearable robotic
orthoses ( [109]) is shown in Fig. 2.14(a). The purpose of the helical
spring in this design is to reduce the effects of lateral buckling. When
the moment of inertia is calculated with the well-know formula, it can
be seen that it varies, depending on the width to thickness ratio of
the beam. Depending on the rotation, the thickness and width have
to be exchanged in the formula.
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Istiff = thickness.width3

12

Istiff = thickness3.width
12

This is a very easy way to obtain a compliant element with two
predefined settings of the compliance. Due to the lateral buckling, it
is difficult to have intermediate settings.

Work by Seki et al. ( [110]) have employed a concept similar
to the rotated leaf spring approach, although these authors did not
account for beam deflections beyond 15 deg in experiments nor did
they address the limitations due to lateral buckling.

2.3.2.2 Union is strength: increasing the moment of inertia

Kawamur changed the moment of inertia by controlling the force to
press together an element consisting of many layered sheets ( [111]) as
shown in picture 2.14(b)a. When external forces act on the element,
the loose stack of sheets bend, as is depicted in Fig. 2.14(b)b.

However, if the sheets are firmly pressed together, they will not slip
due to friction. As a result, the element stiffens and larger forces are
needed to bend the element. Different methods of pressing the sheets
together can be used such as electrostatic ( [112]) or vacuum ( [111]).
To be able to create a vacuum, the sheets are covered with a rubber or
vinyl sheet in order to make an airtight chamber. By decreasing the
pressure in the chamber, the atmospheric pressure generates a normal
force on the sheets. It should be noted that holding the sheets together
is very difficult because the transverse shear forces are very high.

To estimate the variation of compliance of the element, the mo-
ment of inertia in both the normal and vacuumed state can be cal-
culated. Consider that the number of sheets is n. The system is
compliant when the sheets are separated. When the vacuum is ap-
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plied the system is stiff:

Istiff = n.thickness.width3

12

Istiff = (n.thickness)3.width
12

Consequently, the stiffness of the element can be increased by a
factor n squared when vacuum is applied. This is an effective method
to obtain a large stiffness range since the number of sheets can be
increased easily when using thin sheets, such as films. Based on the
same idea, a two-dimensional variant can be made by using wires with
a square cross section [111].

The advantages of this system are the simple construction and the
wide stiffness range that is possible. However, the friction makes the
precise control of the compliance difficult. Moreover, the compliance
will depend on the deflection when the volume is in a vacuum applied
state.

2.3.2.3 Mechanical Impedance Adjuster

Another way to adjust the compliance is to vary the effective length
of a compliant element. An active knee brace varies the length of
beam to adjust the stiffness [108]. Fig. 2.15(a) depicts the Mechani-
cal Impedance Adjuster [89]. The compliant element is a leaf spring,
connected to the joint by a wire and a pulley. The effective length
of the spring can be changed by a slider. A roller is placed on the
slider, to hold the leaf spring close to the structure. The motor ro-
tates the feed screw, which moves the slider, and thus changes the
compliance. A rotational version was developed [113] for implemen-
tation in a robotic joint. In Fig. 2.15(b), a conceptual drawing of the
proposed design is shown. The left image shows the situation when
the mechanism is compliant, the right when it is stiff. The two verti-
cal spindles, which are actuated by a motor, can move the slider up
and down. The four wheels, placed on the slider, roll over the leaf
spring. When the slider is moved upward, the effective length of the
leaf spring is shortened. An advantage of both of these mechanisms
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(a) (b)

Figure 2.15: Conceptual design of translational (a) and rotational (b)
Mechanical Impedance Adjuster.

is that they are easy to construct. They are easy to control since the
setting of the compliance and the equilibrium position are completely
independent. This mechanism allows all possible intermediate states
between compliant and very stiff. This implies one actuator for the
compliance and one actuator for the equilibrium position can be used
to allow independent control.

Similar devices include the following example. De Uri Tasch de-
signed a two degree-of-freedom finger, which again uses leaf springs,
but has the ability to control the coupling compliance as well [114].

2.3.2.4 Jack Spring Actuator

Recently, a new type of actuator, based on the structure controlled
stiffness concept, was presented in [115], named the Jack Spring Ac-
tuator. A helical spring is used as the compliant element. It should
be noted that since a helical spring has the same geometry as a lead
screw or jack screw then the mathematics to describe a lead screw
can be used to describe a Jack Spring. The main difference is that
the lead of the Jack Spring changes under an applied axial load.

The compliance adjustment of the Jack Spring mechanism is achieved
by adding or subtracting the number of available coils used in a spring.
The basic concept for the adjustment of stiffness can be seen in the
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next equation, the equation of the spring constant (stiffness).

K = (
G.d4

8.D3.na
) (2.12)

In the preceding equation the value G represents a material property
called shear modulus. Each of the parameters of the equation influ-
ences the stiffness of a coiled spring. In particular, an increase in wire
diameter, d, will increase stiffness. Whereas, either an increase in coil
diameter, D, or number of active coils, na, will decrease spring stiff-
ness. So, to create a structure controlled stiffness device, based upon
the properties of a coil spring, any of these parameters could poten-
tially be adjusted. The simplest parameter to change and thus adjust
stiffness is the number of active coils, na. A conceptual diagram of
this approach can be seen in Fig. 2.16.

Figure 2.16: Active and inactive coil region in the Jack Spring Actuator.

The diagram shows an extending helical spring or Jack Spring.
Through a rotation of either the spring or the shaft/nut, coils can be
added to or subtracted from the number of active coils, thus changing
the effective stiffness of the structure. In this example, both displace-
ment and stiffness are coupled.

The Jack Spring Actuator is novel, compact and easy to imple-
ment. The external force can act in both directions. In combination
with a stiff actuator, both compliance and equilibrium position are
adaptable. However, both are coupled in this first concept. More-
over, setting the compliance, while forces are working on the spring,
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results in friction and deformation of the space where the surface has
to slide but the torque that is required is reduced in compression.
Also, if rolling pins are used, the system is similar to a ball screw
instead of a lead screw. In a second concept, a second motor can be
used to translate the Jack Spring. In this concept, one motor is used
to adjust the equilibrium position of the actuator and a second motor
is used to adjust the stiffness.

2.3.3 Mechanically controlled stiffness

The design of this kind of system is base is based on the same working
principle, i.e. a lever arm of variable length, that connects the output
motion to the internal compliant elements. Such a lever arm can be
realised in three distinct ways (seeFig. 2.17:

• Moving the force application point. The pivot point of the lever
arm and the attachment point of the compliant elements to the
lever arm remain fixed.

• Moving the pivot point. The pivot point of the lever arm is
moved, while the application point of the output force and
the forces generated by the internal compliant elements remain
fixed.

• Moving the internal compliant elements. The application points
of the forces generated by the internal compliant elements are
moved along the lever arm. The pivot point and the application
point of the output force remain fixed.

Moving the compliant elements is not considered, because this re-
quires, in general, to move both attachment points of each element.
This unnecessarily complicates the actuator design. The two re-
maining methods have been investigated in more detail by many re-
searchers. Some of these solutions are reported in Fig. 2.18 and Fig.
2.19
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Figure 2.17: Mechanical principles of the variable stiffness system
adopted in the AwAS I, II and II.

2.3.3.1 Actuators with Adjustable Stiffness. AwAS I, II and
III

AwAS, AwAS-II and AwAS-III are variable stiffness actuators which
can change the position and stiffness of the output shaft indepen-
dently. In both actuators one big motor changes the position and a
small motor tunes the stiffness. Some views of the mechanical imple-
mentations of the three prototypes are reported in 2.18. Adjusting
the stiffness of these actuators is done through a lever mechanism
(Fig.2.17). A lever has three principal points; the pivot: the point
around which the lever can rotates, the spring point: the point at
which springs are located and the force point: the point at which the
force is applying to the lever [116]. In AwAS [117], the force and
pivot point are kept fixed and to change the stiffness the spring point
is changing. The stiffness in this case can be defined as:

K = 2Ksr
2(2 cosφ2 − 1) (2.13)

where Ks, r and φ represent stiffness of the springs, the distance be-
tween the spring point and the pivot (which is adjustable) and the
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(a) (b) (c)

Figure 2.18: Mechanical design of the AwAS-I (a), AwAS-II (b) and
AwAS-III (c)

angular deflection, respectively. Using this concept stiffness can be
achieved in a good range since it depends on the square of the arm
r. The range of stiffness depends on the stiffness of the springs and
length of the lever. However in AwAS-II [116] force and spring points
are kept fixed but instead the pivot point is changing. Using the
lever allows adjusting the stiffness energetically efficient since in the
lever to change each of principal points, the displacement needed to
change the stiffness is perpendicular to the force generated by the
springs. Therefore the stiffness motor doesnÕt need to directly coun-
teract against springÕs forces. The stiffness in this case can be defined
as:

K = 2Ksα
2(L1 + L2)

2 cosφ (2.14)

where L1 represents the distance between the pivot and the springs
and L2 is the distance between the pivot and the force. α is the ratio
(adjustable) which is L1. Using this L2 mechanism the stiffness can
be achieved in the largest possible range from zero to infinite since it
depends on the ratio. The ratio becomes zero when the pivot reaches
the spring point and it becomes infinitive when the pivot reaches
the force point. This range does not depend on the stiffness of the
springs and lever’s length. Therefore shorter lever and softer springs
can be used in this mechanism which leads to have a lighter and
more compact setup compare to the mechanism applied to AwAS. The
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(a) (b)

Figure 2.19: CAD model (a) and view of the variable pivot point
mechanism (b) implemented in the vsaUT-2

variable stiffness principle of the third prototype of the the Actuator
with Adjustable Stiffness is also based on the variable pivot point and
lever ratio principle as in AwAS II [116]. It is therefore an improved
realization of AwAS-II which make use of a special cam shaped lever
arm mechanism with a variable pivot point.

2.3.3.2 vsaUT-2

The vsaUT-2 [118] is realised moving the pivot point of the lever arm
in order to regulate the stiffness of the output shaft. Fig. 2.19(a)
shows a CAD drawing of the prototype. Two motors can be distin-
guished, one for moving the output (larger motor on the left side), and
one for changing the apparent output stiffness. The output is seen
on the right, coming out of the device. The lever arm, besides been
connected to this output, is also connected to the frame by means of
springs. The stiffness change mechanism is built around a ring gear,
with pitch diameter d, and a pivot gear with pitch diameter d/2, to
which the pivot point is connected. Because of this precise ratio be-
tween the pitch diameters, the pivot point moves in a straight line
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Figure 2.20: The sequence show the DLR Hand Arm System reacting
to external disturbances [W45]. The system is controlled with an
active damping criteria.

with respect to the ring gear when the pivot gear runs in the ring
gear. Rotating the ring gear, connected to the frame, means rotating
the straight pivot path, i.e. the equilibrium output position is chang-
ing. Since the pivot moves on a straight line upon rotating the pivot
gear, no linear guides or constraints are needed. This ensures low
friction when moving the pivot point. The stiffness change motor is
placed in the centre of the device to ensure the lowest possible inertia
when the device is rotated. Fig. 2.19(b) shows the gear mechanism
in more detail.

2.4 Active Damping

It is beyond the scope of this thesis study these topics, in this section is
reported just a reference where this kind of problem is deeply covered.
Fig. 2.20 shows a sequence where the DLR Hand Arm System [119]
with an active damping control reacts with different behaviours to
external disturbances [W45]. This work is presented in [120].

2.5 Active/Passive Damping

The Complaiant Actuator (CompAct), presented in [121], is a combi-
nation of the series elastic actuator presented in [96] and the Variable
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(a) (b)

Figure 2.21: Schematisation of the Compliant Actuator (CompAct)
(a) and 3D-CAD model of the system (b).

Physical Damping Actuator (VPDA) presented in [122]. The two
main units are linked together in a series, as shown in Fig. 2.21(a),
Fig. 2.21(b) shows a CAD model of the prototype. The VPDA is
a friction damper unit, from the schematic showed in Fig. 2.21(a)
is possible to describe the working principle. The unit consists of a
single axial disk ring with an external and internal diameter (the red
element). Four piezo stack actuators (in yellow) connected in parallel
are used to apply a force on the ring disk surface which is working
against the surface of the output link (in green). The friction between
the disk and the link is modulated through the regulation of the force
exerted by the four piezo stacks. . Modulating this force is possible
to obtain various force profiles on the output link, even a profile that
is proportional to the link output velocity, obtaining a linear damp-
ing effect. This damping effect is obtained by an active control of
the piezo stacks, for this reason this kind of systems can be deifined
as active/passive damping actuators. Fig. 2.22 shows some experi-
mental graphs obtained from the friction damper prototype system
demonstrating its effectiveness in replicating damping and regulating
the damping ratio for the spring mass system.
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Figure 2.22: Damping ratio control of the Variable Physical Damping
Actuator (VPDA).

2.6 Variable Passive Damping

The actuator Series Damper Actuator (SDA), presented in [123], is
composed by an electric prime mover combined in series with a Mag-
netorheological Fluid damper (see Sec. 1.6.1.3 for details on this prin-
ciple). In some sense is the damping counterpart of a series elastic
actuator. Fig. 2.23(a) shows an experimental setup with the SDA,
Fig. 2.23(b) shows the logical schematisation of the mechanism and
of the sensors system. Two angular encoders are used to obtain the
series damper input angular velocity and output angular velocity, re-
spectively. The main controller is implemented on a microcomputer
system. It obtains the feedback signals from the two encoders and
computes the motor drive signal according to the given control scheme
so that the desired force can be achieved at the actuator output. To
measure the system output torque, a torque sensor is mounted at the
end of the actuator.
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(a) (b)

Figure 2.23: Protoype of the Series Damper Actuator (SDA) (a) and
logical schematization of the mechanism and of the sensors system
(b).
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Chapter 3
Theoretical Comparison of Soft
Actuators

The text of this chapter is adapted from:
[A3] Incaini R, Sestini L, Garabini M, Catalano MG, Grioli G, Bicchi
A. Optimal Control and Design Guidelines for Soft Jumping Robots:
Series Elastic Actuation and Parallel Elastic Actuation in compari-
son. In: IEEE International Conference on Robotics and Automation
(ICRA2013). May 6-10, 2013, Karlsruhe, Germany. In Press.

In Chapter 1 and 2 we deal with the natural architecture of a human
muscle, of how this architecture can be translated in a mechanical
system and of how this translation is effectively implemented in a
real mechatronic device; highlighting how many different devices, and
different kind of architecture, have been developed during the last two
decades. Is not in the aim of this thesis do a complete comparison
of these systems, or give to the lector an answer on which kind of
approach is the best to realise systems capable to keep in competi-
tions with the human performance. Is also true that is not one of
the main guidelines of the thesis the absolute demonstration of the
excellence of the soft approach than to others strategies (e.g. much
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more traditional approaches, like rigid robots). However is opinion of
the writer that behind the soft approach there are several excellent
motivations that validate and motivate it. The role of this chapter
is to explain the main reasons why the thesis effort is concentrated
on the study of variable passive impedance system, with particular
attention to the study of variable stiffness system. For sure one of
the first motivations is the intrinsic structure of the human muscle
system, where, as said in Sec. 1.1.4, there is the evidence of the capa-
bilities of the system to manage its impedance. To reinforce this bio
aware approach there are also some others much more rigorous moti-
vations, that come from: experimental validations, we have discussed
about this in Sec. 1.1.4 and from mathematical models and analysis
based on the resolution of optimal control problems. In this chap-
ter we focuses attention on this last aspect, giving, very shortly, two
examples, extracted from the most recent literature in this topic. In
these examples is possible to see, in a rigorous way, the effectiveness
of an approach where the mechanical impedance is managed. In Sec.
3.2 a complete analysis based on the solution of an optimal control
problem of a jumping robot is conducted and details on the design of
the stiffness characteristics of the systems are given.

Before going deeply in the details is important highlight how the
optimal control theory is the right instruments to analyse such kind
of problems. Studying soft robotics systems we are interested mainly
on:

• given a task, found the right control policy to catch the best
performance from the robotics system.

• understanding how a given design (e.g. variable impedance ac-
tuator) compares with other solutions (e.g., a constant elastic
joint), in a specific task (e.g., safe motion, explosive motion,
rhythmic motion)

There are at least three fundamental reasons why Optimal Control is
fundamental to VIA studies:
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• it provide a control synthesis procedure for complex systems;

• it provides a principled basis to compare the performance of
different system designs;

• it represents a language to make a dialogue between sciences of
natural and artificial systems possible.

With others words, application of the Optimal Control solution pro-
vides an absolute performance reference that factorizes the control
design out, and allows for drawing conclusions on the intrinsic worth
of the physical system.

From examples given in the next sections, is possible to extract
some very important aspects strictly related to the effective mechan-
ical design of a robot muscle, in particular one of the most important
result is represented by the demonstration that in many tasks exist an
optimal stiffness value and that this value is not unique but depends
from many parameters of the task. These examples suggests that a
compliant approach is better than a traditional rigid approach. They
suggest also that a solution where the stiffness values are changed
during the task is much more better. These examples gives also to
the reader another important suggestion, the switching stiffness ve-
locity is a key parameter for many tasks, and this show how an active
impedance control system could give limitations on the final perfor-
mance of the robots, due to the facts of limitations on the control
bandwidth limits.

3.1 Optimal control and VIA - examples

The problems reported below, are only two short examples. Many
other works deals with other kinds of tasks optimisation, such as for
example [124], [125], [126] .
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3.1.1 Maximization of the output velocity

As example of solution of max speed problem, we can take in con-
sideration the works done in [127]. The goal of the study, was the
maximisation of the final velocity of a one degree of freedom robotic
arm. This maximisation can be useful in order to achieve the max-
imum kinetic energy in the execution of an hammering task where
a variable stiffness actuator is employed. Such kind of problem can
be seen as a problem of maximisation of the final speed at a spec-
ified terminal time and at an unspecified terminal position. In this
paper is analytically formalised, and experimentally validated, how,
with a series elastic actuator, is possible to achieve performance that
are about four times better with respect to a rigid traditional actu-
ator, but that this performance can be increased of another 30% if
a variable stiffness actuator is employed. These results are obtained
if, given some parameters of the system, such as arm inertia, arm
length, motor power etcetera, an optimal spring constant is selected.
The final results is that is true that exist an optimal spring constant,
but it depends from some parameters of the task, if these parameters
change, its value changes. From a practical point of view this means
that in a series elastic actuator you have to change physically the
spring element, this is not true in a variable stiffness actuator, where
you can program the proper mechanical stiffness value and switch it,
with a specific velocity, during the execution of the task. In Fig. 3.1
experimental results of a single stroke case are reported, and can be
seen as the maximum speed values are bigger in the variable stiffness
configuration. In these experiments the VSA-Cube (described in 6)
is employed. In this paper another important result is achieved, rela-
tive to the optimal control strategy that could be adopted during the
execution of the task. The optimal control, taking in to account also
multiple strokes, is characterised by the following properties:

• the switching sequence is {S2;S1,2;S2; ...S2;S1,2},

• the time between S2 and S1,2 is tS1,2
=
√

m/kmaxπ/2,
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Figure 3.1: Experimental results obtained with the VSA-Cube. The
two lines are referred to two different masses mounted on the link. In
first column the stiffness preset qD, is fixed to the maximum value,
while in the second column it’s fixed to the medium or the minimum
values. In the third column qD is an optimized input. Input’s bound-
ary values are qD,min = 5deg, qD,max = 50deg, qS,min= 20deg and
qS,max= 0deg.
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Figure 3.2: Stiff Speed-up, soft slow-down the optimal control strategy
for a humouring task.

• the timebetween S1, 2 and S2 ,the time of the first period and
the time of the last period are: tS1,2

=
√

m/kmaxπ/2,

where symbol S2 denotes a switching where actuator control goes from
maximum stiffness to minimum stiffness while S1,2 denotes a switching
where actuator control goes from minimum stiffness to maximum stiff-
ness. And the stiffness optimal control is : u2,max if

.
q
..
q> 0 and u2,min

if
.
q
..
q< 0. Fig. 3.2 explain, in a much more clear way, the optimal

control strategy adopted for the execution of the task. The strategy
can be explained with the words:Stiff Speed-up, soft slow-down.

3.1.2 Safety

In the work done by Bicchi et al. [92] the safety problem is taken into
account, in particular is analysed the situation in which, in an unspec-
ified instant during execution of a pre-planned robot arm movement,
a collision between a link of the arm and a human occurs. Consider
the simple model in Fig. 3.3, describing a robot arm impacting with
an operator. The positive effect of small values of impedance param-
eters on safety is illustrated in Fig. 3.4. It is noteworthy to highlight
that, although safety could be guaranteed (when the link mass is small
compared to the reflected inertia of the rotor) by choosing low enough
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Figure 3.3: General design of the coupling between torque source and
link for a manipulator impacting with human.

impedance, low mechanical impedance also represents a drawback in
terms of control performance. Consider for instance a classical veloc-
ity profile for the actuation of a rest-to-rest motion of a joint (Fig. 3.5),
consisting of an initial ramp accelerating from zero to maximum veloc-
ity, a uniform velocity part, and a final descending ramp decelerating
again to zero. At a rather intuitive level, it would be desirable that
the joint had low impedance in the high velocity phase, so as to min-
imize the inertial load and thus injury risks. On the other hand, it
would seem appropriate to have as high coupling as possible in the
early accelerating phase, so as to allow the actuator to put the link in
motion swiftly, and in the final deceleration, where positioning errors
have to be minimized. This intuitive notion of applicability of VIA
for addressing the safety/performance trade-off has been considered
in detail in [92,130], where a mathematical optimization problem, the
so–called Safe Brachistochrone, was posed as For a mechanism with

inertia and actuator limits given, find the minimum time necessary
to move between two fixed configurations, such that at any instant
during the motion, an unexpected impact with the device would pro-
duce a injury severity index below safety levels. Results of the Safe

Brachistochrone problem applied to a variable compliance transmis-
sion confirm the intuition, and are shown in fig. 3.6, along with the
experimental results obtained in a physical implementation of variable
stiffness actuator (the VSA-I actuator described in [103]. By measur-
ing the acceleration profile of an impacted mass (Fig. 3.7(a)), the
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Figure 3.4: Variation of the Head Injury Coefficient – HIC (see e.g.
[128], [129]) for system in Fig. 3.3 with respect to varying impedance
parameters, at constant link velocity v = 2 [m/s], and rotor and link
inertias Mrot = Mlink = 1 [Kg]. As expected, in case of impact the
injury risk increases with the coupling between the rotor and link.

effect of VIA in decoupling the various contributions is clearly shown.
Decreasing the transmission stiffness, the acceleration profiles due to
the link and motor inertia became separated and the maximum accel-
eration decrease. In Fig. 3.7(b) the experimental HIC curves for the
VSA during motion at different transmission stiffnesses and velocities
(shaft velocity increases from blue to green) highlight how performance
is limited due to safety constraints. These results suggests interest-
ing hints for VIA control schemes. In particular, it shows that it is
possible to set high impedance during motion until the safety bound
is reached, and after that tune impedance parameters depending on
link velocity.
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Figure 3.5: Illustrating the intuitive behaviour of a Variable Stiffness
Transmission in a 1DOF rest–to–rest task. High impedance is im-
posed at low velocities, while low impedance is used at high velocities
to reduce potential impact injuries.
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Figure 3.6: Results of the Safe Brachistochrone applied to a variable
compliant transmission (left), and joint speed and stiffness trackings
results for the VSA during motion (right)
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Figure 3.7: (a) Accelerations measured after collisions at different
stiffness levels of the VSA-I transmission, at constant link velocity
v = 9rad/s. (b) Experimental results of the injury risk in case of
impact at different tranmsission stiffnesses for VSA. As expected, the
maximum allowable velocity v of the joint shaft decreases as the value
of transmission stiffness σ increases, if an acceptable level of injury
risk is chosen (as e.g the red dashed straight line, corresponding to
HIC = 75). Continuous lines represent the fourth order minimum
square interpolation of the experimental data (dots).

3.2 Optimal Control and Design Guidelines
for Soft Jumping Robots

An important field where the application of soft actuation is ana-
lyzed and exploited is legged locomotion, from devices with one de-
gree of actuation (see e.g. [131], [132]) to fully actuated humanoids
(see e.g. [133] and [134]).
On a conceptual level, literature presents mostly two design philoso-
phies: SEA (in this category we find the robots presented in [133],
[134] and [131]), and PEA (see e.g. [135]), in which a motor is con-
nected in series or in parallel with an elastic element, respectively.

A comparison between these and other possible soft actuation
schemes realizing ankle joints have been proposed by Grimmer et
al. [136] where the analysis is performed in terms of energy consump-
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tion.
In this work we analyze the task of maximizing the jumping height

of two different robot designs, the PEA and the SEA. In doing this we
take into account conceptual model for robotic structures employed in
running or walking robots. This is not the case of jumping robots that
statically load an elastic mechanism, e.g. see [137], [138] and [139],
which have the capability to perform very high jumps. However these
robots present the drawbacks to require several seconds to load the
jumping mechanism and, in the majority of the cases, they can not
execute jumps at given instants.

The task, defined as in [140] for the PEA, is translated into the
optimal control problem of maximizing the speed of the upper mass
of the two models at a predefined terminal time.
In this work the optimization is subject to the following more realistic
constraints:

1. maximum elongation of the spring,

2. contact condition between the environment and the robot,

3. torque-speed linear characteristic of the motor,

while in [140] the constraints of the problem are only contact condition
between the environment and the robot and motor torque.

In section 3.2.1 we describe the dynamic models of the systems
and show how the problem, which is characterized by a contact phase
and a flight phase, can be studied through the dynamics of the contact
phase only.

The problem definitions for both the PEA and the SEA are pre-
sented in section 3.2.2, with the description of all the constraints.

The solutions for the two problems, presented in section 3.2.3, have
been obtained translating the optimal control problem into a convex
programming problem which is later solved through a numerical tool.
Later on, some constraints are relaxed in order to find the analytical
solution for the robot with a parallel elastic actuator, considering a
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Figure 3.8: A 3D view of the PEA and the SEA jumping robots
under development; the logical scheme that represents the dynamic
of these robots are reported in Fig. 3.10. The main components of
the systems are: i) the lower mass (red structure) where the motor
and its electronic control unit are located; its mass, that takes also
into account the motor, electronic control unit and linear guide, is in
the range of [350-450] [g]; ii) the upper mass (green part) that can
slide longitudinally along the linear guide; its mass can be arbitrarily
changed, from a minimum of 50 [g] to a maximum of 700 [g], putting
on it additional weights; iii) the motor, which is a 10 [W] 24 [V] Maxon
DC motor, has a reduction ratio of 4.4:1 for the PEA system and 12:1
for the SEA system and exploits the pulley to act the green mass by
generating a force in both longitudinal directions. It has a stall torque
of 64.6 [mNm] and no load speed of 9350 [rpm]. The pulley radius
is 0.02 [m]; iv) the rubber bands represent the elastic elements; we
use these elements because we can change the stiffness of the spring
simply by substituting the rubber bands or varying their number.The
length of the linear shaft is 0.35 [m]; this allows to obtain a stroke
of 0.2 [m]: it represents an additional constraint for the green mass
motion.
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fixed final time and a known switching sequence of control but with
unknown switching times.

In agreement with previous works (e.g. [92], [127], and [125]), sec-
tion 3.2.6 of this thesis shows the existence of an optimal stiffness
of the elastic element which maximizes the performance of the soft
actuators (both the SEA and the PEA) through the analysis of the
dependency of the performance index on the parameters of the prob-
lem. Moreover, it is shown that the optimal stiffness depends on:

• the task parameters ⇒ it decreases when the terminal time in-
creases;

• the dynamic parameters of the system ⇒ it increases when the
upper mass increases.

These results suggest that the possibility to select the optimal stiff-
ness, through a properly designed variable stiffness transmission, can
further improve the performance provided that the overall mass of the
system is not significantly increased.

Afterwards a comparison between the PEA and the SEA, given
the power of the actuator but varying the transmission ratio, shows
that the SEA with its optimal transmission ratio performs better then
its PEA counterpart.

3.2.1 Dynamic Models

Let consider a system of which the evolution can be described by two
continuous phases, such as the jumping robot depicted in Fig. 3.9.

The dynamic of this type of systems can be described by two
continuous phases and a switching condition on the reaction exerted
on the robot by the ground. The continuous phases are:

• the stance phase, with the contact between the lower mass and
the environment. In this phase the normal force R, that the
environment exerts on the robot, is positive and the distance
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Figure 3.9: The picture shows an example of jumping sequence: the
initial condition of the robot (on the left), the robot during the stance
phase while it is preparing the jump (in the middle) and the robot
during the flight phase (on the right). The robot depicted is a drawing
of the VSA-CubeBot, described in Chapter 6

between the lower part of the robot and the environment is
zero;

• the flight phase, in which the contact is lost, R = 0, and the
distance between the robot and the environment is positive.

To formalize, let t denotes the time and T the instant time in
which the robot looses contact, i.e. the terminal time of the stance
phase. The following conditions are verified:





R > 0 if t ∈ [0, T )

R = 0 if t = T
. (3.1)

In the rest of the Chapter, we pay attention to two different linear
jumping systems, Parallel Elastic Actuation (PEA) and Series Elastic
Actuation (SEA):

• PEA
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(a) PEA: it consists of two masses
connected by a spring that has an
actuator in parallel.

(b) SEA: it consists of three
masses of which the two upper
masses are connected by a spring
and an actuator is interposed be-
tween the two lower masses.

Figure 3.10: Model of PEA and SEA in touch with the environment.

Referring to Fig. 3.10(a), we have that the dynamic of the sys-
tem is described by the following equations:





m1ÿ1 + k (y1 − y2) = R− U −m1g

m2ÿ2 + k (y2 − y1) = U −m2g
(3.2)

where m1 and m2 are the lower and upper mass inertia, y1 and
y2 are the lower and upper mass position, k is the stiffness of
the spring, U is the motor force, R is the normal force and g is
the gravity force.

• SEA
Referring to Fig. 3.10(b), we have that the dynamic of the sys-
tem is described by the following equations:






m1
¨̃y1 = R− U −m1g

m2
¨̃y2 + k (ỹ2 − ỹ3) = U −m2g

m3
¨̃y3 + k (ỹ3 − ỹ2) = −m3g

(3.3)
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where m1, m2 and m3 are the upper, intermediate and lower
mass inertia, ỹ1, ỹ2 and ỹ3 are the upper, intermediate and lower
mass position.

For both previous models, during the stance phase we impose the
contact constraint between the robot and the environment while, at
the instant T , the robot might jump. So we have that:

• in the range 0 < t < T , i.e. during the stance phase, the mass
m1 has to maintain contact with the environment, therefore its
position and its velocity must be equal to zero





y1(t) = ỹ1(t) = 0

ẏ1(t) = ˙̃y1(t) = 0
∀t ∈ (0, T ) ; (3.4)

• at the instant t = T , that is the instant time of detachment,
the mass m1 must detach from the environment, therefore its
position and its velocity must be positive





y1 (T+) = ỹ1 (T+) > 0

ẏ1 (T+) = ˙̃y1 (T+) > 0
. (3.5)

We make the assumption to consider the initial conditions of the
state of mass m1 equal to zero





y1(0) = ỹ1(0) = 0

ẏ1(0) = ˙̃y1(0) = 0
(3.6)

i.e. that the lower mass of robot is initially at rest and in contact
with the environment.
Ultimately, by combining (3.4) and (3.6) we obtain





y1(t) = ỹ1(t) = 0

ẏ1(t) = ˙̃y1(t) = 0
∀t ∈ [0, T ) . (3.7)
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The consequence of (3.7) is that, during the stance phase (∀t ∈ [0, T )),
the state space vector may be reduced as shown below.

3.2.1.1 PEA State Space Model

Introducing the state vector z =
[
z1 z2

]T
=
[
y2 ẏ2

]T
, we have that

(3.2) can be rewritten as



ż1
ż2





︸ ︷︷ ︸
ż

=



 0 1

− k
m2

0





︸ ︷︷ ︸
A



z1
z2





︸ ︷︷ ︸
z

+



 0 0

1
m2

−1





︸ ︷︷ ︸
B



U

g





︸ ︷︷ ︸
u

(3.8)

and the constraints on the normal force (3.1) become




R = −kz1(t) + U(t) +m1g > 0 if t ∈ [0, T )

R = −kz1(t) + U(t) +m1g = 0 if t = T
. (3.9)

3.2.1.2 SEA State Space Model

Introducing the state vector z̃ =
[
z̃1 z̃2 z̃3 z̃4

]T
=
[
ỹ2 ỹ3 ˙̃y2 ˙̃y3

]T

, we have that (3.3) can be rewritten as





˙̃z1

˙̃z2

˙̃z3

˙̃z4





︸ ︷︷ ︸
˙̃z

=





0 0 1 0

0 0 0 1

− k
m2

k
m2

0 0

k
m3

− k
m3

0 0





︸ ︷︷ ︸
Ã





z̃1

z̃2

z̃3

z̃4





︸ ︷︷ ︸
z̃

+





0 0

0 0

1
m2

−1

0 −1





︸ ︷︷ ︸
B̃



U

g





︸ ︷︷ ︸
u

(3.10)
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and the constraints on the normal force (3.1) become




R = U(t) +m1g > 0 if t ∈ [0, T )

R = U(t) +m1g = 0 if t = T
. (3.11)

3.2.2 Problem Definition

We are going to formulate the optimal jumping control problem to
maximize the highest reachable point of the center of gravity of the
robot, hG,max. The optimization variable is the force exerted by the
motor, U .
Since the take-off instant, only the gravity force acts on the robot;
then by using the conservation of mechanical energy principle, we
derive an estimation of hG,max depending on the state of the robot
soon after the take-off instant T :

hG,max = hG(T
+) +

VG(T+)2

2g
, (3.12)

where hG(T+) and VG(T+) are the height and the speed, respectively,
of the center of gravity of the robot soon after the take-off instant.
Due to the constraints on the upper mass displacement (Table 3.1 (i))
and (3.7), we can assume that the variation of hG(t) during the stance
phase is negligible if compared to the variation of VG(t)2/(2g).
Hence we conclude that

max hG,max ≈ max VG(T
+) . (3.13)

By the conservation of linear momentum principle, the speed of
the robot soon after the take-off instant depends on the speed of the
robot before the take-off instant:

VG(T
+) =

m2

m1 +m2
z2(T

−) (PEA) , (3.14)

VG(T
+) =

m3

m1 +m2 +m3
z̃4(T

−) (SEA) . (3.15)
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It is remarked that, for the SEA, the intermediate mass models
the inertia of the motor, and its magnitude is one order smaller than
the other masses of the system. Then its contribution in the linear
momentum equation is neglected to obtain the (3.15).
Hence, for both the SEA and the PEA, the performance index that
will be used is the speed of the upper mass.

Table 3.1 summarizes the optimal jumping control problem that
we formulate for the PEA and the SEA.

In the following we explain the meaning of the constraints reported
in Table 3.1.

Naturally we have to consider the system dynamic (Table 3.1 (b))
which represents a constraint in the maximization problem.

Further, in addition to the normal force constraints (Table 3.1
(c),(d)), in order to obtain realistic results we take into account also
the torque-speed motor characteristic, so the force and the velocity
that can be generated are bounded (Vmax and Vmin are the upper and
lower bound for the speed of the actuator, Umax and Umin are the
upper and lower bound for the force of the actuator) and coupled
(Table 3.1 (e),(f),(g),(h)).
In particular, during the stance phase, the motor speed V (t) is equal
to the velocity of the upper and intermediate mass for the PEA and
the SEA, respectively, because the lower mass velocity is zero. An ex-
ample of the simulation results that shows that the motor constraints
are satisfied is shown in Fig. 3.11.

It is also necessary to remark that:

• for the PEA, the constraint (Table 3.1 (i)) is the minimum be-
tween the stroke allowed by the robot and the maximum spring
deformation (δmax and δmin are the upper and lower bound for
the position of the upper mass);

• for the SEA, we take into account both stroke (Table 3.1 (i)) and
spring deformation (Table 3.1 (l)) constraints (δmax and δmin are
the upper and lower bound for the position of the upper mass,
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PEA SEA

maximize z2(T ) maximize z̃4(T ) (a)

subject to subject to

ż(t) = Az(t) +Bu(t) ˙̃z(t) = Ãz̃(t) + B̃u(t) (b)

−kz1(t) + U(t) +m1g > 0 U(t) +m1g > 0 (c)

−kz1(T ) + U(T ) +m1g = 0 U(T ) +m1g = 0 (d)

Umin ≤ U(t) ≤ Umax Umin ≤ U(t) ≤ Umax (e)

Vmin ≤ z2(t) ≤ Vmax Vmin ≤ z̃3(t) ≤ Vmax (f)

Vmin −
Vmax

Umax
U(t) ≤ z2(t) Vmin −

Vmax

Umax
U(t) ≤ z̃3(t) (g)

z2(t) ≤ Vmax −
Vmax

Umax
U(t) z̃3(t) ≤ Vmax −

Vmax

Umax
U(t) (h)

δmin ≤ z1(t) ≤ δmax δmin ≤ z̃2(t) ≤ δmax (i)

φmin ≤ z̃2(t)− z̃1(t) ≤ φmax (l)

Table 3.1: Problem formulation for the PEA and the SEA: the per-
formance index to maximize is (a) and all the constraints are
((b)-(l)).

φmax and φmin are the upper and lower bound for the spring
deflection).
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Figure 3.11: The motor’s constraints (blue) and the motor’s work
points (gray dotted) for one simulation: the points of the motor’s
work become darker and darker with the increase of time. All the
constraints are satisfied.

3.2.3 Problem Solution

In section 3.2.4 we present the methodology that we use to find a nu-
merical solution for the problems stated in Table 3.1. Subsequently
in section 3.2.5, we expose an approach that can be followed to de-
termine an analytic solution for a simplified version of the optimal
control problem: we apply it to the PEA case.

3.2.4 Numerical Solution

We used the notation for the PEA, but the results are valid also for
the SEA, only substituting z with z̃.

We used the notation for the PEA, but the results are also valid
for the SEA, only substituting z with z̃.

In order to numerically solve the two problems in Table 3.1, we
have discretized the state space dynamic equation using the forward
Euler scheme:

ż(t) ≈
z (n+ 1)− z(n)

∆t
. (3.16)
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By using this transformation, the continuous-time system dynamic
(Table 3.1 (b)) at the time instant t = n becomes

z(n + 1) = (∆tA+ I) z(n) +∆tBu(n) , (3.17)

and the closed-form expression that allows us to determine the state
of the system at a generic step n w.r.t. the initial conditions is

z(n) = (∆tA + I)n z(0) +
n−1∑

i=0

(∆tA + I)(n−1−i)∆tBu(i) . (3.18)

Hence we can express the performance index and the constraints
in Table 3.1 as a function of the initial state conditions z(0) and of
all the input control u(i), i = 0, . . . , n− 1.
T fixed and a sample time ∆t chosen, the number of samples is
N = T/∆t. In particular, because u = [U g]T we consider as input
control U(i), i = 0, . . . , N − 1, so U = [U(0) . . . U(N − 1)]T .

Let CU,zi be the matrix of coefficients of U associated with the i-th
component of the state z, so

CU,zi =





∆tBU,zi 0 . . . 0

(∆tA + I)zi ∆tBU,zi ∆tBU,zi 0
...

... . . . 0

(∆tA+ I)(n−1)
zi

∆tBU,zi (∆tA + I)(n−2)
zi

∆tBU,zi . . . ∆tBU,zi




, (3.19)

and let Cg,zi be the matrix of coefficients g associated with the i-th
component of the state z, defined in the same way as CU,zi.
Then, let dzi the vector of the known terms associated with the i-th
component of the state z, so

dzi = z0,i





(∆tA+ I)zi

(∆tA+ I)2zi
...

(∆tA+ I)nzi




. (3.20)
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Using the above notation, we can express the state variables of the
problems in Table 3.1 in function of the optimization variables U :

[zi(1) zi(2) . . . zi(N)]T = CU,ziU + Cg,zig + dzi . (3.21)

Replacing (3.21) in (Table 3.1 (a)-(l)), we noticed that perfor-
mance index and all the constraints are convex [141]. Hence we trans-
lated the optimal control problems into convex optimization problems.

Finally we used CVX [142] to solve the discrete convex optimiza-
tion problems.

3.2.5 Analytical Solution

In this section, by exploiting the information coming from the numer-
ical simulations, we derive an analytical solution for a problem similar
to the ones reported in Table 3.1: the motor is considered as a force
source therefore the constraints on the velocity (Table 3.1 (f)) and
(Table 3.1 (g)) are neglected.

According to (Table 3.1 (a)) the performance index depends only
on the final state, in particular on the speed at terminal time.

W.r.t. the problems in Table 3.1, we take into account only the
constraints (Table 3.1 (b),(c),(e)). Because we have the inequality
constraint on functions of the control and state variables, we need to
use the augmented Hamiltonian [143] formulation:

H (z(t),λ(t), U(t)) = λ(t)T ż(t) + µ(t)C (z(t), U(t)) (3.22)

where λ(t) is the vector of the adjoint variables, µ : [0, T ] *→ R satisfies
the following condition

µ





= 0 if C < 0

≥ 0 if C = 0
, (3.23)

and
C (z(t), U(t)) = −R (3.24)
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with R given by (3.9) for the PEA.
Since a constraint on both state and control variables is present

we need to distinguish two different dynamic systems:

• constraint C (z(t), U(t)) is active (A.C.)
In this case the optimal control value Uopt(t) comes from the
following equation

C (z(t), U(t)) = 0 (3.25)
and its value is reported in Table 3.2. Substituting U(t) =
Uopt(t) for the (A.C.) case in the state dynamic (3.8), we obtain






ż1(t) = z2(t)

ż2(t) = −
m1 +m2

m2
g

z1(t0) = c1, z2(t0) = c2

while the value of µ(t) is given by the optimality necessary con-
dition ∂H/∂U = 0 reported in Table 3.2. By substituting the
value of µ(t) in the co-state dynamic, whose expression is in
Table 3.2, we obtain





λ̇1(t) = 0

λ̇2(t) = −λ1(t)
;

• constraint C (z(t), U(t)) is not active (N.A.C.)
In this case

C (z(t), U(t)) < 0 , (3.26)
µ(t) = 0 , (3.27)

hence the state dynamic remains the one reported in (3.8)





ż1(t) = z2(t)

ż2(t) = −
k

m2
z1(t) +

U(t)

m2
− g

z1(t0) = c1, z2(t0) = c2

.

160



3.2 O. Control and Design G. for Soft Jumping Robots

By substituting µ(t) = 0 in the co-state dynamic, whose expres-
sion is in Table 3.2, we obtain






λ̇1(t) =
k

m2
λ2(t)

λ̇2(t) = −λ1(t)
.

In the (N.A.C.) case, in agreement with the Pontryagin Max-
imum Principle, a necessary condition such that the optimal
control maximizes the performance index is that it maximizes
the Hamiltonian [143]. By analyzing the equation of the Hamil-
tonian, reported in Table 3.2, and remembering that µ(t) = 0,
we derive the optimal control law for the (N.A.C.), Table 3.2.

Assuming we know the optimal switching sequence by the numeri-
cal simulation but not the switching instants, in the following we show
how to determine the time instants in which we have changes in the
control input.

Let ti be the i-th switching instant and ∆ti the i-th time interval,
i.e. ∆ti = ti−ti−1. In order to find the solution of the optimal control
problem, we exploit the closed-form integral of the dynamic of state
and co-state reported in Table 3.2: in particular

• we integrate backwards the co-state dynamic, until the initial
time t = 0 [s], using the known final conditions of the adjoint
variable, λ(T );

• we integrate forward the state dynamic, until the final time
t = T , using the known initial conditions of the state variable,
z(0).

At the switching instants three different cases can occur:

1. if before and after the switching the dynamic follows the (N.A.C.)
case, the condition below holds

λ2(ti) = 0 ; (3.28)
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Performance

index
J =

[
0 1

]


z1(T )

z2(T )





Hamiltonian H = λ2(t)
[
− k

m2
z1(t) +

U(t)
m2

− g
]
+ λ1(t)z2(t) + µ(t) [kz1(t)− U(t)−m1g]

Optimality

necessary

condition

∂H

∂U
= 0 ⇒ λ2(t)

1

m2
− µ(t) = 0

Co-state

dynamic






λ̇(t) = −
∂H

∂x
=




k
m2

λ2(t)− µ(t)k

−λ1(t)





λ(T ) =
∂z2
∂z

=



0

1





State

(A.C.)

z1(t) =
−g(m1 +m2)

2m2
t2 + c1 + tc2

z2(t) =
−g(m1 +m2)

m2
t+ c2

Co-State

(A.C.)

λ2(t) = cλ,1 + cλ,2(t− T )

λ1(t) = −cλ,2

State

(N.A.C.)

z1(t) =
−gm2 + U + (gm2 − U + kc1) cos

(√
k
m2

t
)
+
√
km2c2 sin

(√
k
m2

t
)

k

z2(t) =

√
k
m2

[√
km2c2 cos

(√
k
m2

t
)
+ (−gm2 + U − kc1) sin

(√
k
m2

t
)]

k

Co-state

(N.A.C.)

λ2(t) = cλ,1 cos
(√

k
m2

(t− T )
)
+ cλ,2

√
m2

k sin
(√

k
m2

(t− T )
)

λ1(t) =
√

k
m2

[
cλ,1 sin

(√
k
m2

(t− T )
)
− cλ,1

√
m2

k cos
(√

k
m2

(t− T )
)]

Optimal

control law
(A.C.) Uopt(t) = kz1(t)−m1g (N.A.C.) Uopt(t) = |Ulim|sgn(λ2(t))

Table 3.2: Analytically solved optimal control problem: the symbols
cλ,l, l = 1, 2, denote the terminal condition for each interval of the
co-state dynamic.
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2. if in an interval in which the dynamic follows the (N.A.C.) we
have that the constraint C (z(t), U(t)) becomes active and the
following condition holds

C (z(ti), U(ti)) = 0 ; (3.29)

3. if the constraint C (z(t), U(t)) becomes active during a switching
while the dynamic follows the (N.A.C.) case (this is the case of
the second switching in Fig. 3.12), the following conditions hold





C (z(ti), U(ti)) = 0

λ2(ti) = 0
. (3.30)

Moreover, since this problem does not present pure state path
constraint, we can exploit three further conditions for each switching
time, i.e. the continuity of Hamiltonian, state and co-state (see [144]).

Finally we impose the fact that the final time is fixed, so we have
∑

j

∆tj = T . (3.31)

By imposing all the previously described conditions, it is possible
to derive a non-linear algebraic system of equations that allows us to
obtain the switching times.
It is frequent that the values of the times can not be explicitly deter-
mined but, in author’s opinion, it is desirable to obtain an analytical
even if implicit solution. In this case, one of the reason is that it al-
lows us to evaluate quickly the optimal control policy and it could be
decisive to perform real-time jumping tasks at given terminal times.

In the following we present an example that refers to the switching
sequence of Fig. 3.12 with five intervals. The data that we use to verify
the solutions that we obtain are: m1 = 1 [kg], m2 = 4 [kg], k = 20
[N/m], Umax = 30 [N], Umin = −30 [N]. The initial conditions for the
state variables are the system’s equilibrium: z10 = −m1g/k [m] and
z20 = 0 [m/s]. The terminal time is T = 4 [s].
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Figure 3.12: Optimal control U , the adjoint variables λ2 e λ1, and
the constraint C for the solved problem: we highlighted the switching
instants that we found by solving the analytical problems (red lines).
When λ2 cross zero and C is not active then the control switches and
the sign of the control is equal to the sign of λ2.

Considering for instance the switching sequence depicted in Fig. 3.12,
we have that the last interval time is known because we know λ2(T ),
and λ2(t4) = 0. Further, we also know ∆t2 because λ2(t2) and λ2(t1)
are both equal to zero.
Hence we have only three unknown intervals. At this point we exploit
the fact that the final time is fixed (3.31): we can express one of the
three unknown intervals time in function of the other two, reducing
the unknowns to two.
Finally, we impose the following two conditions that allow us to find
the remaining unknowns: for the interval time where the constraint
C is active we have:

1. λ2(t2) = 0 ;

2. C (z(t3), U(t3)) = 0 .

Combining these two algebraic equations we obtain a system of two
equations in two unknown variables that allow us to determine all the
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instants of switching time, exploiting also the fact that the solutions
must be real and positive.

Summing up what has been said, the values of the switching inter-
vals can be determined by solving the following non-linear algebraic
system:





∆t5 =
π

2ω

∆t2 =
π

ω

∆t1 +∆t3 +∆t4 = T −
3π

2ω

k

(

−g
m1 +m2

2m1
∆t3

2 +∆t3C1(∆t1) + C2(∆t1)

)

− Umin −m2g = 0

− sin

(

ω(T −
3π

2ω
−∆t1 −∆t3)

)

−∆t3ω cos

(

ω(T −
3π

2ω
−∆t1 −∆t3)

)

= 0

(3.32)
where

C1(∆t1) := −
ω2

k2
sin (ω∆t1)Umin

√
km1 ,

C2(∆t1) := −2
g

ω2
−

gm1

k
+

Umin

k
(1− cos (ω∆t1)) ,

with ω =
√
k/m2.

Using the switching times that we have found from the analytical
solution, we verify that the trend of the simulations data matches with
the trend of the data that we reconstruct by the dynamic equation of
the state and co-state for the (A.C) and (N.A.C.) in Table 3.2. We
prove that:

• when the constraint C is not active, the input control is bang-
bang and it exactly switches when λ2 is equal to zero;

• when the constraint C is not active, the sign of the control U is
defined by the sign of λ2.

The approach is validated using it to solve another example that
considers a different number of switching instants, Fig. 3.13.
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Figure 3.13: Optimal control U , the adjoint variables λ2 e λ1, and the
constraint C for another solved problem: we highlighted the switching
instants that we found by solving the analytical problems (red lines).
When λ2 cross zero and C is not active then the control switches and
the sign of the control is equal to the sign of λ2.

3.2.6 Simulation Results

For the simulations we used the following data:

• 0.35 ≤ m1 ≤ 0.45 [kg],

• 0.1 ≤ m2,PEA = m3 ≤ 0.8 [kg],

• m2,SEA = 1/11 m3 since it is considered that the inertia of the
motor is negligible w.r.t. the other inertias of the system,

• 50 ≤ k ≤ 800 [N/m],

• −δmin = δmax = 0.1 [m],

• −φmin = φmax = 0.3 [m],

• ∆t = 0.0005 [s],

• g = 9.81 [m/s2].
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Since in the simulations we varied also the transmission ratio τ ,
with 110 ≤ τ ≤ 800, the motor bounds can be rewritten as

−Umin = Umax = ττs ,

−Vmin = Vmax =
Ω0

τ
,

(3.33)

where τs = 64.6 [mNm] is the stall torque of the motor and Ω0 = 9350
[rpm] is the no load speed of the motor.
A practical implementation of such values of transmission ratio can be
obtained with a pulley of radius 0.02 [m] and a gearbox with reduction
ratio within the range 2.2÷ 16.

The value of sampling time is two order of magnitude lower then
the minimum time constant tmin ≈ 0.36 [s] of the systems under
analysis.

In the following we present a discussion on the performance index
dependance w.r.t the parameters of the systems.

• Terminal Time T : the performance index increases according
to the terminal time until a threshold value, after which the
performance index reaches an upper bound (see Fig. 3.14 and
Fig. 3.15).
For both the PEA and the SEA we noticed that:

- a final time T̄ exists at which the performance index does
not change with an increase of the time;

- the optimal stiffness decreases according to the increase of
the terminal time.

• Robot Upper Mass: given the power of the motor and the
masses of the system, the constant stiffness that maximizes the
performance varied (see Fig. 3.16).

We could summarize the data in Fig. 3.16 highlighting the opti-
mal stiffness (see Fig. 3.17) and the optimal height (see Fig. 3.18)
for each couple of upper and lower mass.
For both the PEA and the SEA we noticed that:
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Figure 3.14: Trends of the speed of the upper mass of the PEA w.r.t.
variation on the final time T . It is possible to notice that exists a
final time T̄ at which the performance index does not change with
the increase of the time.
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Figure 3.15: Trends of the speed of the upper mass of the SEA w.r.t.
variation on the final time T . It is possible to notice that exists a
final time T̄ at which the performance index does not change with
the increase of the time.
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Figure 3.16: Height of the center of gravity w.r.t. the stiffness. For
each graph we kept constant m1 and we change the value of m2 and
m3 for the PEA (on the top) and for the SEA (on the bottom) re-
spectively.
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Figure 3.17: Trend of the optimal stiffness for the PEA (on the left)
and for the SEA (on the right) w.r.t. (m1, m2) and (m1, m3), respec-
tively.

- for each couple of upper and lower mass an optimal con-
stant stiffness exists that maximizes the performance in-
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Figure 3.18: Trend of the optimal height of the center of gravity for
the PEA (on the left) and for the SEA (on the right) w.r.t. (m1, m2)
and (m1, m3), respectively.

dex;

- the value of the optimal stiffness increases according to te
increase of the upper mass;

- given the lower mass there exists an optimal upper mass
that maximizes the performance.

• Transmission Ratio τ : another parameter which influences
the performance of the systems is the transmission ratio. So,
we performed simulations to obtain the optimal configuration
for each transmission ratio in terms of upper mass and stiffness
for both the SEA and the PEA.
The results in Fig. 3.19 and in Fig. 3.20 show that:

- there exists an optimal transmission ratio that maximizes
the performance index;

- for the PEA the optimal transmission ratio is low because
the no load speed of the actuator is an upper bound for
the speed of the upper mass;
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Figure 3.19: Values of the jump height in the PEA system for different
simulations performed with three different values of mass m1 and three
different values of transmission ratio. It is possible to notice that there
is an optimal value of reduction ratio for which the maximum height
jump is maximized.
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Figure 3.20: Values of the jump height in the SEA system for different
simulations performed with three different values of mass m1 and three
different values of transmission ratio. It is possible to notice that there
is an optimal value of reduction ratio for which the maximum height
jump is maximized.
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- for the SEA the optimal transmission ratio is high because
the speed limit of the motor does not constitute a direct
upper bound for the speed of the upper mass.
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Chapter 4
Functional Specifications of a
Variable Stiffness Actuator

The text of this chapter is adapted from:
[A4] Giorgio Grioli, Manolo Garabini, Manuel Catalano, Michele
Mancini, Bram Vanderborght, Sebastian Wolf, Marcus Grebenstein,
Werner Friedl, Matteo Laffranchi, Raffaella Carloni, Ronald Van Ham,
Etienne Burdet, Dirk Lefeber, Darwin Caldwell, Nikos Tsagarakis,
Stefano Stramigioli, Alin Albu-Schaeffer and Antonio Bicchi, VSA:
the user’s point of view, Under submission to IEEE RAS Transaction
on Robotics

The present work aims instead at the definition of a standardized
instrument to spread VSA technology outside the narrow community
of its developers, and facilitate access to designing new robots and
applications using variable stiffness actuators. The author believe
that this role can be played by a standardized datasheet for VSA,
and propose one in this thesis. The datasheet is intended to be a
compact, self-contained description of an actuator that summarizes
all its characteristics that are salient to the user, screening him/her
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from inessential technical implementation details that rather pertain
to the VSA designer. The definition of this list of characteristics comes
from the experience maturated by the authors both on the design of
VSA and on their integration in variable stiffness robotic systems.

4.1 Key features of VSA performance

VSAs are, in their very basic essence, mechanical Actuators. As such
they can be described as systems able to apply torques (or forces) on
a mechanical load in order to move it. Moreover, VSAs are flexible
actuation systems, thus, in consequence of the application of a load
torque to their output shaft, they allow a displacement of their out-
put shaft from its equilibrium position. At rest, this displacement is
related to the applied torque by a mechanical stiffness characteristic.
The unique feature of a VSA is the ability to dynamically change its
mechanical stiffness characteristic choosing from a range of possible
curves, characterized by different slopes, i.e. by different stiffness.

The first aspect we described puts a VSA on the same level of other
motors (e.g. electric motors), from which some parameters are inher-
ited directly. In fact, to characterize it, two of the most important
aspects are the Nominal Speed (3) and Nominal Torque (2) the
actuator is designed to work at. Together, these two parameters con-
tribute to define the nominal Continuous Output Power (1) that
the actuator can supply. These parameters, which are among the first
numbers a designer looks for when selecting an actuator, are usually
limited by thermal considerations. When the actuator is not working
continuously, structural strength dictates a less stringent limit Peak
Torque (6), and dissipation effects (as friction and CEM forces) de-
termine a Maximum Speed (7). More in general, a quasi-static
analysis allows to derive τ Vs ω plots, as those shown in Fig. 4.1, in
complete analogy with other kind of actuators.

Nevertheless, the Variable Stiffness aspect of VSAs extend this
traditional bi-dimensional characterization of a motor with the range
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Figure 4.1: Speed Vs Torque: A two dimensional chart reporting the
output speed (y axis) - output torque (x axis) curve. The dashed line
marks the nominal torque of the actuator.

Figure 4.2: Stiffness Vs Torque: A two dimensional chart reporting
the output stiffness (y axis) - output torque (x axis) curve. The
dashed lines mark the nominal torque of the actuator as well as the
maximum torque and maximum stiffness.
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Figure 4.3: 3D Workspace: A three dimensional chart reporting the
working volume of the actuator in the space defined by output torque
(x axis) - output speed (y axis) - output stiffness (z axis). The dashed
lines mark the nominal torque of the actuator as well as the maximum
torque and maximum stiffness.

of achievable values of stiffness. This range is ultimately restricted by
the Maximum Stiffness (8) and Minimum Stiffness (9) values.
To better characterize the stiffness range of a VSA, its dependence
on the supplied torque has to be considered. Since different VSA
realization can imply very different relationships, the relationships σ
Vs τ should be plotted as in Fig. 4.2. In reality, the full information
about the τ − ω − σ quasi-static workspace of a VSA is intrinsically
three-dimensional. Plots of Fig.s 4.1 and 4.2 are only two slices of
a volume as that shown in Fig. 4.3.

Another aspect of a VSA which, depending on the application,
can be really important, is the time necessary to change the stiffness
from a value to another. In particular because the change of stiffness
in a VSA is determined by the movement of a mechanism, change is
not instantaneous. The Nominal Stiffness Variation Time with
no load (4) and with nominal torque (5) have to be considered
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when integrating a VSA in an application where sudden changes of
stiffness are important. These two parameters define the time needed
to achieve the maximum change of stiffness, with no load and with
nominal torque applied to the output shaft, respectively. They are
obtained resorting to the full (peak) torque of the motors internal to
the VSA, and must be executed in the worst case scenario (among a
change from maximum to minimum stiffness and vice-versa).

The primary application VSAs have been designed for is the oper-
ation of robots. By virtue of this, an important property influencing
the performance, of the system is the achievable range of motion. In
VSAs this range is determined by the contribution of two different
values: the Active Rotation Angle (14) plus the elastic deflection
angle. The maximum elastic deformation, in particular, can vary be-
tween a Maximum deflection with maximum stiffness (12) and
a Maximum deflection with minimum stiffness (13).

Many VSA applications rely on the elasticity of the actuator to
store energy. The Maximum Elastic Energy (10) the actuator
can store in the spring can be important to absorb impacts, to exploit
periodic or non-periodic oscillations, and for optimization of energetic
behavior.

Lastly, applications which rely on the accuracy of the mechanical
characteristic of the actuator for precision, accuracy or repeatability,
need to consider the Maximum Torque Hysteresis (11) of the
actuator, extracted by experimental torque-deflection measurements,
as those of Fig. 4.6(b).
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4.2 Controlling VSAs

In first approximation, a robot using a VSA is a flexible robot sys-
tem. Literature presented model paradigms (see [145]), and control
techniques (as [146]) whose ability to tackle the problem of a flexible
robot characterized by fixed values of compliance is given.

Modeling of a flexible joint manipulator with n links, leads to a
4n state variable system, where the state variables are:

1. the n joint angles or displacements and n respective speed

2. the n motor angles and their speeds.

To comply with the larger number of states, a possible control method
consists in using a high gain controller to compensate for the intrinsic
joint compliance and be able to use the elastic forces as driving torques
of the robot.

Control of a VSA-powered robot could, at least in principle, aim
for a similar technique, but this would implying loosing most of the
benefits derived by the physical variability of compliance by trying to
“compensate” for it. Moreover, a joint actuated by a VSA is charac-
terized by a state with 2 more dimensions, where to complete the base
to describe all the state, a possible and sound choice is constituted by
the stiffness and its rate of change.

The need to comply with this higher complexity and to fully ex-
ploit the possibilities offered by Variable Stiffness, is what renders the
problem of controlling a VSA non-trivial.

Over the years, a spectrum of different control approaches has
been proposed to tackle the problem of VSA control, from the sim-
plest PD control [103], to feedback linearization [147], active damping
injection [120], Immersion and Invariance theory [148], and various
flavors of Optimal Control (e.g [126], [127], [130] and [149]). To bring
some order among all these algorithms, they could be sorted on a
plane described by two axes. One axis controllers are ordered from
centralized to distributed (the two extremes of this distinction are
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(a) Centralized (b) Decentralized

Figure 4.4: Two different approaches to the control of a VSA-powered
robot. A Centralized controller (left) includes a detailed model of each
actuator and manages all the sensory information to optimize the sys-
tem integration. In the decentralized approach (right) each actuator
is locally regulated by dedicated hardware which also interfaces with
a simpler central control unit.

shown in Fig. 4.4), while on the other axis, from model-based control
approaches to sensor-based ones.

Different control policies require different knowledge of the VSA
system details. The motivation behind the introduction of a VSA in
the system should lead the choice of the most suited control scheme.
Indeed, if higher levels of integration and optimization are required,
the user could benefit from open systems, where all the knowledge
about the system internal model and sensory data are made avail-
able. This, in order to be able to define His/Her own centralized and
strongly model-optimized control. On the other hand, a component-
wise approach could relieve the user from managing all the internal
details of the device and let Him/Her concentrate just on the func-
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tional aspects. In this case, decentralized hardware should manage the
lowest levels of control in place of the user, to let him/her concentrate
on the higher layers of the control stack.

In practical terms, the control interface of VSA can accept input
commands as simple as equilibrium point and stiffness. Such kind of
black-box system could characterize their behavior with parameters as
simple as the Angular Resolution (15) of the output shaft sensor.

The availability of further sensory data (e.g. output torque sen-
sors) or the access to the commanded motor torques, allows for more
sophisticate control policies even in the case of black-box systems (as
suggested by works as [150], [151]). The only model knowledge of
this kind of black-box control requires just a description of the Re-
coil Point Function (101), which, relates the angles of the motors
inside the VSA to the equilibrium position of the unloaded output
shaft.

More in general, a sensor map, as shown in Fig. 4.5, is funda-
mental to understand which information is available to be used for
feedback control. Each sensor will then be characterized by its table
of salient data, as Resolution (a1), Range (a2), I/O protocol
(a3), and other properties.

To avoid the adoption of stiffness observers, knowledge of the Out-
put Torque Function (103) and, in particular, its derivative the
Output Stiffness Function (104) is necessary. The former of these
functions expresses the torque of the output shaft as functions of the
positions of the motors and of the output shaft, the latter gives the
values of its derivative w.r.t. the output shaft position, that is, the
output stiffness. In particular, for a very fine control, experimental
measurements, as in Fig.s 4.6(a) and 4.2, should be taken into ac-
count, also compensating for Maximum Hysteresis (11), or for the
local one, derived by loading-unloading cycles as those of Fig.4.6(b).

Most of optimal control approaches, especially when energy ex-
pense has to be minimized or power throughput maximized, require
full knowledge of the intrinsic system nonlinearities: from the En-
ergy Function (102) and the Spring Torque Function (105),
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Figure 4.5: Sensor map: A logical scheme, with a sufficient detail
level, showing the position and purpose of additional sensors inside
the actuator.

(a) Theoretical Deflection Vs Torque (b) Measured Deflection Vs Torque

Figure 4.6: Charts reporting the deflection (y axis) - torque (x axis)
curves, for different values of stiffness preset. Left chart show the
trend of the theoretical model, after proper calibration with field data.
Right chart reports averaged field (measured) data cycles of loading-
unloading, highlighting potential hysteresis phenomena.
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(a) Layout (b) Working principle

Figure 4.7: Actuator Internals: Layout (a) and Working principle
(b): Schematic drawing explaining internal layout of the actuator,
representing interconnections among the components (motors, elastic
transmission, output shaft) and the working principle of the elastic
transmission.

relating these quantities to the positions of the motors and of the
output shaft, and finishing with the Springs to Motors Transmis-
sion Ratio (106) and Springs to Output Transmission Ratio
(107). These description derives straight from the internal layout
and working principles, for the well understanding of which usually a
figure as Fig. 4.7 is needed.
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4.3 Other characteristics of VSAs

A VSA can be presented to the user from different perspectives: on
one extreme, the user gets a non-linear mechanical transmission able
to transfer the mechanical work of (usually) two motor sources to one
output load though a complex elastic and non-linear coupling sys-
tem. On the other extreme, the user can get a “black box” with some
power and signal inlets and an output shaft, which uses the incom-
ing power and signal to operate the output with different mechanical
characteristics.

In both cases, a precise definition of the interfaces separating the
VSA from the rest of the system has to make the integration of VSA
possible.

Different VSA can use different sources of power to generate me-
chanical power, the vast literature on the topic introduced not only
electro-magnetic devices (which are becoming more and more the
standard today), but also pneumatic devices (as cite [152], [153],
[154]), or characterized by novel electric motor technologies as piezo-
electric [155], elastomeric [156], active hydrogel [157] and shape mem-
ory alloys [158] just to name some. Depending on the technology
adopted by the device designers, different requirements in terms of
power sources would be necessary for the adoption of the VSA in a
system. Given the majority of electric devices, we report for example
their typical requirements, which can be given in terms of Nominal
Voltage (17) to drive the device and Nominal Current (18) and
Maximum Current (19) absorbed during the device operation.

Dual to the power interface, a signal interface part, whose purpose
is discussed in detail within the next section, would have its specifi-
cations, usually expressed in terms of Voltage Supply (20) and
Nominal Current (21) and, above all, the communication I/O
protocol (22) used to interface with control electronics. All this
information needs to be integrated with drawings of the physical con-
nection interface, as in Fig. 4.8. The need for drawings does not limit
to the wiring interface, but are more and more important concerning
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Figure 4.8: Connection diagram: The logical scheme showing elec-
tronic connections between actuator and external world.

the mechanics. While a gross approach to the description of a VSA
can limit to the overall unit Weight (16), more accurate drawings,
as those of Fig. 4.9, which highlight the mechanical connection in-
terfaces and the main volumes of the actuator, are the base of good
system integration. In the case that the VSA is presented as just a
mechanical transmission rather than an integrated units, mechanical
drawings would include also connection interfaces of the input shafts.

4.4 A VSA datasheet

In the light of the former discussions, all of the important parameters
have been gathered in the compact form shown in Fig.s 4.10, 4.11,
4.12. The main objective pursued in designing it was to obtain a clear
and simple document, as the one would expect to find in a catalog.

The datasheet consists of three pages each of which contains a
relatively independent set of parameters, representing the system at
a different level, with incremental detail.

The first page reports overall characteristics from both the me-
chanical and electrical point of view. The second page presents some
deeper detail about internal sensors, electronics and mechanical per-
formance. Finally in the third page a simple yet complete mechanical
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Figure 4.9: Mechanical interface drawings: Minimum number of views
of the actuator with dimensions defining its size and physical inter-
faces. Views should comply to European drawing conventions.

scheme of the actuator is reported, as long as a mathematical model
of the dynamics of the actuator, expressed in a port-Hamiltonian for-
malism [159].
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Figure 4.10: Template VSA datasheet as it was designed by the VI-
ACTORS consortium (page one of three). The first page reports
overall characteristics from both mechanical and electrical point of
view. This page is not far from the kind of "‘black-box"’ datasheet
that a "‘customer"’ looking for a black-box system, would expect to
receive from a "‘vendor"’.
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Figure 4.11: Template VSA datasheet as it was designed by the VI-
ACTORS consortium (page two of three). The second page reports
some deeper detail about internal sensors, electronics and mechanical
performance.
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Figure 4.12: Template VSA datasheet as it was designed by the VI-
ACTORS consortium (page three of three). The third page a simple
yet complete mechanical scheme of the actuator is reported, as long
as a mathematical model of the dynamics of the actuator, expressed
in a port-Hamiltonian formalism.
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4.5 Examples

This section guides a potential VSA user through some exemplified
procedures for the definition of the main specifications identifying a
task in terms of VSA performance parameters. Three different sets of
specifications are presented and shortly motivated. The first example
uses a VSA for an oscillating cut job. The second example investigates
a task of nail hammering.

These examples are introduced as a realistic scenarios nevertheless,
for sake of simplicity, one-dimensional models are considered for the
translation of the task requirements into VSA specifications. Some
considerations about the advantages of VSA over standard stiff actu-
ation are also considered.

4.5.1 Design example 1: a multi-material cutting

tool head.

As a first example consider the problem of cutting using the oscillating
movement of a tool, for example a saw or a blade. Depending on the
physical and geometrical characteristics of the material being cut,
appropriate tools will have different tooth geometry, will be made of
different materials and, in general, will present different lengths and
weights. Other parameters changing with the particular cut can be
swinging speed and oscillation amplitude. A VSA tool-head, equipped
with a tool switching mechanism, can easily accommodate for all this
kind of changes, efficiently adapting to any particular cutting task.

This task is represented via the following data:

• force to cut the material F ,

• stroke of the cutting blade A,

• maximum and minimum inertia of the tool-head Imax and Imin,

• frequency requirement for the tool movement ω .
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(a) cutting (b) hammering

Figure 4.13: Translational equivalent of a VSA mounting a cutting
tool (left) and a hammer (right).

Suppose to use a VSA in its linear elasticity range to move the cutting
tool head, as depicted in Fig. 4.13(a). the system can be described
via the dynamics of a linear oscillator

Iẍ+ bẋ+ k(x− xe) = 0 (4.1)

where x represents the displacement of the tool, k is the variable stiff-
ness of the actuator, b is the damping value that takes into account
the energetic losses during each cutting cycle and xe is the displace-
ment of the reference position. The actuator output shaft torque is
τ = −k(x− xe).

Let us assume that the desired tool motion is a sine wave

x̄ = A sin(ωt) . (4.2)

Given that the force needed during the cut is a constant with value
F , an equivalent value of b of (4.1) can be determined assuming that
the energy lost during a cut cycle is equal to the work 2FA done by
the cutting force during a cycle, as in

∫ 2π
ω

0

bẋ2dt = bA2ω2π

ω
= 2FA ,

hence it follows

b =
2F

πAω
. (4.3)
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We will see now how to find the main VSA specifications for our
task, that are stiffness, torque and speed ranges.

• Torque. The torque range, over which the actuator needs to
operate, can be determined substituting (4.2) and its derivatives
in (4.1)

τ =
√

(IAω2)2 + (bAω)2 sin(ωt+ φ1) (4.4)

where φ1 = arctan
(
Iω
b

)
. Considering maxt (sin(ωt+ φ1)) = 1

and substituting (4.3), maximum and minimum torques are
found as:

τmax =

√

(ImaxAω2)2 + (
2F

π
)2 , (4.5)

τmin = 0 . (4.6)

• Speed. The speed range can, once again, be determined by
substituting (4.2) and its derivatives in (4.1), as

ẋe =

√√√√
[

Aω

(

1−
Iω2

k

)]2
+

(
b

k
Aω2

)2

sin(ωt+ φ2) (4.7)

where φ2 = arctan

(
Aω

(
1−

Iω2

k

)
/

(
b

k
Aω2

))
.

Under the hypothesis that stiffness is varied only when changing
task, to minimize the energy consumption the speed ẋe of the
motor has to be minimized. It can be easily shown that the
stiffness that minimizes ẋe is given by

k =
b2 + I2ω2

I
. (4.8)

Substituting (4.8) in (4.7) and considering maxt (sin(ωt+ φ2)) =
1 we have a motor speed range of:

ẋe,max =

√
A2b2ω2

b2 +m2ω2
. (4.9)
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Figure 4.14: Fitting the volume demanded by the application in the
working volume of the actuator.

While the minimum speed is

ẋe,min = 0 (4.10)

• Stiffness. From (4.8) it is possible to value the optimal stiffness
to execute a given oscillatory motion. The particular stiffness
range would then be a function of the ranges of A, b, ω and m
which, in turn, are all determined by the range of cutting tasks.

Fig. 4.14 shows an example of fitting of the obtained task specifi-
cations in the performance envelope of an actuator. The red volume
represents the set of points in the τ − ω − σ space that must be in-
cluded in the set of all working points of a VSA, represented in gray
in Fig. 4.14.

As a comparison, consider the torque and speed ranges required
from a traditional (rigid) motor to perform the same task: Torque is
the same as for the soft actuator and speed is given by the derivative
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of (4.2). The ratio between the speed of soft and rigid is

rω =
b

√
b2 + I2ω2

(4.11)

Substituting the equivalent damping this becomes

rω =
2F

√
4F 2 + π2I2A2ω4

. (4.12)

This ratio is lower then one. Hence, a properly designed soft actuator
requires a slower motor than a rigid one with same nominal torque.
Of course this advantage becomes the more pronounced the more the
term π2I2A2ω4 is large when compared to 4F 2. An example of the
trend of rω can be seen in Fig. 4.15. By the way, in such a device, the
choice of K could be done adaptively on line by minimizing the energy
consumption, but the procedure to implement this is not discussed
here.

4.5.2 Design example 2: A multipurpose tool-head.

Suppose that an user wants to employ the highly-dynamic behaviors
of the VSA tool-head to move a hammer-like tool for driving nails, like
in the scheme of Fig. 4.13(b). As shown in works such as [126,127,160]
and [161], this task can be formalized as an optimal control problem
in which the kinetic energy of the link attached to the actuator, in this
case the hammer tool, is maximized at the instant of the impact. The
solution of this problem, which is sensitive to boundary conditions,
such as maximum limits on the link motion range and the eventual
time specified for the impact, is not always trivial. Nevertheless, if
optimality of the solution is not a stringent request and link and motor
motion ranges are sufficiently large, a preliminary dimensioning of the
actuator can be found thanks to the energy conservation principle.

For this preliminary actuator selection, we can assume the task can
be successfully accomplished if, at the very moment of the impact, the
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Figure 4.15: Trend of rω, ratio between the maximum required speeds
of a soft actuator with respect to a rigid actuator, as a function of
the inertia of the cutting tool. The other parameters are A = 10mm,
ω = 50Hz, F = 125N .

link possesses a sufficient amount of kinetic energy Timpact. If a VSA
is used to sway a link of inertia I, the total mechanical energy L in
the system comprising the link and the elastic transmission is

L = Ue + T. (4.13)

In (4.13), Ue is the elastic potential energy in the variable stiffness
transmission, and T the kinetic energy in the link. A likely con-
trol policy for hammering consists in loading the actuator with the
maximum mechanical energy Lmax the actuator can provide within
nominal working conditions, and then rapidly discharge all of it in
the kinetic component Timpact, to maximize the drive on the nail.

Both terms that sum up to L are limited due to physical limits in
the actuator, in particular

Ue ≤ Umax (4.14)

where Umax is the Maximum Elastic Energy (10), while the kinetic
energy the actuator can confer to the link in steady state is limited
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by the Maximum Speed (7), ωmax, through

T ≤ Tmax =
1

2
Iω̇2

max. (4.15)

Assuming that all the elastic energy gets converted in kinetic energy
without losses, the maximum kinetic energy of the link yields

Timpact ≈ Lmax = Umax + Tmax, (4.16)

thus, concerining the maximum speed of the tool-head, it yields

ẋmax =

√
ω̇2
max +

2Umax

I
. (4.17)

If, in practice, just a proportion p of the Maximum Speed (7) is
considered, and coefficient of restitution µ is considered, (4.17) be-
comes

ẋmax =
√
µ

√
p2ω2

max +
2Umax

I
. (4.18)

This preliminary analysis shows how, given a target hammer speed,
it can be reached by a VSA with a smaller nominal maximum speed,
exploiting the elastic energy it can store in the transmission. Aware of
this, a proper actuator can be chosen as long as it fulfill the limitations
of equation (4.18).

It is important not to forget that to achieve the task in a reason-
able amount of time, the Peak Torque (6) τmax of the actuator has
to be taken into account as well. In fact, using a first order approxi-
mation, of the actuator Speed Vs Torque characteristic (i.e. Fig. 4.1)
, and assuming the inertia I is accelerated up to a fraction p of the
theoretical maximum speed, the time tt to accomplish the task can
be estimated as

tt = nI
log(1− p)ωmax

τmax
, (4.19)

where n is a reality factor accounting for other neglected times such as,
e.g. the time needed to load the springs. Equation (4.19) highlights
how the time tt is in inverse proportion to the Peak Torque (6).
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At the end of this section, in Fig.s 4.16 and 4.17, are reported
the first pages of the datasheets of some VSA developed by the re-
search community .

4.6 Guidelines to characterise a VSA

This section illustrates a set of experiments that permits the mea-
surement of salient physical quantities for the characterization of any
VSA and hence the compilation of the datasheet template. To fully
characterize a VSA system three different load conditions (no load,
constant load and variable load), three kind of experiments with three
kind of input signals have to be taken into account. Plots obtained
from collected data constitute some of the main design instruments
and describes some of the main features of a VSA. Experimental setup
is essentially composed by the actuator itself and a structure used to
apply different loads, along with some off-the-shelf electronic data
acquisition board. Force sensors could be used to obtain a better
characterization of the system, however it is possible to do the mea-
suring only using the position sensor already inside the actuator (on
the prime movers and the output shaft).

4.6.1 Quasi-static load-unload cycles with fixed stiff-

ness preset

The experiments which allow the measure of all the physical quantities
needed to fill the datasheet template are presented hereafter.

In this experiment, a known torque profile is applied to the actua-
tor, while measuring the position of the output and the motor shafts.
This is repeated for different torque values in the feasible range. In
this way, torque and deflection profiles, can be measured, therefore,
via numerical differentiation, stiffness can be calculated. A possible
method to apply a known torque to an actuator is to load it with a
know mass M mounted at a known distance r from the rotation axis.
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(a) DLR-FSJ (b) DLR-fas

(c) DLR-BAVS (d) VSA-HD

Figure 4.16: Datasheet of some VSAs.
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(a) AWAS (b) AWAS II

(c) vsaUT (d) MACCEPA

Figure 4.17: Datasheet of some VSAs.
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Figure 4.18: Schematic representation of the mechanism that enables
the measure of torque and deformation for the characterization of a
VSA.

Exploiting gravity, a varying torque is obtained on the output shaft
by rotation, as in Fig. 4.18. Using symbols of Fig. 4.18, the torque
applied on the actuator is a function of the angular position of the
output as

τ = Mgr cos(θ). (4.20)

To explore the whole range of feasible torques, from zero to the max-
imum (Mgr), the actuator should be commanded such that the link
sweeps from the horizontal position (θ = 0) to the vertical position
(θ = π

2 ). The sweep has to be executed in quasi static conditions of
negligible speed. For instance in the presented tests, a conveniently
slow sinusoidal signal reference was used. The test mass used in the
example has a weight of 0.75 kg that corresponds to a maximum
torque of about 1.1Nm. Those trials have always been executed with
4 different stiffness presets, and have been repeated 5 times each. The
readings from the (three) position sensors have been conveniently fil-
tered and smoothed.

4.6.1.1 Torque-deflection and stiffness characteristics

The obtained torque - deflection curves are plotted in Fig. 4.19 with
varying values of stiffness preset expressed in percentage of the max-
imum achievable.

The parameters that can be evaluated from these graphs are:
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Figure 4.19: Torque Vs Deflection: A set of two dimensional curves
for different stiffness preset. It reports the output torque on y axis
and the output deflection on x axis.

• Maximum deflection with maximum stiffness (12)= 8.6 ◦

• Maximum deflection with minimum stiffness (13)= 15.8 ◦.
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Figure 4.20: Hysteresis in the Torque - Deflection plane of the VSA
cube’s transmission.

System hysteresis can be evaluated from Fig. 4.20, from which we
obtain Maximum hysteresis (11) = 3 ◦ Stiffness, obtained via nu-
merical differentiation of torque with respect to deflection, is shown
in Fig. 4.21, obtaining:
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• Maximum stiffness (8) = 14 Nm
rad

• Minimum stiffness (9) = 3 Nm
rad
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Figure 4.21: Stiffness - Torque curves of the transmission of a VSA
cube plotted for several presets.

4.6.2 Step Command

For the characterization of the maximum speed a step input has been
used. The structure described above is not needed in these cases,
because no load is required, except for the characterization of stiffness
variation time with nominal torque.

Step Response

Since the tested device does not provide continuous rotation, the
Maximum Speed (7) cannot be derived by measuring the out-
put speed in quasi-static rotation regime, hence it is derived from a
step response experiment, where the output is commanded the max-
imum possible step, from one limit of the motion range to the other.
Recorded data from the motor angular sensors is averaged over trials,
filtered and numerical derivation leads to speed profile reconstruction,
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from which the Maximum Speed (7) is extracted. The experiment
is executed for several stiffness presets, as shown in Fig. 4.22.
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Figure 4.22: Response of the output shaft to a step on the equilibrium
position input of the transmission of a VSA cube, without external
load, for different stiffness presets. Maximum speed corresponds to
the maximum slope of the responses. The plots are obtained averaging
over several (10) repetitions of the experiment.

Stiffness variation time with no load is evaluated from the step
response to the maximum preset variation, as shown in Fig. 4.23.
Stiffness variation time with no load (4) has a value of about
0.2 s.

Stiffness variation time with nominal torque is obtained with the
same procedure as in the no load case with the difference that the
nominal torque (1.1Nm) is applied to the output shaft. The step
input and the response of the system is presented in Fig. 4.24. The
value of the stiffness variation time with nominal torque (5) is
about 0.3 s.
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Figure 4.23: Response of the measured stiffness preset to inputs sig-
nals which generate a step variation of the preset reference. No load is
applied to the actuator. This plot allows the estimate of the stiffness
variation time with no load that is about 0.2 s. The graph is obtained
averaging over several repetitions of the experiment.
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Figure 4.24: Response of the measured stiffness preset to inputs sig-
nals which generate a step variation of the preset reference. A load
is applied to the actuator that produce a nominal torque of 1.1Nm.
This plot allows the estimate of the stiffness variation time with no
load that is about 0.3 s. The graph is obtained averaging over several
repetitions of the experiment.
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Chapter 5
Design Variable Stiffness Actuators
to fit task requirements

The text of this chapter is adapted from:
[A5] M. Catalano, R. Schiavi, and A. Bicchi, Mechanism design for
variable stiffness actuation based on enumeration and analysis of per-
formance, in Robotics and Automation (ICRA), 2010 IEEE Interna-
tional Conference on, may 2010, pp. 3285-3291.

[A6] M. G. Catalano, G. Grioli, F. Bonomo, R. Schiavi, and A.
Bicchi, Vsa- hd: From the enumeration analysis to the prototypical
implementation, in EEE/RSJ International Conference on Intelligent
RObots and Systems, Taipei, Taiwan, October 2010.

[A7] Manuel Catalano, Giorgio Grioli, Riccardo Schiavi, Fabio Bonomo
and Antonio Bicchi, VSA-HD: Critical Design of a Variable Stiffness
Actuator, under submission to IEEE RAS Transaction on Robotics

In Chapter 4 we described the main functional specification of
a Variable Stiffness Actuator, in particular in Sec.4.1 the functional
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parameters and the 3D Workspace (or Performance Envelope Volume,
PE) are defined. In Sec. 4.4 are reported some design examples where
the main output parameters of the actuator are evaluated given a
specific application and its requirements.

In this Chapter is analysed a design method that is intrinsically
connected with the mechanical arrangements (Chapter 2) of the ba-
sic components that constitute the architecture of a VSA. Suppose
to have an application with some requirements defined in terms of
torque (τmax and τmin), velocity (θmax and θmin) and stiffness (σmax

and σmin). These values can be plotted in a tridimensional space
< τ, θ, σ > as in Fig.s 5.2, 5.3, 5.4 and 5.5. A VSA designed to satisfy
these requirements, at least must have a PE that best fit the red box.
Although the various VS actuators have different characteristics (e.g.
stiffness shape, maximum torque, component arrangement), most of
them, as said before, are composed by the same set of basic compo-
nents (see 1): prime movers and elastic elements, see Fig. 5.1. Acting

(a) (b) (c) (d)

Figure 5.1: Some arrangements (layout) of VSA of the spring pre-
load family (see Sec. 2.3.1): (a) A-A mono-directional, (b) A-A bi-
directional, (c) A-A cross-coupled and (d)Explicit Stiffness Variation
(ESV).

on the mechanical characteristics of these elements is possible to mod-
ify the PE in some different ways, for example in a system based on
electric prime movers we can have this effects:

• scale, changing the power of the prime movers, the PE can be
simply scaled, as shown in Fig. 5.2; the same effects can be
obtained changing some parameters of the elastic function (e.g.
the elastic constant), as in Fig. 5.3.
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• stretch, acting on the gear ratio of the gearboxes, the PE is
stretched, as shown in Fig. 5.4,

• re-shape, changing the function of the non linear spring ,the
effects is a re-shaping of the PE, as shown in Fig. 5.5.

Figure 5.2: The Performance Envelope Volume is scaled by the
changes of the power of the prime movers. The red box represents
the boundary region of the task requirements.

Figure 5.3: The Performance Envelope Volume is scaled by the
changes of the constant (a) of a elastic elements with a quadratic
mathematical function, σoutput = aτ 2output. The red box represents the
boundary region of the task requirements.

VSA offer also another way to deform and adapt the 3D working
volume, this is based on the different kinds of arrangements that can
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Figure 5.4: The Performance Envelope Volume is stretched by the
changes of the reduction ratio of the gearboxes. The red box repre-
sents the boundary region of the task requirements.

Figure 5.5: The Performance Envelope Volume changes its shape by
the changes of the function of the elastic elements. In the example the
elastic elements have the mathematical function: σoutput = aτ boutput.
The deformation is obtained by the changes of the parameter b. The
red box represents the boundary region of the task requirements.

be done between the various components. A practical example is given
in Fig.5.1, where the same number of elements are interconnected in
several different ways, giving rise to systems with different intrinsic
performance (see Sec. 5.3). The idea behind the design method ex-
plained in this Chapter starts from the previous considerations, and
can be divided in two parts:

• arrangements (or layout) isolation given the number of ba-
sic components and the typologies of them(e.g. prime movers
are electric motors rather than piezoelectric actuators) is pos-
sible define an automated method in order to obtain all the
possible arrangements that constitute a VSA (Sec. 5.1.
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• PE analysis and fitting given the arrangements isolated from
the previous step, and selected a proper elastic function, the PE
of each arrangements can be obtained, and the 3D workspace
that best fit the given tasks requirements can be selected (Sec.
5.3).

This approach deal with the intrinsic mechanical structure of this
actuators, its effect on the Performance Envelope is much more radical
and can completely change the working functionalities of the system,
as shown in Sec. 5.3. From another point of view this approach can
be seen as a way to isolate and find new kinds of actuators. From the
link [162] is possible open some videos related to the experiments con-
ducted with the new device, the VSA-HD, developed as consequence
of this design process.

5.1 Components and connections

As discussed in the previous section a VSA is composed by basic el-
ements, which we will distinguish in components, including motors,
gearboxes, link (or output shaft) and mechanical frame, and mechan-
ical connections, which we will classify as rigid, elastic, and free.

From a design specification point of view this approach focuses
on actuators capable of changing independently and simultaneously
the stiffness and position of the output shaft. This requires at least
two motors on the mechanical arrangement: for the sake of simplicity
only systems composed by two motors will be investigated in the fol-
lowing. Electromechanical motors are often used in robotics equipped
with gearboxes enabling the generation high torques at low speeds.
To include these elements in the analysis, a specification of a gearbox
model must be introduced. In the following, we will consider Har-
monic Drive (HD) gearboxes because of their small axial footprint,
the near-zero backlash, and the high ratio between reduction rate
and weight or volume. HD systems are composed by tree elements:
the Wave Generator (WG) an elliptical disk and an outer bearing;
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the Flex Spline (FS) a flexible element, internally connected by an
elliptical bearing with WG, and geared on the outside; and the Cir-
cular Spline (CS), a rigid ring with a different number of teeth on
the inside. When the WG rotates the teeth on the major axis of FS
get engaged with the corresponding profile on CS. For each revolu-
tion of the WG major axis of FS gets a displacement with respect
to CS proportional to the difference of teeths, thus implementing a
movement reduction ( [163]).

S =

CS1 FS1 OS G

CS2

FS2

OS X

G X

Figure 5.6: Graphic (a) and matrix (b) representation of a layout
without linkages. Motors and WGs (gray) are not considered in the
analysis.

Fig. 5.6 (a) illustrates a graphical representation of a layout with-
out any connection between the basic elements.

To study all the possible component arrangements some assump-
tions are made to reduce the problem complexity and thus the mag-
nitude of the possible solutions.

5.1.1 Hypothesis

To enable a mathematical representation of the component intercon-
nection and to include in the solution domain only actuators ensuring
the stiffness controllability we have to assume some hypotheses.
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Symmetrical specs To reduce the solution space, without loss of
generality, we can assume that the two motors and the two HDs have
the same performance in terms of generated torque and reduction
ratio. This hypothesis does not harm the abstraction since the effects
of these parameters can be represented by a scaling factor in the layout
performance.

Reduction To use the HDs as reduction gearboxes we need to con-
nect the motor output to the WG.

Non-linear elasticity The stiffness at the VSA output shaft can
be defined as σ = −∂τ

∂θ = −∂f(θ)
∂θ , where τ is a disturbance force

applied from the external, θ the resulting displacement on the shaft,
and f(θ) is the force-displacement characteristic of the elastic element.
To enable a stiffness variation f(θ) has to be a non-linear function.

Bidirectional elasticity Only bidirectional elastic elements will be
taken into account.

No limitation on link displacement Although robotics devices
often include limits for the angular displacement at the joints, the
design of a general purpose actuator without such limitations was
preferred.

5.1.2 Mathematical Representation

Assuming that no connection can be done among the components of
each HD to keep they functionality, a matrix representation (Fig. 5.6
(b)) can be used to represent all the possible configurations. In such
matrix a 0 would mean no connection, a 1 will stand for an elastic
connection and a 5 for a rigid connection. CSi, FSi are the circular
and flex spline of the HDs, L is the VSA

The adoption of value 5 to represent rigid connections was made
to allow filtering criteria based on arithmetical "tricks", as sum of
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elements on a row or a column. In particular this value is guarantee to
be greater than the sum of elements of any rows or columns composed
by only elastic connections.

5.1.3 Filters

All the configurations are composed by 6 basic elements (FS1, CS1,
FS2, CS2, L, and T ) and 3 possible connections. Assuming that no
L–L and T–T connections can be done, the solution space is repre-
sented, in first approximation, by all the possible configurations of 14
connections ranging in 3 values (314). Thanks to the matrix repre-
sentation, numerical filters can are used to isolate the configurations
satisfying all the previous hypotheses.

Symmetry Because of the Hyp. 5.1.1 and 5.1.1, symmetrical so-
lutions result equivalent, thus allowing to eliminate a matrix if its
symmetrical has been taken into account.

Unlimited rotation To avoid configurations with limits on the out-
put link displacement (Hyp. 5.1.1) there cannot be a straight or inher-
ited connection between the link and the frame. Direct connections
can be avoided by imposing

Sij = 0 ∀i, j ∈ {3, 4} .

More in general to avoid inherited connections, all the matrices con-
taining a closed path between L and T have to be filtered.

Torque transfer L and T have to be connected at least to one
element of both HDs to enable torque transfer, yelding:

L : S13 + S23 > 0 or S31 + S32 > 0 ,

T : S14 + S24 > 0 and S41 + S42 > 0 .
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5.1 Components and connections

Moto-reduction effect To preserve the reduction effect of the HDs
all their components have to be connected to at least another com-
ponent in the assembly, this will be guaranteed if all the following
conditions are satisfied

∑4
i=1 S1,i %= 0

∑4
i=1 S2,i %= 0

∑4
i=1 Si,1 %= 0

∑4
i=1 Si,2 %= 0 .

Block-free gearbox No rigid or elastic connection can be placed
between the CS and the FS of one HD to avoid bounds on their
relative positions. To filter inherited connections all the configurations
including a closed path between the elements of an HD have to be
filtered as well. For instance connections between the elements of one
HD through the elements of the other can be avoided imposing

Si,1 %= 0 or Si,2 %= 0 ∀i = 1, . . . , 4

S1,i %= 0 or S2,i %= 0 ∀i = 1, . . . , 4 .

Motor indipendency A rigid connection between CS and FS of
the HDs prevents to independent control of the motors. This condi-
tion can be avoided by imposing

S11 + S22 < 10 and S12 + S21 < 10 .

Decoupled Inertia The presence of rigid links between one HD
and both L and T would imply a totally rigid connection with at
least one of the motors, to avoid this impose

S13 + S24 < 10 , S14 + S23 < 10

S31 + S42 < 10 , S41 + S32 < 10 .

Any closed path composed by rigid connections between these ele-
ments produce the same effect, and thus has to be avoided.
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Stiffness variation To enable stiffness variation at the output shaft
the system configuration must include at least two elastic connections.
From a matrix representation perspective at least two matrix elements
must be equal to 1

∃i1, i2, j1, j2 : (i1, j1) %= (i2, j2) , Si1,j1 = Si2,j2 = 1 .

5.1.4 Layout

The application of the former filtering methods leads to 140 layouts
which differ from a mechanical point of view. Those layouts can
still be grouped from a functional perspective in order to perform
classification and/or performance analysis. On the other hand all of
them can be taken into account during the design process, to cope
with the mechanical differences (e.g. load capacity or mechanical
complexity).

Criteria for the grouping and classification of the 140 layouts fol-
low.

Passive elasticity Only elastic elements controlled by the motors
produce a controllable stiffness contribution. Solution presenting non-
controlled elastic elements (e.g. think of an A-A VSA with a series
spring on the output) are grouped togheter with the corresponding
layout where such connection is rigid.

Rigid Redundancy Configurations based on a path composed by 3
rigidly connected elements are functionally equivalent since the third
connection is redundant.

Elastic redundancy Layouts including an elastic and a rigid con-
nection between the elements of one of the following terns

(FSi, L, FSj) , (FSi, L, CSj) , (FSi, T, FSj) ,

(FSi, T, CSj) , (CSi, L, CSj) , (CSi, T, CSj) ,
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∀i, j ∈ {1, 2} are functionally equivalent whether the third connection
on the tern is open or elastic.

Reduction equivalency Because of Hyp. 5.1.1 and 5.1.1 layouts
where the connection of an HD are exchanged can be considered equiv-
alent, e.g. the systems

Sa =

∣∣∣∣∣∣∣∣∣∣∣∣

0 0 0 1

0 0 5 0

0 5 0 0

1 0 0 0

∣∣∣∣∣∣∣∣∣∣∣∣

Sb =

∣∣∣∣∣∣∣∣∣∣∣∣

0 0 0 5

0 0 1 0

0 1 0 0

5 0 0 0

∣∣∣∣∣∣∣∣∣∣∣∣

present a reduction ratio at the HDs differing only by less than 2%.
Such variation of the reduction ratio happens on HD when, fixed WG
as input, FS is used as referring element and CS as output and can
be neglected from the functional perspective.

The grouping process leads to 22 layouts (Fig. 5.7) differing by
their topological configuration. It should be noticed that these lay-
outs include many of the actuators already presented by the research
community; e.g. the second layout represents the VSA-II [164], with
the difference that HDs are used as gearboxes.

It will be noticed that the pursued approach can be extended to
more complicated or specific designs by adapting the set of rules de-
tailed in this section. For instance, to cope with planetary gearboxes
instead of HD we can consider the functional equivalence CS-annulus,
FS-planet carrier, and WG-sun. On the other hand kinematic dif-
ferences have to be taken into account to study the actuator perfor-
mance. Morover, a more general, yet conceptually similar, approach
could be used to account also for others VSA systems, not based on
spring compression. For example, systems like [165] are not shown in
this enumeration results, due the different mechanical principle they
adopt to obtain a variable stiffness system, which is based on a vari-
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able lever arm principle, rather than on the compression of non-linear
springs.

5.2 Generic Layout and mathematical model
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5.2 Generic Layout and mathematical model

Figure 5.7: Schematics of the 22 layouts isolated. The yellow lines
represent rigid connections, the dashed black lines elastic connections.
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It is possible to introduce a mathematical model able to describe
all of the layout by specifying a model of each component and con-
nection, thus enabling a comparison between the layouts. Since the
components inertia is mainly related to the mechanical implemen-
tation rather than to the mechanical layout; a quasi-static model is
adopted to ignore these effects.

The motors are approximated by their mechanical characteristic

ω =
V

kc
− C0

Ra

k2
c

τ , (5.1)

where V is the supply voltage [V ], ω the angular velocity [rad/sec],
τ the output torque [Nm], Ra the armature resistance [Ω], and C0 an
opportune conversion factor. The Harmonic Drive Model 2 proposed
by Tuttle in [163] is adopted for the HDs. In such translational model
coupling of HD elements are represented inclined by planes, whose
slope is related to the reduction ratio. The evolution of the contact
point between CS and FS is represented by translations along the y-
axis, whereas movements along the x-axis represent system elements
rotations. According to Hyp. 5.1.1 and 5.1.1 the nonlinear elasticity
is modeled by the function K sinh (θ), where θ is the angular dis-
placement between the interconnected elements, and K the elastic
constant.

Neglecting effects due to friction, backlashes, and compliance of
FS, the complete model can be expressed by the Differential-Algebraic
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5.2 Generic Layout and mathematical model

Figure 5.8: Translational model of a generic layout including all the
possible linkages.

Expression (DAE) system





˙xW1 = V1

kc
− C0

Ra

k2c
Fw1

˙xW1 = V2

kc
− C0

Ra

k2c
Fw2

0 = KF1Gsh(xF1
) +KF1C2sh(xF1,C2)+

KF1F2
sh(xF1,F2

) +KF1Lsh(xF1,L) +NFw1

0 = KF2Gsh(xF2
)−KF1F2

sh(xF1,F2
)−

KC1F2
sh(xC1,F2

) +KF2Lsh(xF2,L) +NFw2

0 = −KC1Gsh(xC1
)−KC1Lsh(xC1,L)−

KC1C2
sh(xC1,C2

)−KC1F2
sh(xC1,F2)+

(N + 1)Fw1

0 = −KC2Gsh(xC2
) +KC2Lsh(xC2,L)+

KC1C2
sh(xC1,C2

) +KF1C2
sh(xF1,C2

)+

(N + 1)Fw1

0 = KC1Lsh(xc1,L) +KC2Lsh(xC2,L)+

KF1Lsh(xF1,L) +KF2Lsh(xF2,L) + FL ,

(5.2)
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where for shortness xij = xi − xj , Fw1, Fw2 and FL are the motors
torques and external load, respectively, and N is the reduction ratio.
To represent all the 3 possible connections Ki ∈ {0, 1,∞} is assumed.
The complete scheme is reported in Fig. 5.8. The solution of the
DAE system with respect to the inputs V1, V2 and FL is the temporal
displacement evolution xi(t) of the components.

5.3 Classification and performance analy-
sis

The workspace of an elementary motor is described by the equilib-
ria solutions of Eq. 5.1, or its graphical representation 〈τ,ω〉 . This
approach can be extended to VSAs taking into account the stiffness
σ as further degree of freedom. Fixing the admissible range for the
actuators

|Vi| ≤ VM i ∈ {1, 2}
where VM is the maximum motor voltage, the DAE system admits
equilibria solution if, and only if, FL is lower than the maximum force
that the motors can transfer to the link FM , which can be evalu-
ated from the knowledge of Vi (Eq. 5.1) and the layout configuration.
Fig. 5.9 shows the solutions (τ , ω, σ, at the output shaft) obtained by
solving the DAE for all the suitable values for system corresponding
to family a (as in Fig. 5.10). The isometric view gives information
about the working volume as well as on the topology. More over, the
projections can be used to extract intrinsic properties of the layouts.
For instance, the projection on the 〈σ, τ〉 gives information on the re-
lation between the external load and the stiffness range, whereas the
projection on 〈τ,ω〉 replicates an usual motor chart.

To simplify the layout comparison, the 〈τ,ω, σ〉 charts can be nor-
malized with respect to the maximum motor torque and velocity. The
stiffness value used for normalization is obtained as the maximum
stiffness produced by a geared motor compressing the nonlinear elas-
tic element.
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Figure 5.9: Graphic representation of DAE system equilibria solution
for a layout extract from the a family (as in Fig.5.10); 3D chart and
relative projection. In red V1, V2 surface.

Either ESV and A-A macro-families can be identified by analyzing
the charts. In ESV actuators one motor controls the stiffness, while
the other is related to the equilibrium position of the output. Oth-
erwise in A-A layouts both motors act on stiffness and link position
at the same time. ESV actuators (Fig. 5.10e) have a quasi-prismatic
working volume, meaning that an external load does not reduce the
stiffness range. Otherwise A-A layouts have an irregular shape but
the torque transmittable to the output joint is double with respect
to ESV s. A-A actuators can be classified more with respect to the
presence of a cross-link between the elements of the HDs, as in [92].
From a mechanical perspective the cross-link prevents motors to set
the maximum deformation of the elastic element. Uncoupled actua-
tors (Fig. 5.10a and 5.10b) reach the maximum stiffness (σM ) for both
τ = 0 and τ = τM (maximum torque), whereas cross-linked actuator
present have only one stiffness maximum, as these actuators can reach
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a)

b)

c)

d)

e)

Figure 5.10: Layout schema, Performance Envelope Volume and pro-
jection on 〈σ, τ〉 plane of the five isolated systems. Yellow lines repre-
sents rigid connections, dashed black lines represents elastic connec-
tions.
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σM only for τ = τM (Fig. 5.10c and 5.10d). A more detailed taxonomy
has to take into account the connections with respect to the output
shaft. The stiffness profile of systems characterized by symmetric
linkages has thinner wings (Fig. 5.10a and 5.10c) than the asymmet-
ric ones (Fig. 5.10b and 5.10d), this property is clearly shown by the
〈τ, σ〉 chart (Fig.5.9) and is due to the unbalanced elastic connection.

It is the case for 〈τ,ω〉 charts of electromechanical motors, charts
〈τ,ω, σ〉 are not sufficient for a complete characterization. To better
characterize the possibility to vary the stiffness at the output joint
shaft some new parameters are introduced

1. Performance Envelope Volume (PE): delimited by the external
surface of the chart is related to the allowable working conditions
of the system.

2. Real Performance Envelope Volume Fitting (RPEF ): PE is not
related to the shape of the working conditions. From an appli-

(a) (b)

Figure 5.11: Performance Envelope Volume Fitting (a) and Stiffness
Breakdown (b).

cation point of view, the Needed Performance Envelope Volume
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(NPE) is defined as the volume |< τ,ω, σ >| ∈ 〈τM ,ωM , σM 〉;
RPEF index take into account the volume exceeding such pris-
matic volume and can be evaluated as

RPEF =
NPE

PE
.

3. Maximum Torque (τM): this parameter have to be considered
mainly because of the differences between ESV and A-A lay-
outs.

4. Maximum Stiffness (σM ): as previously explained σM is reached
on different values of τ depending on the layout.

5. Stiffness Velocity (σ̇): the time needed to change σ is one of
the most important parameters on VSAs; an indicator can be
defined as σ̇ = ∆σ

Tass

∣∣∣
τM=0

, where Tass is the time needed to join

the maximum stiffness under maximum motors activation and
negligible external disturbances (τ = 0).

6. Stiffness breakdown (Sb): the stiffness range of A-A actuators
depends on the external torque. We define Sb as the τ value
corresponding to the half of the maximum stiffness (Fig. 5.11
(b)).

Table 5.1 summarizes the indices values for the five layouts pro-
posed in Fig. 5.10.

It can be noticed that Sb is not defined for ESV actuators, as they
have small correlation between stiffness range and external torque. On
the other hand, the maximum torque at the output shaft is, in those
systems, half that of A-A actuators. Analyzing A-A sub-families we
can notice that asymmetric systems have greater Sb and PE, on the
other hand cross-linked ones presents lower σ̇. A deep analysis of all
the 22 layouts highlights that most of these parameters increase with
the number of elastic connections and consequently with the mechan-
ical complexity, whereas the connection scheme is strictly related to
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PE τM σM σ̄M σ̇ Sb

a 0.16 1 2.02 2.02 0.92 0.25

b 0.65 1 4.07 4.07 0.65 0.5

c 0.09 1 2.04 1.10 0.92 0.25

d 0.41 1 5.08 3.07 1.10 0.375

e 0.5 0.5 3.04 2.03 0.73 X

Table 5.1: Index values of the layouts showed in Fig. 5.10.

the behavior, e.g. the layouts Fig. 5.10 (b) and Fig. 5.10 (c) have
the same kind and number of connections but a complete different
behavior.

To verify the mechanical complexity of the layouts selected on the
preview sections the Modular Variable Stiffness (VSM) prototype il-
lustrated in Fig. 5.12 has been realized. The VSM is composed by
a couple of DC motors and pancake HDs, and a modular connection
system. The presence of a Dynamic Spline (DS) is the main differ-
ence between these particular HDs implementation and the former
description. DS is a circular rigid element having the same num-
ber of teeth than FS, thus ensuring the homokinetic motion between
these two elements. All the active system components (motors and
HD elements) are related by plain bearings and are free to rotate each
with respect to the others. The modular connection system allows to
replicate all the connections described by layout matrix. Rigid beams
are employed to implement rigid connections, whereas elastic connec-
tions are realized by traction springs and lever arms. With reference
to Fig. 5.13, the non linear displacements of the spring is

s =
√
(s0) + r(1− cos(δ(θ)))2 + (rsin(δ(θ))2 ,

where s0 is the rest length of the spring, θ the relative angle between
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(a) (b)

Figure 5.12: Modular VSA used to test the different basic elements
interconnections. In the schematic all the basic elements can be iden-
tified.

the elements, and r the length of the lever arm.

Figure 5.13: Non linear elastic system of the Modular Variable Stiff-
ness (VSM).

Either chart/index analysis and test implementation on VSM do
not lead to any of the solutions being better than the others, neither
in terms of performance nor of complexity. Some layouts for instance
can have good performances but a very complex mechanical design
because of the number of connections or their positioning. Moreover,
real applications imply requirements, such dimensions and reliability,
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on the mechanical design that have to be taken into account and are
not considered by the proposed indeces.

5.4 Mechanical design of a selected layout

The enumeration and classification presented is to be intended as a
guide to find and isolate different VSA configurations, it represent a
sort of design guideline, but it can not substitute the designer experi-
ence, intuition and critical sense. For these reasons the selection of a
layout is also based on other contour conditions, as, for example, reli-
ability, overall costs, application domain etc. The layout of VSA-HD
has been selected from the e family of Fig. 5.10, for the good trade-off
between mechanical complexity and overall performance, as Fig.5.15
and Tab. 5.1 show. Fig.5.14 shows the PE and its projections as
derived in Sec.5.3. Results obtained in Sec.5.3 are based on a generic
non-linear elastic element with hyperbolic sine characteristic. VSA-
HD adopt a proper non linear elastic linkage that is an evolution of
the four-bar mechanism proposed in [164]. Taking in to account the
differences in the non linear function, the VSA-HD presents the PE
shown in Fig.5.21, evaluated by the procedure described in Sec.5.5.

5.4.1 Mechanical layout implementation

The basic components constituting the VSA-HD are two Maxon brush-
less electric motors (EC305013 for q1 and EC309756 for q2) and two
pancake Harmonic Drive gearboxes (HDUF-14-100, with a reduction
ratio of 100:1). These HDs has a fourth element called Dynamic Spline
(DS), as in VSM presented in Sec.5.3.

As in VSA-II (see [164]) four-bar linkages are adopted to imple-
ment the non-linear elastic elements. The final assembly of those basic
components derives directly as the rendering of the selected theoret-
ical layout in a mechanical solution. Fig.5.15 shows a schematic rep-
resentation of the real implementation (a) and a draft of the external
appearance (b) with real dimensions.
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(a) 3d view (b) torque-stiffness view

(c) torque-speed view (d) speed-stiffness view

Figure 5.14: Theoretical working volume of VSA-HD derived from
the analisys performed in [A5].

Fig.5.16 shows a 3D section of the mechanical implementation.
The prototype is essentially composed of a cylindrical rigid body (15)
functioning as frame, where the HDs components are located and
referred each other. The DS (10) presents an elastic connection to the
frame through a pair of four-bar linkages (12). The two CSs (9,6) are
fixed together and elastically connected to the frame through another
pair of four-bar linkages (8). DS (5) is linked rigidly to the output
shaft (4). The two WGs (7, 11) are actuated by the two motors (1, 2),
placed outside the frame, the motion is transmitted by a double layer
of linear gearboxes (13, 14). This first transmission layer implements
a 1.6 : 1 speed reduction ratio. The output encoder (3) is connected
to the output shaft with a linear gearbox. The main structure is
enclosed by an external box (16).

This particular solution, based on a central main frame, is useful
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(a) (b)

Figure 5.15: Schematic representation of the real mechanical imple-
mentation (a); draft of the external appearance and dimension of
VSA-HD (b)

to guarantee mechanical tolerances and concentricity of HDs, and also
to provide an output shaft capable of unlimited rotations around its
axis. This solution gives the actuator the overall aspect of a tradi-
tional servo actuator, keeping, at the same time, a modular internal
structure, which is useful for scalability.

5.4.2 Variable Stiffness mechanism implementation

The four-bar mechanism, whose mathematical description is reported
in Sec.5.5, presents an intrinsic limitation due to a singularity: accord-
ing to Fig.5.20 and Fig.5.17 when the linkage L1 trespass the position
q = 0, cranks L1, L2, R1 and R2 are aligned, leaving the system
evolution undetermined. To circumvent this problem a mechanical
block could be used, preventing the system to reach the singularity,
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Figure 5.16: Two 3D views of VSA-HD with basic components high-
lighted. Left panel shows a motor side view with a 3D section of the
external box, while the right one shows a 3D section.

but at the cost of reducing the system PE. In the VSA-HD, instead,
a cam profile is adopted to overcome the singularity. Fig.5.17 shows
an isometric view of the lower part of the actuator with detail of the
cam component: a sequence of screen-shots is reported to illustrate
the singularity trespass. The cam profile (red), centered in O, and
its conjugate profile on link L1 (green) are designed so as to guide
L1 when in proximity of its singular position. This solution preserves
the PE allowing smaller value of minimum stiffness and giving the
actuator pure symmetric bidirectional behaviour.

Actuator modularity and scalability is favoured by the possibility
to interchange some components: L1, R1 and the torsional spring.
Dimension and characteristics of adopted linkages and springs are
reported in Sec.5.5.

Fig.5.18 shows some pictures of the VSA-HD prototype, an ex-
ternal view (a), the motors subassembly (b), the middle frame sub-
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Figure 5.17: Isometric view of the actuator lower side (left) with a
couple of four bar linkages; detail of cam system (left) and screenshots
sequence of linkages movements.

assembly (c) and the output shaft subassembly (d).

5.5 Mathematical model of the implemen-
tation

5.5.1 Non-linear Spring

The presence of a non-linear elastic transmission is a constraint on
the design of a VSA. As previously explained the presented prototype
relies on pairs of four-bar linkages. The behaviour of the mechanism,
depicted in Fig.5.19, is described by the relationship between the angle
q, the interface with the rest of the mechanical components, and angle

231



Design VSA to fit task requirements

(a) (b)

(c) (d)

Figure 5.18: Picture (a) shows the external view of the VSA - HD,
external cover and output shaft are highlighted. Picture (b) shows the
motor system subassembly, the two motors and the double layer of
linear gearboxes are highlighted. Picture (c) shows the middle frame
subassembly with the two four bar mechanisms. Picture (d) shows the
upper frame of the system, the output shaft and the output encoder
transmission system are highlighted.

γ where the linear spring is mounted on. Geometric considerations
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allow to explicit the relation as

γ(q) = arccos

(
−R1 +R2 cos (q)√

R1
2 +R2

2 − 2R1R2 cos (q)

)

+

− arccos

(
L1(R1 − R2)−R1R2 (1− cos(q))

L1

√
R1

2 +R2
2 − 2R1R2 cos (q)

)

.

(5.3)

The potential energy stored in the spring E(q) = kγ2(q)/2 permits to
express the torque M(q) and the stiffness σ(q), as

M(q) =
∂E(q)

∂q
=

∂E

∂γ

∂γ

∂q
= k

∂γ

∂q
, (5.4)

σ(q) =
∂2E(q)

∂q2
=

∂E

∂γ

(
∂2γ

∂q2
+

(
∂γ

∂q

)2
)

= (5.5)

= k

(
∂2γ

∂q2
+

(
∂γ

∂q

)2
)

.

5.5.2 Equilibria

To study the equilibria of the VSA-HD system we resort to the linear
equivalent model of Fig.5.19. The system equilibrium conditions are
described by the linear equation system

XW1 : 0 = τ1 − R1 sin(α) (5.6)
XW2 : 0 = τ2 +R5 sin(α) (5.7)
XFS1 : 0 = τL +R1 sin(α)−R2 cos(β) (5.8)
XFS2 : 0 = R3 − R4 cos(β) (5.9)
XCS1 : 0 = τS1 +R2 cos(β)− R3 (5.10)
XCS2 : 0 = R4 cos(β)− r5 sin(α) + τS2 (5.11)
YFS1 : 0 = R1 cos(α)−R2 sin(β) (5.12)
YFS2 : 0 = R5 cos(α)−R4 sin(β) , (5.13)
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Figure 5.19: Linear equivalent schematics of the VSA-HD system.
Rotations of the bodies in the actuator are represented by translations
in the x direction, and conversely forces are equivalent to Torques.

where τS1,S2 are the torques exerted by the two springs, τ1,2 those
produced by the motors (after the first gearbox), and τL is the load
torque (refer to Fig.5.19 for other variables definition).

Solving the system, and substituting tan(α) tan(β) = 1/(N+1), it
is possible to obtain the relationship between motors, springs, and link
torques at the equilibria. This relationship can be made an explicit
function of the spring torques

τ1 =
1

N + 1
τS1 +

1

N + 2
τS2 (5.14)

τ2 =
1

N + 2
τS2 (5.15)

τL = −
N

N + 1
τS1 −

N

N + 2
τS2 , (5.16)

or, rearranging the previous equations, of the motor torques. The
previous relationships can be slightly simplified under the working
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hypothesis of large N , thus N + 1 ≈ N .
Moreover, from the linear equation model of Fig.5.19 the mecha-

nisms Willis formula derives, relating angular positions and speeds of
all the moving components, as

q1 = (N + 1)qFS1 −NqCS1 (5.17)
q2 = (N + 1)qFS2 −NqCS2 . (5.18)

A straightforward consequence of equation 5.16, is that with no
load applied to the link, the equilibrium of the system is reached when
the two springs are balancing. Considering equal and symmetric elas-
tic elements implies the equality of their deformations q̄s in opposed
directions. The spring deformation angles qS1 and qS2 are defined as

qS1 = qCS1 (5.19)
qS2 = qFS2 . (5.20)

Applying results of equations 5.17 and 5.18, the equilibrium position
of the link as a function of the motor angles can be derived as follows.
The spring balance qCS1 = −qFS2 implies

qFS1 −N−1q1 = −N−1q2 − qCS2 ,

remembering that qCS1 = qCS2 (because of the rigid connection of the
two CS elements), we have

qFS1 −N−1q1 = −N−1q2 − qCS1 .

Further application of equation 5.17 and 5.18, yields

qFS1 −N−1q1 = −N−1q2 − qFS1 +N−1q1 ,

which finally gets the relation

qL = qFS1 =
2q1 − q2
2N

=
1

N

(
q1 −

1

2
q2

)
. (5.21)
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From equations 5.17 and 5.18 it can be derived

qFS2 = qCS1 = qFS1 +
1

N
q1

=
1

N

(
q1 −

1

2
q2

)
+

1

N
q1 = −

1

2N
q2 . (5.22)

The last two equations (5.21,5.22) tell us that motor 1 is used to move
the link and motor 2 is used to change the non-linear spring working
point (and thus the stiffness). While motion of the output shaft does
not need compensation of the stiffness angle, a change in the stiffness
preset needs compensation by motor 1 to keep the output equilibrium
position still. From equation 5.21 it holds

q1 =
1

2
q2 . (5.23)

Finally, the composition of equations 5.6,5.16,5.19,5.20 enable to
describe the output stiffness as

σL = σS1 + σS2 . (5.24)

In Fig.5.21(d) the PE and its projection are shown, evaluated tak-
ing in to account the layout and the function of non linear elastic
linkage.

5.6 Experimental Results

5.6.1 Experimental Setup

The two Maxon brushless motors are driven by a pair of Maxon
DES70/10 implementing low level torque control. An optical quadra-
ture encoder (HEDS-5540) is used to detect the output joint shaft
position. The main control loop is implemented by a CompactRIO
(cRIO–9074) embedded controller by National Instruments. It imple-
ments CAN-bus communication with the motor drivers, detects the
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Figure 5.20: Working principle of the non-linar spring used in the
VSA-HD. Angle q is the interface between the non-linear elasticity
and other system components. A linear spring is connected to the 4-
bar linkages and excited by the angle γ. The non-linearity comes from
the variation in speed ratio between the cranks L1 and R2, ranging
from a finite value to 0 (4-bars fully opened), thus giving rise to a
stiffness ranging up to infinity.

encoder signals, and receives commands/trajectories over an Ether-
net link. Fig. 5.22 shows a schematic representation of the described
setup. The control is performed in two nested loops: the cRIO im-
plements the external one, while the motor drivers close the inner
one. The external loop, running at 1 KHz, is responsible of the motor
position control, implemented with a PID controller, acting on the
reference torques which are fed to the drivers via CAN-bus.

5.6.2 Torque-Stiffness characteristic

The controllable stiffness at the output shaft is generally related to
the applied external torques. To evaluate the effective stiffness range
several quasi-static experiments have been performed, measuring the
deformation induced by an external load on the non-linear elasticity
inside the actuator. The experimental setup is schematically illus-
trated in Fig. 5.23 while results are shown in Fig.5.24, for varying
values of the controlled stiffness preset angle q2. Several motion cycles
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(a) 3d view (b) torque-stiffness view

(c) torque-speed view (d) speed-stiffness view

Figure 5.21: The nominal working volume of VSA-HD, derived by
performance of the motors and harmonic drives and through analit-
ical solution of the non-linear spring characteristic. Differences from
theoretical workspace of Fig.5.14 are due to the different assumptions
about the non-linearity of the spring.

Figure 5.22: Schematic of the experimental setup.
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Figure 5.23: Schematic of the Experimental setup for the Torque-
Deformation evaluation. The link is an aluminium bar of length 200
mm. The text mass M used for the experiments was equal to 5 Kg.

Figure 5.24: Torque deformation chart. The line color is related to
the position of the stiffness related angle q2.
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Figure 5.25: Stiffness range as a function of the external load. Theo-
retical stiffness range (bold dashed line) and stiffness derived by data
collected within experiments (colored lines). Experiments were per-
formed in quasi-static condition, with ωL → 0. The line color is
related to the position of the stiffness related angle q2.

have been performed for each q2 value. The maximum and medium
relative error measured on q2 along all the experiments were smaller
than 1% and 0.05% respectively. Interpolating the data collected dur-
ing the cycles of each experiment a more accurate chart was extracted
for comparison with the theoretical PE as illustrated in Fig. 5.25.

-

5.6.3 Stiffness Settling Time and Stiffness Velocity

Even though, many different parameters can be used to describe the
performance of VSA systems, the time needed to set the desired stiff-
ness is one of the most important. Several experiments have been
performed to evaluate the parameter σ̇ as defined in Sec.5.2. To avoid
undesired control effects, the time needed to reach the minimum stiff-
ness from the maximum one has been measured by controlling the
motors to their maximum activation level and switching to braking
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Figure 5.26: Stiffness settling time: trajectories of q2 during two ex-
periments characterized by symmetric angles with maximum initial
stiffness.

mode when the minimum value was reached. Fig. 5.26 shows the tra-
jectories of q2 during two of the recorded experiments, where the same
maximum initial stiffness was obtained with two symmetric configu-
rations. It can be noticed that the settling time, the time needed to
switch from σmax to σmin, and the trajectories of the stiffness related
motor q2 are not related to the initial configuration of the non-linear
elastic transmission.

5.6.4 VSA-HD datasheet

To fully characterize the performance of the VSA-HD the indices de-
fined in Sec. 5.3, experimental PE projections, and torque-deformation
chart have been evaluated and are summarized and reported in a data-
sheet showed in Fig.5.27,5.28 and 5.29 the template was designed in-
side the VIACTORS consortium.
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Figure 5.27: First page of the VSA-HD datasheet
(www.viactors.eu).
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Figure 5.28: Second page of the VSA-HD datasheet
(www.viactors.eu).
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Figure 5.29: Third page of the VSA-HD datasheet
(www.viactors.eu).
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Chapter 6
VSA -CUBE: design of a Variable
Stiffness Servo Actuator

The text of this chapter is adapted from:
[A8] M. G. Catalano, G. Grioli, M. Garabini, F. Bonomo, M. Mancini,
N. Tsagarakis, and A. Bicchi, VSA - CubeBot. A modular vari- able
stiffness platform for multi degrees of freedom systems, in IEEE In-
ternational Conference on Robotics and Automa- tion, 2011.

During last ten years more than fifteen prototypes of one degree
of freedom (DOF) passive variable compliance actuator systems have
been developed and many publications investigated and demonstrated
the effectiveness of this technology and its feasibility (e.g. [92], [166],
for an exhaustive list see [167]).

Many works explored the theoretical solutions of control problems
for multi-DOF systems and hint the many possible applications of
this technology [147]. Nevertheless, considering the actual state of
the art, experimental validations are difficult to be found.

One of the most relevant problems is, in fact, the relative novelty of
this technology and the following absence of commercial prototypes.
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Figure 6.1: VSA-Cube, a variable stiffness actuator for high modu-
larity and low cost multi degrees of freedom robotic structures.

This limitation binds researchers to create their experimental set-up
each time from scratch. The development of a new system requires
time, money and specific know-how, and these issues are magnified
for robotic structures with many degrees of freedom. Considering, as
an example, the development of VSA-HD (see Chapter 5 and [A6]),
costed about 10000 Euro for materials alone, it is easy to extrapolate
what the cost of a multi-DOF system would be.

On the other hand the development of a system with traditional
electriomagnetic actuation is easy because it is possible, today, to se-
lect the basic components from a big range of products, differing in
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price and performance. A typical example are the modular servo ac-
tuators by companies such as Schunk [W46] or Harmonic Drive [W38],
which cover the high-end side of the market. More economic solution
are available, as far as the specifications relax, reaching the relatively
new robotic platforms developed for the edutainment market (e.g.
Bioloid [W47], Hitec [W48] Lego-Mindstorm [W49]), pushed also by
competitions as Robocup [W50]. All these platforms offer the possi-
bility to realize multi-DOF systems at the cost of a reasonably low
expense. Performance is obviously limited but, despite the fact that
these systems can not be employed in industrial environments or big
service robotics applications, they can still be profitably used for re-
search and teaching activities, like in [168], [169], [170], [171].

The author believe that an approach nearing the last examples
could be useful for the development of variable impedance robots.
This approach can improve the opportunity to validate and test these
systems, for exploring various assembly possibilities and for interact-
ing with different kind of environments.

This thesis presents a novel prototype of servo VSA, the VSA-
Cube, a picture of which is shown in Fig. 6.1. The main design consid-
erations for this actuator are high modularity, small size, and low cost.
This actuation unit is intended to be part of an advanced robotics kit.
The basic idea is to present a system which is similar to a servo motor,
so that assembly of any robotic system could only take into account
performance and capabilities of the actuator as a whole: energy stor-
age, stiffness range, stiffness settling time and stiffness/torque range.
The first application implemented with the VSA-CubeBot platform
is a humanoid upper body, shown in Fig. 6.9(a).

6.1 The VSA-CUBE

VSA-Cube is a variable stiffness servo actuator. The word “servo”
conventionally describes an embedded system composed of a prime
mover, a gearbox, a position sensor, an electronic board and the al-
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gorithms to control the output shaft position. A communication bus
between the servo and the main high level controller is usually also
embedded. In general the manufacturer develops the low level control
electronics and the customer is provided only with the actuator out-
put performance. Fig. 6.2 shows the typical datasheet of two servo
motors, one from Schunk and one from Hitec Inc., where only infor-
mation about output shaft position range, torque and velocity are
published. Obviously this approach is not sufficient for all applica-

(a) (b)

Figure 6.2: Datasheets of two different servo actuator. An high end
Schunk servo (a) and a Hitec Inc. servo (b). Only information about
output performance are shown. Panel (b) shows mechanical properties
of the servo motor adopted in the VSA-Cube module.

tions but, in many cases, it is much more economic, fast and easy.
The biggest advantage of this approach is that each servo motor is
an independent subsystem and can be easily used in a big robotic
framework exploiting this modularity.

The VSA-Cube embeds the features of a servo motor and, more-
over, the possibility of adjusting the output shaft stiffness. Stiffness
control is obtained, as for the output position, commanding the ex-
plicit reference. Similarly to a normal servo motor the user can employ
the VSA-Cube relying only on the knowledge of its output perfor-
mance.

The set of parameters needed to completely characterise a VSA is
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Figure 6.3: Performance Envelope Volume (PEV) of one VSA-Cube
unit as derived from experimental validation of the prototype. Plotted
data represents the continuous working region.

still an open issue. For a servo VSA the situation is simpler, especially
from the user’s point of view. A VSA can be seen as a system with a
non linear transmission that transforms input torques and velocities of
its prime movers into a set of four new variables relative to the output
shaft: torque, velocity, stiffness and stiffness velocity. As discussed in
Chapter 4 and 5 it is possible to map the torque (τ) / stiffness (σ)
and velocity (ω) / stiffness relations in a way similar to the torque /
velocity relation of a traditional electric motor. Using the proposed
representation it is easy to see how the Performance Envelope Volume
(PEV) (here showed in Fig. 6.3) describes the capability of an actuator
to satisfy the requirements of a specific application. In Fig.s 6.11,
6.11 and 6.11 the complete data-sheet for the VSA-Cube is presented.
Relations between torque, velocity and stiffness are reported in it
using the projections of the three-dimensional volume, along with data
about velocity and energy stored inside the system. Notice that the
square characteristic plotted on the plane < τ,ω > is a consequence
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of the lowest layer of control, implementing a PID loop on the prime
movers (Sec.6.3), this is also reflected in the PEV projection on the
plane < ω, σ >.

Figure 6.4: Exploded 3D view of VSA-CUBE with basic components
highlighted (a). Two configurations with different values of stiffness:
minimum stiffness (b) and maximum stiffness (c) with no external
loads.

6.2 Mechanical design

The actuator external shape is a cube with a 55 mm edge, (see
Fig. 6.1,6.4). Small square grooves are machined along each edge
to permit the interconnection of the unit with other components to
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form multi-DOF systems, as described in Sec. 6.5. The external
frame comprises two distinct components: a lower case (1) and an
upper case (2). The main structural frame (5) is rigidly connected to
the lower frame (1). The two motor frames (4) are fixed on the lower
face of component (5), so as to place the motor axes, on which two
pulleys (10a, 10b) are fixed, along the frame main diagonal. A bear-
ing placed at the centre of the upper face of (5) supports the output
shaft rotation (7). The elastic transmission is realized via four ten-
dons (6a, 6b, 6c, 6d) and four extension springs (3a, 3b, 3c, 3d). One
end of each tendon is wrapped and locked on to the output shaft,
while the other end is wrapped and locked on to a pulley, as shown in
Fig. 6.4(b). One end of each spring is locked on the upper face of (5)
via a pin, while the other engages with a tendon. The output-shaft
position sensor is placed on the backside of (5). An electronic driver
board (8) is put inside the unit in the space left between the motors
and provides connection to the electronic power and logic bus as in
Fig. 6.11. Finally, an external flange (9) is fixed to the output shaft
to actuate payloads.

The operation principle of a VSA is related to the layout adopted
to implement the nonlinear spring, as described in Sec. 2.3. The VSA-
Cube uses a Bidirectional Antagonistic design, as shown in Fig. 6.4(b)
and Fig. 6.4(c). This layout, already used in some actuators (e.g.
[164]), is described and analysed in Sec. 2.3.1.3.

Fig. 6.4(b) shows the system in a low stiffness configuration. In
this situation springs (3) and tendons (6) are not loaded. When the
two pulleys (10a) and (10b) rotate in opposite directions, two of the
four tendons get loaded, stretching their springs and realising a con-
figuration of high stiffness (see Fig. 6.4(c)). Movement of the output
shaft (7), is simply realised by rotating the pulleys in the same direc-
tion. Some details about the mathematical characterisation and the
stiffness function are reported in Sec. 6.4.

To cut down the final cost, selection of material and components
was constrained; all frames are made with ABS plastic using, for the
first series of prototypes, rapid prototyping techniques. Pulleys and
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shafts are realized with aluminium and steel alloys. Motors are Hitec
Inc. TH-7950 servo actuators (mechanical properties are shown in
Fig. 6.2(b)), which use DC motors and linear steel gearboxes. Finally,
tendons are made with Dynema fibres.

6.3 Electronics and control interface

From the electrical point of view, the system is actuated by two dig-
ital servos and the position of the output shaft is monitored by one
potentiometer. Each unit is locally controlled by a Cypress micro-
controller (CY8C27443-24PXI) which takes care of interpreting data
from the potentiometer, controlling the motors and communicating
with the external world. The electrical interface of every VSA-Cube

Bus I2C

Cube iCube i-1

Vcc

Cube i-1

Cube i

PsoC

Encoder PWM
Servo2

PWM
Servo1

Figure 6.5: Logical scheme of electronic and communication inter-
faces. Internal electronic of a cube is composed of a PSOC microcon-
troller that commands each servo via a PWM and can read output
shaft position using a potentiometer. Each servo unit is connected to
the main controller system via a I2C Bus.

is a five-line bus, one for the ground, one for the power of the mo-
tors, one for the power of the logic and two implementing an I2C
bus [W51]. Multiple VSA-Cube units can be connected in series on
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the bus in a daisy-chain topology (see Fig. 6.5 for a logical scheme
of the electronic, control and communication interfaces). Each VSA-
Cube unit has its own address on the bus. A writing operation on the
unit has the effect of sending it a command, while a reading one is
used to retrieve its internal configuration. Different control modalities
are possible. The main one is servo-unit like: the rest position and
the stiffness of the output shaft can be set. Other modalities include,
but do not limit to, setting output shaft position (in closed loop as
a non-VSA servo), and independent control of the two motors, but
not limited to. This last option is made available to give the user
the possibility to implement other low-level control strategies derived
from the higher control layers.

6.4 Mathematical Model

A simple model of the VSA-Cube variable stiffness mechanism can be
derived by the scheme of Fig. 6.6(a) (refer to caption for symbols def-
inition). The function θos = f(x), describing how springs are loaded
when the shaft or the pulleys rotate, can be obtained by solving the
kinematics of the mechanism, described by






i
2 = l cos(β)− r sin(β)

h = x+ l sin(β) + r cos(β)

(θos − θm,i)r = 2
(
l + r

(
π
2 − β

))
− (i+ rπ).

(6.1)

Here θm,i represents angular position of the motor pulley, the output
shaft is symmetrically placed with respect to spring axis. Output
shaft stiffness can be evaluated by substituting xi with f−1(θos) in
the equation

σos =
Ns∑

i=1

∂2Ui

∂θ2os
=

Ns∑

i=1

ki

(
xi
∂2xi

∂θ2os
+

(
∂xi

∂θos

)2
)
. (6.2)

Since f(·) is not analytically invertible, the points of f(x) were fit-
ted with an approximating function (reported in caption of Fig. 6.7),
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(a) (b)

Figure 6.6: Scheme of the stiffness regulation mechanical principle,
(a), and stiffness characteristic of the Cube VS mechanism, (b). Sym-
bols in panel (a) represent: i the distance between centres of the
pulleys; l distance between free end of the spring and point in which
the tendon is tangent to the pulley; r radius of the pulley; β the angle
between i and l; h the distance between fixed end of the spring and i;
x the length of the spring; θos the angular position of output shaft; k
is the spring elastic constant. Different lines on panel (b) correspond
to different values of the elastic constant of the springs, the red line
matches the value of the springs adopted in the prototype.

with residuals smaller than 0.05. We found the approximation robust
with respect to the variation of the main design parameter h. Such
approximation was used to obtain the plot shown in Fig. 6.6(b). The
torque exerted on output shaft τos is the first derivative of elastic
energy w.r.t. The output shaft angular position

τos =
Ns∑

i=1

kixi
∂xi

∂θos
.

The working region of a VSA, on (σ, τ) plane, belongs to a bounded
region. The two bounds can be found by considering the equilibrium
conditions

τos = τm,1 + τm,2, (6.3)
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Figure 6.7: Employed fitting curves of the stiffness characteristic. The

function is x = x̂
(

2
π arcsin

(
θos
θ̂os

))en
, where x̂ is the maximum value

of x and θ̂os is corresponding value of θos. The value of n is chosen
in order to minimize the root mean square error. The chart in the
lower part of the figure shows the residuals of the points of the three
functions. Functions that are evaluated with three different value of
h.

where τm,1 and τm,2 represent the torques of the motors.
The lower bound can be evaluated by assuming

τm,1 = τm,2 =
τos
2
,

that for VSA-Cube corresponds to the minimum stiffness condition.
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The upper bound is evaluated assuming the deformation of one
side of the elastic transmission is maximized (for example this config-
uration is assumed by both sides of mechanism in Fig. 6.4(c)). This
means that its stiffness value is maximum and the motor connected
with this mechanism, e.g. motor one, supplies maximum torque:

τm,1 = τ̂m. (6.4)

The torque supplied by the second motor, and by consequence the
value of the stiffness, can be evaluated through Eq. 6.3.

6.5 The CUBE-BOT a multiple degrees of
freedom platform

(a) (b) (c)

Figure 6.8: The three possible types of connections that can be used
to realize a robotics system. (a) and (b) show two kinds of revolute
joints, with, respectively, perpendicular and parallel axis. (c) shows
the rigid connection.
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Three basic connection possibilities make the VSA-Cube modules
capable of forming different assemblies. Each connection is obtained
by attaching a VSA-Cube with an interconnection flange, as shown
in Fig. 6.8. Fig. 6.8(a) and 6.8(b) depict two kinds of revolute joints,
with perpendicular and parallel axis respectively, while 6.8(c) shows
a rigid connection. Fastening of the actuator unit on the flange is
achieved by inserting the key of one actuator inside the flange’s com-
plementary groove. After this the connection is secured by using some
screws. Fig. 6.9 shows four of the many possible assemblies that can
be realised with the above connections, along with some other pieces
not described here for brevity’s sake. Fig. 6.9(a) shows a complete up-
perbody composed of a 1-DOF torso and two 5-DOF arms; Fig. 6.9(b)
shows a pair of 6-DOF legs; Fig. 6.9(c) shows a eight-legged spider
with three DOF per leg and Fig. 6.9(d) shows a 7-DOF arm, whose
kinematic is inspired by the DLR-Light Weight Robot.

6.6 Experiments

In this section we will just present experimental results to demonstrate
the performance of the VSA-Cube while regulating the stiffness. In
Chapter 9 and 8 two experimental setup examples , with the full plat-
form, are completely described and much more complete experimental
results are reported Five actuator units, and four interconnection el-
ements, can be arranged as to form a simple arm with 4 DOFs of
movement and a 1 DOF gripper. Its kinematic model is described
by the Denavit - Hartnberg parameters in Table 6.1. A simple ex-
periment has been performed to show the stiffness variation of the
cube.

The arm is posed in a vertical configuration and the shoulder mod-
ule is actuated using a chirp reference signal for different stiffness
pre-set angles. This way the arm oscillates around the shoulder axis.

Results shown in Fig.6.10, represent the experimental amplitude
over frequency response. It is possible spot a clear resonance peak
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(a) (b)

(c) (d)

Figure 6.9: Examples of possible robotic systems that can be built.
In (a) the realised upper body is shown, in (b) a pair of 6 DOFs legs,
in (c) a a spider and in (d) a seven degrees of freedom arm.

shifting to the high frequencies as the stiffness increases.
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n α a θ d

1 π/2 0 q1 − π/2 0

2 −π/2 0 q2 0

3 π/2 0 q3 d3

4 0 a4 q4 − π/2 0

Table 6.1: Denavit-Hartenberg table of the 4 DOF arm with a gripper
used in the experiments.

From Fig.6.10, with a reasonable approximation, it is possible to
evaluate the stiffness of the shoulder module corresponding to the
different preset at the corresponding resonance frequency.

Given the inertia of the arm (w.r.t. the shoulder rotation axis),
0.052 [kgm2], the stiffness range can be derived to be [6 - 12] [Nm/rad].
It is included in the theoretical range corresponding to the red curve
in Fig. 6.6(b).
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Figure 6.10: Experimental amplitude frequency response of the arm
oscillating: data is obtained feeding the shoulder first motor with a
chirp signal. Different plots are realised for different stiffness preset
values (see legend). It is possible to notice the shift of the resonant
frequency corresponding to the stiffness increasing.
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Figure 6.11: The VSA-Cube datasheet, page one.
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Figure 6.12: The VSA-Cube datasheet, page two.
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Figure 6.13: The VSA-Cube datasheet, page three.
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Chapter 7
Design a Variable Impedance
Actuator

The text of this chapter is adapted from:
[A9] Catalano MG, Grioli G, Garabini M, Belo FAW, di Basco A,
Tsagarakis NG, Bicchi A. A Variable Damping module for Variable
Impedance Actuation. International Conference of Robotics and Au-
tomation - ICRA 2012. Saint Paul, MN, USA; 2012. p. 2666 - 2672.

Some recent devices explore the possibility of varying the damp-
ing of the mechanical transmission with applications in haptic inter-
faces [172] and in human-robot interaction [122]. The need to adapt
the damping coefficient between and within different tasks has differ-
ent motivations; the possibility to adapt to different loads optimizing
the system bandwidth is just the foremost. While system damping
can be obtained with suitable control approaches, as in [120], there
are reasons which support a physical implementation of the damp-
ing principle, for example the benefits of intrinsic system passivity as
well as energetic considerations on the power consumption of the link
motor. Variable Damping systems along with VSAs illustrate the
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Figure 7.1: Picture of the VIA actuator realized coupling a VSA-Cube
and the Variable Damping add-on.

growing interest of the scientific community in Variable Impedance
Actuators (VIA).

This work represents an evolution of this refinement process, that
culminates in the first VIA (Fig. 7.1) capable of adapting both its
output stiffness and damping. In particular, the VIA is realized by
the application of an independent Variable Damping add-on module
to an already existing VSA device, the VSA-Cube presented in 6.

7.1 Variable Impedance Actuator layouts

Consider a system described by a motor with an output shaft within a
containment frame, an elastic connection between the motor and the
shaft, and a source of damping action. The three possible configura-
tions of such system are shown in Fig. 7.2. In this section we present a

266
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(a) (b) (c)

Figure 7.2: The three possible layouts to add a damping action to a
system coupling a motor with a load through an elastic connection:
Pure parallel (a), External parallel (b) and Serial (c).

detailed analysis of these connection topologies and highlight benefits
and drawbacks of each solution.

Fig. 7.2(a) shows a stiffness and a damper in parallel between
the reference and the link, Fig. 7.2(b) presents a stiffness between
the reference and the link, and a damper between the link and the
external frame. This topology is featured, for example, in models
of human limb impedance, as in [173]. Fig. 7.2(c) present a serial
connection of a spring and a damper between the reference and the
link.

This schema is similar to those adopted in [172] and [123] and
presents the advantage of minimizing the amount of motor inertia
reflected to the link. Nevertheless, it has the major disadvantage of
requiring continuous rotation of the motor to apply a constant torque
to the output. Some other differences arise between the three schemes,
for instance, to achieve the behavior of a pure VSA, the damping fac-
tor should be null for layouts (a) and (b), while it should tend to
infinity for layout (c). Fig. 7.3 and 7.4 show a possible implemen-
tation of schemes (a) and (b) of Fig. 7.2 integrated within the two
most common VSA layout, namely Agonist-Antagonistic (A-A) and
Explicit Stiffness Variator (ESV). A disadvantage of systems of Fig.
7.3 is that the variable damping unit must be integrated into the
actuator design. Moreover the damping action disturbs the stiffness
variation, in fact, it is necessary to overcome the damper resistance.
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(a)

(b)

Figure 7.3: Implementation of a pure parallel layout to introduce
damping in two VSAs: Agonist-Antagonist (a) and Explicit Stiffness
Variator (b). The damping element in parallel with the springs can
slow-down the stiffness adjustment time by opposing to the springs
deformation by the motors.

One drawback of system Fig. 7.4 is that, during link motion, the
damper resistance must be surpassed. This can be overcame by re-
alizing a variable damping mechanism that can be completely turned
off. On the other side, systems of Fig. 7.4 have the advantage of
allowing the designer to realize the variable damping unit as an add
on which can be attached externally to another actuation unit, as a
VSA. For these reasons the layout adopted in this work is 7.4 (a),
which is also the most suitable to be adopted in a modular low cost
robotic development platform like the VSA-CubeBot.

268



7.2 Variable Damper Design

7.2 Variable Damper Design

7.2.1 Requirements

We chose to implement a linear fluid damper (see Sec. 1.6) because
it produces a damping force proportional to the relative speed, un-
like Friction Dampers, ElectroReological, MagnetoRerological and the
quadratic fluid damper. This characteristic is important because it
doesn’t compel to continuously adjust the device to have a constant
damping in a task with a speed variation.

This particularity is also present into the Eddy Current Damperss,
yet the formers have been discarded because they would need a gear-

(a)

(b)

Figure 7.4: Implementation of an external parallel layout to introduce
damping in two VSAs: Agonist-Antagonist (a) and Explicit Stiffness
Variator (b). The schemes show that it is possible to keep the actua-
tion unit unchanged by placing the damping unit between the output
link and the frame.
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box to achieve the required amount of damping values within the
desired small space.

In order to have an acceptable number of steps in adjusting the
damping, we chose to variate A because variating h would require a
very fine resolution.

The minimum and maximum damping values are chosen to real-
ize a shoulder joint suitable for a 5-dof arm composed of VSA-Cube
modules as those presented in Fig. 7.8 (b). We chose the maximum
value of the damping range such to stop the free oscillation of the arm
starting from a horizontal fully-extended configuration and set to the
highest stiffness.

A simplified dynamic model of the arm is a rotating arm of length
l, a mass m and inertia I. The system is described by equation

Iq̈ + dq̇ + kq = −Asign(q̇)−mglcos(q) , (7.1)

where m represents the total mass of the arm, l is the total length
of the arm; k, d and A represent stiffness, damping and Coulomb

Figure 7.5: Scheme of the variable damper. The meatus has an annu-
lar shape, ri and re represent the internal and external radius respec-
tively and h is the height. The relative angular speed of the upper
and lower surface is denoted by ω while V represents the linear speed
shear of fluid film between two flat discs.
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friction of the shoulder joint; g denotes the gravity acceleration and
q the angular position of the shoulder joint.

Simulations, performed with the model of eq. 7.1 all over the
stiffness range, show that, given the values of the parameters (m =
1.45kg, l = 0.4m and k = 3 − 14Nm/rad, A = 0.1Nm), oscillations
characterized by a period of 0.5s, overshoot 90% and settling time 6s
arise. The damping value needed to critically damp such oscillation
is the maximum damping desired, dmax = 0.6Nms/rad.

On the other hand, the ideal minimum value for the damping
coefficient would be, given the considerations in Sec. 7.1, that of zero
damping.

Practical reasons hint a rotational geometry for the damper, fol-
lowing the working principle of Fig. 7.5. This kind of system works
as a parallel disc viscometer [174] that generates a damping torque
described by the following equation (refer to Fig. 7.5 for definitions)

Td =
µπ (r4e − r4i )

2h
ω , (7.2)

and yielding the following expression of the damping coefficient

d = µπ
r4e − r4i
2h

. (7.3)

By varying the gap area and/or height, it is possible to change the
damping factor. The best performance, in terms of damping range
and damping stability, is obtained by employing a Newtonian fluid
because, in such fluids, viscosity is time and velocity independent.
However, the viscosity range of these fluids is not sufficient to re-
spect the dimensional design constraints, so the usage of high viscos-
ity fluids, such us silicone oils, is necessary. These materials present
a non-Newtonian behavior; in particular, silicone oils present a shear
thinning behavior (apparent viscosity decreases with velocity). How-
ever, as it is also shown in experimental tests of Fig. 7.12, these fluids
present a transient high viscosity phase when velocity is increasing.
This particular property can be used in system, like ours, where the
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rotation of the output shaft is limited and movements are pseudo-
periodic.

Design constraints, manufacturing limits and non-newtonian be-
havior of the fluid impose the following constraints on the dimensions
of the fluid chamber: re < re,max = 25mm, ri > ri,min = 14mm,
h > hmin = 0.5mm.

Given design constraints it is possible to evaluate the minimum
value of fluid viscosity, µmin, such that dmax can be achieved

µmin =
dmaxhmin

π ∗
(
r4e,max − r4i,min

) ≈ 400 [Pas] . (7.4)

A silicone oil with a viscosity of 500 [Pas] was used to implement
the device.

7.2.2 Mechanical Design

As stated in previous sections, the basic goal behind the system devel-
opment is to obtain a modular damping unit that can be integrated
with the VSA-CubeBot system (e.g. in the shoulder), and change
the damping value by changing the fluid chamber area. To deal with
these two main features the adopted mechanical solution is inspired
by the aperture mechanism, as those used in cameras.

Fig. 7.6 shows an exploded view of the variable damping system.
The module has two main frames (1 and 15), which implement the
connection with the VSA-Cube module, as in Fig. 7.8 (a), and the
integration with the VSA-CubeBot platform as in Fig. 7.8 (b). In par-
ticular, the output shaft of the VSA-Cube module is rigidly attached
to the rotor of the damping system (8), which is mounted on frames
1 and 15 by two ball bearings. A large flat surface on component 8
creates a shear chamber filled with fluid when the four aperture petals
(2) are engaged. Part 7, fixed on the rotor axis, forms another cham-
ber on top of the petals. Along the maximum diameter of 8 and 7,
two O-rings a and b prevent the viscous fluids from leaking from the
chambers. The aperture system is actuated by component 3, which
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Figure 7.6: Exploded 3D view and section of the variable damping
system with basic components highlighted. The viscous fluid is rep-
resented in light blue. The laminar fluid shear is generated between
petals 2 and rotors 8, 7.
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Figure 7.7: Three different position of the aperture mechanism: a)
0%, b) 20% and c) 100%. During the closure movement petals push
the fluid in to the recovery chamber under the rubber membrane.
When the system return to 0% closure position the fluid goes out
from the recovery chamber and refills recovery chamber.

274



7.2 Variable Damper Design

(a) (b)

Figure 7.8: On the right side is depicted a 3D section of the variable
impedance add-on system mounted on the VSA-Cube module (a).
On the left is showed the VSA-CubeBot platform implementing two
add-on in the shoulders (b).
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is constrained to rotate around its axis, that coincides with rotor axis
8. Part 3 is moved by a wire transmission system (11) actuated by a
motor (6) with a pulley (9), fixed on it. Petals 2 are linked to 3 by
four pins (12), one for each petal. These pins can translate along pris-
matic guides grooved on the surface of 1. Part 4 closes the aperture
system region (through the O-ring c) and realize a hermetic volume.
Hence, the viscous fluid is contained in the chamber formed by the
inside of rotor 8, and the regions delimited by 1, 8, 4 and 7. The
volume inside rotor 8 is closed by a rubber elastic membrane (10),
fixed on 8 by the output shaft of the damping system 5, and forms a
recovery chamber. Fig. 7.7 shows three different operating conditions
of the damping mechanism. When the system is set to low damping
configuration the aperture is completely open and both the chamber
and the recovery chamber are filled with fluid. When the aperture
system is actuated, petals move inside the rotating chamber push-
ing the moved fluid inside the recovery chamber in 8. When petals
return to an open configuration, the fluid returns from the recovery
chamber in 8 to the rotary chamber. The logical scheme illustrating
the working principle of the closure mechanism is shown in Fig. 7.9.
The relation between the angular displacement of the motor and the
damping coefficient is

d = µπ
r4e −

(
a

cos(θm/ρ)

)4

2h
(7.5)

where θm represents the angular displacement of the motor, ρ =
3 represents the reduction ratio between the motor pulley and the
element 3 and a is defined as in Fig. 7.9. The angle from the maximum
to the minimum damping configuration that the motor must provide
is about 30◦.
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Figure 7.9: Scheme of the aperture mechanism. The blue element
represents the element 3, the red element represents one of the petals
12 with the pin 2, the black element represents the frame 1. The
output-shaft center to pin center distance at the minimum damping
configuration is Lmax = 35 [mm], at the maximum damping config-
uration is Lmin = 32 [mm]. The distance between the output-shaft
center and the prismatic guide on the frame 1 is a = 24.7 [mm]. The
angles θmin ≈ 35◦ and θmax ≈ 45◦ are relatives to the maximum and
minimum damping configuration, respectively; hence the maximum
angular displacement of part 3 is about 10◦.
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7.3 Variable Damping Experimental Tests

To characterize and validate the VD device, a simple experimental
set-up was realized in which the rotor 8 was actuated and both the
rotation speed of the rotor and the holding torque on the frame 1
were recorded, for different rotation speeds and closure levels of the
aperture system.

The rotor was moved by a SUN 454-0899 12V DC motor. The ro-
tor speed was computed by direct differentiation of the rotor position
which is monitored by an HEDS 5540 optical encoder, and the hold-
ing torque was acquired with a strain gauge connected to a Mecmesin
460-1427 Force and Torque test device. Data was acquired with a
Phidgets ic board and analyzed with Matlab-Simulink software.

Two kind of experiments were done: in the first experiment (exper-
iment 1), in order to characterize the range of damping with respect
to speed, the rotor is controlled using a sine-wave speed reference,
characterized by a period of 2Hz and an amplitude of 2.6rad/s and
a total duration of 10 seconds. In the second experiment (experiment
2), in order to evaluate the transitory response of the damper due
to the time dependent behavior of the damping fluid, the rotor is
controlled to a fixed speed reference of 2.6rad/s for a duration of 30
seconds.

Variable Damping Experimental Results Results of experi-
ments 1 and 2 are reported in Fig. 7.10 and 7.11. The numerical
derivation of data from experiment 1 (Fig. 7.10) is the damping coef-
ficient as a function of velocity as shown in Fig. 7.11. From Fig. 7.10
and 7.12, the range of damping corresponding to different operating
conditions can be derived: the damping coefficient ranges from a min-
imum of 0.15Nms/rad to a maximum of 0.4Nms/rad. Noticeably, a
certain amount of hysteresis is present. This hysteresis is, neverthe-
less, comparable to the hysteresis found in most commercial viscous
dampers, which is in the order of 50%. This hysteresis is partially due
to the transitory behavior of the damping fluid which can be char-
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Figure 7.10: Experimental mechanical characteristic of the variable
damper. The 5 different colors are obtained for 5 levels of petal clo-
sures. The dots are obtained by collecting data during the accelerating
and decelerating phases of a periodic sine-wave motion with a period
of 2s and a maximum speed of about 2.6rad/s, respectively. The lines
are obtained mediating and filtering the dots data.

acterized from Fig. 7.11. A decay of about 50% within a time of
6-7 s can be measured. The settling time required to pass from the
minimum to the maximum damping value is 0.13 [sec].

7.4 Variable Impedance Experimental Tests

In this final experiment set, the Variable Damping module presented
in the previous part of the work is mounted on top of the VSA-Cube,
as shown in Fig. 7.1 and 7.8 (a), realizing a complete VIA, with
the possibility to adjust both its output stiffness and damping. The
system was used to move a load with similar inertia to that of the
arm of the robot shown in Fig. 7.8 (b). The equivalent inertia of
0.077Kgm2 is moved to track an angular step of 80deg with different
stiffness and damping values.
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Figure 7.11: Experimental damping for the variable damper, as ex-
tracted from data of figure 7.10. The two lines of each color are
relative to the ascending and descending traits of data in figure 7.10.
Due to noise in the acquired data, numerical derivation of the me-
chanical characteristic has been performed just on the central part of
the acquired speed range.

0 5 10 15 20 25 30−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time [s]

To
rq

ue
 [N

m
]

 

 

closure 0%
closure 25%
closure 50%
closure 75%
closure 100%

Figure 7.12: Experimental torque decay on the variable damping
when continuously opposing to a constant speed of approximately
2.6rad/s. The torque decay is due to natural transitory phenomena
inside the damping fluid.
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Variable Impedance Experimental Results Fig. 7.13 shows
experimental results of the system with constant maximum damping
and different values of stiffness (Fig. 7.13 (a)), constant minimum
damping and different values of stiffness (Fig. 7.13 (b)). Fig. 7.14
shows experimental results of the system with constant maximum
stiffness and different values of damping (Fig. 7.14 (a)) and constant
minimum stiffness and differnt values of damping (Fig. 7.14 (b)).
From the figures it is noticeable the influence of different values of
damping and stiffness, especially in terms of the overshoot, which can
be contained both with decreasing values of stiffness (Fig. 7.13) or
with increasing values of damping (Fig. 7.14).
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Figure 7.13: Experimental step response results at: (a) minimum
damping and different stiffness preset values, (b) maximum damping
and different stiffness preset values.
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Figure 7.14: Experimental step response results at: (a) minimum
stiffness preset and different damping values, (b) maximum stiffness
preset and different damping values.
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Chapter 8
VIA@work:
Drawing on a wavy surface

The text of this chapter is adapted from:
[A10] Mancini M, Grioli G, Catalano MG, Garabini M, Bonomo F,
Bicchi A. Passive impedance control of a Qboid multi-DOF VSA-
CubeBot manipulator. International Conference of Robotics and Au-
tomation - ICRA 2012. Saint Paul, MN, USA; 2012. p. 3335 - 3340.

To control the interaction between a robotic manipulator and the
environment is a crucial aspect for the successful execution of a wide
number of tasks where the robot end-effector has to manipulate an
object or perform some operations in contact with the environment,
a problem generally referred to as constrained motion. In such cases,
the use of a purely position-control oriented strategy for controlling in-
teraction is candidate to fail. A solution to this was proposed, among
others, in [175] and [146], which is called impedance control. The first
implementation of this solution, active impedance control, usually re-
quires force and/or torque measurements feedback and high speed
sensors and controllers, to achieve sufficient bandwidth. One draw-
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(a) (b)

Figure 8.1: (a) Humanoid torso built using the VSA-CubeBot plat-
form. Each arm is composed by four VSA-Cube modules plus one for
the gripper. Two modules are used for the bending of the torso and
another one is used for the rotation. (b) CG render of the experimen-
tal setup.

back of this strategy, shown in [176] is that, notwithstanding the low
latencies achievable, the lag intrinsic in control can lead to behaviors
which are unsafe in case of accidental impacts.

Passive impedance control has been proposed in [92] to overcome
this kind of problems. The proposed solution is an actuator which al-
lows for its mechanical impedance to be varied through an adequate
transmission mechanism. A declination of this strategy is variable
stiffness, where only the elastic part of the impedance can be varied.
This topic has been widely treated and investigated in many works as
illustrated in [177]. A large number of 1-DOF variable stiffness mech-
anisms has been studied and realized. Recently, few M-DOF systems
have been built ( [119], [A8]). Work [A8], in particular, presents a
customizable platform for the realization and test of variable stiffness
robotic structures with many degrees of freedom (DOF), called VSA-
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CubeBot . A humanoid torso, built using this platform, is shown in
Figure 8.1(a).

This Chapter proposes an application of passive impedance con-
trol and presents an experiment to show the actual benefits of passive
impedance control in the rejection of disturbances, as an alternative
to the closure of an high level feedback loop. In particular, pas-
sive impedance control is used as a low complexity control system in
contrast with active impedance control, suggesting for an alternative
option with respect to what is considered in [178], where the trade-off
between the complexity of implementing a control law and the perfor-
mance of the control system was already considered. This approach is
also an alternative to techniques of combined compliance control, as
those proposed in [179] and [180], where the active part of the stiffness
is purportedly neglected, to avoid any high-level feedback.

The control is designed defining the reference trajectory in the
space of joints angles and stiffness, such to minimize a functional of
the expected error along the trajectory. The control is, then, fed in
open-loop to the actuator units, which, acting as servos, take care of
implementing the trajectory and stiffness references. This approach is
applied to the particular problem of drawing a circle on a wavy surface
using the arm of the VSA-CubeBot robotic torso, holding a felt-tip
pen. A rendering of the experimental setup is shown in Figure 8.1(b).
A video of the experimental trials can be found at this link [AV22].

8.1 Problem statement

Given a serial manipulator with variable stiffness joints, the problem
of designing its control is not trivial, due to the high number of degrees
of freedom on one side, which is the double of those of an equivalent
rigid manipulator, and due to the increased complexity added by the
presence of elasticity between the actuators and the robot links.

The second aspect of the problem can be faced drawing inspira-
tion from solutions such as those of [181], which can be extended to

287



VIA@work:
Drawing on a wavy surface

variable stiffness. On the other hand, the possibility to manage the
stiffness of the robot adds a totally different perspective to the design
of the manipulator control. Approaches to this problem are present
in literature, and range from the classical work [175] on Impedance
Control, to more recent bio-inspired algorithms [182].

We propose a simple yet effective way to face this problem, which is
based on the analysis of the task in the Cartesian space. The problem
of the determination of a reference joint trajectory from a chosen
task described in the Cartesian space is easily obtained inverting the
kinematics of the arm with one of many traditional techniques (see
for example [183] for a review).

In order to design the joints stiffness, an optimal problem is set-
up in the Cartesian space at first. Considering the manipulator as a
generalized translation spring that interacts with the environment via
a single contact point, the relationship

F = Σ∆ (8.1)

holds, where F ∈ R
3 is the vector of generalized force at the end-

effector, ∆ ∈ R
3 is the displacement of the end-effector from the

reference position and Σ ∈ R
3×3 is the stiffness matrix.

Defining a goal in the Cartesian space, in the form of a functional
J(x) (where x is the end-effector position), an optimal stiffness matrix
Σd can be found and then mapped into the joint stiffness through the
congruence transformation (CT)

K = JTΣJ, (8.2)

proposed in [184], which connects the joints stiffness and workspace
stiffness using the Jacobian matrix J of the manipulator 1.

The desired joint stiffness matrix Kd will then be approximated
by a VSA robot using only its passive stiffness capabilities.

1Even if [185] proves that the CT is only valid at unloaded position, CT is used
in place of the correct conservative congruence transformation (CCT) proposed
in [186] for sake of simplicity (a study adopting CCT would need to acknowledge
for the generally unknown load forces, and is demanded to future work).
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The most interesting aspect of a control designed in this way is
the possibility to provide it completely in feed-forward to the actuator
units, yet obtaining satisfactory performance and intrinsic passivity
(due to the lack of a feedback action).

The proposed technique will be applied now to the simple case of
a robotic arm demanded to trace a circle on a surface with unknown
irregularities minimizing the error between the desired trajectory and
the projection of the executed trajectory on the supporting plane of
the irregular surface. To this extent we will assume that the manipu-
lator joints controls are the equilibrium position and the joint stiffness
only.

8.2 Optimal workspace stiffness

In this section we design an optimal form of Σ allowing for the end
effector to draw along a desired trajectory on an unknown wavy sur-
face so that the projection of the trajectory on the supporting plane
is not affected by the unevenness of the surface.

Let’s look, for simplicity, to the problem reduced to a two-dimensional
case: referring to Figure 8.2, the x-axis lies on the ideal (bump-less)
drawing surface while the y-axis is on the normal direction. The un-
known uneven surface is defined by the function s(x). In a given
instant of the trajectory, let the reference point be the origin of the
reference frame (0, 0). The equilibrium position x∗ of a point lying
on the surface and attached to the origin by a general spring

Σ =



σx σc

σc σy



 (8.3)

can be found as:

min
x

Uel subject to y = s(x) (8.4)
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Figure 8.2: Two-dimensional scheme of the workspace stiffness prob-
lem. The desired point is the origin of the Cartesian plane, xR and yR
are the coordinates of the real end-effector’s position, constrained on
the tangent line ts that approximates the surface s. The x-axis is the
in-plane direction and the y-axis is the normal direction. The target
is to minimize the red solid line along x-axis, that is the projection,
on the supporting plane, of the position error.

where Uel is the elastic energy stored in the spatial spring. The cost
function elastic energy Uel is defined as:

Uel =
1

2
∆TΣ∆ 2

1

2
[xβ + γ]T Σ [xβ + γ] (8.5)

where

β =



−1

α



 γ =



 0

s0



 , (8.6)

and the last equality of 8.5 is obtained approximating the surface with
its tangent line ts, with slope α and intercept s0. The equilibrium
position is

x∗ = −
βTΣγ

βTΣβ
=

s0 (σc − α)

σx + α2 − 2ασc
. (8.7)

Scaling the matrix Σ by a constant factor, it can be noticed that
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the same result is achieved. In fact, defining





σx

σy
= λx

σc

σy
= λc

⇒ Σ = σy



λx λc

λc 1



, (8.8)

the equilibrium point can be simplified as

x∗ =
s0σy

(
σc

σy
− α

)

σy

(
σx

σy
+ α2 − 2α σc

σy

) =
s0 (λc − α)

λx + α2 − 2αλc
. (8.9)

Notice now that x∗, the position of the point on the surface s, can
be used as a measure of the drawing error from the desired behavior,
that is to draw an image that, viewed from above, is still a circle.
In particular we want to minimize this error independently of the
parameter α (the slope of the surface in a boundary of the desired
point). Therefore we define the cost function J(λx,λc) as the integral
of the square error for every possible α:

J(λx,λc) =

∫
∞

−∞

x∗2(α)dα . (8.10)

This leads to the minimum problem:

min
λx,λc

J(λx,λc) . (8.11)

Given the fact that limα→∞ x∗ = 0, the integral 8.10 can be symboli-
cally evaluated as

J(λx,λc) =
π

2

s20√
λx − λ2

c

. (8.12)

In Figure 8.3 the plot of the cost functional J(λx,λc) is displayed.
It is possible to see that the minimum is toward infinity for λx and
toward zero for λc. The analytical solution of this problem requires
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Figure 8.3: Plot of the cost functional with respect to the elements of
the stiffness matrix.

that all partial derivatives of J with respect to λx, λc must be zero
at the same time. Those conditions are expressed by the following
system of equations.






∂J

∂λx
= −

π

4

s20

(λx − λ2
c)

3

2

= 0

∂J

∂λc
=

π

2

s20λc

(λx − λ2
c)

3

2

= 0
(8.13)

Observing the system 8.13 can be asserted that both expressions tend
to zero if λx → ∞ and λc has a finite value. While the second equation
is true if λc is zero.
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If a set of constraints of the form




σmin

σmin

σmax

0




≤





σy

λx

λc




≤





σmax

σmax

σmin
σmax

σmin




(8.14)

is given, the optimal Σ can be found in

Σ = σmin




σmax

σmin
0

0 1



 (8.15)

.
It is important to remark that a free parameter σmin is there,

meaning that the optimum can be reached for every matrix shaped
as 8.15.

This result can be extended to a trajectory in a 3d workspace.
The form of the obtained stiffness matrix follows the intuition: the
end-effector should be (infinitely) stiff in the direction parallel to the
plane and (infinitely) compliant in the normal direction, with no cross-
interaction between the planar directions and the vertical one, as in

Σd =





σmax ∗ 0

∗ σmax 0

0 0 σmin




. (8.16)

This formula can be rewritten to highlight the free parameter:

Σd = σmin





σmax

σmin
∗ 0

∗
σmax

σmin
0

0 0 1




. (8.17)
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8.3 Optimal joint stiffness

Given the manipulator used, hardware limits are such that the feasible
joint stiffness is a diagonal matrix K(x) ∈ R

N×N , where N is the
number of joints and x ∈ R

N is the vector collecting the elements of
the diagonal. The joint stiffness, producing a workspace stiffness of
the manipulator as close as possible to the desired one, is found in
this section.

This problem can be formalized as follows:

min
x

F (x) subject to bl ≤ x ≤ bu , (8.18)

where F (x) is a cost functional that evaluates the distance between
the actual joint stiffness and the desired joint stiffness Kd. The latter
is calculated, using the CT (8.2), from the desired workspace stiffness
Σd found in section 8.2. A generic configuration of the joints coordi-
nates q and the knowledge of the position Jacobian J(q) are assumed.
Kd is a constant with the previous assumptions. The bounds bl and
bu take into account the physical limits of the actuators.

To define a suitable cost functional F (x), remember that, by virtue
of 8.15, the desired workspace stiffness is defined up to one degree of
freedom. Because of the model CT, mapping Σd in the Kd, is a
linear operation, the set of admissible solutions in the space of the
joint stiffness is defined by a line

K̃d = JTσΣdJ = σKd , (8.19)

which can be easily managed using the vectorized representation vec(Kd).
To minimize the distance of vec(K(x)) from the line of target solu-
tions, we proceed to minimize the secant of the angle β (as defined in
Figure 8.4).

The secant of the angle β, comprised between the two vector-
ized stiffness, is minimum when they are aligned. Since v1 • v2 =
‖v1‖ ‖v2‖ cos v̂1v2 ∀ vi ∈ V vector space,

F (x) =
‖x‖

vec(Kd)T vec(K(x))
(8.20)
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Figure 8.4: Vectors representing the desired Kd and the actual stiff-
ness matrix of the joints K. The angle included between the vectors
is minimum when they are parallel.

is proportional to sec β, thus it expresses an angular distance.
This optimization problem can be solved numerically and would

yield a trajectory in the space of joint stiffness which, in general, can
be expressed as a function of the points of the trajectory.

8.4 Experimental Tests

Experimental Setup The experimental setup consists of the arm
of a humanoid, realized by the VSA-CubeBot platform (Figure 8.1(a))
and a wavy surface as shown in Figure 8.1(b). The surface, repre-
sented in Figure 8.6, is realized with ABS plastic and covered with
strips of paper-tape.

It is characterized by a maximum waviness height2 of Wh = 11.7mm

and a waviness spacing3 of Ws = 28.6mm. The arm is made of 4
rotational joints with perpendicular rotation axes. The first 3 joints
behave as a spherical wrist. The last joint determines the distance
of the hand from the center of the shoulder. A 5th joint actuates a
gripper. The Denavit-Hartenberg parametric description of the ma-
nipulator’s kinematics is presented in Table 8.1.

2Waviness height is the height from the top of the peak to the bottom of the
trough.

3Waviness spacing is the average spacing between waviness peaks.
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Figure 8.5: Logic diagram of the command signals flow in the arm
control system.

The arm is realized with VSA-Cube modules acting as servo-VSA:
digital references of equilibrium positions and stiffness presets are
commanded to each module and the low level logic inside implements
a decentralized position and stiffness loop. No high level control feed-
back is used, the planned position and stiffness trajectories are fed
directly to the actuators. The appropriate preset corresponding to a
desired stiffness is calculated using the characterization data provided
with the datasheets of the VSA-Cube modules. The command inter-
face is realized in Matlab-Simulink, the signals flow is presented in
Figure 8.5. The circle has a radius of 45mm on the plane y0 = 0mm
(the horizontal plane containing the shoulder) and the coordinates of

n α a θ d

1 −π/2 0 q1 0

2 π/2 0 q2 0

3 −π/2 0 q3 160mm

4 0 170mm q4 0

Table 8.1: Manipulator’s Denavit-Hartenberg table.
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the circle center in the base frame are pc =
[
265 0 0

]T
mm. A

felt-tip pen is grasped with the gripper at the end of the arm and is
kept perpendicular to the surface as if it (the surface) were flat. The
felt-tip of the pen has a radius of 6mm.

The design problem was solved discretizing the calculated tra-
jectory in a finite set of points and, then, solving the optimization
problem with the Matlab function fmincon(). Since the values of the
bounds bl and bu used are the minimum and maximum achievable stiff-
ness of VSA-Cube modules: from 3, 35[Nm/rad] to 11, 59[Nm/rad],
the result of the optimization indicates to set the 1st and 3rd joints to
minimum stiffness, the 2nd and the 4th joint to maximum stiffness in
every point of the circular trajectory.

Three test were performed with different values of joints stiffness.
In trial I all the joints are set to high stiffness. This should replicate
the behavior of a position controlled traditional robotic arm. In trial
II the stiffness of all the joints is decreased to the minimum level
imitating the behavior of a SEA-actuated robot ( [91]). In trial III
the second and fourth joints are set to the highest values, the first
and third joints to the lowest values.

Experimental Results Figure 8.10 shows the projection of the
end-effector trajectories on the support plane for the three experimen-
tal conditions, while Figure 8.11 reports mean square of the tracking
error over time (corresponding to J(x)/t). Figures 8.7, 8.8 and 8.9,
are pictures taken during the experiment.

Results of trial I indicate that, if the reference trajectory is high
on the surface level, the surface is just skimmed, thus the circle is
not completely drawn. If the reference trajectory is lowered the resis-
tance of the arm on the bumps produces high reaction forces which
causes the movement of the surface’s support or the failure of the grip
(Figure 8.7).

In trial II the arm leans on the surface and is not able to overcome
the highest waves. As a consequence of this, the trajectory is severely

297



VIA@work:
Drawing on a wavy surface

deformed, as shown in Figure 8.8.
During trial III the in-plane forces are countered by the second

and the fourth joints whereas the vertical forces are absorbed by the
first and the third joints. The obtained drawing is much close to a
perfect circle (Figure 8.9).

An interesting remark is that, within each trial the trajectory is
repeated almost exactly at every cycle.
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(a) 3D view

(b) xy view

(c) xz view

(d) yz view

Figure 8.6: MATLAB plots of the irregular surface used for the ex-
periment.
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Figure 8.7: Drawn trajectory on the wavy surface while all the joints
are set to high stiffness. The surface is just skimmed, thus the trajec-
tory is not traced completely and if the plane is raised the arm forces
against the waves and moves the whole support or the grip is lost.

Figure 8.8: Drawn trajectory on the wavy surface while all the joints
are set to low stiffness. The arm leans on the surface and is not
capable of going past the highest waves. The trajectory is severely
deformed.
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Figure 8.9: Drawn trajectory on the wavy surface while the stiffness
of each joint is set to the optimal value. The waves are absorbed by
the more compliant joints and the trajectory is close to a circle.
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Figure 8.10: Actual trajectory followed by the manipulator vs de-
sired trajectory. Notice that the good tracking performances of trial
I are just apparent, because the lack of compliance does not allow for
continuous contact of the pen with the surface.
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Figure 8.11: Total mean square tracking error for the three exper-
imental conditions. Notice that the good tracking performances of
trial I are just apparent, because the lack of compliance does not
allow for continuous contact of the pen with the surface.
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Chapter 9
VIA@work:
towards variable impedance
assembly

The text of this chapter is adapted from:
[A11] Balletti L, Rocchi A, Belo FAW, Catalano MG, Garabini M,
Grioli G, Bicchi A. Towards variable impedance assembly: the VSA
peg-in-hole. In: IEEE-RAS International Conference on Humanoid
Robots. Osaka, Japan;

Robotic assembly, already commonplace in industrial manufac-
turing, could be taken to a whole new level by employing Variable
Impedance Actuators (VIA). The current generation of industrial ma-
nipulators is mainly applied to repetitive factory operations or to the
production of artificial, cold and sterile objects. They require high
precision, even for the execution of the simplest tasks, at the cost of
the use of expensive hardware, sensors and the application of advanced
control techniques. On the other hand, the authors believe that VIA
technology will propel the next generation of assembly robots and
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Figure 9.1: The CubeBot, a 13 DOF VSA bi-manual torso, executing
a peg-in-hole task. A pre-insert position is shown in the picture.

support this idea by presenting a compelling demonstration of its
possibilities.

While VIA robots exceed on performing human-like chores, early
VIA studies investigated industrial scenarios, specifically those where
humans and robots must cooperate. Indeed, variable impedance can
be put to good use in order to guarantee safety in human-robot in-
teraction as first demonstrated by the safe brachistochrone problem
(a minimum time rest to rest position task under a safety constraint)
in [187]. Another very recent work shows interest in the use of VIA
robots for industrial duties, more specifically for peg-in-hole like as-
sembly tasks [188]. While this work only addresses the two dimen-
sional problem and uses a very simplistic framework, i.e. a 3-DOF
planar manipulator assembling a peg to fixed hole, it shows a clever
approach to the assembly problem and underlines the intrinsic per-
formance gain of passive compliance against active impedance control
at high frequencies. Moreover recently a control approach combining
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the two paradigms of VSA and active impedance control has been
developed [189]. Historically the peg-in-hole task has been researched
extensively [190], both for quasi-static and dynamic insertion cases.
Especially for the second case passive compliances are considered the
best solution [191] to avoid insertion problems (jamming and wedg-
ing), with classic passive methods like the RCC and its variants re-
sulting unsuitable for difficult assemblies [192]. While compliance
control in its forms of simple force control [193], hybrid position-force
control [194], active impedance control [97], passive compliance [195],
sensor-less trajectory search [192] deal mainly with the assembly inser-
tion problem with the scope of completing faster and faster assemblies
without jamming and wedging, search strategies for hole localization
and misalignment reductions are also important. Several methods
exist to cope with uncertainties: space search [196] and force feed-
back, reinforcement learning [197], vision [198], combined sensing and
randomization [199].

It has already been recognized by the research community that
VIA permits robots to achieve higher performance in terms of energy
efficiency [133,200], speed [124,126,127,201], robustness [202] and task
adaptability [A10]. VIA robots outshine conventional robots with un-
paralleled human-like grace and dexterity, as it has been demonstrated
by recent works that exploit VIA characteristics on the accomplish-
ment of common human tasks that still present a challenge for tradi-
tional robots. For example, while humans take running and jumping
for granted, these are complex dynamic tasks that can be tackled us-
ing variable stiffness as investigated in [203]. Likewise, grasping is still
a popular research topic that can benefit from variable stiffness [204].
Many other specific and original demonstrations of VIA application
were also shown lately: [127] and [124] investigate the use of variable
stiffness for speed optimization during hammering and kicking tasks,
respectively, in [A10] a VSA robot is controlled to hold a pen and
draw a circle in an uneven surface and [205] shows a VSA playing
darts.

Despite the VIA field growing mature in terms of design, imple-
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mentation and control techniques, former findings demonstrate that
its expansion is way far from slowing down. Moreover those many
unexplored application fields often hint for unexploited aspects and
peculiarity of the technology itself. Aspects of a VIA dynamic behav-
ior which were considered as drawbacks by some, are rather gaining
the status of feature. One of these aspects surely is the intrinsic
non-linearity which fundamentally belongs to most VIA actuators.
Perceived as an annoying deviation from a linear, easily predictable,
behavior, nowadays is appreciated as a stiffness self-modulation ca-
pability. This has the effect to produce a smooth transition toward
higher levels of impedance as the deformation from the unloaded equi-
librium position grows more pronounced. Such embedded behavior has
the advantage of protecting the actuator from abrupt load variations
on one side and, more importantly, on the other side, it dynamically
re-maps the power exerted by the actuator onto the load. Thus if a
configuration of loose coupling is used for finer force control with a
lower load, a load increase yields a tighter coupling which allows for
faster transfer of power to the load, thus a prompter position control.

In this part of the thesis the intrinsic adaptivity offered by impedance
non-linearity is exploited to execute a blind peg-in-hole assembly task.
The use of variable stiffness actuators permitted to solve the problem
using a simple straightforward position-control approach, without re-
sourcing to any complex higher order dynamic control schemes, force
sensors, and high-cost precise manipulators. As far as the author
know this is the first work to present the use of VSA non-planar ma-
nipulators for the accomplishment of the peg-in-hole assembly task.
It is also the first to do so using two VSA manipulators, one holding
the peg, and the other holding the hole. In this solution the parallel
task is remapped to an equivalent serial task by parameterizing the
two arms as one 8-DOF serial manipulator [206,207]. Moreover, algo-
rithms for searching the hole and performing the insertion using only
position feedback are discussed. The proposed solution is validated
with both simulations and experimental results.

306



9.1 Problem Definition

Figure 9.2: Scheme of the Kinematic model for both arms. Rota-
tion axes are numbered, with positive direction facing away from the
numbers

9.1 Problem Definition

9.1.1 Kinematics

Consider a robot, as the one shown in Fig. 9.1, with two arms, each
having a model whose kinematics is described by DH table 9.1.

Joint a α d θ

1 0 −π
2 0 q1

2 0 π
2 0 q2 +

π
2

3 0 π
2 −d3 q3 +

π
2

4 0 0 d4 q4 − π
2

Table 9.1: Denavit-Hartenberg table for right arm.

There, d3 equals the length of the arm (from the axis of motor 1
to the axis of motor 4) and d4 equals the length of the forearm.
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9.1.2 Dynamics

The elastic joints arm is built from VSA-Cube units (as described
in [A8]). Here the dynamic of a single unit is modeled by a motor
with elastic transmission between the shaft and the link.

We use the simplified model, attributable to [181],






M(q)q̈ + C(q, q̇)q̇ + g(q) + τm = 0

Bθ̈ +Dθ̇ = τ + τm
τm = K(q − θ)

(9.1)

where M(q) is n× n link inertia matrix, C(q, q̇) is a n× n matrix
containing the centripetal and Coriolis terms, g(q) is a n × 1 vector
containing the gravity terms, B is a n × n constant inertia matrix,
D is a n × n matrix modeling viscosity, K is n × n matrix modeling
joint stiffness, q is the n×1 vector of link joint angles and θ the n×1
vector of motor shaft angles. In the model K is considered to be linear
(which holds true assuming small displacements).

9.1.3 The task

The peg-in-hole task consists in inserting a chamfered cylindrical peg
in a round hole. The position and orientation of the hole with respect
to the peg are uncertain. Since the round peg-in-hole task requires
5DoF to be executed, but each arm only allows for 4DoF manipula-
tion, both arms are used (for a total of 8DoF) to accomplish the task.
The peg and hole are fixed to the structure and maintained by the
closed hand clamps. The sensory information available in order to
resolve the uncertainties and perform the insertion amounts only to
the link positions measured by low quality potentiometers: this allows
to assess the springs deformation, and consequently the force applied
to the end effector, under the assumption that the motor shaft angle
is fixed at the commanded position.
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9.2 Problem Solution

The parallel manipulator consisting of the two cooperating arms has
been treated as a serial robot as described below.

A search algorithm has been derived in order to resolve uncertain-
ties in the position of the peg and hole and bring the manipulator in
a chamfer crossing condition. It is a blind search with the purpose
of resolving uncertainties in the hole position along the plane normal
to the hole axis. For uncertainties along this axis, a biased approach
is used, in that we command a position slightly below the expected
chamfer position. The insertion phase is tackled by implementing an
induced oscillation motion in order to avoid jamming and accommo-
dating for orientation uncertainties.

9.2.1 From parallel to serial manipulation

Joint a α d θ

1 0 −π
2 0 q1

2 0 π
2 0 q2 +

π
2

3 0 π
2 −d3 q3 +

π
2

4 0 0 d4 q4 − π
2

5 0 π
2 0 q5 + π

6 0 −π
2 0 q6 − π

2

7 0 π
2 d7 q7 +

π
2

8 a8 0 0 q8 +
π
2

Table 9.2: Denavit Hartenberg serial arms.

To invert the kinematics and plan the path of the search and inser-
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Figure 9.3: Search and insert flowchart.

tion tasks, the parallel manipulation problem has been transformed
into an equivalent serial manipulation one by parameterizing the two
arms as one serial link, with base reference frame on the right hand
and end-effector on the left hand.

In the 8DoF DH table d3 and a8 are associated to the right arm,
d4 and d7 to the left arm.

Expressing the manipulator as a 8DoF serial arm allows to easily
derive serial manipulators performance metrics like manipulability el-
lipsoids. Notice how, for both the search and insertion strategy, 5DoF
are required, thus requiring both arms to simultaneously move in a
coordinated manner in order to obtain the desired relative position
and orientation.

9.2.2 Search Algorithm

A search path is pre-calculated using inverse kinematics as defined in
the section above.

The search strategy is similar to the technique of the concentric
circles from [196]. Two concentric circles of 10mm and 20mm radius
are sampled each at 8 equidistant points. The corresponding val-
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ues for the joint angles are pre-calculated via inverse kinematics and
stored in a path file. Inverse kinematics is pre-calculated to avoid
computational burden during the task execution. The overall stored
path files contains a first part where the arms are brought from a rest
position into the pre-insert position (peg tip 10mm above the hole),
a search part which contains the 17 points search path (16 circumfer-
ence points and one point for the circumference center), and a final
insertion path consisting of 3 points, with the last one corresponding
to the completely inserted peg. All the paths are executed with a
constant stiffness preset value, corresponding to the lowest possible
stiffness for the VSA-Cube, 3Nm/rad.

Choosing 20mm as the larger radius means we can have a maxi-
mum ∼30.5mm uncertainty in hole placement, where the uncertainty
cap is defined by both the size of the hole crown (having an uncer-
tainty greater than 30.5mm means going out of the crown during the
search phase) and the search area (while the center of a 15mm radius
peg explores a 20mm radius circle, its center touches at least once the
borders of the hole). The search path is executed with a position ref-
erence for the peg 10mm inside the hole plane along the insertion axis,
so that the peg automatically enters the hole when the two centers
happen to be near enough (the required distance is obviously reduced
using the chamfered peg) during the search.

Also, the search path is executed by visiting randomly for a certain
time all the 8 points in the inner circumference, plus the center point,
and then switching to the external circumference. Visiting randomly
all the circumference points allows for an exploration of the circle
area.

During the search phase, the control state machine randomly tries
to insert the peg, and checks if it is entering the hole.

9.2.3 Insertion

After the search phase the state machine randomly tries to insert the
peg another 10mm, while executing an oscillation movement. The
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Figure 9.4: Complete search path on the left; example of a random
walk of 8 random points, from the inner circumference, followed by 8
random points taken from the outer circumference.

thrusts are designed to face three different aspects of the problem:

1. If during the search the peg is partially inside or very near the
hole, the insertion and oscillation movement help inserting the
peg.

2. It is a way to accommodate for mis-orientations during the in-
sertion phase and resolve jamming conditions.

3. It allows to check if the peg is inside the hole, by analyzing
the sensor data against the expected values, obtaining a further
proof of a correct peg insertion.

The joint positions measurements are used inside the forward kine-
matics equation As to obtain the Cartesian space coordinates of the
hole with respect to the peg.

The insertion check is accomplished by checking that the z-axis
coordinate for the hole during the insertion are not greater than the
threshold thr1, and the same coordinate is checked before insertion
and during insertion, to see if the difference between the stored zbefore

312



9.2 Problem Solution

0 5 10 15 20
−200

−150

−100

−50

0

50

100

150

200

time [sec]

e
e

 d
is

ta
n

ce
 [
m

m
]

insertion graph 20120118T212510

 

 

0 5 10 15 20
0

1

 

 

F

A

B

C

D

E

1

2

3

4

5
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to insert, 3 the insertion phase failed, search is resumed, 4 a new
insertion is tried, 5 the insertion has been successfully accomplished,
removing peg from hole to return to rest position.

313



VIA@work:
towards variable impedance assembly

and the maximum depth reached during thrust zthrust are greater than
the threshold thr2. Both thr1 and thr2 are chosen empirically. If tcheck

seconds after the insertion phase the insertion check fails, the search
phase is resumed, otherwise the insertion continues for a total of tinsert

seconds.
The choice of the oscillation movement is very important with

respect to the first two aspects, both for correcting orientation errors
and to win the insertion frictions. Two approaches were analyzed:

1. oscillations caused by noise applied directly on the joint posi-
tions on the axes most relevant to the insertion,

2. oscillations in Cartesian space along the hole x-axis and y-axis,
where misalignments are the main cause for the peg to get
jammed during insertion.

It must be noted how the insertion path is pre-calculated, which means
that the uncertainties regarding the hole position with respect to the
peg are not resolved using sensory data, but only taking advantage of
joint elasticity. Once the hole is found and the uncertainties relative
to its expected position are in this way solved, the insertion tries to
proceed as if the hole was in the expected position. It is also worth
mentioning that, even though during the insertion phase the stiffness
preset have been kept constant to the minimum value possible, the
insertion causes a selective stiffness variation along the insertion axis
due to the increasing values of (θ − q) caused by insertion friction.

9.2.4 Control

The control used for the task is pure position control. The VSAs are
used in their servo mode, where position and stiffness set-points can
be imposed. The motor angles are not directly commanded by the
central control algorithm.

In this section two regulators are presented which aim to control
link positions to a desired constant configuration qd. For simulation
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purposes, a simplified model has been used where ODE (the Open
Dynamics Engine, see next section for details) is integrated within a
Matlab Simulink environment. Joint stiffness is modeled as linear,
and input torques for ODE are calculated using the simple equation

τm = K(q − θ) (9.2)

where the θ dynamics is implemented according to the model (9.1).

Figure 9.6: ODE integration in Simulink.

This gives us the possibility to apply a torque control with on-line
gravity compensation as seen in [208].

u = Kp(θd − θ)−Kdθ̇ + g(qd) (9.3)

where Kp 5 0 and KD 5 0 are symmetric, diagonal matrices and

θd = qd +K−1g(qd) (9.4)

Under the assumption that stiffness matrix K and proportional gain
matrix Kp comply with the following condition

λmin(K) := λmin







 K −K

−K K +Kp







 > α (9.5)
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the control law yields global asymptotic stability of the unique closed-
loop equilibrium state (q, θ, q̇,θ̇) = (qd, θd, 0, 0). The second control
law analyzed is a global PD-type regulator with dynamic gravity can-
cellation from [209],

u = τg + τ0 (9.6)

where
τg = g(q) +BK−1g̈(q) (9.7)

τ0 = Kp(qd − θ +K−1g(q))−Kd(θ̇ −K−1ġ(q)) (9.8)

under minimal sufficient conditions Kp 5 0, K 5 0, KD 5 0 for global
asymptotic stability. For this control law knowledge of q̇ is necessary.
Theoretically the second control scheme allows for better transient
response, but its usefulness in the task strategy will be assessed. The
VSA-Cubes are stiffness-position servos: the control problem on the
real hardware reduces to the computation of θd desired motor angles
for gravity compensation [164]. The stiffness matrix used for the
calculation is considered constant.

9.3 Simulation and Experimental Results

Simulations have been conducted using ODE, a quite popular physics
engine in the robotics world [210]. Then the task has been executed
on the real hardware.

Peter Corke’s Robotics Toolbox [211] has been used to pre-calculate
the “pre-insert”, “search” and “insert” paths using the “ikine” function,
which uses a pseudo-inverse Jacobian recursive algorithm; initial posi-
tion for the ikine algorithm has been provided by manually searching
a suitable position considering joint angle limits, arms and body ge-
ometry. As hinted above, the Jacobian used for the inverse kinematics
calculation is a relative Jacobian.
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Simulation Environment An S-Function has been used to sim-
ulate the CubeBot with ODE inside Matlab. The motors, elastic
transmission and viscosities are simulated in Simulink, together with
the motor PD control algorithm with gravity compensation, while
the arms, peg and hole physics are completely simulated inside ODE,
where the arms are actuated by inputting the total torques exerted by
the actuators on the links. While more accurate simulations could be
achieved by letting ODE simulate only the collision detections, hav-
ing a physics environment allows us to validate the control equations
against the uncertainties introduced by simulation imperfections. The
simulation step time of Simulink and the one used inside of ODE were
matched, the ode1 fixed step integration method has been used with
an integration time step of .001s.

Parameters for the physic system simulated in ODE match the
dynamic model of the system, where the mass of the motors are .26Kg
and the viscous friction coefficient on joint axis is 0.55Nms/rad. The
dynamic matrices for the system were obtained by using the Robotica
package for Mathematica by M. Spong and J. Nethery [212].

Experiment The peg-in-hole task consists of inserting a chamfered
29.5mm diameter cylindrical peg in a 30mm diameter round hole.
We assume the height of the peg to be known, measuring 11.5mm.
The hole insertion point is slightly above the arm surface, at ∼10mm
above the motor face normal to the ee z-axis.

Regarding the manipulator, both arm and forearm lengths mea-
sure 150mm, each motor size is 55mm. The potentiometers used for
measuring link positions have an accuracy of roughly ±5°.

The right arm carries the peg, with the peg main dimension aligned
to right e.-e. x-axis, the hole axis aligned to left e.-e. z-axis. The hole
is built with a circular crown of 5mm height and 40mm radius in order
to supply a support surface in which the peg can wander in search
for the hole. The hole center during grip has a major displacement
along the e.-e. x-axis (∼20mm), while the peg is roughly aligned with
the x-axis, with a bigger offsets along the z-axis with respect to the
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Figure 9.7: Search and insertion strategy overview: (A) pre-insert,
(B) start search phase, (C) continue searching, (D) trying to insert,
(E) vibration and compliance adjust alignment errors, (F) insertion
complete

ideal e.-e. position due to the clamps geometry, the peg radius and
the non-perfectly rigid grip.

Initial values for the stiffness matrix K were selected according
to the data in the VSA-Cube datasheet in [A8], selecting the lowest
value possible. Some necessary tweaks to the stiffness matrix had to
be made due to differences between nominal stiffness and the real one
of the actuators. Stiffness values have been corrected with respect to
the minimum value by a simple evaluation of the position errors when
commanding link angles.

Results Experiments showed that the search strategy is effective,
but somehow slow. Since the points on the circumference are vis-
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ited randomly, without remembering the past followed paths, it can
take some time to find the hole when large offsets occur. The at-
tached video [AV23] reports some experimental trials, one executed
in the exact experimental conditions hereby described, the other two
in similar but slightly different conditions (details on screen).

The insert strategy proved to be effective. For both noise model,
gains for the noise had to be determined: in particular, regarding
the induced oscillations, we empirically found the joint axis where
the vibrations had the most effect by making the robot execute a
motion similar to what a human would have done. Analyzing the
variations of the joint axis we determined the gains vector which, in
turn, shape the intensity of the oscillations of each joint. The vector of
such commanded displacements, which have to be read from shoulder
motor to wrist motor, right arm first, are

±
[
0 1.86 0 0 2.78 1.86 0.93 0

]
deg

Oscillations during the insertion cause the peg to enter even when
the search phase is interrupted and the peg is only near to the hole.
Insertion detection required the thresholds thr1 and thr2 to be chosen:
thr2 had to be adjusted to the threshold which constitutes an insertion
for the biggest peg. Also the times tcheck and tinsert were determined
from the worst case scenario, by trying to insert for a longer time
before giving up and continuing with the search.

Force estimation Graphics are provided of force estimates during
the task. Data from the experiment with minimum stiffness pre-
sets and from simulation with stiffness set to 3000Nm/rad are pro-
vided. Forces are calculated using the Spong model equations, consid-
ering the springs deformation to the effects of external forces on joint
torques, and consequently to calculate forces and moments about the
end effectors.

τext = M(q)q̈ + C(q, q̇)q̇ + g(q) +K(q − θ) (9.9)
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Figure 9.8: Forces during the experiment with low stiffness; from
t=9 to t=14 the first insertion attempt causes the largest forces; the
second insertion is successful, with lower external forces. From left to
right, 1) joint torques τext , 2) minimum and maximum value for the
joint torques with A = min(τext), B = max(τext), in the second row
3) forces Fright and 4) moments Mright along the x, y and z axes and
about the e.e. reference base for the right arm, and in the last row
the corresponding values 5) Fleft and 6) Mleft for the left arm.
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For small spring deformations and assuming the motor controls
imposes a constant θ, the accuracy of the force estimate is dependent
on the accuracy of the model.
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Figure 9.9: Forces during the simulation with high stiffness A =
min(τext) B = max(τext).
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Chapter 10
Anatomy of the human hand

The hand is the terminal part of the human upper limb. Its extreme
importance is given by the support that provides to interaction with
the environment and to communication with other people in everyday
life. The primary function of the hand is manipulation of objects. Ma-
nipulation means capacity to grasp, keep, move and replace all objects
surrounding us. Furthermore, the hand gives us the sensitivity when
we touch an object. Sensitivity, together with manipulation, gives
us the opportunity to explore, learn and affect the world around us.
Indeed sensitivity gives us more information about the shape and so-
lidity of objects and so allows us to decide the most appropriate grasp
and how much force to put in order to achieve a firm grip. All of that
happens in a really short interval of time and almost unconsciously
in daily actions. Finally, but no less important, the hand gives us
the opportunity to improve communication, with the help of gestures
language, or even to replace words in non-verbal communication. We
are used to enrich conversations with some signs, that therefore allow
us to enhance the understanding. In particular, regarding non-verbal
communication a universally recognized sign language exists, that al-
lows communication with deaf people.

Several movements and a various range of grasps can be made by
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the hand, the range of movements is widened by the help of wrist,
elbow and shoulder.

10.1 Structure of the human hand

As described in [213] can be distinguished three different parts in
the human hand: carpus or wrist, a wide metacarpus or palm, and
fingers. There are five digits attached to the palm. The latter is con-
nected with forearm by the wrist, whereby the hand can make several
movements, namely flexion-extension and abduction-adduction of the
whole hand. Moreover the wrist allows prono-supination movement,
with the help of elbow and forearm muscles.

The whole hand is formed by 27 bones. The carpus consists of
eight different small bones, aligned in two series, respectively called
proximal and distal. The metacarpus is made by five long bones, lon-
gitudinally placed and made up on a central part and two extremities.
The terminal part of this five bones forms the base of every finger. We
can distinguish each finger by different names: the first is the thumb,
followed by the index finger, middle finger, ring finger and, finally,
little finger. The thumb consists of two small bones, called proximal
and distal phalanx. The other four fingers have one more each bone,
called middle phalanx. It stands between the proximal and the distal
phalanxes. At the end of each distal phalanx there is a protuberance,
called tuberosity for the attachment of muscles and tendons.

The most important characteristic of the thumb is its capability
to oppose to other fingers. Indeed, the other fingers can make flexion-
extension and abduction-adduction movements, while the thumb can
also do another movement called opposition. The opposition move-
ment allows humans to perform several grasps. All of the movements
are guaranteed by a combination of joints, tendons, ligaments and
muscles. Three main groups of muscles can be identified: thenar emi-
nence, hypothenar eminence and a central area. The thenar eminence
governs the thumb movement, while the ipothenar eminence man-
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Figure 10.1: Bones of human hand: frontal and back view. We can
identify fingers, palm and wrist. Each finger has three bones (with
the exception of thumb), palm has five long bones and wrist consist
of eight small bones.

ages the little finger movements, everyone through the action of four
different muscles. The central area consist of eleven different mus-
cles, divided into three groups: lumbrical muscles, interossei palmar
muscles and interossei dorsal muscles, as seen in fig. 10.2

Hand joints are distinguished in five main groups: intercarpal
articulations, carpometacarpal joints, intermetacarpal articulations,
metacarpophalangeal joints, interphalangeal joints. The first two are
included in the wrist, the other in the metacarpus and the phalanxes.
A great variety of ligaments is present in the whole hand, especially
in the wrist. Interphalangeal joints are present in fingers, connecting
every phalanx with the next one. Interphalangeal ligaments are also
present also to reinforce each joint capsule.

Three nerves cross the forearm reaching the hand: Median nerve,
Ulnar nerve and Radial nerve. Median and Ulnar nerves are situated
in ulnar part, while Radial nerve is situated in the dorsal part. In
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(a) Frontal view (b) Back view

Figure 10.2: Frontal and back view of hand muscles. Three main
groups of and muscles can be identified: thenar eminence, hypotenar
eminence and a central area of other muscles

(a) Frontal view (b) Lateral view

Figure 10.3: Finger ligaments
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Figure 10.4: Hand nerves - Forearm is crossed by three nerves, called
Medial, Ulnar and Radial nerve. When these nerves arrive at wrist,
they ramify into smaller.

proximity of the hand, they branch and form a lot of smaller nerves
that reach each finger. Nerves provide the sensory ability.

In the forearm there are also two important arteries, which extend
until the hand: we distinguish the Ulnar artery and Radial artery,
which branch in a lot of smaller arteries and arrive to fingers. We
can distinguish four arches in this branching: the Deep palmar arch,
Superior palmar arch, Palmar carpal arch and finally the Dorsal carpal
arch. Veins have similar routing and two different groups can be
identified: deep and superficial veins, with the same distribution as
the arteries.

The whole hand is covered by skin, which ensures tactile percep-
tion. It contains nerve terminals with a series of receptors that allow
to detect changes of temperature, pressure and tissue injury.
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Location Bones

Carpus Scaphoid

Lunate

Triquetrum

Pisiform

Trapezium

Trapezoid

Capitate

Hamate

Metacarpus The First Metacarpal

The Second Metacarpal

The Third Metacarpal

The Fourth Metacarpal

The Fifth Metacarpal

Fingers Thumb Proximal phalanx

Distal phalanx

Index finger Proximal phalanx

Middle phalanx

Distal phalanx

Middle finger Proximal phalanx

Middle phalanx

Distal phalanx

Ring finger Proximal phalanx

Middle phalanx

Distal phalanx

Little finger Proximal phalanx

Middle phalanx

Distal phalanx

Table 10.1: Hand bones. The human hand is divided in carpus (con-
sist of eight bones), metacarpus (consist of five bones) and five fingers
(consist of three bones for each finger).
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Muscle Action

Thenar eminence Abductor pollicis brevis Thumb

Flexor pollicis brevis

Opponens pollicis

Adductor pollicis

Hypothenar eminence Abductor digiti minimi Little finger

Flexor digiti minimi brevis

Opponens digiti minimi

Palmaris brevis

Central part Lumbrical Other fingers

Interossei palmar

Interossei dorsal

Table 10.2: Hand Muscles. Three areas of muscles can be distin-
guished: Thenar eminence (consist of four muscles who manage thumb
movements), Hypotenar eminence (consist of four muscles who man-
age little finger movements) and a central area (consist of three groups
of muscles who manage the movements of the other three fingers.
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(a) Arteries (b) Veins

Figure 10.5: Arteries and veins in the hand. There are two main
arteries and veins in forearm, that branch into smaller and arrive
until fingers.

Joint

Carpus Intercarpal articulations

Carpometacarpal joint

Metacarpus Carpometacarpal joint

Metacarpophalangeal joints

Intermetacarpal articulations

Fingers Interphalangeal joints

Table 10.3: Hand Joints. Different joints are found in carpus,
metacarpus and fingers.
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Figure 10.6: Axes and references used in human hand

10.2 Main degrees of freedom of the hand

In healty people movements of the hand are allowed by the connec-
tions between hand, brain and eyes. Indeed, sensory cognition begins
in the brain and the information is transmitted to muscle by synapses.
The synapses are highly specialized structures which permit commu-
nication between neurons and muscle fibers through the propagation
of nerve impulses. The vision and sensitivity of fingers together assist
perception and implementation of movement.

The human hand can do a wide range of movements and grasps:
the forearm-hand system has roughly 24 main degrees of freedom
(DoFs). Each finger has 4 DoFs, for a total of 16 DoFs. The thumb
has 5 DoFs. The remaining 3 DoFs are relative to the wrist and
elbow. Four different movements are traditionally defined by medical
literature [213]:

• flexion-extension: movements in which distal extremity of a
body segment is approaching or leaves a proximal extremity
of the next one body segment;

• adduction-abduction: movement in which a body segment ap-
proaches or leaves from radial extremity of body;
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(a) Finger joints (b) Axes and relative
movements

Figure 10.7: Finger joints and axes. Each joint can be distinguished
by a name. In each joint we have one or more axes around which
movements happens.

• circumduction: rotary movement of a body part around its ar-
ticulation, in clockwise or counterclockwise direction;

• opposition: it’s a movement performed only by the thumb, in
which it opposes to other fingers, it is obtained by the flexion of
the first metacarpus combined with flexion of the first phalanx.

In fingers, each joint is distinguished by a name: the nearest to
the palm is the Metacarpo-phalangeal joint, the mid one is the Prox-
imal interphalangeal joint and, finally, the Distal interphalangeal is
the farest joint. The thumb is an exception, because it has only a
Metacarpo-phalangeal joint and an Interphalangeal joint. In the hand
every joint can make one or more movements depending on its degrees
of freedom.

The metacarpal joint has two degrees of freedom, that allow it
to move in flexion-extension and abduction-adduction. It can have a
max angular displacement of 90◦ of flexion and about 20◦ of extension,
while it can move 15◦ in abduction and 45◦ in adduction.
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(a) Flexion movement of fingers (b) Extension movement of fin-
gers

Figure 10.8: Flexion-extension movement of fingers. Each metacarpal
joint can make until 90◦ max of flexion and about 20◦ of extension.
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(a) Abduction movement of fin-
gers

(b) Adduction movement of fin-
gers

Figure 10.9: Abduction-adduction movement of fingers. Each
metacarpal joint can make until 15◦ of abduction and about 45◦ of
adduction.

Proximal and distal joints have 1 DoF, so they can move only in
flexion-extension. Proximal joint can move until 100◦ in flexion and
0◦ in extension. Distal joints can have an angular displacement of
about 70◦ in flexion and 5◦ in extension.

Motion of the whole hand depends on the wrist. The wrist al-
lows the simple movements of like flexion-extension and abduction-
adduction and the more complex movements of the prono-supination
that involves also elbow, shoulder and forearm muscles. The whole
hand can move up to 85◦ of flexion and 85◦ of extension, while 15◦

of abduction and 50◦ of adduction. The prono-supination movement
has a range of 85◦ for pronation and 90◦ for supination.

10.3 Main motor functions of the hand

As thoroughly discussed in [214], three main hand functions can be
distinguished: manipulation, restraining and exploration. Manipu-
lation is the ability to move and replace objects in the surrounding
space, using one or both hands. Several grasps can be used to perform
the manipulation. Humans manipulate objects every day. Restrain-
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Figure 10.10: Flexion movement of proximal and distal joints of fin-
gers. Proximal joints can move up to 100◦ of flexion and 0◦ of exten-
sion. Distal joints can have an angular displacement of about 70◦ in
flexion and of 5◦ in extension.

Figure 10.11: Flexion-extension movement of the whole hand. The
movement range is 85◦ of flexion and 85◦ of extension.
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Figure 10.12: Abduction-adduction movement of the whole hand.
The movement range is 15◦ of abduction and 50◦ of adduction.

Figure 10.13: Prono-supination movement of the whole hand. The
movement range goes from 85◦ for pronation to 90◦ for supination
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Figure 10.14: Different type of grasps. Hand shape change depending
on the shape of the object that we want to grasp.

ing is the ability to hold firmly an object not to let it escape the grasp.
Restraining ensures a stable grip, it can be done using one or both
hands. Furthermore an object can be manipulated and restrained at
the same time. Finally, exploration is the ability to get information
about an object and the surrounding environment, exploiting sensory
abilities. As seen before, hands are provided with nerve endings in
each finger, which give tactile sensing and lead informations to the
brain. Especially, most receptors are in fingertip. In the first, when
an object is touched, the brain unable to know the object shape and
consistence, but sensitivity decreases with increasing of applied force.
Exploration is also supported by vision, which cooperates in form-
ing knowledge of objects. The robotic hand designed in the work is
focused on the restraining ability, thus on grasps. The word grasp
indicates the hand posture whereby an object is held by using the
fingers and the palm. The grasp must be robust without using exces-
sive effort in retaining the object. The choice of the most appropriate
grasp is mainly influenced by the shape of the object that has to be
restrained.
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Figure 10.15: Two examples: power grips and precision grips. Power
grip involves the whole hand and is used to hold object firmly, while
precision grip is used for small objects.

10.3.1 Grasp classification

The different possible types of grasps were first classified in 1956 by
J.R. Napier [214] in two main groups: power grips and precision grips.
It’s an extremely simplified rating but it is so important from a func-
tional perspective that it is still used nowadays.

The power grip is used to keep an object firmly, and involves the
whole hand; usually the palm is in contact with the object, and the
thumb and the other fingers are slightly flexed, exerting opposing
forces. The precision grip is used to carefully manipulate little ob-
jects, and usually involves only the fingers. The combination of power
grips and precision grips allow the hand all the range of movements
called by Napier “combined grips” or “composite grips”. Subsequent
studies introduced other subcategories of grips. For example grasp
taxonomies was after studied by Mark Cutkosky and Paul Wright,
which added several grip subtypes to Napier’s classification.

The power grips are divided into prehensile and non-prehensile
grips. Prehensile grips are a type of grasps which partially or com-
pletely surround objects to ensure a firm grip. The hand is adapted to
the shape of the object. The opposite are non-prehensile grips. Sev-
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10.4 Synergies in human hands

Figure 10.16: Cutkosky and Wright grasp taxonomy. It is an exten-
sion of Napier’s classification.

eral criteria are taken into account for further classifications, which
involve prehensile grips and precision grips. They are based on shape
and dimension of objects, type of grasp and which and how many
areas of the hand are in contact with the object.

10.4 Synergies in human hands

The study of different types of grips led to the concept of postural
synergy. The word synergy [215] means “working together” and defines
the work of two or more parts that would not obtain the same effect
individually.

The hand movements are closely related to the brain. The ho-
munculus is a part of the sensorimotor cortex reserved to the control
of movements of some organs, including also the hand.

Homunculus is a vast and very complex area, so initially it was
thought that could manage and control movements of fingers individ-
ually. But this is not completely true. Starting from several studies
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Figure 10.17: Motor homunculus. It is a part of a sensorimotor cortex
reserved to the control of movements of some organs.

on the hand taxonomy, such as in example the analysis of Napier and
other, the researchers of Neuroscience Department of University of
Minnesota [216] have made several tests for the analysis of different
postures of the hand during grasps. Particularly, they asked a group
of people to model the right hand as to grasp objects from an ob-
ject set of 57 items. Objects were not actually present during the
experiment. These 57 objects have different sizes and shapes and are
commonly used objects.

The hand postures were reconstructed using a glove with 15 em-
bedded sensors. Principal component analysis revealed that the first
two principal components represent more than 80% of the variance in
the hand posture, hinting that about 80% of grasps can be performed
using just two synergyes. Human hand synergies can be interpreted
as the cooperation of fingers and palm in grasping objects.

342



Chapter 11
Robotic hands

Man has always tried to replicate the ability and movements of hu-
man hand in robots. Nevertheless the wide range of movements that
a human hand can do, and the complexity of the system controlling
its motions render the task of replicating all features of a human hand
in robots very difficult. The problem consist in building an artificial
hand with a simple design and yet the ability to easily make a wide
range of movements. Moreover, an ideal robotic hand should be re-
alized with economic materials. Studies and researches in this field
carried to the construction of various robotic hands, with a wide range
of uses, which goes from humanoid robot hands to prosthesis. Yet,
today, it is still not possible to realize a perfect artificial hand, and
even the more complete and engineered hand show several limits. As
in the human hand, also in robotic hands three different parts can be
distinguished: wrist, palm and fingers. The number of finger can vary
from those of the human hand. Indeed, robotic hand can have three,
four or five fingers. The palm or palmar arc, enables some grasps and
opposition movements. Moreover in many cases the palm is used to
contain the motors, part of the circuitry or for housing wires and ten-
dons. In some robotic hands the wrist is implemented as a spherical
joint, with three degrees of freedom. However, in other robotic hands
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Figure 11.1: Human and robotic hand

the wrist is not present or can make a limited set of movements. From
this, three different kind of robotic hands can be distinguished: the
first one, where the wrist has three degrees of freedom, the second one
with two degrees of freedom in the wrist and one allowing by elbow,
and finally robotic hands without wrist. The complex problem of the
design and composition of the wrist will not be detailed in this thesis.

Robotic hand can be distinguished further in anthropomorphic
and non anthropomorphic hands. The word “anthropomorphic” means
that an object has characteristics of the human shape. This implies
that anthropomorphic hands are much more complex.

11.1 Joints in robotic hands

One of the parts characterize essentially different robotic hands is its
joint, in particular the finger joints. Joints are basic part in hands and
the difficulty in their design lies in creating an object that allows the
correct movements, providing the degrees of freedom needed for each
kind of joint, but, at the same time, is robust and not bulky. Different
joints can be distinguished based on their degrees of freedom and on
other features as being a continuous or discrete, and being active,
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11.1 Joints in robotic hands

(a) Grasping in
Standford/JPL
hand

(b) Joint of Stand-
ford/JPL hand

Figure 11.2: Standford/JPL hand, made by C.F. Ruoff and J. K.
Salisbury

semiactive or passive joints.

11.1.1 One degree of freedom joints

One of the most famous robotic hands is the Stanford/JPL Hand
[217]. This hand uses one degree of freedom joints suitable for metacarpal,
proximal and distal joints. This hand has discrete and active joints
that use an agonistic-antagonistic actuation system. Each finger has
three joints and three links, and each link can rotate around a pin.
The first joint connects two parts and allows rotation movement. The
second joint is assembled with the first joint by means of a clamp. It
can make also a pivotable rotation around a pin, but has also an idler
pulley. There is a third joint which allows another rotational move-
ment but is kept by a nut. The second and third joints are connected
by a clamp. This hand is tendon driven and motors are collocated in
forearm.

Another one DoF joint is used in distal and proximal joints of
Anthropomorphic Dlr hand [218]. The joints of each finger are driven
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One dof

Continuous

Semiactive Anthropomorphic robotic hand

Articulated fingers for robotic hands

Passive UB hand 3

New ultralight anthropomorphic hand

Discrete

Active Salisbury Hand

Dlr hand

Hit/Dlr prosthetic hand

Shadow hand

Naist hand

Life-size multi-fingered hand

Utah/m.i.t. hand

New robotic joint using a mech. impedance adjuster

Robonaut hand

Novel biomechatronic hand

Passive Multifunctional anthropomorphic prosthetic hand

Rollarticular joint

Two dof

Discrete

Active Dlr hand

Robonaut hand

Act hand

Dauj

Multi-fingered hand for life-size humanoid robots

Semiactive Five fingered robot hand

Three dof

Continuous

Active Joint ball

Table 11.1: Summary table of different joints in robotic hands. Joints
are divided in continuous, discrete, active, semiactive, passive and
degrees of freedom owned.
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11.1 Joints in robotic hands

(a) (b)

Figure 11.3: (a) Joint of Anthropomorphic Dlr Hand, made by M.
Grebenstein, M. Chalon, G. Hirzinger of German Aerospace Center
and R. Siegwart of ETH Zurich. (b) Dlr/Hit prosthetic hand, made
by H. Huang, L. Jiang, D.W. Zhao, J.D. Zhao and H.G. Cai of Harbin
Institute of Technology and H. Liu, P. Meusel, B. Willberg and G.
Hirzinger of DLR
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by two tendons, each attached to one motor. The design of this
joint resembles the anatomy of the human hand. The tendons are
collocated on a cylindrical pulley and are preloaded. This pretension
force allows the use of an open joint with a cylindrical joint head
limiting the joint pan to less than 180◦. This joint presents some
ridges, that allow movements of the tendon and at the same time
keep it from escaping. Moreover this joint can be dislocated without
structural damage, for example applying external forces greater than
tendon force.

Dlr/Hit prosthetic hand [219] is another robotic hand made at
Dlr. It has discrete and active joints. This hand has four parallel
fingers and a base axis. There are torsional springs for each finger
and the hand is actuated by a motor and gearboxes. Two spring nogs
are on the base and connect each pair of fingers through torsional
springs. Each finger is driven by a 4-bar linkage. The fingers moves
synchronously during grasp, but, when one of those meet an object
and stops, other fingers keep moving, until they touch the object. This
scenario is made possible by the spring nogs. There is also a thumb,
composed of an underactuated finger and an actuation system. The
thumb revolves around a tilted axis and its workspace consist in a cone
surface. The underactuation in 3D space is realized through a ball
bearing in base joint and with a pair of upright axes at the fingertip.

Another joint is used in the hand made in Department of Com-
puter Science and Engineering in University of Washington [220]. It
is used for metacarpal joints and is made with particular materials. It
uses a sleeve made by crocheted ligaments to limit the motion range
of the metacarpal joint. This sleeve is elastic. Each distal segment of
the fingers is studied to be removable from its base. This in order to
mount a steel ring. On this, a board is stitched to a crocheted joint
capsule to form a continuous attachment zone near the finger joint.
This design excludes dorsal area because an extensor hood is consid-
ered, and it is an independent component. The crocheted ligament
has a hyperbolic shape to ensure sealing of joint space and column
length determining the joint range of motion. Indeed the thickness of
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11.1 Joints in robotic hands

(a) (b)

Figure 11.4: (a) Artificial joint for anthropomorphic robotic hand,
made by Z. Xu, E. Todorov, B. Dellon and Y. Matsuoka of University
of Washington. (b) Antrophomorphic hand, made by S.A. Dalley,
T.E. Wiste, T.J. Withrow and M. Goldfarb of Vanderbilt University

the joint capsule can be controlled by varying the stitch type. This
hand has continuous semiactive joints.

Anthropomorphic Hand [221] was also built in Usa. It has discrete
and passive joints. It is a tendon driven hand with motors in the
forearm. It uses the same joint for metacarpal, distal and proximal
joint of each finger. Anthropomorphic Hand uses actuation units with
DC motors coupled with low-ratio gearheads. Small-diameter pulleys
are used to pull tendons. Each joint has torsion springs, in parallel
with tendons. Torsion springs are used to recoil the joints in the rest
position. With its structure of springs the hand can be controlled
without force or motion control (the hand can be controlled only in
position).

Two particular hands with different types of joints were made in
Bologna. The first is the UB Hand 3 [222], that uses continuous
passive joints. Its joints are used in particular for proximal joint and
work with elastic elements. The internal structure is designed so that
the movement of phalanges is due to the elastic joints. These elements
are built with helical springs, which tends to flexion under the action
of tendon pulling.

349



Robotic hands

(a) Ub hand3 (b) Joints with elastic elements in UB
hand

Figure 11.5: UB hand 3, made by F. Lotti, P. Tiezzi, G. Vassura, L.
Biagiotti, G. Palli and C. Melchiorri of University of Bologna

Figure 11.6: Articulated fingers for robotic hands, made by F. Lotti
and G. Vassura of University of Bologna

A limited number of coils can allow large displacements, avoiding
permanent deformations and buckling phenomena. One hinge degree
of freedom is obtained by parallel placing several springs. Moreover
springs can help tendon routing, allowing to obtain different tendon
configurations. For example, a solution is to wrap tendons on their
pulleys so to obtain a rest position, thanks to the elasticity. The stiff-
ness of fingers can not be controlled. Another solution is to implement
a system with other two tendons, which cooperate with hinge in a sort
of agonistic-antagonistic actuation system.

The other hand made by Lotti and Vassura [223] uses a continuous
semiactive joint for metacarpal, distal and proximal joint. This joint
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11.1 Joints in robotic hands

(a) (b)

Figure 11.7: (a) Shadow hand, made by The Shadow Robot Com-
pany in London. (b) Utah-m.i.t. hand, made by S.C. Jacobsen, E.K.
Iversen, D.F. Knutti, R.T. Johnson and K.B. Biggers of University of
Utah

has three elastic hinges, to make two active and one passive flexures.
Without deformations, adjacent links form an angle of 45◦, so moving
the joint from 45◦ upwards to 45◦ downwards, a total angular excur-
sion of 90◦ is obtained. The three hinges were designed with the same
stiffness. It is able to transmit both tension and compression forces
to the load. Phalanx masses and friction between flexure and guides
have been rendered minimal.

The Shadow Hand [224] was built in London. It uses one degree
of freedom joints and agonistic-antagonistic actuation system. The
thumb has five degrees of freedom and five joints and each finger
has three degrees of freedom and four joints. The distal joint of the
fingers is coupled in manner similar to human finger. Indeed the angle
of the middle joint is always greater or equal than the angle of the
distal joint. So the middle phalanx is bent while the distal phalanx
is straight. The little finger has an extra joint in the palm, to allow
it opposition to the thumb.

The Naist hand [225] was made in Japan, it has joints with one
degree of freedom for distal and proximal joints and with two degrees
of freedom for metacarpal joints. These joints are discrete and active.

The flexion-extension motion of distal joint is coupled with the
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Figure 11.8: Naist hand, made by J. Ueda, Y. Ishida, M. Kondo, T.
Ogasawara of Nara Institute of Science and Technology in Japan

proximal motion by a linkage. Three actuators drive independently
three axes, showed in fig. 11.8; the rotational axes of θMpaa, θMpfe,
and θrod intersect at one point. Since the rotational axes of the
proximal joint and that of θrod are always parallel, the metacarpal
joint can drive two degrees of freedom and the proximal joint can be
driven from the actuator on the palm using the link mechanism. In
metacarpal joints there are two different pairs consist of three bevel
gears. Motor 1 drives θMpaa and the output shaft of the motor 2
drive θMpfe. Motor 2 is connected to the bevel gear coaxial with the
motor 3 by two pulleys and a timing belt. The motor 3 drives a rod
through two bevel gears. However it is not a complete parallel link
mechanism, and rod is not strictly linear, so the length of the links is
regulated by design and attempts to achieve approximately a linear
transmission ratio.

The Life-Size Multi-Fingered Hand [226] was also built in Japan.
It uses discrete and active joints for distal and proximal joint. In
this hand proximal and distal joints are mechanically coupled by a
double-rocker mechanism and driven by one actuator. Proximal joint
is an active joint, while the distal joint is a linked joint, due to the
position of the third servomotor that drives these joints. The third
servomotor is embedded to the proximal link and the third harmonic
gear is embedded in proximal joints, because the proximal phalanx is
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(a) Life-size
multi-fingered
hand

(b) Hand grasping

Figure 11.9: Life-size multi-fingered hand, made by K. Kaneko, K.
Harada, F. Kanehiro of National Institute of Advanced Industrial Sci-
ence and Technology in Japan

much longer that middle phalanx and distal phalanx. Its output shaft
is directly connected to the middle link. So by controlling the third
servomotor, proximal joints can be controlled actively and distal joint
can be driven with the double-rocker mechanism.

From University of Utah the Utah/M.i.t. hand [227] comes, with
particularity to having motors in the palm. It has discrete and active
joints and is a tendon driven hand. The first two joints of each finger
are separated in order to allow tendons to be routed in a proper
manner. Tendons routing is done by means of a series of pulley.
Rolling joints consist of composite materials, molded by injection. In
these joints gears were inserted. The presence of coupling parts and
gears between the two halves of the joint limits the rolling movement
of joint. Each joint has 16 pulleys for tendon routing, for a total of
288 possible pulleys.

A continuous, passive and one degree of freedom joint is used in
Ultralight anthropomorphic Hand [228]. It was made in Germany in
Institute of Applied Computer Science Research Center of Karlsruhe.
This joint uses a single actuator element. It can be created by using
many fluidic actuator elements together with structures with high
flexibility. So many different and unusual movements can be made.
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Figure 11.10: System used for joints in ultralight anthropomorphic
hand, made by S. Schulz, C. Pylatiuk and G. Bretthauer of Institute
of Applied Computer Science Research Centre of Karlsruhe

Another robotic joint built in Japan was made by Morita and Sug-
ano [229]. Its one degree of freedom joint could be used for distal and
proximal joints. This hand has discrete and active joints. The joint
mechanism consists of three parts: the spring unit, the brake unit and
the joint-driving unit. A tendon connected the spring unit with the
joint-driving unit. DC motors are used for actuation. The spring unit
has a flexible shaft while joint-driving unit and the brake unit have
cables and a conduits system, which can be affected by friction. For
this reason a spring is mounted on the joint. The spring unit consist
of a leaf spring, a slider and a feed screw. The force is transmitted
from the leaf spring to the wheel by a cable in order to positioning
joint. Moreover the joint driving unit moves the spring to the neutral
point and acts to actuator for positioning. The main element consists
of worm gears. The finger is driven by non-backdrivable actuators and
thus the external force is transmitted directly, without power losses
from frictions.

A very famous hand is the Robonaut Hand [230]. This hand has
discrete and active joints. The second and third joints of the fingers
are directly coupled and close with equal angles. Moreover these joints
are driven by a lead screw assembly, with a short cable attached with
termination of a pivoting cable. So this cable system allows actuation
without complex mechanisms. The length of the cable is maintained
nearly constant. Through this system, the motion of distal and base
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(a) (b)

Figure 11.11: (a) Robotic joint, made by T. Morita and S. Sugano
of Department of Mechanical Engineering of Waseda University of
Tokyo. (a) Robonaut hand, made by C.S. Lovchik of NASA Johnson
Space Center and M.A. Diftler of Automation and Robotics Depart-
ment Lockheed Martin of in Houston

joints remain roughly independent.
Another kind of joint was made in Italy, at Scuola Superiore

Sant’Anna of Pisa [231]. This joint is used for metacarpal, proxi-
mal and distal joints in prosthetic hand. There are little geometrical
changes above these three joints, to make this hand more similar to
human hand. In this system there is a slider crank mechanism, used
to transmit actuation to the proximal phalanx. Furthermore, a lead
screw system is mounted to drive the slider and is mounted on the
motor shaft. This system is non backdrivable, because there are high
friction forces during movement.

11.1.2 Two degrees of freedom joints

In Dlr hand [218] the metacarpal joint, unlike the proximal and dis-
tal joints, has two degrees of freedom. This joint tries to replicate
the structure of the same joint in the human hand. For this rea-
son in metacarpal joint is chosen a pair of hyperboloid saddles. The
metacarpal joint is actuated by tendons, which are located distantly
from the perpendicular of the axes. This arrangement reduces tendon
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(a) (b)

Figure 11.12: (a) Metacarpal joint of Anthropomorphic Dlr Hand,
made by M. Grebenstein, M. Chalon, G. Hirzinger of German
Aerospace Center and R. Siegwart of ETH Zurich. (b) Dauj joint,
made by S. Ryew and H. Choi of Sungkyunkwan University in Korea

loads and provides a constant moment arm. Moreover the presence
of few components makes this hand closer to human hand.

Another metacarpal joint is Dauj [232]. Dauj has two degrees of
freedom and an internal oblique joint which controls them. It consist
of two half spheres that meet in a plane inclined by an angle. Each
half sphere is driven upper or lower by two geared DC motors with
reduction mechanisms. This structure connect two links and allows
their relative motion. So this joint can rotates around an inclined
axis and the desired rotation is obtained by combining the rotation of
the two half spheres. A particular two degrees of freedom joint is the
base joint in each finger of Robonaut hand [230]. The two degrees of
freedom are yaw and pitch. A system of tendons guarantees these two
DoFs, thus reducing the number of joints used. There are two lead
screw systems connected with a cammed groove by some short cables.
The bend radius of this cables is controlled by grooves. This system
ensures also a nearly constant lever arm, to maintain unchanged the
range of motion. Furthermore the short cables behave like a stiff rods
in the working direction and like springs in the opposite direction.

Another two degrees of freedom joint was built in Usa for the Act
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11.1 Joints in robotic hands

(a) Top view (b) Side view

Figure 11.13: Two degrees of freedom joint for robotic hand, made by
I. Yamano and T. Maeno of Keio University in Japan

Hand [233]. This joint consists of a miniature version of the gimbal
mechanism, with a narrow link which connect two phalanxes. There
is a pair of ball bearings for rotation around the primary axis of joint
and a small steel axle for rotation about the secondary axis. This
joint can make clear movement and can bend about 90◦. Moreover in
the metacarpal phalanx a small hole is present to ensure movement of
extensions. However this hole is hidden and is little visible only when
finger is fully flexed.

Another metacarpal joint with two degrees of freedom [234] was
built in Japan. It uses two elastic elements with a tendon, which
ends are connected to a pulley. Two potentiometers control rotation
angle of ultrasonic motor and joint angle. Two elastic elements are
extended from initial length x0 to x0 + ∆x1. The restoring force of
wire is expressed as k · x1, where k is the spring coefficient of the
elastic elements. Changing initial deformation of the elastic elements
the restoring force of tendon is controlled, while the elasticity of joint
is controlled changing the spring coefficient k.

Another hand built in Japan, the Life-size multi-fingered hand
[226] uses original metacarpal joints. These joints have two sub-joints,
that may be orthogonal. The first joint is a roll joint, while the other
is a pitch joint. This two joints are driven by two servomotors and
two harmonic drive gear, so roll joint and pitch joint can be controlled
independently.
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Figure 11.14: Joint ball, made by M.L. Guckert of University of West-
ern Ontario and M.D. Naish of CSTAR and Department of Electrical
and Computering Engineering

11.1.3 Three degrees of freedom joints

An example of three degrees of freedom joint is the Joint ball, made
by Mark L. Guckert and Michael D. Naish [235]. It is a tendon-
driven joint where tendons run along the surface of the sphere. This
approach wards the Euler singularities, related to orthogonal rotary
joints. It maximizes the load bearing structure of the joint by the
use of a transmission system with small tendons. All tendons in this
system route through free space and their ends are fixed on a frame in
the joint. The tendons must run always straight, so it requires a large
and uninterrupted volume around the joint. The free space increases
the size of the joint because it can not move in the directions where
the tendons might collide with another object, with each other, or
with the joint itself.

11.2 The palm

After analyzing robotic joints in some robotic hands, our attention
moves to the palm. It usually contains motors, parts of circuitry or
is simply used for the routing of tendons and wires. For example,
in anthropomorphic Dlr hand [218] the palm is used for the routing
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11.2 The palm

(a) (b)

Figure 11.15: (a)Palm in Anthropomorphic Dlr hand, made by M.
Grebenstein, M. Chalon, G. Hirzinger of German Aerospace Cen-
ter and R. Siegwart of ETH Zurich. (a) Ultralight anthropomorphic
hand, made by S. Schulz, C. Pylatiuk and G. Bretthauer of Institute
of Applied Computer Science Research Centre of Karlsruhe

of tendons and also contains some part of the mechanical structure.
Instead, in Dlr/Hit prosthetic hand [219] the palm and the thumb con-
tain the actuation mechanism, including motors, synchronous pulleys,
harmonic gear and bevel gears.

In Ultralight anthropomorphic hand [228] the palm is used to hold
a microcontroller, microvalves, the energy source and a micropump.
Also in Shadow hand the palm is used for tendon routing and to
contain circuitry.

The palm of life-size multi-fingered hand [226] contain the CAN
(Controller Area Network) communication system while in Stand-
ford/JPL hand [217], Robonaut hand [230], Anthropomorphic pros-
thetic hand [221] and in Ub hand 3 [222] the palm is used only to
attach the terminal part of fingers to the wrist and for the rout-
ing of tendons. Also the prosthetic hand made at Scuola Superiore
Sant’Anna of Pisa [231] and the Naist hand [225] have the proximal
actuator integrated in the palm.
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Chapter 12
Pisa/IIT SoftHand:
Design and Control

The text of this chapter is adapted from:
[A12] Grioli G, Catalano MG, Silvestro E, Tono S, Bicchi A. Adap-
tive Synergies: an approach to the design of under-actuated robotic
hands. In: International Conference of Intelligent Robots and Sys-
tems - IROS 2012. Vilamoura, Algarve, Portugal; 2012. p. 1251 -
1256 .

[A13] Catalano MG, Grioli G, Serio A, Farnioli E, Piazza C, Bicchi
A. Adaptive Synergies for a Humanoid Robot Hand. In: IEEE-RAS
International Conference on Humanoid Robots. Osaka, Japan; In
Press.

[A14] M. G. Catalano, G. Grioli, E. Farnioli, A. Serio, C. Piazza,
and A. Bicchi, Adaptive Synergies for the Design and Control of
the Pisa/IIT SoftHand, under submission to International Journal
of Robotics Research.
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Pisa/IIT SoftHand:
Design and Control

To match the richness and complexity of the sensory and motor
functionalities of a human hand with a robust and economically rea-
sonable robotic device remains one of the hardest challenges.

In this Chapter, is proposed an integrated approach of mechanics
and control co-design, which aims to achieve better results by embed-
ding part of the control intelligence in the physical structure of the
system itself. Neuroscientific studies [236] suggest that the extremely
high complexity of the the human hand sensori-motor system is tamed
through a stratified set of motor primitives, or synergies, which render
it manageable for the higher level cognitive functions as an organized
and ordered ensemble. These are embodied at different levels, from
the physical grouping of multiarticular muscles and tendons, to reflex
arcs, up to the cerebellar and cortical synaptic circuitry. By virtue
of this organization, particular patterns of neuro-muscular activities
form a base set analogous to the concept of basis in theory of vector
spaces [237]: a minimal number of linearly independent elements that
under specific operations generate all members of a given set, in this
case, the set of all movements. Such basis are sometimes referred to
as the space of postural synergies, or the eigengrasp space [238, 239].

Recently, different approaches in robotics tried to take advantage
from the idea of synergies, aiming to reproduce the same “coordinated
and ordered ensemble” of human hand motion. To transfer part of
the embodied intelligence typical of the human hand into a robotic
counterpart, a promising possibility is the re-creation of the synergy
pattern as a feature of the mechatronic hand system. This approach
has already been tried in recent literature (see next section for a short
review), and led to the introduction of the concepts of soft and adap-
tive synergies, which provide a theoretical framework for both the
analysis and the design of robotic hands.

The present work capitalizes on these theoretical premises to meet
the functional requirements of a hand, while integrating them with
innovative engineering design to tackle non-functional requirements.
Among these, some of the most important ones for a practically usable
robot hand are its simplicity and robustness to accidental impacts. In-
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Figure 12.1: Skeleton of the Pisa/IIT SoftHand advanced anthro-
pomorphic hand prototype implementing one adaptive synergy. The
prototype dimensions are comparable to those of the hand of an adult
human.
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Figure 12.2: Full Actuation. Conceptual schematics of a simple bi-
dimensional fully actuated hand grasping an object.

deed, the number and complexity of parts and the lack of resilience of
their assemblies are probably the two main factors affecting robust-
ness and reliability.

The result of this design method is the Pisa/IIT SoftHand (see
fig. 12.1), a 19-joints hand with anthropomorphic features, which
grasps objects of rather general shape by using only a single actuator
for the first synergy, and employing an innovative design of articu-
lations and ligaments which provides a high degree of compliance to
structural solicitations.

12.1 Hand Actuation, Synergies and Adap-
tation

12.1.1 Fully Actuated Hands

In this section, before considering in detail the various paradigms of
design of the hand motor system found in the robotics literature, we
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Notation Definition

δx variation of variable x

x̄ value of x in the reference configuration

2x dimension of vector x

c number of contact constraints

q ∈ R
,q joint configuration

τ ∈ R
,q joint torque

f o
h ∈ R

c contact forces exerted by the hand on the object

u ∈ R
6 pose of the object frame

qr ∈ R
,q reference joint configuration

σ ∈ R
,σ soft synergy configuration

ε ∈ R
,σ soft synergy forces

z ∈ R
,z adaptive synergy displacements

η ∈ R
,z adaptive synergy forces

oG ∈ R
6×c grasp matrix in object frame

oJ ∈ R
c×,q hand Jacobian matrix in object frame

S ∈ R
,q×,σ soft synergy matrix

R ∈ R
,z×,q adaptive synergy matrix

Table 12.1: Notation for Grasp Analysis.

introduce the nomenclature and an elementary analysis of the simplest
model of a hand grasping an object, where no restrictions are made
on the actuation system (all joints are independently actuated). The
notation adopted in this section is synthesized in Table 12.1. More
details about the mathematical description of grasping can be found
in [240], [241].

A quasi-static description of the problem of a hand grasping an
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object can be formalized by a system of three equations as

δwo
e +

oGδf o
h = 0, (12.1)

δτ = Ω̄δq + Ūδu+ J̄T δf o
h , (12.2)

δf o
h = Kc(

ōJδq − oGT δu). (12.3)

Here, the object equilibrium equation (12.1) establishes a relationship
between external disturbances acting on the object and contact forces
that the hand exerts on the object; the hand equilibrium equation
(12.2), describes the map between joint torques and contact forces,
and the constitutive equation (12.3) of the contact interaction relates
contact force variation with the mutual displacements of the hand and
the object.

More in detail, in equation (12.1), the symbol wo
e ∈ R

6 indicates
the external wrench acting on the object, while f o

h∈Rc are the forces
that the hand exerts on the object, described in a local frame {o}
fixed on the object. The dimension c of the contact force vector
depends on the number and type of contact constraints: each hard
finger contact contributes three, while soft finger contacts contribute
four constraints. Through the introduction of the grasp matrix oG ∈
R
6×c, the object equilibrium condition is written as

wo
e +

oGf o
h = 0. (12.4)

Because the equation is written in a reference frame attached to the
object, the grasp matrix is constant, hence by differentiating (12.4),
(12.1) follows.

A hand equilibrium equation relates contact forces with joint torques
(τ ∈ R

,q) through the transpose of the hand Jacobian matrix oJT (q, u)∈
R
,q×c as

τ = oJT (q, u)f o
h. (12.5)

It is worth observing that the Jacobian matrix is here a function both
of the hand configuration q and of the object configuration u ∈ R

6.
This is a consequence of the choice to describe the contact interaction
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in a local frame attached to the grasped object. From this fact it
follows that, differentiating (12.5), (12.2) is obtained, where the terms
Ω =

∂oJTfo
h

∂q ∈ R
,q×,q and U =

∂oJTfo
h

∂u ∈ R
,q×6 have to be considered.

Finally, (12.3) is introduced to make the grasp force distribution
problem solvable. As it is well known, indeed, rigid grasp models
are ill–posed, i.e. statically indeterminate ( [242]): in other terms,
it is impossible (except under unrealistic assumptions) to determine
how loads distribute in a general grasp unless a constitutive model of
compliance in the system is included. This can be simply done by con-
sidering compliance in actuation and control, and introducing “virtual
springs” at the contact points. One extreme of each virtual spring is
attached to the hand, the other to the object, both in the nominal
contact location. The virtual spring model (easily generalizable to
any other virtual impedance) generates a force variation correspond-
ing to the local interpenetration of the hand and object parts. Cor-
respondingly, a contact force variation is described in (12.3) through
the introduction of the contact stiffness matrix Kc∈Rc×c.

The three basic grasp equations can be rearranged in matrix form
as





I,w 0 oG 0 0

0 I,τ −oJ̄T −Ω̄ −Ū

0 0 I,f −Kc
oJ̄ Kc

oGT









δwo
e

δτ

δf o
h

δq

δu





= 0. (12.6)

This is a linear homogeneous system of equations in the form Aδy = 0,
where A ∈ R

ra×ca is the coefficient matrix, and δy ∈ R
ca is the vector

containing all system variables. From (12.6) one can easily obtain

ra = 2w + 2q + 2f,

ca = 22w + 22q + 2f,
(12.7)
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and that A is always full row rank. This fact implies that a basis for
the solution space of the system has dimension ca−ra=2w+2q. Thus,
a perturbed configuration of the system can be completely described
knowing the values of the external wrench variation, δwo

e, and the
displacements of the joint configuration1, δq. We will refer to these
as the independent variables of the system. The dependent variables
will be indicated as δyd ∈ {δτ, δf o

h, δu}.
Acting on the coefficient matrix of the system, it is possible to

obtain a formal method to get an explicit expression of the depen-
dent variables of the system, as a function of the independent ones.
This result is achievable extending the elementary Gauss operations,
defined for linear systems of equations, in order to act on a block
partitioned matrix. A general algorithm to obtain the desired form
starting from (12.6), called GEROME-B, was presented in [241]. The
final result of the procedure is a set of equations of the type

δyd = Wd δw
o
e +Qdδq. (12.8)

In the rest of this Chapter, we will mostly focus on the study of the
controllability of grasping using different arrangements for the hand
actuation system - hence mainly on Qd in (12.8). It will be useful to
report here on the structure of this matrix, which can be partitioned
as Qd =

[
Qτ Qf Qu

]
, with the explicit formulae from [241]:

Qτ = Ω̄+ ōJTKc
ōJ+

+(Ū − ōJTKc
oGT )

(
oGKc

oGT
)
−1 oGKc

oJ̄ ,

Qf = Kc
oJ̄ −Kc

oGT
(
oGKc

oGT
)
−1 oGKc

oJ̄ ,

Qu =
(
oGKc

oGT
)
−1 oGKc

ōJ.

(12.9)

1From the previous considerations, it follows that other choices are possible.
However a complete discussion about these cases is out of the scope of this work.
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12.1.2 Approaches to Simplification

In principle, fully independent actuation offers the widest possibili-
ties, limited only by the hand kinematics. This comes with a cost in
terms of design complication to accommodate for the large number
of actuators. Even disregarding the hardware aspect, however, the
exploitation of the potential of full independent actuation requires
sophisticated programming and control of the hand, as it is witnessed
by the vastness of the literature on the selection of grasping points,
the optimization of grasp forces, etc.. Programming complexity turns
often out to represent a major obstacle to usability and efficiency in
real-world applications of robot hands.

One of the directions recently followed to simplify this aspect of
the problem is under-parameterization of hand postures, following the
idea of synergies. Neuroscience results, as for example those of [216],
hinted that the brain controls the human hand not as a collection
of independent articulations and muscles, but rather as an organized
whole of coherent motion patterns or primitives. Particular muscular
activation patterns give rise to strongly correlated movements, which
form a base set [237], resembling the concept of basis of a vector space
in linear algebra. Such basis is referred to as the space of postural
synergies, or eigengrasp space [238, 239]. What makes the bio–aware
synergy basis stand out among other possible choices for the basis
to describe the hand configuration is the fact that most of the hand
grasp posture variance, actually 80%, is explained just by the first two
synergies, the 87% by the first three [216]. This renders the synergy
space a credible candidate as a basis for simplification.

The basic idea behind the use of synergies in robotics consists
in specifying a suitable base for the joint space movements, called
synergy matrix, S ∈ R

,q×,σ, where 2σ ≤ 2q is the number of used
synergies. A hand configuration can be described in the synergy space
by the coordinate vector σ ∈ R

,σ as in

q = Sσ. (12.10)

There already exist some applications in robotics which take ad-
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Figure 12.3: Hard Synergy Actuation. Turning the shaft of a pulley
train generates a joint motion pattern, which can be designed after a
synergy vector. Rotations of two pulley trains combine linearly in an
overall hand motion in the corresponding synergy subspace.

vantage of the idea of synergies. In one of the earliest ( [239]), the
use of software synergies as simulated correlation patterns between
joint movements of a fully actuated robotic hand was suggested to
simplify control. Software synergies can substantially simplify the de-
sign phase of a grasp, by reducing the number of control variables
(see also [243]). However, software synergies clearly do not impact
the simplification of the design of physical hands.

The possible applications of the synergy concept however are not
limited to software. Simplified robotic hands can be built, which
embed hardware synergies in their mechanics to reduce the number
of motors used to achieve most grasping tasks. The ingenious design
proposed by Brown and Asada [244], for instance, adopts a train of
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pulleys of different radii to implement simultaneous motions of all
joints according to ratios as specified in a synergy vector. Motions
corresponding to two synergies can be superimposed via a mechanism
with tendons and idle pulleys, as illustrated in the simplified scheme
of fig. 12.3.

Both the software synergies of [239] and the hard synergies of [244]
adopt a model of the hand with a number of independent actuators
(or Degrees of Actuation, DoA) smaller than the number of joints
(or degrees of Freedom, DoF). In both cases, this causes the hand
to move in a way that do not necessarily comply with the shape
of an object to be grasped, hence resulting in few contacts being
established between the hand and the object. To this problem, several
fixes can be considered, such as e.g. stopping the motion of each finger
when it comes in contact with the grasped object, while proscuting
motion of others, or introducing a complementary actuation system
for modifying the shape of synergies. While these techniques can lead
to better grasping postures, they still leave unsolved the problem of
how to analyze and control grasping forces.

12.1.3 Soft Synergies

To address the problem of grasp force distribution in synergy–actuated
hands, [245] introduced the idea of soft synergies. In this model, syn-
ergy coordinates define the configuration of a virtual hand, toward
which the real hand is attracted by an elastic field. To describe this
situation, we describe the virtual hand as a reference configuration
vector qr ∈ R

,q, which is directly controlled in the synergy space as

δqr = Sδσ. (12.11)

The difference between the real position of the hand and its reference
configuration generates a joint torque, which at equilibrium exactly
balances the repulsive forces given by the elastic interaction of the real
hand with the grasped object. In formulae, defining a joint stiffness
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matrix Ks
q ∈ R

,q×,q, joint torques in the soft synergy model are given
by

δτ = Ks
q (δqr − δq). (12.12)

By kineto-static duality, introducing the generalized force in the syn-
ergy space δε ∈ R

,σ, one has immediately

δε = ST δτ. (12.13)

The soft synergy model can be used to determine which forces are
generated between the hand and the grasped object for any number
of contacts and synergies (cf. [245]). Control of grasping forces in this
model is achieved indirectly, by either commanding the virtual hand
posture, or varying the joint stiffness matrix (see below (12.16)).

A software implementation of this approach was demonstrated in
[246] on the DLR HAND II, a fully actuated hand with programmable
gains, which can simulate variable joint stiffness. A hardware imple-
mentation of a fully variable stiffness hand, using an agonist-antagonist
pair of actuators per each joint as sketched in fig. 12.4, was presented
in [119]. Although this hand has the potential for unprecedented ver-
satility and performance, it does not address the simplification goals
of this work.

One important aspect of the soft synergy model, which can be
observed in the comparison between (12.10) and (12.11), is that a
soft synergy hand can reduce the number of DoA while retaining all
its kinematic DOFs, leaving the fine adjustment of the 2q − 2σ “less
important” movements to the compliance model. A conceptual hard-
ware implementation of this idea is shown in fig. 12.5, where springs
are used in series with a mechanism similar to that of fig. 12.3. Such
a reduced-DoA soft synergy hand can be easily modeled by consider-
ing (12.11), (12.12) and (12.13) along with the grasp equation (12.8).
In particular, for zero external wrenches on the object, for the joint
torques it holds

δτ = Qτδq, (12.14)
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Figure 12.4: Full Variable Stiffness Actuation. Schematics of a hand
with same kinematics as in fig. 12.2, where each joint is powered by
variable stiffness agonist-antagonist actuators.
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Figure 12.5: Soft Synergy Actuation. Schematics of a hand with same
kinematics as in fig. 12.2, where all the joints move according to the
force equilibrium between contact forces and elastic forces derived by
attraction toward a reference generated according to two synergies.
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where Qτ ∈ R
,q×,q was described in (12.9). Substituting (12.14) in

(12.12), taking into account (12.11), it is easy to obtain

δq =
(
Ks

q +Qτ

)
−1
Ks

qSδσ. (12.15)

Thus, from (12.8), it immediately follows that

δyd = Qd

(
Ks

q +Qτ

)
−1
Ks

qSδσ. (12.16)

The equations in (12.16) give us a complete description of the vari-
ation of the hand/object configuration as a consequence of the dis-
placement of the reference hand in the synergy manifold.

Applying (12.16) to (12.13), we can further evaluate the corre-
sponding generalized force to be applied at the synergy actuator as

δε = STQτ

(
Ks

q +Qτ

)
−1

Ks
qSδσ. (12.17)

Inverting this result, we arrive to

δσ =
(
STQτ

(
Ks

q +Qτ

)
−1

Ks
qS
)
−1

δε. (12.18)

Substituting (12.18) in (12.15), the hand joint displacement becomes

δq=
(
Ks

q+Qτ

)
−1
Ks

qS
(
STQτ

(
Ks

q+Qτ

)
−1
Ks

qS
)
−1
δε. (12.19)

Therefore, substituting (12.19) in (12.8), the complete system varia-
tion, depending on the soft synergy forces, is finally obtained.

Although the idea of soft synergy actuation sketched in fig. 12.5
appears to provide an elegant solution to the problem of simple hand
design, merging the natural motion inherited from the postural syn-
ergy approach with adaptivity due to compliance, its implementation
in a mechanical design unfortunately turned out not to be very easy
or practical, at least in our attempts.
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Figure 12.6: Shape-Adaptive Underactuation. Schematics of a hand
with same kinematics as in fig. 12.2, where all the joints are powered
by an Adaptive Under-Actuated distribution system.
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12.1.4 Underactuated Hands

A distinct thread of research work has addressed the design of sim-
ple robot hands via the use of a small number of actuators without
decreasing the number of DOF. This approach, authoritatively de-
scribed in [247], is referred to as underactuation and has produced a
number of interesting hands since the earliest times of robotics (see
e.g. [248–253]).

The basic idea enabling shape adaptation in underactuated hands
is that of a differential transmission, the well-known mechanism used
to distribute motion of a prime mover to two or more DOFs. Differ-
entials can be realized in various forms, e.g. with gears [254], closed-
chain mechanisms [254], or tendons and pulleys [255], and concate-
nated so as to distribute motion of a small number of motors to all
finger joints q. Letting the vector z ∈ R

,z, with 2z ≤ 2q, denote
the position of the prime movers, a general differential mechanism is
described by the kinematic equation

Rδq = δz, (12.20)

where R ∈ R
,z×,q is the transmission matrix, whose element Ri,j is the

transmission ratio between the i–th actuator to thej–th joint. fig. 12.6
conceptually illustrates a tendon-pulley differential mechanism with
a single motor actuating three joints. By kineto-static duality, the
relationship between the actuation force vector η ∈ R

,z and the joint
torques is

δτ = RT δη. (12.21)

The kinematic model (12.20) highlights the non-uniqueness of the po-
sition attained by an underactuated hand. Indeed, being the trans-
mission matrix R a rectangular fat matrix, an infinity of possible hand
postures δq exist which satisfy (12.20) for a given actuator position
δz, their difference belonging to the kernel of R.

While it is exactly these kernel motions that provide underactu-
ated hands with the desirable feature of shape adaptivity, in practice
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Figure 12.7: Adaptive Synergies. Schematics of a hand with same
kinematics as in fig. 12.2, where all the joints are controlled by two
adaptive synergies.
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these hands associate to differential mechanisms the use of passive ele-
ments such as mechanical limits, clutches, and springs [247]. Reasons
for adding passive elements are manifold, including avoiding tendon
slackness and ensuring the uniqueness of the position of the hand
when not in contact with the object.

Consider for instance the model of an underactuated hand with
elastic springs depicted in fig. 12.7. Notice that springs are arranged in
parallel with the actuation and transmission mechanism, as opposed
to the soft synergy model in fig. 12.5 where they are in series. Defining
a joint stiffness matrix as Ka

q ∈ R
,q×,q, the balance equation (12.21)

is rewritten as
δτ = RT δη −Ka

q δq. (12.22)

Considering (12.22) and (12.14), it immediately follows that

δq =
(
Ka

q +Qτ

)
−1
RT δη. (12.23)

Thus, substituting this in (12.8), we obtain a description of the hand/ob-
ject equilibria caused by the application of given actuator forces.

If instead actuators are modeled as position sources, by substitut-
ing equation (12.23) in (12.20) and inverting, we find

δη =
(
R
(
Ka

q +Qτ

)
−1
RT
)
−1
δz. (12.24)

Substituing this placed in (12.23) we then obtain

δq =
(
Ka

q +Qτ

)
−1
RT
(
R
(
Ka

q +Qτ

)
−1
RT
)
−1

δz. (12.25)

Finally, a complete system description in the case of actuator position
control can be obtained by substituting (12.25) in (12.8).

12.1.5 From Soft to Adaptive Synergies

Summarizing the discussion so far, we have seen that two design
techniques for multiarticulated hands with simple mechanics stand
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Soft Synergy given

Position Controlled Soft Synergy RT =
(
Ka

q +Qτ

) (
Ks

q +Qτ

)
−1

Ks
qSM

Position Controlled Underactuation δz =
(
R
(
Ka

q +Qτ

)
−1

RT
)
M−1δσ

Force Controlled Soft Synergy RT =
(
Ka

q +Qτ

) (
Ks

q +Qτ

)
−1

Ks
qSM

Position Controlled Underactuation δz =
(
R
(
Ka

q +Qτ

)
−1

RT
)
M−1·

(
STQτ

(
Ks

q +Qτ

)
−1

Ks
qS
)
−1

δε

Position Controlled Soft Synergy RT =
(
Ka

q +Qτ

) (
Ks

q +Qτ

)
−1

Ks
qSM

Force Controlled Underactuation δη = M−1δσ

Force Controlled Soft Synergy RT =
(
Ka

q +Qτ

) (
Ks

q +Qτ

)
−1

Ks
qSM

Force Controlled Underactuation δη = M−1
(
STQτ

(
Ks

q +Qτ

)
−1

Ks
qS
)
−1

δε

Underactuation given

Position Controlled Soft Synergy S = Ks−1
q

(
Ks

q +Qτ

) (
Ka

q +Qτ

)
−1

RTM−1

Position Controlled Underactuation δσ = M
(
R
(
Ka

q +Qτ

)
−1

RT
)
−1

δz

Force Controlled Soft Synergy S = Ks−1
q

(
Ks

q +Qτ

) (
Ka

q +Qτ

)
−1

RTM−1

Position Controlled Underactuation δε =
(
STQτ

(
Ks

q +Qτ

)
−1

Ks
qS
)
·

M
(
R
(
Ka

q +Qτ

)
−1

RT
)
−1

δz

Position Controll*d Soft Synergy S = Ks−1
q

(
Ks

q +Qτ

) (
Ka

q +Qτ

)
−1

RTM−1

Force Controlled Underactuation δσ = Mδη

Force Controlled Soft Synergy S = Ks−1
q

(
Ks

q +Qτ

) (
Ka

q +Qτ

)
−1

RTM−1

Force Controlled Underactuation δε =
(
STQτ

(
Ks

q +Qτ

)
−1

Ks
qS
)
Mδη

Table 12.2: Map between soft synergies and underactuation.
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out for different reasons. The method of soft synergies provides a
sound theoretical basis for the design of anthropomorphic hands with
a principled way to compose multiple motion primitives and a well
understood neuroscientific rationale, but not an effective technologi-
cal implementation. On the other hand, underactuated hands have
desirable adaptivity to shapes, and can be effectively implemented
with simple differential and elastic elements. In this section, we show
how an underactuated hand can be indeed designed so as to realize a
soft-synergy model.

Assume that a desired soft synergy model is assigned trough its
synergy and stiffness matrices S and Ks

q , respectively. Our goal is to
find, if possible, a transmission matrix R and a joint stiffness Ka

q , so
that the underactuated hand/object system exhibits the same equi-
librium behavior as the soft synergy hand with the same object.

As shown in the previous sections, the behavior of the hand/ob-
ject system is slightly different if the hand is position controlled or
force controlled. This holds true for both the soft synergy model and
adaptive underactuated hands. Nevertheless, in all of the cases, the
system is described as a linear map from a set of independent variables
to a set of dependent ones, as q = Aixi, where xi are the particular
independent variables of case i, and can be one of {δσ, δε, δz, δη}, and
Ai is the corresponding linear map, taken from one of (12.15), (12.19),
(12.23) or (12.25), respectively. To define a map, two rules have to be
defined:

1. a control rule, which given xi yields xj and

2. a design rule, which given Ai allows to find Aj ,

such that the same displacement q can be obtained. In particular the
second rule can be obtained if

span{Aj} ⊆ span{Ai}. (12.26)

Maps can be defined in both directions, giving rise to 8 possible
cases. We will describe now the procedure to find one of such 8
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mappings, from a given position controlled soft synergy model to the
corresponding position controlled underactuated hand. All the other
maps, which can be found with similar procedures, are reported in
table 12.2.

The hand/object behavior for a position controlled soft synergy
hand is defined by (12.15), while the behavior of an adaptive under-
actuated hand is controlled by (12.25). To match them means to
impose

(
Ks

q +Qτ

)
−1

Ks
qS δσ =

(
Ka

q +Qτ

)
−1

RT
(
R
(
Ka

q +Qτ

)
−1

RT
)
−1
δz.

(12.27)

Looking at the span of the second term of the previous equation, it is
possible to see that

span
{(

Ka
q +Qτ

)
−1

RT
(
R
(
Ka

q +Qτ

)
−1

RT
)
−1
}

=

span
{(

Ka
q +Qτ

)
−1

RT
}
,

(12.28)

since the term
(
R
(
Ka

q +Qτ

)
−1

RT
)
−1

is a square full rank matrix.
As a consequence, the two spans can be matched by imposing

RT =
(
Ka

q +Qτ

) (
Ks

q +Qτ

)
−1

Ks
qSM, (12.29)

where matrix M can be any full rank square matrix of suitable di-
mensions, which can be used as design parameter and accounts also
for measurement units harmonization. To complete the map, a rela-
tionship has to be defined from δσ to δz. Given the choice on (12.29),
a suitable relationship is

δz =
(
R
(
Ka

q +Qτ

)
−1

RT
)
M−1δσ. (12.30)

Results for all the possible combinations are recapitulated in table
12.2. It is worthwhile noting on table 12.2 that the mapping rule be-
tween matrices S and R is the same in all cases, and can be simplified
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to
RT = KqSM or R = M−1SK−1

q , (12.31)

with the choice Ka
q = Ks

q = Kq, in accordance with the results shown
in [A12]. Moreover, another important entry in table 12.2, is that
relative to the “position controlled soft synergy – force controlled un-
deractuation” case, in which the controls can be translated by the
simple relation

δη = M−1δσ or δσ = Mδη, (12.32)

which abstracts from the knowledge of Qτ , that is from the knowledge
of the object being grasped, allowing to design a force controlled adap-
tive underactuated hand which behaves, with respect to the grasped
object, as a position controlled soft synergy hand. The authors call
this design technique Adaptive Synergies.

12.2 A Modular Hand with Four Adaptive
Synergies

To validate the approach of adaptive synergies and to demonstrate
and analyse the effectiveness of the integration of multiple synergies
in a single device, a proof-of-concept, rapidly prototyped hand was re-
alized, see fig. 12.8. The prototype has three fingers, each composed
of a variable number of equal phalanges. The hand can accommodate
a variable number of adaptive synergies. The prototype is composed
of a palm holding the three fingers, and a four-stage transmission
system. A schematic of a single stage is shown in fig. 12.9(a), con-
taining the servomotors and a differential gear used to transmit the
torque from the motors to the tendons routed through fingers. Each
stage actuates one adaptive synergy, and is highlighted by a different
colour. From each stage three tendons (one for each finger) go up
to the palm. fig. 12.9(b) shows how actuation tendons of each syn-
ergy are put together and managed inside each finger. Each tendon
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(a) one synergy (b) four synergies

Figure 12.8: A modular hand prototype with adaptive synergies. Left:
an assembly with two 4-phalanges fingers, a 2-phalanges thumb, and
a single adaptive synergy. Right: a prototype with three equal fingers
and four adaptive synergies.

(a) palm (b) finger front (c) finger side

Figure 12.9: Arrangement of the differential transmission to imple-
ment four adaptive synergies. Notice that the pulleys mounted on
the finger (panel b and c) are idle, to allow a differential effect.

384



12.2 A Modular Hand with Four Adaptive Synergies

(a) (b)

(c) (d)

Figure 12.10: Hand prototype during the execution of some simple
grasps. Only one synergy is used to grasp four test objects, showing
intrinsic adaptivity of the hand.

is routed through each finger in a way similar to the solution shown
in fig. 12.9(c).

Some experimental tests were performed to demonstrate the main
characteristics of the hand prototype. In the experiments reported,
some simple grasp tests were performed to show the hand adaptiveness
during grasp of objects (a sphere, a cylinder, a box and a L-shaped
polyhedron). Pictures of the resulting grasp positions are shown in
fig. 12.10.
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12.3 The Pisa/IIT SoftHand

In this section we apply the adaptive synergy design approach of
fig. 12.7 to the design of a humanoid hand. The hand was designed ac-
cording to few specifications. On the functional side, requirements are
to grasp as wide a variety of objects and tools as possible among those
commonly used by humans in everyday tasks. The hand should be
able to effect a “power grasp” of tools properly and strongly enough to
operate them under arm and wrist control. No in–hand dexterous ma-
nipulation is required for this prototype. The main nonfunctional re-
quirements are resilience against force overexertion and impacts, and
safety in interactions with humans. The hand should be lightweight
and self-contained, to avoid encumbering the forearm and wrist with
motors, batteries and cabling. A simple and intuitive interface with
human users is also an important goal of the design, along with cost
effectiveness.

To meet the first functional requirement, the hand was designed
anthropomorphically, with 19 DOFs arranged in four fingers and an
opposable thumb (fig. 12.11). To maximize simplicity and usability,
however, the hand uses only one actuator. According to the design
approach described in this Chapter, the motor actuates the first syn-
ergy as derived from a human postural database [216]. The mechan-
ical implementation of the first soft synergy through shape–adaptive
underactuation was obtained via the numerical evaluation of the cor-
responding transmission matrix R and joint stiffness matrix Ka

q ap-
pearing in (12.20) and (12.22). The addition of further synergies to
achieve a degree of in-hand manipulability is possible in principle, fol-
lowing the design approach illustrated in the previous section, but is
left for future work. The hand assembly design is shown in fig. 12.12.
Each finger has four phalanges, while the thumb has three. The hand
palm is connected to a flange, to be fixed at the forearm, through
a compliant wrist allowing for three passive DOFs. In rest position,
with fingers stretched out and at a relative angle of about 15◦ in the
dorsal plane, the hand spans approximately 230 mm from thumb to
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Figure 12.11: Kinematics of the Pisa/IIT SoftHand. Revolute joints
are in dark gray, while rolling–contact joints are in light gray.

little finger tip, is 235 mm long from the wrist basis to the middle
finger tip and has 40 mm maximum thickness at the palm.

The requirement on power grasp implies that the hand is able
to generate a high enough grasping force, and to distribute it evenly
through all contacts, be them at the fingertips, the inner phalanges, or
the palm. These goals are naturally facilitated by the shape adaptiv-
ity of the soft synergy approach, yet they also require strong enough
actuation and, very importantly, low friction in the joints and trans-
mission mechanisms.

The requirement on resilience and safety was one of the most ex-
acting demands that the author set out for the design, as we believe
these to be crucial features that robots must possess to be of real
use in interaction with, and assistance to, humans. This is only more
true for hands, the body part primarily devoted to physical interaction
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Figure 12.12: A three–dimensional view of the Pisa/IIT SoftHand.
Main components (the motor, the battery pack and the electronic
control board), joints and wrist architecture are highlighted.
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with the environment for exploration and manipulation. To achieve
this goal, we adopted a nonconventional “soft robotics” design of the
mechanics of the hand, that fully exploits the potential of modern
material deposition techniques to build a rather sophisticated design
with rolling joints and elastic ligaments at very low cost.

A first departure form conventional design is the use of rolling con-
tact articulations to replace standard revolute joints. The new design
is inspired to a class of joints known as COmpliant Rolling-contact
Elements (CORE) [256,257], aka “Rolamite” or “XRjoints” joints [258]
(see fig. 12.13). Among these, Hillberry’s design of a rolling joint [259]
is particularly interesting to the purposes of the new design. A Hill-

(a) (b)

Figure 12.13: Schematic illustration of two examples of COmpliant
Rolling–contacts Elements (CORE): a Rolamite joint (left) and a Hill-
berry joint (right).

berry joint consists of a pair of cylinders in rolling contact on each
other, held together by metallic bands, which wrap around the cylin-
ders on opposite sides as schematically shown in fig. 12.13. In Hill-
berry joints, bands are very compliant in flexion, but rigid in traction.
The joint forms a higher kinematic pair, whose motion is defined by
the profile of the cylinders, and exhibits very low friction and abra-
sive wear. Because of these characteristics, the joint can behave sim-
ilarly to articular joints, and indeed was originally proposed for knee
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prostheses [259]. Hillberry joints have been used in few robotic ap-
plications before, including robot hands [260]. In the design of the

(a) Perspective view

(b) Side view and movement

Figure 12.14: Design of the compliant rolling–contact joint used in
the interphalangeal joints of the Pisa/IIT SofHands. (a) Perspective
view with rolling cylinders with matching multi-stable profile; Lateral
view, showing the arrangement of ligaments (green) and tendons (red)
(b).

Pisa/IIT SoftHand, we adopted CORE joints for all distal (interpha-
langeal, flexion/extension) articulations, while we used conventional
revolute joints for proximal (metacarpophalangeal, abduction/adduc-
tion) articulations. The new design introduces a few important mod-
ifications of existing rolling–contact joints, which are illustrated in
fig. 12.14. Firstly, metallic bands were replaced by elastic ligaments,
realized a polyurethane rubber able to withstand large deformations
and fatigue, and are fixed across the joint with an offset in the dor-
sal direction. Suitable pretensioning of the ligaments, together with
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a carefully designed profile of the two cylinders, introduce a desir-
able passive stability behaviour, with an attractive equilibrium at the
rest configuration with fingers stretched. The rolling cam profile is
realized on cylinder portions flanked by lateral walls on both sides,
whose slope is about 80◦ (see fig. 12.14 and fig. 12.16 and the related
video [AV24]). When two phalanges are assembled, such walls are
housed in a fitting recess of the matching phalanx. These features of
the new design are particularly important for the system to behave
softly and safely in contact, and to recover from force overexertion,
due e.g. to impacts or jamming of the hand, making the hand auto-
matically return to its correct assembly configuration. The joint can
withstand severe disarticulations (cf. fig. 12.16) and violent impacts
(fig. 12.17).

The design of interphalangeal joints does not require the use of
screws, shafts, bearings or gears. As can be seen in fig. 12.14, a few
teeth of an involute gear of vanishing height are indeed integrated in
the cam shape, to better support tangential loads at the joint.

Actuation of the hand is effected through a single Dyneema tendon
routed through all joints using passive anti-derailment pulleys. The
tendon action flexes and adducts fingers and thumb, counteracting the
elastic force of ligaments, and implementing adaptive underactuation
without the need for differential gears (fig. 12.15).

12.4 Experimental

The prototype hand in fig. 12.1 was built to perform experimentally
tests. The actuator powering the hand is a 6 Watt Maxon motor RE-
max21 with a reduction ratio of 84:1 equipped with a 12 bit magnetic
encoder (Austrian Microsystems AS5045) with a resolution of 0.0875◦.

The embedded electronic unit hosting sensor processing, motor
control and communication is located in the hand back, along with
the battery pack. The opening/closing of the hand is controlled via
a single set point reference, communicated via one of the available
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Figure 12.15: Partially exploded line sketch of the Pisa/IIT SoftHand.
The tendon distributing motion to all joints is highlighted in red.
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buses (SPI and RS-485).
During experiments the hand worn an off-the-shelf working glove

with padded rubber surfaces, supplying contact compliance and grip.

12.4.1 Force and torque measurements

An ATI nano 17 F/T sensor with UDP interface was used to measure
holding force and torque of the robotic hand. The sensor was embed-
ded in the two test objects of fig. 12.18: a split cylinder (fig. 12.18(a))
to measure the grasp force, and a disk (fig. 12.18(b)) to measure max-
imum holding torque. The cylinder used for grasp force experiments
is 120 mm high and has a diameter of 45 mm (see fig. 12.18(a)). The
disk used for measuring holding torques is 20 mm high and has a
diameter of 95 mm (see fig. 12.18(b)).

In fig. 12.19(b) we report force acquisitions during sensorized ob-
ject grasp. It is possible to notice how forces increased when fingers
get in contact with the sensorized cylinder (step behavior of the red
and blue line in fig. 12.19(b)). We achieved a maximum holding torque
of 2 Nm and maximum holding force of about 20 N along the z axis.
These limits appear to be dictated by the motor size rather than by
the hand construction: although we did not go through an exhaustive
analysis, in an occasional experiment with a stronger motor a holding
torque of 3.5 Nm and holding force of 28N were obtained. For more
details on the performed experiments, pls. see also the accompanying
video [AV25].

12.4.2 Grasp Experiments

To test the adaptiveness of the robotic hand, the grasp of several
objects of daily use in a domestic or lab environment were performed.
Grasp experiments were performed in three different conditions: 1)
the hand wrist fixed on a table and the object placed in the grasp; 2)
the object placed on a table and the hand mounted on a robot arm,
and 3) the hand wrist fixed to the forearm of a human operator.
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Some examples of grasps achieved in the first condition are re-
ported in fig. 12.20.

To test usage of the Pisa/IIT SoftHand in a robotic scenario, the
hand was mounted at the end-effector flange of a KUKA Light–Weight
robot arm. Fig. 12.22 shows some of the grasps tested. Notice that
the robot was manually programmed to reach an area were the ob-
ject was approximately known to lie, and no grasp planning phase
was executed. Rather, the hand was given a proportional closure
command by software, using the RS-485 communication bus. Video
sequences of the performed experiments can be seen on the accom-
panying videos [AV26], including one showing a simple application of
grasp force control to first hold, and then operate a spray bottle, and
one illustrating on–the–fly grabbing of a water bottle with the arm
sweeping a table top at a speed of 1 m/s ca [AV27].

Finally, to test the capability of the Pisa/IIT Hand to acquire
complex grasps of objects randomly placed in the environment, we
developed a wearable mechanical interface (see fig. 12.23(b)) allowing
an operator to use our hand as a substitution of his/her own. The
interface can be strapped on the operator’s forearm and can be con-
trolled by the operator acting on a lever with his/her real hand (see
fig. 12.23(a)). In fig. 12.24 we report some grasps executed with the
human interface (condition 2 above). Again, more results can be seen
in the accompanying video footage [AV21].

In summary, a total of 107 objects of different shape could be
successfully grasped in all conditions considered, bottle, reel, pincer,
stapler, pen, phone handset, plier, teddy bear, cup, handle, spray,
computer mice, hot–glue gun, human hand, cell phone, glass, screw–
driver, hammer, file, book, coin, scotch tape holder, ball, tea bag,
ketchup bottle, hamburger, camera, tripod stand, cutter, trash can,
keyboard, torch, battery container, battery (AA), small cup, measur-
ing tape, caliper, wrench, lighter, eraser, world map (globe), remote
control, hex key, AC adapter, keyring, spoon, fork, knife, hand tissue
box, liquid soap dispenser, corkscrew, rag, candy, calculator, slice of
cake, rubber-stamp, spring, paper, cellphone case, rubber band, bot-
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tle top, watch, umbrella, broom, garbage scoop, scarf, chair, school-
bag, USB cable, glue stick, wallet, credit card, sponge, pencil sharp-
ener, straight edge, safety lock, mouse pad, hard disk, jacket, drill,
chalk, notebook, blackboard eraser, door lock, square ruler, scissors,
eyeglasses, deodorant, USB key, hat, headphones, cigarette, helmet,
screw (M8), clamp, fridge magnet, drill bit, table calendar, saw, tape
cassette, beauty case, bubble gum box, bubble gum, tissue pocket,
dish, poster

One of the main lessons learned through these experiments is that,
while all grasps could be easily achieved by the hand when operated
by a human, programming the robot to achieve the same grasps was
in some cases rather complex. One of the main reason for this is, with
a reasonable opinion, that the human operator quickly learns how to
exploit the intrinsic adaptivity of the hand, including the wrist compli-
ance, to shape the hand before and during grasp. This is done with the
help of object features and/or environmental constraints, notably the
table top and walls. This observation hints that autonomous learn-
ing and planning for soft robot grasping might have to be focused on
constraint–based motion rather than on free–space, multi-DOF hand
shaping.
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(a) Finger Side bend (b) Finger Back bend

(c) Finger Twist (d) Finger Skew bend

(e) Side bend (f) Back bend

(g) Twist (h) Skew bend

Figure 12.16: The Pisa/IIT SoftHand joints can withstand severe
force overexertion in all directions, automatically returning to the
correct assembly configuration [AV24]
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Figure 12.17: A photo-sequence showing the PISA/IIT SoftHand dur-
ing a violent impact with a stiff surface.

(a) Grasp force test object (b) Holding torque test object

Figure 12.18: Sensorized object for torque measurements (a) and sen-
sorized object for force measurements (b).

397



Pisa/IIT SoftHand:
Design and Control

0 2 4 6 8−1

0

1

2

Time [s]

To
rq

ue
 (N

m
)

 

 

Tx
Ty
Tz

(a) Torques

0 2 4 6−20

−10

0

10

20

Time [s]

Fo
rc

e 
(N

)

 

 

Fx
Fy
Fz

(b) Forces

Figure 12.19: Torques and forces of the robotic hand during grasp
task.
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(a) Cube Grasp (b) Bottle Grasp (c) Reel Grasp

(d) Pincer Grasp (e) Stapler Grasp

Figure 12.20: Some experimental grasps performed with the Pisa/IIT
hand, with the object placed in the hand by a human operator.
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74 m
m

(a) Cube Dimensions

205 m
m

65 mm

(b) Bottle Dimensions

70 m
m

90 mm

50 mm

(c) Reel Dimensions
160 m

m

130 mm

(d) Pincer Dimen-
sions

155 m
m

57 mm

37 mm

(e) Stapler Dimen-
sions

Figure 12.21: Physical dimensions of the objects grasped in picture
Fig. 12.20 by the Pisa/IIT Hand.
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(a) Case Handle Grasp (b) Spray Grasp

(c) Cup Grasp (d) Telephone Grasp

Figure 12.22: Grasps executed with the Pisa/IIT SoftHand mounted
on a Kuka Light Weight Robot: handbag (a), spray (b), cup(c) and
telephone (d).
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(a)

(b)

Figure 12.23: (a) Components of the interface for human use of the
Pisa/IIT SoftHand. The angle position of the lever is acquired by the
electronics board and adopted as reference position to drive the actu-
ator of the hand. (b) Appearance of the assembled human interface
prototype.
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(a) Telephone Grasp (b) Pliers Grasp

(c) Teddy Bear Grasp (d) Bottle Grasp

Figure 12.24: Some examples of grasps executed with the robotic
hand mounted on a wearable Human Interface: telephone (a), pliers
(b), Teddy Bear (c) and bottle (d)

.
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Chapter 13
Pisa/IIT SoftHand:
control through sEMG signals

The text of this chapter is adapted from:
[A15] S.B. Godfrey, A. Ajoudani, M. Catalano, G. Grioli, A. Bic-
chi, A synergy-driven approach to a myoelectric hand, 13TH Inter-
national Conference on Rehabilitation Robotics, June 24-26, 2013,
Seattle, WA. [Accepted]

Approximately one person out of every 200 in the United States
has lost a limb [261]. Global statistics are difficult to estimate, but the
causes are predominately war, disease, and trauma, biased toward the
former in under-developed countries and the latter two in the devel-
oped world [262]. There is typically great functional and psychological
loss following amputation. As a result, prostheses have emerged to
cover a variety of functions, from cosmetic to restore appearance, to
lightweight body-powered hooks to provide basic functionality with
limited cost and weight (eg: from Hosmer, Fillauer LLC), to single or
multi-degree of freedom, anthropomorphic hands controlled by mus-
cle signals (myoelectric hands, eg: the DMC Plus®hand from Otto
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Bock or the i-limb™ultra from Touch Bionics, Inc).
Currently, both body-powered and myoelectric prostheses are com-

monly used. The former offer a lightweight design that is typically
more able to withstand vigorous use and harsh environments. The
latter, while often more costly and heavier than the body-powered
alternative, are more aesthetically pleasing and can provide the user
with greater control over the functioning of the hand [263]. Despite
the increased function of the newest hands, the cognitive load and
muscle control required prevents some amputees from adopting the
latest technology or using it to the fullest [263]. Much research is now
focused on shifting the cognitive burden to the control architecture of
the hand rather than the user: by using machine learning techniques,
EMG signals harvested from multi-channel systems determine user
intent and translate that to the hand, eg in [264,265]. These systems,
however, often require large numbers of electrodes, the placement of
which ranges from merely tedious to impossible depending on the
length of the stump. Also, complex machine learning algorithms re-
quire large training sets to be properly calibrated. The complexity of
the innate control and sensing of the human hand is extremely difficult
to replicate. For example, humans continuously vary the stiffness and
force of their muscles to adapt to the requirements of their situation.
In order to modulate these features effectively, humans rely heavily
on the tactile sensors of the hand. To enhance functionality of pros-
theses, features such as impedance control [266, 267] and vibrotactile
feedback [268] are being explored in research settings.

In this Chapter, myoelectric control of the Pisa-IIT SoftHand (see
Chapter 12) is introduced. The SoftHand is built on the principle of
synergies: through synergies, the brain is able to simplify the control
of the many degree of freedom hand [245]. By including synergies in
the mechanical design of the SoftHand, the requisite control architec-
ture is greatly simplified without compromising the function of the
device. For myoelectric control, we harvest EMG signals from two
electrodes placed on the proximal forearm, thus minimizing set up
time and improving the likelihood the user will have sufficient muscle
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to control the device. From these two signals, we determine desired
position as well as impedance. The impedance control is a simpli-
fied version of that used in this lab previously to modulate a robotic
arm [269]. In order to improve control of the device and minimize the
user’s reliance on visual feedback, vibrotactile feedback proportional
to force was included. The impedance and vibrotactile feedback fea-
tures are evaluated against a simple position controller for ease of use
and physical and cognitive load. The SoftHand, with its built-in syn-
ergies, eliminates the need to choose a grasp pattern, thus reducing
the cognitive burden on the user while achieving functional results.
A video demonstrating the SoftHand grasping various objects and il-
lustrating impedance control can be found at [AV28]. Body-powered
hands provide a robust design at low cost whereas myoelectrics offer
greater function but with increased cognitive load. It is the goal of
this study to provide proof of concept for a low cost, low cognitive
load hand capable of grasping a variety of objects and withstanding
harsher environments.

13.1 Overall study design

Four healthy, right-handed males participated in this study (mean
age: 29.75±2.01 years). Testing took place at the Istituto Italiano di
Tecnologia and each testing session lasted roughly 45 minutes. Sub-
jects lightly squeezed a ball to mimic grasping during which EMG
signals from the finger flexors and extensors were used to control the
grasping action of the SoftHand (Fig. 12.1). Subjects repeated a se-
ries of grasps four times: with and without impedance control and
with and without vibrotactile force feedback. The primary outcome
measure was the number of successful grasps with each testing mode.
Following completion of testing, subjects were asked to answer a short
questionnaire to rate the ease of use of the device and control inter-
face.
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Object Water Bottle Screwdriver Spray Bottle Ball

Dims (mm) 307× 55× 55 294× 25× 25 275× 84× 47 94× 94× 94

Weight (g) 250 50 500 500

Table 13.1: Dimensions and weights of test objects

13.2 Testing

Each participant attempted to grasp 4 objects: in order, a water bot-
tle, a screwdriver, a spray bottle, and a ball. (See Table 13.1 for
dimensions and weights of the tested objects.) These objects were
selected to require various typical grasp shapes and weights and rep-
resent various levels of softness. Four modes of SoftHand operation
were used: in order, Standard (no impedance control or vibrotac-
tile feedback), Impedance mode, Vibrotactile mode, and combined
Vibrotactile and Impedance mode (VI mode). Because this study in-
volved healthy subjects, the SoftHand was attached to the arm by a
platform strapped to the forearm. Subjects stood in front of a table
and reached to an object. Successful grasp was achieved when the
SoftHand held the object securely off the surface of the table. Each
grasp was attempted 3 times, for a total of 12 grasps per mode over 4
modes, for an overall total of 48 grasps. Subjects were allowed a brief
familiarization period with the device in standard mode to minimize
learning effects; mode and grasp order were fixed for all subjects as
stated above.

13.3 sEMG

Double differential surface electromyography (EMG) electrodes were
placed on the flexor digitorum superficialis (FDS) and the extensor
digitorum communis (EDC) according to the methods outlined in
[270] and were used in conjunction with the Delsys-Bangoli 16 system
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(Delsys Inc.). A reference electrode was placed at the elbow. EMG
signals were read into MatLab Simulink (Mathworks, Inc.) using the
Real-Time Windows Target feature of MatLab. The incoming signal
was filtered and rectified before being fed into the control scheme to
determine user intent and required motor output and stiffness levels.

13.4 Control Architecture

Figure 13.1: Block diagram of the control pattern used to drive the
Pisa/IIT SoftHand with myoelectric signals.

The control algorithm (Fig. 13.1) was run in Simulink and com-
munication with the hand as well as onboard sensing was achieved
using QB Control (QB Robotics SRL), which provides embedded in-
tegrated control of dc motors and the measurement of the rotary
magnetic encoders and analog sensors. Prior to testing, subjects were
asked to keep muscles at rest followed by repeated forceful contrac-
tions. From these measures, we established minimum thresholds of
activity and maximum contraction levels for scaling of the position
reference and impedance signals. After filtering the EMG signals as
described above, the amplitude was used to determine the position
reference output to the motor. The gain used was set by the EMG
amplitude maxima determined in the calibration process. Addition-
ally, in impedance and VI modes, an index defined as a function of
the sum of the FDS and EDC amplitudes was used to set the stiffness
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level. Therefore

τ = K(FDS,EDC)[θref(FDS,EDC)− θmsrd], (13.1)

with τ , θref and θmsrd denoting the torque synergy, EMG driven pos-
tural equilibrium reference and measured motor angular position, re-
spectively. The stiffness gain, K, was set to a constant value in stan-
dard and vibrotactile modes. In impedance and VI modes, K varied
with time as a function of the cocontractions. In these modes, as
cocontraction increased, so did the stiffness of the device to mimic in-
nate stiffness control. The block diagram of the control architecture
is provided in figure 13.1.

Finally, when vibrotactile feedback was used, position error was
multiplied by an experimentally-determined gain to control the volt-
age on a small (7 × 24 mm) vibration motor (Precision Microdrives
Ltd.), placed on the back of the hand. Higher position error correlated
to higher force, which was in turn proportional to the amplitude and
frequency of vibrations, thus providing force-feedback information to
the user. In the case of VI mode, the feedback was scaled to changes
in the stiffness to provide standardized feedback throughout the test-
ing.

13.5 Questionnaire

Questionnaires were employed throughout the testing process to bet-
ter evaluate the user-SoftHand control interface. Following operation
of each mode, users were asked to rate the amount of physical and
mental effort required to control the hand on a 5-point Likert scale.
After concluding the grasping experiment, subjects were again asked
to rate the overall amount of physical and mental effort as well as
asked to agree or disagree with the following statements, again on
a 5-point Likert scale: 1. The hand was easier to use in mode 2
(impedance). 2. The hand was easier to use with feedback. 3. The
hand was easier to use with both features (VI mode).
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(a) reach (b) grasp

(c) lift (d) release

(e) withdraw

Figure 13.2: Photographic sequence of a typical grasp. Five phases
are noticeable: in order, reach, grasp, lift, release, and withdraw.
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Figure 13.3: Activation of FDS (top) and EDC (bottom) during a
typical grasping sequence. Different colors indicate the five phases of
the grasp extracted from video recordings.

13.6 Data Analysis

The number of successful grasps in each mode was tabulated and
averaged across subjects. Survey data was also tabulated and is pre-
sented raw; as ordinal data, a mean cannot be calculated and the
median does not accurately represent data with small n. To ana-
lyze FDS EMG data, the filtered signal used to control the SoftHand
was further processed in MatLab. A minimum threshold was estab-
lished experimentally for active EMG. The EMG amplitude above
this threshold was averaged and the total time spent above threshold
calculated. Because muscular effort in this study is essentially iso-
metric, mechanical work of the muscle cannot be calculated. Instead,
we calculated the energy cost of the physical effort used to control the
hand as the integral of the EMG amplitude over time, only considering
above-threshold samples.
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Figure 13.4: Actual and reference position sent to the motor (top)
and the stiffness level used (bottom), determined by cocontraction.
Different colors indicate the five phases of the grasp extracted from
video recordings.

13.7 RESULTS

All subjects were able to generate sufficient EMG signal to drive the
SoftHand and study procedures were well tolerated. Subjects per-
formed the series of grasps after a brief familiarization period with
the device. No difference in grasp ability was found between the four
modes; out of 16 attempted grasps, subjects averaged 14.75, 15.25,
15.25, and 15 successful grasps in standard, impedance, vibrotactile,
and VI modes, respectively. An example of a grasp sequence can be
found in figure 13.2. The corresponding raw and processed EMG data
as well as the position and impedance signals sent to the motor can
be found in figures 13.3 and 13.4, respectively.

The results of the questionnaire on perceived physical and men-
tal effort required to use the device revealed differences between the
control modes. Figure 13.5 shows the results on the physical (a)
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(a) Physical Effort (b) Mental Effort

Figure 13.5: Questionnaire results for physical (top) and mental (bot-
tom) effort. Darker bars indicate lower perceived amount of effort.

and mental (b) effort questionnaire. Estimates of required mental
effort in each mode roughly mirror perceived physical effort. Both
impedance and vibrotactile modes required less physical and mental
effort than standard mode and the VI mode showed the lowest men-
tal effort of the four modes and lower physical effort than standard or
impedance modes. This comparison between modes is reflected in the
final questionnaire: when asked if the impedance mode was easier to
use, 2 subjects were neutral and 2 agreed. Regarding whether control
was easier with feedback, one participant disagreed, one agreed, and
two strongly agreed. Finally, 3 participants agreed and one strongly
agreed when asked if control was easier with both features (impedance
control and vibratory feedback).

Figure 13.6 presents a summary of the FDS EMG data. The total
time spent above threshold is presented in Fig. 13.6(a): subjects
spent the longest time in standard mode, less time in impedance and
vibrotactile modes, and the least time in VI mode (mean time above
threshold in s: 138.8±57.9, 106.7±37.4, 102.0±27.9, and 80.4±45.1,
for standard, impedance, vibrotactile, and VI modes, respectively).
We calculated both the average EMG amplitude above threshold as
well as a cumulative EMG measure (Fig. 13.6(b), line and bars on
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(a) Duration of EMG Activity (b) EMG Activity

Figure 13.6: Time spent above threshold averaged across subjects
(top). Average FDS EMG amplitude (bottom, bars) and cumulative
EMG (bottom, line).

graph, respectively). There was little difference between the modes
in average EMG; the impedance mode showed slightly lower EMG
levels than the other three modes (average EMG amplitude in mV,
0.0391 ± 0.0111, 0.0345 ± 0.056, 0.0393 ± 0.012, and 0.0420 ± 0.038,
for standard, impedance, vibrotactile, and VI modes, respectively).
As an estimate of total effort, cumulative EMG amplitude was also
calculated. Similar to the time spent above threshold in each mode,
the highest energy cost was seen in the standard mode, while lowest
was in VI mode.
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Chapter 14
Pisa/IIT SoftHand:
teleimpedance control

The text of this chapter is adapted from:
[A16]A. Ajoudani, S. B. Godfrey, M. Catalano, G. Grioli, N. G.
Tsagarakis and A. Bicchi, Teleimpedance Control of a Synergy-Driven
Anthropomorphic Hand, IEEE/RSJ International Conference on In-
telligent Robots and Systems, November 3-7, 2013, Tokyo, Japan.
[Under Review]

In addition to the basic position and force control currently avail-
able in prostheses, various features are being explored to increase ease
of use and enhance the user’s experience. Two of these features, that
will be explored in this chapter, are impedance control, which may
provide more natural control of the hand [266], and vibrotactile feed-
back, which may minimize fatigue by allowing users to control the
hand with less force [268].

With the goal of exploiting the efficiency and robustness of syn-
ergistic grasping, a novel myoelectric teleimpedance controller is de-
veloped. The concept of teleimpedance control has been previously
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presented as a practical approach for transferring human impedance-
regulation skills and equilibrium position profiles to robots, in re-
altime. These previous works focused on impedance control in the
proximal upper limb [269, 271] and lower limb [272]. In this work,
an active impedance controller incorporating the user’s hand stiffness
and postural synergy profiles in realtime is presented. Exploiting the
concept of synergies that drive concurrent muscle activation, only one
pair of antagonistic muscles (two EMG channels) was necessary for
the musculoskeletal modeling of the grasp. The resultant model out-
puts were then used to command the stiffness and postural synergy
references tracked by the developed impedance controller.

While visual feedback with a prosthesis can make up for some
of the lack of proprioception, knowledge of task interaction forces is
difficult to acquire. To that end, we developed a grasping contact force
or finger interaction observer which incorporates the pre-identified
disturbance model of the hand. Resulting interaction forces are then
converted and applied to the user as vibrotactile feedback, providing
realtime information on the contact forces in response to user-modified
hand compliance and posture. The efficiency of the novel synergy-
driven teleimpedance approach for dexterous manipulation has been
evaluated through experiments with two subjects. From this link
[AV29] is possible to view a video with the tele impedance control of
the Pisa/IIT SoftHand.

14.1 SoftHand Synergy References

The concept of hand postural synergies has been previously intro-
duced as a motor control method to simplify the immense complexity
of the hand through distinct motor patterns [216,245]. Such patterns
are deemed to be coded in the space of muscular activations [273].
These observations promote the idea of exploring the minimum num-
ber of muscles necessary to decode and extract the information related
to the stiffness and equilibrium position references. In this work to
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estimate the required hand controller inputs and adopt the minimum
required number of electromyography signals, we acquired and pro-
cessed only one major antagonistic group of muscles acting on the
hand. Therefore, the extensor digitorum communis (EDC) and flexor
digitorum superficialis (FDS) muscles are used in the experimental
setup.

In order to map the EDC and FDS muscular activations to the
stiffness and postural synergy commands in the most physiologically
accurate way, a musculoskeletal model of the hand must be developed
following procedures described in [274]. The musculotendon length
and moment arm variations must be modeled as functions of finger
movements along the first synergy. Eventually, parameters of the
muscle model must be identified based on the user’s physiological and
anatomical data. However, since the main application of the hand
is for amputee use as a prosthesis, this parameter identification, if
possible, will result in complex and invasive experiments. For this
reason, here we propose a simpler and fairly reliable modeling of the
SoftHand postural and stiffness synergy references.

To establish the mapping between the processed EMGs and the
desired SoftHand postural and stiffness synergies, we used two single-
neuron neural networks with the activation function of a modified
hyperbolic tangent [275]. Therefore we can write:

qs =
aq[1− e−bq(FDS−EDC)]

[1 + e−bq(FDS−EDC)]
,

with aq and bq denoting constant gains which adjust the output range
and the shape of the curve of the output, qs, motor position syn-
ergy reference. FDS and EDC are the processed EMG signals of the
corresponding muscles. Similarly for the stiffness:

Ks =
ak[1− e−bk(FDS+EDC)]

[1 + e−bk(FDS+EDC)]
,

with ak and bk are similar as above and Ks, denoting the stiffness
synergy reference, is allocated in the stiffness interval of the robotic
hand.
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The parameters of the above mapping can be identified to re-
late the processed EMG signals to a desired position and stiffness
interval of the corresponding device, eventually permitting the im-
plementation of different control strategies including grasping motion
assistance and/or hand/grasping stiffness control and augmentation.
The realization of such control schemes could remarkably increase the
efficiency of the SoftHand grasp for users with weak EMG signals,
such as in amputees with muscle atrophy or short stump length.

To identify the parameters of the above single-neuron networks, all
subjects were asked to open and close the hand, trying to mimic the
first synergy movement of the hand. As a reference, the SoftHand was
slowly opened and closed. Meanwhile, FDS and EDC muscular activ-
ities were recorded. Subjects performed 20 grasping trials. Following
that, the subjects were asked to perform the grasp at 5 different FDS
and EDC cocontraction levels. Visual feedback of the summated FDS
and EDC levels was provided during the trial to assist the subjects
in maintaining steady cocontraction levels. Four trials were recorded
for each level, resulting in 20 trials in total.

Eventually, parameter identification of the postural model (qs) and
stiffness model (Ks), and the corresponding motor position reference
and SoftHand stiffness interval, respectively, was performed on even
numbered trials while using FDS and EDC inputs. The bounds on
the SoftHand stiffness parameter (outer controller loop gain, described
below) were chosen experimentally, to balance the trade off between
grasp compliance and good tracking performance. The odd numbered
trials were used for the evaluation of the mappings. This led to the
normalized root-mean-squared error (NRMSE) values of %16.4 and
%11.8 for the postural and stiffness test trials, respectively, averaged
across subjects.
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Figure 14.1: Block diagram of the synergy-driven hand teleimpedance.

14.2 Interaction Torque Observer

As mentioned previously, one DC motor is utilized to pull the tendon
and drive the hand joints according to the first hand synergy. The
equation of motor dynamics1 is then defined by:

Jnq̈ = KtnIref − τdist, (14.1)

with q̈, Ktn, and Iref denoting the motor angular acceleration, torque
constant, and motor current, respectively. Jn = Jm+

Jh
N2 represents the

total inertia (motor plus hand reflected inertias to the motor side). In
the setup adopted, due to the low velocity profiles of the hand closure
and the relatively high gear ratio, the reflected inertia of the hand, Jh

N2 ,
is neglected. The disturbance torque, τdist, combines all the internal
and external disturbance torques and is assumed to be formed by four
components: the elastic torque generated by the hand tendons during
closure (τte), the gravitational effect (τgrav), the frictional torque due
to friction in the hand joints and pulleys (τf ), and the interaction

1In this chapter, if not stated explicitly, all the variables and equations are
described on the motor side (including interaction torque). Therefore, a gearbox
ratio of N = 84 must be taken into account for the presentation of the variables
after the gearbox.
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torque (τint). We can write:

τdist = τmodel + τint
= τte + τf + τgrav + τint.

(14.2)

In the above equation, due to the lightweight design of the hand,
the effect of gravitational torque is neglected. The hand closure elastic
torque component is modelled as a function of the motor shaft rotation
angle. In addition, an antisymmetric piecewise-linear function of the
motor speed and tendon tension is exploited for the modeling of the
viscous and Coulomb friction of the hand [276], as follows,

τf(q̇) =





D1q̇ + ns1Kte(q − qo) q̇ > 0

D2q̇ − ns2Kte(q − qo) q̇ < 0,
(14.3)

with Di, nsi , Kte, and qo representing the viscous damping and Coulomb
friction coefficients, the reflected hand tendon stiffness, and motor
angular position at rest (hand open), respectively. Incorporating the
above assumptions in the disturbance model of the hand will result
in:

τmodeli = (1 + nsi)Kte(q − qo) +Diq̇, (14.4)

with the index i referring to the antisymmetric Coulomb and velocity
dependent components of the friction model. Therefore, the hand
closure and opening models will be identified separately, as described
below.

Supposing that the hand has not come in contact with the object
to be grasped (i.e. τint = 0 in eq. 14.2), the hand model torque
(τmodel) can be computed from the motor current and its motion re-
sponse. Such calculation would require motor current and acceleration
sensing with the latter being sensitive to noise if computed from posi-
tion differentiation. To achieve reliable hand model torque estimation
while taking into account the minimum hardware requirements, a ro-
bust torque observation technique is used here. In particular, the hand
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model torque is estimated based on the angular velocity as follows:

τ̂model = KtnIref − Jnq̈

=
λ

s+ λ
(KtnIref − Jnsq̇)

=
λ

s+ λ
(KtnIref + λJnq̇)− λJnq̇.

(14.5)

Here, s is the Laplace operator and λ represents the filter cutoff fre-
quency which affects the disturbance rejection capability [277]. The
major design criterion is to choose λ low enough to result in a ro-
bust system, while considering the introduced filtering delay. Now,
to estimate the reflected interaction torque caused by the contact of
the hand with the environment, we take equations (14.1) and (14.5)
into account and subtract the identified hand model torque (equation
(14.4)), from the external torque effect as follows:

τ̂int =
λ

s+ λ
(KtnIref + λJnq̇ − τ̂model)− λJnq̇. (14.6)

The block diagram of the interaction torque observer is shown in
figure (14.2).

14.2.1 Hand Disturbance Model Identification

To identify the parameters of the hand model (equation 14.4), the
hand controller was driven with low velocity (quasi-static) reference
trajectories. Such motion reference profiles were designed to result
in complete hand closure, starting from fully extended fingers. This
process was repeated in the reverse direction to identify the model pa-
rameters for the opening of the hand. The antisymmetric and velocity
dependent properties of the friction model were the main reasons for
separate identification of the hand closure and opening models.

Consequently, the resultant current, position, and velocity profiles
were used to estimate the components of the equation (14.4), by means
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Figure 14.2: Interaction torque observer block diagram.

of conventional least squares identification algorithm. The identifica-
tion process led to two feed-forward, velocity dependent estimates of
the hand disturbance model, τ̂model.

14.3 Controller Design

Teleimpedance control, a method to provide the robot with a human’s
realtime equilibrium position and impedance profiles, has been pre-
viously proposed in [269, 271]. An extension of this teleimpedance
controller, the common-mode and configuration-dependent stiffness
controllers were built upon the observations of human arm stiffness
synergies and redundancy resolution [278].

In this Chapter, based on the principle concept which incorpo-
rates the user’s intention in the control of the soft and robust grasp,
a novel teleimpedance controller is developed. The overall block di-
agram of the proposed controller is shown in figure (14.1). In this
control scheme, the inner loop is a high bandwidth current regulator
while the outer loop implements a position controller which incorpo-
rates a time varying gain which is updated by the user’s hand stiffness
synergy profile in realtime. This value is adjusted by the realtime stiff-
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ness synergy model developed in section 14.1. The lower bound of the
stiffness gain was experimentally chosen to guarantee good tracking
performance as well as high grasp compliance. Simultaneously, ac-
quired muscular activities were used to determine reference position
profiles as described earlier in section 14.1.

The hand disturbance model block estimates the hand model torque,
relying on previously developed and identified feed-forward models
(equation 14.4). The estimated torque is then converted to the cur-
rent and fed to the inner current controller as Idist. In the meantime,
the estimated hand model torque is used by the interaction torque
observer (figure 14.2), to estimate the interaction torques due to con-
tact with the grasped object. Subsequently, the resulting interaction
torque is converted and applied to the resonant actuator in order to
provide the user with some indication of the grasp state and force.
Smooth and skillful grasp control can be achieved by the user with
the modulation of the interaction forces by means of controlling the
hand compliance.

14.4 Experimental Setup

Analog electromyography signals were measured and amplified with
a Delsys-Bangoli 16 (Delsys Inc.) apparatus. Acquired signals were
band-pass filtered within the 20-450 Hz frequency range. Resulting
signals were sampled at 2 kHz (PCI-6220, National Instruments) and
full rectified for further processing. A digital, non-causal FIR linear
phase low-pass filter was used for the detection of the envelope of the
signal, which approximately corresponds to muscle activity. EMG
normalization was performed automatically. Each time the system
was activated, subjects were given 5 seconds to perform maximal co-
contactions. This input was then used to normalize the EMG signals
online. The normalized signals were fed into the model described in
section 14.1.

The hand unit controller and power driver for the motor are cus-
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tom control boards based on the Texas Instruments Luminary DSP
chip LM3S8962. The DSP control loop is executed at 1KHz while the
communication with the host PC is achieved through a real time Eth-
ernet link. Motor current measurement is performed by a hall effect
based current sensor and appropriate signal conditioning integrated
in the motor power driver module.

A small (24 × 7 mm), low-cost linear resonant actuator (Preci-
sion MicrodrivesTM) was utilized to provide the user with vibrotactile
feedback. To that end, the observed interaction torque was exper-
imentally scaled and fit to the input voltage range of the resonant
actuator. A USB-6009, National Instruments board was employed
to apply the desired analog voltage to the actuator. The actuator
was placed on the back of the hand to minimize the effect of applied
vibrations on EMG signal acquisition.

The data acquisition and synchronization interfaces between the
motor controller board, the interaction torque observer, the hand
model torque, the EMG acquisition board, the hand musculoskele-
tal model, and the resonant actuator were developed in C++. The
acquisition, processing and control ran at 1KHz sampling frequency.

Experiments were designed to evaluate the effectiveness of vibro-
tactile feedback and user-modified compliance in controlling the nat-
ural, robust grasp of the SoftHand. For this reason, objects with
different elastic properties were grasped under the following hand con-
troller parameters: i) fixed and relatively high stiffness gain (Stiff), ii)
fixed and relatively low stiffness gain (Compliant), and iii) user mod-
ified hand compliance (Teleimpedance), all with or without the effect
of vibrotactile feedback. Postural synergy commands were derived
from the model, described in section 14.1, and were consistent among
all experiments. Subjects stood in front of a table and reached to an
object. Successful grasp was achieved when the SoftHand held the ob-
ject securely off the surface of the table. Each grasp was attempted 3
times. Before the experiments, subjects were provided with adequate
training trials to minimize the learning effect.
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14.5 Results

14.5.1 Interaction Torque Observer

In order to validate the accuracy of the identified hand model, the
hand controller was provided with a sine wave position trajectory.
The trajectory led to the execution of four SoftHand half-closure and
full-opening movements. A soft, deformable ball was grasped during
the second and third closures and removed on the first and the last. By
pre-determined placement of the soft obstacle along the hand closure,
the hand was conformed around the obstacle with two (figure 14.4-
c1) and three fingers (figure 14.4-c2) contacting the object, causing
small deformations on the ball’s surface. The motor current (Iext)
was measured and used for the detection of contact and estimation of
the interaction torque during the grasping of the ball.

Figure (14.3), illustrates the results of this experiment. The top
three plots demonstrate the position tracking, motor current, and mo-
tor voltage profiles, from the top down. Observed interaction torques
once the soft obstacle is squeezed by two (c1) or three (c2) fingers
are provided in the bottom plot. During the first and last closures,
the fingers did not contact the object, resulting in low interaction
torques. In addition, although a soft and deformable obstacle was
grasped by only two or three fingers, interaction torque fluctuations
were efficiently monitored.

14.5.2 Grasping Experiments

Subjects were able to grasp objects with different elastic properties
when the SoftHand was provided with Teleimpedance and Stiff con-
trollers (see section 14.4 for details of the setup). However, the Stiff
controller caused undesired deformations in the surface of soft objects.
These deformations were not observed in the experiments in which
the hand controller was running under Teleimpedance and Compli-
ant cases. In the latter, subjects were able to shape the SoftHand
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Figure 14.3: Results of a grasping experiment with fixed stiffness
gain. A soft, deformable ball was used as an object to grasp during
the second and third closures and removed on the first and the last.
The top three plots demonstrate the position tracking, motor current
and motor voltage profiles, from the top down. Observed interaction
torques once the soft obstacle was squeezed by two (c1) or three (c2)
fingers are provided in the bottom plot.
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Figure 14.4: The SoftHand molds around the obstacle by two (c1)
and three (c2) fingers, during grasping.

around all objects, but were unable to lift heavy and low-friction ob-
jects (e.g. mug and ball) due to low levels of hand force resulting in
object slippage on lift. Nevertheless, it is worth noting that, since the
motor is provided with estimated hand disturbance current (Idist, see
figure 14.1), fairly good tracking is achieved even when the SoftHand
is operated under the Compliant controller.

Typical results of an experiment, in which the subject grasped a
rigid object (mug) are illustrated in figure 14.5. Here, the SoftHand
was executed under Stiff (14.5.a), Compliant (14.5.b) and Teleimpedance
(14.5.c) controllers. The top and middle plots contain the desired and
measured postural synergy references (upper portion of each) and the
observed interaction torques between the hand and the grasped object
(lower portion of each) for Stiff and Compliant controllers, respec-
tively. Muscular activities of the subject with the SoftHand under
Teleimpedance control are illustrated in the third plot, fig. (14.5.c).
The stiffness synergy reference, Ks, as a result of subject cocontrac-
tions is normalized to the chosen maximum stiffness gain and depicted
in the bottommost portion of fig. (14.5.c).

As shown in the plots, high interaction forces are realized once the
grasp is executed with the Stiff controller under high, fixed gain. Such
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(a)

(b)

(c)

Figure 14.5: Experimental results of the SoftHand grasping a hard
object (mug), with the controller under a) high, fixed stiffness gain,
b) low, fixed stiffness gain, and c) teleimpedance.
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Figure 14.6: SoftHand making an espresso [AV30].

behavior is not desirable when grasping fragile or soft objects and can
cause damage or deformation, either to the object or the prothesis
itself. In addition, abrupt changes of the interaction forces are seen
due to the rigidity of the hand. On the other hand, the Compliant
controller with reduced stiffness gain produced lower interaction forces
but was unable to provide the task forces required to complete the
task.

Unlike in the Complaint and Stiff cases, user-modified compliance
of the hand used in Teleimpedance control, together with the postu-
ral synergy profiles, provide the possibility of adjusting task-related
grasp forces (figure 14.5.c). With this controller, lower cocontractions
resulted in high compliance, allowing gentle grasping of fragile or de-
formable objects, while higher stiffness values were generated with
higher cocontractions to grasp heavier or more rigid objects. This
feature enables smooth modulations of the hand forces, in contrast
with the Stiff controller, while still allowing task completion. The
SoftHand teleimpedance controller was also tested with activities of
daily living (e.g. opening and closing a jar lid, etc). In figure (14.6),
a subject used the SoftHand to demonstrate the steps to make an
espresso [AV30].

As noted before, observed interaction forces were converted and
applied to the users via a low-cost resonant actuator. The effect of
vibrotactile impedance on muscular activity levels was tested on one
subject; this feedback resulted in lower muscular activity levels in
Teleimpedance and Stiff controllers. Figure 14.7 illustrates these re-
sults while operating the hand with Teleimpedance control. Muscular
activities were averaged across all trials either with or without feed-
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Figure 14.7: Average processed EMG signals for one subject, grasping
different objects. The averaging was performed on all trials either
with or without the effect of vibrotactile feedback in Teleimpedance
experiments.

back (grasping objects with different elastic properties) for a given
control scheme. The reduction in the average EMG levels (particularly
FDS) with vibrotatile feedback, provides an insight to reduced phys-
iological load on the subject. As in the other grasping experiments,
the effect of vibrotactile feedback was tested following adequate fa-
miliarization of the subject with the device and the controller.
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JOINTS IN STANFORD/JPL HAND

Carl F. Ruoff
La Crescenta, Cali-
fornia

J. Kenneth Sal-
isbury
Palo Alto, Califor-
nia

Description: Each finger has three joints and each part can rotate around a pin.
The first joint connects two parts and allows rotational movement. The second
joint is assembled with the first joint by means of a clamp. It can rotate around a
pin, and has an idler pulley. There is a third joint which allows another rotational
movement, but is fixed by a nut. The second and third joints are connected by a
clamp.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type Agonistic-antagonistic

Materials

Application MCP/PIP/DIP joint for fingers and thumb

Tendon driven Yes

Motor locator Forearm

Reference: Multi-fingered Robotic Hand, Carl F. Ruoff, J. Kenneth Salisbury,
Patent Number: 4,921,293 (May 1, 1990)
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DIP/PIP JOINT IN DLR HAND

Markus Grebenstein, Maxime Chalon, Gerd Hirzinger
Institute of Robotics and Mechatronics,
German Aerospace Center, Wessling, Germany

Roland Siegwart
Autonomous System Lab, ETH Zurich,
Zurich, Switzerland

Description: The joints of each finger are driven by two tendons, each one
attached to one motor. The design of this joint resembles the anatomy of the
human hand joints. The tendons are collocated on a cylindrical pulley and are
preloaded. This pretension force allows to use of an open joint with a cylindrical
joint head and a joint pan of less than 180◦. This joint presents ridges, which
avoid the escape of tendons during movement.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type Agonistic-antagonistic

Materials

Application PIP/DIP joint for fingers and thumb

Tendon driven Yes

Motor locator Forearm

Reference: Antagonistically Driven Finger Design for the Anthropomorphic
DLR Hand Arm System , Markus Grebenstein, Maxime Chalon, Gerd Hirzinger
& Roland Siegwart
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FINGER IN HIT/DLR PROSTHETIC HAND

H. Huang, L. Jiang, D.W. Zhao,
J.D. Zhao, H.G. Cai
Robotics Research Institute, Harbin
Institute
of Technology, Heilongjiang, China

H. Liu, P. Meusel, B. Willberg, G.
Hirzinger
Institute of Robotics and Mechatronics
German
Aerospace Center, DLR, Wessling,
Germany

Description: The three fingers of Hit/Dlr hand are parallel on the base axis
and each of them is equipped with a torsion spring. The base axis turns after
bevel gear. Two spring nogs are fixed on base axis, and the torque of each finger
is connected with them through torsion springs. When spring nogs are running
after base axis, torque is generated through torsion springs, thus the 4-bar linkage
of each finger is driven.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type

Materials

Application PIP/DIP joint for fingers

Tendon driven No

Motor locator Palm

Reference: The Development on a New Biomechatronic Prosthetic Hand
Based on Under-actueted Mechanism , H. Huang, L. Jiang, D.W. Zhao, H.G.
Cai, H. Liu, P. Meusel, B. Willberg, G. Hirzinger
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THUMB IN HIT/DLR PROSTHETIC HAND

H. Huang, L. Jiang, D.W. Zhao,
J.D. Zhao, H.G. Cai
Robotics Research Institute
Harbin Institute of Technology
Heilongjiang, China

H. Liu, P. Meusel, B. Willberg, G.
Hirzinger
Institute of Robotics and Mechatronics
German
Aerospace Center, DLR, Wessling,
Germany

Description:The thumb is composed by an underactuated finger and an actua-
tion system. The thumb revolves around a tilted axis and its workspace consist of
a cone surface. The underactuation in 3D space is realized through a ball bearing
in base joint and with a pair of upright axes at fingertip.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type

Materials

Application Joint for thumb

Tendon driven No

Motor locator Palm

Reference: The Development on a New Biomechatronic Prosthetic Hand
Based on Under-actueted Mechanism, H. Huang, L. Jiang, D.W. Zhao, H.G. Cai,
H. Liu, P. Meusel, B. Willberg, G. Hirzinger
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ARTIFICIAL FINGER JOINT

Zhe Xu, Emanuel Todorov, Brian Dellon
and Yoky Matsuoka
Department of Computer Science
& Engineering,
University of Washington, USA

Description: This joint uses a sleeve made by crocheted ligaments to limit the
motion range of the metacarpal joint. This sleeve is elastic. Each distal segment
of the fingers is studied to be removable from its base. This is so as to mount a
steel ring on whose board is stitched a crocheted joint capsule to form a continuous
attachment zone near the finger joint. This design excludes dorsal area because
we consider that extensor hood is an independent component. The crocheted
ligament has an hyperbolic shape to ensure sealing of joint space and column
length determining the range of motion of joint. Indeed the thickness of joint
capsule can be controlled by varying the stitch type.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Continuous

Active/Semiactive/Passive Semiactive

Type

Materials Crocheted joint ligaments: 0,46mm Spectra fiber

Elastic component: silicon rubber

Application MCP joint for fingers

Tendon driven No

Motor locator

Reference: Design and Analysis of an Artificial Finger Joint for Anthropo-
morphic Robotic Hands , Zhe Xu, Emanuel Todorov, Brian Dellon and Yoky
Matsuoka
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JOINT WITH SPRING FOR ANTROPHOMORPHIC HAND

Skyler A. Dalley, Tuomas E. Wiste,
Thomas J. Withrow, Michael Goldfarb
Department of Mechanical Engineering,
Vanderbilt University, Nashville, USA

Description: In this hand small-diameter pulleys are used to pull tendons. Each
joint has torsional springs, placed parallel with tendons. Torsional springs are
used to recoil the joints in the rest position. With this kind of springs structure
the hand can be controlled without force or motion control (i.e. the hand can be
controlled in position only)

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Discrete

Active/Semiactive/Passive Passive

Type

Materials Nickel-coated thermoplastic

Application MCP/DIP/PIP joint for fingers and thumb

Tendon driven Yes

Motor locator Forearm

Reference: Design of a Multifunctional Anthropomorphic Prosthetic Hand
With Extrinsic Actuation, Skyler A. Dalley, Tuomas E. Wiste, Thomas J. With-
row, Michael Goldfarb
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JOINT IN UB HAND 3

F. Lotti, P. Tiezzi,G. Vassura
Dep. Of Mechanical Engineering
University Of Bologna, Bologna, Italy

L. Biagiotti, G. Palli, C. Melchiorri
Dep. Of Electronics, Computer Science And
Systems
University Of Bologna, Bologna, Italy

Description:This joint is used in particular for proximal joint and works with
elastic elements. The internal structure is designed so that the movement of
phalanges is due to elastic joints. These elements are built with helical springs,
which tends to flexion under action of tendon pulling. A limited number of coils
can allow large displacements, avoiding permanent deformations and buckling
phenomena. One hinge degree of freedom is obtained by parallel placing springs.
Moreover springs can help tendon routing, allowing to obtain different tendon
configurations.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Continuous

Active/Semiactive/Passive Passive

Type With elastic elements

Materials Plastic and steel springs

Application PIP joint

Tendon driven Yes

Motor locator Forearm

Reference: Development of UB Hand 3: Early Results, F. Lotti, P. Tiezzi,G.
Vassura, L. Biagiotti, G. Palli, C. Melchiorri
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JOINT FOR ARTICULATED FINGERS IN ROBOT HAND

Fabrizio Lotti, Gabriele Vassura
DEIM Mech. Eng. Dept.
University of Bologna, Italy

Description:This joint has three elastic hinges, to make two active and one
passive flexure. Without deformations, adjacent links form an angle of 45◦, so
moving the joint from 45◦ upwards to 45◦ downwards, a total angular excursion
of 90◦ is obtained. The three hinges were designed with the same stiffness. Each
joint can transmit both tension and compression forces. Phalanx masses and
friction between flexure and guides have been considered negligible.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Continuous

Active/Semiactive/Passive Semiactive

Type

Materials PTFE

Application MCP/DIP/PIP joint for fingers

Tendon driven Yes

Motor locator

Reference: A Novel Approach to Mechanical Design of Articulated Fingers
for Robotic Hands, Fabrizio Lotti, Gabriele Vassura
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JOINT IN SHADOW HAND

The Shadow Robot Company, London

Description:The thumb has five degrees of freedom and five joints while each
finger has three degrees of freedom and four joints. The distal joint of the fingers
is coupled in manner similar to human finger. The little finger has an extra joint
in the palm, so the opposition to the thumb is allowed. Indeed the middle joint
is always more bended then the distal joint.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type Agonistic-antagonistic

Materials Acetyl, aluminium, polycarbonate fingernails

and polyurethane flesh

Application MCP/PIP/DIP joint for fingers and thumb

Tendon driven Yes

Motor locator Forearm

Reference: Shadow Dexterous Hand C6M, Technical Specification
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JOINT FOR NAIST HAND

Jun Ueda, Yutaka Ishida, Masahiro
Kondo,
Tsukasa Ogasawara
Robotics Laboratory,Graduate School
Of Information Science, Nara Institute
Of Science And Technology (NAIST),
Nara, Japan

Description:Each finger has a 2 DoFs metacarpal joint and another DoF is
associated with both proximal and distal joints because the flexion-extension mo-
tion of distal joint is coupled with the proximal motion ( θrod ) by a linkage. Two
actuated joints are located at metacarpal level and produce adduction-abduction
( θMpaa ) and flexion-extension ( θMpfe ) of the fingers.

All actuators are located in the palm and special mechanism allows the trans-
mission of motion to the joints.

JOINT FEATURES

Number of DoF 1 (DIP/PIP), 2 (MCP)

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type

Materials

Application MCP/DIP/PIP joint for finger

Tendon driven No

Motor locator Palm

Reference: Development of the NAIST-Hand with Vision.based Tactile Fin-
gertip Sensor , Jun Ueda, Yutaka Ishida, Masahiro Kondo, Tsukasa Ogasawara
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DIP/PIP JOINT IN A LIFE-SIZE MULTI-FINGERED HAND

Kenji Kaneko, Kensuke Harada,
Fumio Kanehiro
Humanoid Research Group
Intelligent Systems Research Institute,
National Institute Of Advanced Indus-
trial
Science And Technology, Ibaraki, Japan

Description:Proximal and distal joints are mechanically coupled by a double-
rocker mechanism and driven by one actuator. Proximal joint is an active joint
while distal joint is a passive joint, due to the position of the third servomotor
driving these joints. The third servomotor and the third harmonic drive gearbox
are embedded in proximal joint, because the proximal phalanx is much longer
than middle phalanx and distal phalanx. Its output shaft is directly connected to
the middle link. So proximal joint is actively controlled by controlling the third
servomotor and distal joint is driven by the double-rocker mechanism.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type

Materials

Application DIP/PIP joint

Tendon driven No

Motor locator Palm

Reference: Development of Multi-fingered Hand for Life-size Humanoid Robots
, Kenji Kaneko, Kensuke Harada, Fumio Kanehiro
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JOINT IN UTAH/M.I.T. HAND

S.C. Jacobsen, E.K. Iversen, D.F. Knutti,
R.T. Johnson, K.B. Biggers
Center For Engineering Design
University Of Utah, Usa

Description:The first two joints of each finger are separated in order to allow
tendons to be routed in a properly manner. Tendons routing is done by means
of a series of pulleys. Rolling joints consist of composite materials, molded by
injection. Gears were inserted in these joints. The presence of coupling parts
and gears between the two halves of the joint limits the rolling movement of joint
itself. Each joint has 16 pulleys for tendon routing, for a total of 288 pulleys.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type

Materials Hand elements: 7075 aluminum

Tendon: Dracon fibres and Kevlar

Application MCP/PIP/DIP joint for fingers

Tendon driven Yes

Motor locator Palm

Reference: Design of the Utah/M.I.T. Dextrous Hand, S.C. Jacobsen, E.K.
Iversen, D.F. Knutti, R.T. Johnson, K.B. Biggers
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JOINT FOR ULTRALIGHT ANTROPHOMORPHIC HAND

S. Schulz, C. Pylatiuk, G. Bretthauer
Inst. Of Applied Computer Science
Research Centre Of Karlsruhe, Germany

Description:This joint uses a single actuator element. It can be created by
using many fluidic actuator elements together with high flexibility structures. So
many different and unusual movements can be made.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Continuous

Active/Semiactive/Passive Passive

Type

Materials

Application MCP/DIP/PIP joint for fingers

Tendon driven No

Motor locator Forearm

Reference: A New Ultralight Antropomorphic Hand, S. Schulz, C. Pylatiuk,
G. Bretthauer
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ROBOTIC JOINT

Toshio Morita, Shigeki Sugano
Department Of Mechanical Engineering
Waseda University, Tokyo, Japan

Description:The joint mechanism consists of three parts: the spring unit, the
brake unit and the joint-driving unit. The spring unit is connected with the joint-
driving unit by a wire and has a flexible shaft, while joint-driving unit and brake
unit have a cables and conduits system, that could be affected by friction. For
this reason there is a spring inside joint driving unit. The spring unit consists of
a leaf spring, a slider and a feed screw. The force is transmitted from the leaf
spring to the wheel by a cable for joint positioning. Moreover the joint driving
unit moves the spring to the neutral point and acts on positioning actuator. The
main element consists of worm gears.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type

Materials

Application DIP/PIP joint

Tendon driven No

Motor locator

Reference: Design and Development of a new Robot Joint using a Mechanical
Impedance Adjuster, Toshio Morita, Shigeki Sugano
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SECOND AND THIRD JOINT IN ROBONAUT HAND

C.S. Lovchik
Robotics Technology Branch
Nasa Johnson Space Center
Houston, Texas

M.A. Diftler
Automation And Robotics Dept. Lock-
heed
Martin, Houston, Texas

Description:The second and third joints of the fingers are directly linked and
they close with equal angles. Moreover these joints are driven by a lead screw
assembly, with a short cable attached with a pivoting cable termination. So this
cable system allows actuation without complex mechanisms. The length of the
cable is maintained nearly constant. Through this system, the motion of distal
and base joints remain roughly independent.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type

Materials Flexshafts: stainless steel high flexibility and

protected by sheath consisting of an open

spring covered with teflon

Application DIP/PIP joint for fingers

Tendon driven No

Motor locator Forearm

Reference: The Robonaut Hand: A Dexterous Robot Hand for Space, C.S.
Lovchik, M.A. Diftler
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JOINT FOR PROSTHETIC HAND

M.C. Carrozza, S. Micera, B. Massa,
M. Zecca, R. Lazzarini, N. Canelli, P. Dario
Scuola Superiore Sant’Anna
Pisa
Italy

Description:This joint is used for metacarpal, proximal and distal joints in
prosthetic hand. There are little geometrical changes in these three joints, to
make this hand more similar to human hand. A slider crank mechanism is used
to transmit actuation to the proximal phalanx. The slider is driven by a lead screw
system mounted on the motor shaft. This system is non backdrivable, owing to
high friction forces during movement.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type

Materials Acrylonitrile/butadiene/styrene [ABS] resin

Application MCP/DIP/PIP joint for fingers

Tendon driven No

Motor locator Palm

Reference: The Development of a Novel Biomechatronic Hand Ongoing Re-
search and Preliminary Results, M.C.Carrozza, S. Micera, B. Massa, M. Zecca,
R. Lazzarini, N. Canelli, P. Dario
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ROLLARTICULAR JOINT

Soumen Sen
Dep. Of Electrical Systems and Automa-
tion
University of Pisa

Description:The joint is constituted by two cylinders in rolling contact on each
other. They are wrapped transversely around three S-shaped flexible bands. The
joint shape changes through the winding or unwinding of the flexible bands on
the cylinders. The band at the center is wrapped in opposition to the other two
outside, and is twice large, to distribute the load transmission. So the two outside
bands working in opposition with centrally and internally developed forces secure
the cylinders together. So, during movement, when the outer bands fold, the band
at the center unwinds the other way round.

JOINT FEATURES

Number of DoF 1

Continuous/Discrete Discrete

Active/Semiactive/Passive Passive

Type Agonistic-antagonistic

Materials

Application DIP/PIP joint

Tendon driven Yes

Motor locator

Reference: Toward an Articulated Manipulation System with Antagonistic
Actuation for physical Human-Robot Interaction, Soumen Sen, PhD Thesis in
Automatic, Robotics and Bioengineering
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METACARPAL JOINT IN DLR HAND

Markus Grebenstein, Maxime Chalon, Gerd
Hirzinger
Institute of Robotics and Mechatronics
German Aerospace Center
Wessling, Germany

Description:This joint tries to replicate the structure of the corresponding
joint in human hand. In metacarpal joint a pair of saddle hyperboloids is chosen
for this reason. The metacarpal joint is actuated by tendons, which are located at a
distant from the perpendicular of the axes. This arrangement reduces tendon loads
and provides a constant moment arm. Moreover the presence of few components
makes this hand closer to human hand.

JOINT FEATURES

Number of DoF 2

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type Agonistic-antagonistic

Materials

Application MCP joint for thumb

Tendon driven Yes

Motor locator Forearm

Reference: Antagonistically Driven Finger Design for the Anthropomorphic
DLR Hand Arm System, Markus Grebenstein, Maxime Chalon, Gerd Hirzinger
& Roland Siegwart

451



Joints summary sheets of robotic hands

DAUJ

Sungmoo Ryew, Hyoukryeol Choi
Mechanical Laboratory
School of Mechanical Engineering
Sungkyunkwan University, Suwon, Ko-
rea

Description: Dauj has two degrees of freedom and an internal oblique joint
which controls them. It consists of two half spheres that meet in inclined plane
with angle. Each half sphere is driven by two geared DC motors with reduction
mechanisms. This structure connects two links and allows their relative motion.
So this joint can rotate around an inclined axis and the desired rotation is obtained
by combining the rotation of the two half spheres.

JOINT FEATURES

Number of DoF 2

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type

Materials

Application MCP joint

Tendon driven No

Motor locator

Reference: Double Active Universal Joint (DAUJ): Robotic Joint Mechanism
for Humanlike Motions, Sungmoo Ryew, Hyoukryeol Choi
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BASE JOINT IN ROBONAUT HAND

C.S. Lovchik
Robotics Technology Branch,
NASA Johnson Space Center, Houston,
Texas

M.A. Diftler
Automation and Robotics Dept.
Lockheed Martin, Houston, Texas

Description:A system of cables guarantees two DoFs, thus reducing the num-
ber of joints used. There are two lead screw systems connected with a cammed
groove by short cables. The bend radius of this cables is controlled by grooves.
This system ensures also a nearly constant lever arm, to maintain the range of
motion unchanged. Furthermore the short cables behave like stiff rods in the
working direction and like springs in the opposite direction

JOINT FEATURES

Number of DoF 2

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type

Materials Flexshafts: stainless steel high flexibility

and protected by sheath consisting of an

open spring covered with teflon

Application Base joint

Tendon driven No

Motor locator Forearm

Reference: The Robonaut Hand: A Dexterous Robot Hand for Space, C.S.
Lovchik, M.A. Diftler
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PIP, DIP AND MCP JOINT IN ACT-HAND

Michael Vande Weghe, Mattew Rogers,
Michael Weissert, Yoky Matsuoka
Robotics Institute, Mechanical Engineering,
Carnegie Mellon University, Pittsburgh, USA

Description:This joint consist of a miniature version of gimbal mechanism,
with a narrow link which connects two phalanx. There is a pair of ball bearings
for rotation around the primary axis of joint and a small steel axle for rotation
about the secondary axis. This joint can make clear movement and can bend of
about 90◦. Moreover a small hole is designed in the metacarpal phalanx, to ensure
a movement of extension. However this hole is hidden and is hardly visible only
when finger is fully flexed.

JOINT FEATURES

Number of DoF 2

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type

Materials Bones: solid 7075-T6 aluminium rod

Gimbal: 17-4 PH stainless steel rod

Application MCP joint for fingers

Tendon driven No

Motor locator

Reference: The Act Hand: Design of the Skeletal Structure, Michael Vande
Weghe, Mattew Rogers, Michael Weissert, Yoky Matsuoka
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JOINT FOR ROBOTIC HAND

Ikuo Yamano, Takashi Maeno
Department of Mechanical Engineering,
Keio University, Hiyoshi, Yokohama, Japan

Description:This joint uses two elastic elements with a wire. Its ends are
connected to a pulley. Two potentiometers control rotation angle of the ultrasonic
motor and of the joint angle. Two elastic elements are extended from initial length
x0 to x0 +∆x1. The restoring force of wire is expressed as k · x1, where k is the
stiffness of the elastic elements. Changing initial deformation of elastic elements
we can control the restoring force of wire while the elasticity of joint is controlled
changing the stiffness k.

JOINT FEATURES

Number of DoF 2

Continuous/Discrete Discrete

Active/Semiactive/Passive Semiactive

Type Ultrasonic motor and elastic elements

Materials Wire: Nylon string

Application MCP/DIP/PIP joint for finger

Tendon driven Yes

Motor locator Fingers

Reference: Five fingered Robot Hand using Ultrasonic Motors and Elastic
Elements, Ikuo Yamano, Takashi Maeno
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MCP JOINT IN A LIFE-SIZE MULTI-FINGERED HAND

Kenji Kaneko, Kensuke Harada, Fumio Kanehiro
Humanoid Research Group
Intelligent Systems Research Institute
National Institute of Advanced Industrial
Science and Technology, Ibaraki, Japan

Description:This joint has two sub-joints, that may be orthogonal. The first
joint is a roll joint, while the other is a pitch joint. This two joints are driven by
two servomotors and two harmonic drive gearboxes, so roll joint and pitch joint
can be controlled independently.

JOINT FEATURES

Number of DoF 2

Continuous/Discrete Discrete

Active/Semiactive/Passive Active

Type

Materials

Application MCP joint

Tendon driven No

Motor locator Palm

Reference: Development of Multi-fingered Hand for Life-size Humanoid Robots,
Kenji Kaneko, Kensuke Harada, Fumio Kanehiro
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JOINT BALL

Mark L. Guckert
Canadian Surgical Technologies and
Advanced Robotics, London, ON

Michael D. Naish
CSTAR and Department of Electrical
and Computering Engineering, UWO

Description:In this joint tendons run along the surface of a sphere. It maxi-
mizes the load bearing structure of the joint by the use of a transmission system
with small tendons. All tendons in these systems pass through free space and
their ends are fixed on a frame in the joint. Tendons must always run straight, so
a large and uninterrupted volume around the joint is required.

JOINT FEATURES

Number of DoF 3

Continuous/Discrete Continuous

Active/Semiactive/Passive Active

Type

Materials Tendons: 0.45mm Dyneema/Nylon

Joint: 25mm 6061 aluminium round stock

Application

Tendon driven Yes

Motor locator

Reference: Design of a Novel 3 Degree of Freedom Robotic Joint, Mark L.
Guckert, Michael D. Naish
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