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he first machines in history were basically composed

of mechanical parts, mechanisms, and some form of

actuators supplied by an energy source. For a few

centuries, this has been the paradigm for machines

like windmills, textile frames, steam trains, and
ships. What really changed in modern times was the incorpo-
ration of electronics into this basic scheme, allowing the inte-
gration of sensors and control, and the evolution of
human-machine interfaces. This gave origin to mechatronics
as the modern paradigm of machine design and the baseline
for the development of robotics. This paradigm is today
adopted in most products, from appliances to vehicles, air-
crafts, robots, and biomedical devices.

The new complete scheme, as depicted in Figure 1, can be
seen in an analogy with biological systems, integrating a mus-
culo-skeletal apparatus with a nervous system and a circulatory
apparatus. When machine design takes inspiration from biology,
as in this analogy, then it can be referred to as biomechatronics.
Robotics, especially; is now following this direction, with a stronger
emphasis on biorobotics and biomedical applications.

The evolution of the paradigm of modern biomechatronics
and robotics can be seen in two main directions, standing as
two extremities of a range of future biomechatronics systems:

¢ increasing the performance and miniaturization of the

hardware platform

¢ increasing the intelligence of the integrated system.

Regarding the first direction, the current challenge is to
develop sophisticated machines with a higher level of minia-
turization and performance, as they can be inspired by insects.
Towards the other extremity, there is research on intelligent
and autonomous robots, like humanoids. At intermediate lev-
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els, we can envisage

the development of
machines with a good
degree of sophistication and per-

formance and with a moderate degree of intelligence and that
are more prone to human supervision and control or even to
integration with natural bodies as bionic components.

In this article, three projects funded by the European
Commission in the 5th Framework Programme, in the Infor-
mation Society Technology-Future and Emerging Technolo-
gies (IST-FET) program, are presented as implementing three
levels of this evolution of the biomechatronic paradigm: from
the biomimetic wormlike microrobot for endoscopic explo-
ration to a cybernetic hand prosthesis to an anthropomorphic
robotic platform implementing learning schemes for sensory-
motor coordination in manipulation.

The IST-FET Biomimetic Structures for
Locomotion in the Human Body Project
The objectives of the biomimetic structures for locomotion in
the human body (BIOLOCH) project are to understand
motion and perception systems of lower animal forms, such as
parasites, worms, insects, and even snakes and eels, and to
design, model, and fabricate bioinspired mini- and microma-
chines able to navigate in tortuous and hostile cavities and, in
particular, in the human body. This idea comes from the
medical need to make more powerful tools for microen-
doscopy, which is one of the most challenging frontiers of
modern medicine.

The most significant objectives that represent parallel and
complementary results are:
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o the increase of knowledge in

Working Space

the field of biomechanics
and neural control
o the definition of biologically
inspired design paradigms
o the development and intro-
duction of innovative hybrid
manufacturing technologies.
The first step in the project is
the study of the locomotion
mechanisms used by animals that
move in a wet environment con-
taining large amounts of solid and
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Figure 1. A scheme of the mechatronic paradigm for machine design with an illustration of
development lines. The blocks of mechanism, actuators, and enerqy supply are common to
the design of virtually all machines since the first historical examples. The inclusion of sen-
sors, embedded control, and a human-machine interface led to the modern paradigm of
mechatronics and, when inspired by biological systems, biomechatronics. The current lines
of development range from a full focus on the robotic platform performance (from a hard-
ware point of view) to the focus on the machine intelligence and robot behavior.

Figure 2. Examples of (a) polychaete and (b) oligochaete
worms.
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biomimetic worm and the gut
wall has been analyzed, and
objective parameters, like fracture
and tear resistance of such tissue,
have been estimated.

The second step of the pro-
ject consists of the development
of a biomimetic control module.
The unit action-perception reaction of insects, worms, and
parasites has been studied in order to define a strategy of
replication and implementation in an artificial, bio-
inspired, adaptable system. Finally, the third step consists of
the biomechatronic design of the previously identified sys-
tems and of their implementation by innovative technolo-
gies integrating and merging different functions.

In this article, we illustrate the selection of the most promis-
ing locomotion architectures, and we present some preliminary
platforms, developed both for mimicking the selected models
and for creating a better understanding of the interaction
between the platforms and the locomotion environment.

Biomimetic Undulatory Mechanisms

The taxonomy of biological propulsion systems has been
performed by dividing them between adhesion (or differen-
tial friction) systems and locomotion systems. This classifica-
tion has been pursued in order to analyze the problem of
locomotion in the human cavities from an engineering point
of view. In fact, even the simplest biological creatures exploit
quite complex and sophisticated motion mechanisms, which
are hard to understand and replicate without a sort of a
priori systematization. This approach has been implemented
extensively by studying locomotion issues in the human
colon for more application driven robotic projects [1]. These
studies have demonstrated that the peculiar anatomy, tribol-
ogy [2], and mechanics of the human gut and of other
human cavities pose many problems in terms of adhesion
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and stopping rather than in terms of propulsion, which is

often a physiological process (in the intestine, blood vessels,
and other such organs).

In this context, locomotion often indicates the displace-
ment of adhesive or high friction contact points. On the basis
of this analysis, the authors studied, designed, and
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Figure 3. (a) An earthworm skeleton during assembly. (b) The directional microleg. (c) An earthworm control scheme. (d) The

activation sequence of two contiguous modules (A and B) where the delay is shown. (e) Locomotion on a Teflon substrate. (f)
Locomotion on a sloped surface.

JUNE 2005

IEEE Robotics & Automation Magazine (€}l

_/



implemented some solutions for the realization of bio-
inspired mechanisms for friction enhancement. Adhesion
modules can possess very different configurations and struc-
tures; they can consist of extremely tiny structures interacting
by atomic force with the substrate [3]; they can be based on
bio-glues, as used in surgery; or they can be based on mini-
and microstructures, which generate high friction in one
direction and low friction in the opposite direction, thus giv-
ing a preferred direction to the motion [4].

Concerning the displacement of adhesive points (i.e., the
propulsion), the undulatory locomotion has been considered
the most appropriate for locomoting robotic devices in solid,
semisolid, and dirty environments, after an overall analysis of
biological locomotion mechanisms (e.g., legged or polypedal
locomotion and serpentine locomotion). Undulatory loco-
motion has been modeled for two different cases: waves lon-
gitudinal and waves transversal, regarding the motion
direction (Figure 2) [5], [6].

Locomotion with longitudinal waves (i.e., peristaltic loco-
motion) consists of waves that propel in parallel with the direc-
tion of motion. This motion is exploited by earthworms
(oligochaeta) and leeches. The difference between the earth-
worm locomotion and the leech locomotion (also called inch-

worm locomotion) is that the first consists of continuous waves
and the second of discrete waves. Peristaltic locomotion is gen-
erated by the alternation of longitudinal and circular muscle
contraction waves flowing from the head to the tail. The sites
of longitudinal contraction are the anchor points; body exten-
sion is by circular contraction. The pattern of movement is ini-
tiated by anchoring the anterior end. As the longitudinal
contraction wave moves posteriorly, it is slowly replaced by the
circular contraction wave. The anterior end slowly and force-
fully elongates, driving the tip farther over the surface. The tip
then begins to dilate and anchor the anterior end as another
longitudinal contraction wave develops. This sequence is
repeated, and the worm moves forward. Reversing the direc-
tion of the contraction waves enables the worm to back up.
Locomotion with transversal waves consists of waves that
are transversal to the motion direction, and it is typical of pad-
dleworms (errant and sedentary polychaete). The large range
of locomotion modes employed by errant polychaete is related
to the diversity and structural complexity of their habitat envi-
ronment. One species that is generalized locomotion-wise and
has been extensively studied in the literature is nereis
diversicolor, a common intertidal polychaete. It inhabits muddy
substrata, and it possesses the ability to efficiently burrow. Its
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Figure 4. A preliminary prototype of polychaete shown from the (a) top and (b) side. (c) A reasonable approximation for the
traveling body wave is obtained by activating the SMA springs with a (constant) time offset between them.
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motion is very active, and it is also able to swim. Its body can
reach 60—-120 mm and consists of approximately 200 seg-
ments, each bearing a pair of parapodia.

The authors have developed several locomotion prototypes
of oligochaeta and polychaete with the aim of studying the
interaction of these platforms with different environments [7]
and of testing the computational models of locomotion and
evaluating the effect of friction on the motion [8]. With
respect to pioneer activity on snakelike robots [9], the main
feature of the current research consists of the ability to gener-
ate propulsion without exploiting wheels but understanding
and exploiting the same mechanisms used by worms (e.g.,
legs, parapodia, and differential friction surfaces).

Figure 3 shows a four-module artificial oligochaeta with
shape memory alloy (SMA) actuators. It consists of four silicone
shells embedding SMA springs, which contract when activated.
The robot possesses an external controller that activates each
module sequentially. The robot locomotion is enabled by small
metal legs that produce a differential friction, thus generating
the net advancement of the device on flat surfaces, slippery sur-
faces (e.g., TEFLON), and sloped surfaces (Table 1).

A five-module artificial polychaete, developed by exploit-
ing the same principles used for the four-module worm, is
illustrated in Figure 4. In this case, the traveling body wave is
generated by the alternative contraction of two sets of SMA
springs, which bend sequentially the left and the right

Table 1. Summary of the performance of the robot

by using different activation frequencies of the shape memory alloy (SMA) actuators.

Velocity on Velocity on
Frequency Current Peak Energy for Flat Surface Sloped Surface
(mH2) Duration (ms) Current (mA) Module (J) (mmls) (40%) (mm/s)
330 320 400 0.15 0.7 0.45
530 260 350 0.096 2 1.43
600 130 350 0.05 2.5 1.25

Table 2. Summary of the performance of the robot without and with hooked minilegs.

Frequency Current Peak Energy for Velocity on
(Hz) Duration (s) Current (mA) Module (J) Flat Surface (mm/s)
Without hooked minilegs 0.5 0.2 170 0.06 1
With hooked minilegs 0.5 0.2 170 0.06 1.3

(a)
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Figure 5. (a) An artificial polychaete moving on sand. It consists of eight modules and 7 DOF. Each module is activated by a dc
motor. The locomotion gait is obtained by replicating the gait of living creatures. (b) The computational simulation of the poly-

chaete motion.
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modules of the polychaete. In this case, locomotion is
obtained also without introducing differential friction struc-
tures (e.g., small hooked legs); the slight mounting asymme-
tries of the robot body contribute to generate a preferential
direction of advancement (Table 2).

Finally, a robotic polychaete endowed with traditional
actuators (servos dc minimotors) has been developed for test-
ing the computational models of locomotion and evaluating
the effect of friction onto the motion. The robotic
platform, whose joints are driven by a sinusoidal wave while
moving on sand, and a typical computational model for for-
ward locomotion are shown in Figure 5 [8].

Sensory System and Low-Level

Control: Work in Progress

Polychaete and oligochaete have developed a rich variety of
sensors well adapted to their lifestyle and habitat.

Polychaete are highly touch sensitive; touch receptors are
distributed over much of their body surface, in particular on
the head and in parts of the parapodia; setae also function as
such receptors. These touch receptors are used in the worm’s
interaction with its immediate surroundings. Many polychaete
possess photoreceptors of varying complexity, ranging from
simple pit eye-spots to eyes with sophisticated lenses and com-
pound eyes. Annelids are one of the six phyla (out of the 33
metazoan phyla), where a competent optical system has
evolved. Eyes usually occur in pairs on the dorsal surface of
the head [10]. Nearly all polychaete possess chemoreceptors,
which are specialized cells, sensitive to chemicals dissolved in
the environment. They are scattered over much of their body
surface. Statocysts also occur, mainly in burrowing and tube-

dwelling polychaete; they function as georeceptors and help
the animal maintain proper orientation in its burrow.

The sensor integration into the robotic platform is still in
progress; many issues have to be addressed both from the theo-
retical and from the technological point of view in order to
obtain a perceptive and reactive behavior. A possible concept of
the devised final biomimetic system is illustrated in Figure 6.

The current activity on this topic is twofold. From the
technological point of view, the authors are going to integrate
simple contact sensors (PVDF foil) into the silicone skin of
the artificial earthworm illustrated in Figure 3. The PVDF
sensor should distinguish the sinusoidal deformation of the
shell from any external contacts produced by obstacles on the
pattern (Figure 7). This signal could be used for the reactive
control at the module level. Concerning the overall architec-
ture, the authors are investigating a control structure allowing
the integration of up to 64 locomotion units (such as the one
illustrated in Figure 6), each one embedding a microcon-
troller, the module actuator, and two contact sensors. One of
these modules (i.e., the head module or master module)
would consist of the same hardware but of a different con-
troller able to generate the gait pattern for the overall proto-
type (i.e., for the slave modules). This architecture would
allow overcoming the wiring problems that pose dramatic
limitations to the current prototypes.

The Development of a

Cybernetic Hand Prosthesis

Imitating the capabilities of the human manipulation systems

has been the dream of scientists and engineers for centuries. In

fact, developing a truly humanlike artificial hand is probably
one of the most widely known

Energy and
Control Wires

1) Friction Enhancement

paradigms of bionics [11]. The
IST-FET CYBERHAND Project
aims at combining recent advances
in various fields of neuroscience,
medicine, and technology in order
to investigate the concept of a
truly bionic hand, i.e., an artificial
hand whose shape, functions, and,
above all, perception, are so
advanced that it is interchangeable
with the natural hand. Within the
framework of CYBERHAND,
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Figure 6. The concept of the BIOLOCH robot integrating force/contact sensors into each
module.
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the consortium aims to achieve a
number of important and tangible
results, both in terms of enhanced
basic knowledge and in terms of
technological implementations.
The main result of the CYBER-
HAND Project will be the devel-
opment of a new kind of hand
prosthesis (i.e., a cybernetic pros-
thesis) able to recreate the natural
link that exists between the hand
and the central nervous system
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(CNS) by exploiting the potentialities of implantable inter-
faces with the peripheral nervous system.

The natural hand is controlled by using the neural com-
mands (i.e., the efferent neural signals) going from the CNS to
the peripheral nervous system (to recruit the different mus-
cles). At the same time, the information (concerning the posi-
tion of the fingers, the force produced during grasp, and the
slippage of the objects) obtained from the natural sensors
(mechanoreceptors and muscle spindles) are brought to the
CNS by activation of the afferent peripheral nerves. The hand
prosthesis, which is being developed in the framework of the
CYBERHAND Project, aims to implement the above
described structure (see Figure 8).

The possibility of restoring the perception of the natural
hand (i.e., the possibility of delivering a natural sensory feed-
back to the user) will increase the acceptability of the artificial
device. This result will be achieved also by developing bio-

mimetic sensors replicating the natural sensors of the hand,
and specific neural electrodes will allow selective stimulation
(to deliver the sensory feedback) and recording (to extract the
user’s intentions).

The following presents, in brief, the main results and the
current works on the neural interfaces and the biomechatron-
ic hand topics.

Results and Current Work on

Noninvasive and Invasive Neural Interfaces

Two different steps are under investigation: 1) the development
of a noninvasive neuromechatronic interface based on the pro-
cessing of the electromyographic (EMG) signal and on the use
of external systems to deliver a cognitive feedback to
the user and 2) the development of an invasive neuro-
mechatronic interface, achieved by using different kinds of elec-
trodes. The noninvasive approach is being used for investigating
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Figure 7. (a) A locomotion unit embedding PVDF foils into the silicone skin. (b) The master module sends one key code (1 B)
every 1.2 ms, the slave modules receive the code and compare it with the known key codes. The memory of each slave module
contains three key codes identifying the three SMA wires embedded into the module. When a code corresponding to a spring is
received, the spring is activated for about 300 us. (c) The connecting disk for multimodule architecture. The actuators (three
SMA springs) are connected on the back part of the disk; on the front part, the electronics for the low-level control and the con-

nectors for multimodule integration are visible.
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the possibility of controlling the multiple degrees of freedom
(DOF) prosthesis by processing the EMG signals [12].

The EMG signal is a simple and easy to obtain source of
information on what the user of a prosthesis would like to do
with her/his artificial hand. Surface electrodes are easy to use
and manage, and they do not require any surgery. Moreover,
there is no harness that could limit the movements of the
forearm. It is possible to control an active device with just one
electrode placed on the residual limb. However, it is impor-
tant to point out that among the different robotic artifacts
(exoskeletons, teleoperated robots, etc.), the EMG-based con-
trol of hand prostheses is the more challenging. In fact, in this
case it is not possible to use the “homologous” natural muscles
to control the artificial movements of the device. For example,
the muscles related to the movements of the wrist (extensor
and flexor carpi) are in many cases no longer available because
of the amputation; for this reason, it is necessary to code this
movement with other voluntary movements (e.g., the flex-
ion/extension of the elbow). This situation asks for the devel-
opment of a complex approach using advanced pattern
recognition techniques [12].

During the first phase of the project, the EMG signals
from the biceps and triceps of five able-bodied subjects (par-
ticipating after providing informed consent) have been used
to discriminate two different upper-limb movements (elbow
flexion-extension and forearm pronation-supination) in order

to allow the subjects to control two different kinds of prehen-
sion (palmar and lateral grasps [13]). Three levels of force for
each grasp were coded. The level of force was extracted from
the “intensity” of the activation of the muscles. An algorithm
based on statistical (the “generalized likelihood ratio” (GLR)
test [14]) and neurofuzzy algorithms has been used. The rate
of successful classification was around 95% with the neuro-
fuzzy classifier. This latter performance is quite similar to the
state of the art in this field (see [13] and [15] for examples),
even if in our case fewer electrodes have been used. More-
over, it is important to point out that this is one of the few
examples in literature of the real-time control of a multi-
DOF prosthetic hand. In fact, in many cases the papers
address the problems of the EMG-based control of a prosthe-
sis “simulating” the existence of the robotic device. After this
preliminary phase, the possibility of controlling more DOF is
currently under investigation. Ten able-bodied subjects have
been enrolled in the experiments. During this phase, the
EMG activity of several muscles from the shoulder and the
upper arm will be recorded (e.g., deltoid, trapetius, biceps,
triceps). The movements of the shoulder will be used to
select the different DOF of the hand. Jerky elevation
movements of the shoulder will allow locking-unlocking
the grasping type selected. At the same time, the perfor-
mance achieved by delivering a sensory feedback to the
subject by means of several approaches that do not require

the implant of electrodes (e.g.,

mechanical stimulation or elec-
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Figure 8. The CYBERHAND prosthetic hand aims to be controlled by an amputee in a very
natural way, by processing the efferent neural signals coming from the central nervous sys-
tem (CNS) and detected by means of neural interfaces. Moreover, the prosthesis will be felt
by the amputee as the lost natural limb since a natural sensory feedback will be delivered
to him/her by means of the stimulation of some specific afferent nerves (i.e., the nerves

which bring the sensory information to the CNS).
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able with the new electrodes, not
only from a histological point of
view but also in addressing the
issues related to the extraction of
the information carried in the
recorded signals, specifically:
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& What is the degree of similarity of the recorded signals to
cuff signals and to needle signals (i.e., microneurography)?

¢ What is the influence of the afferent signals on the
efferent signals, and what kind of countermeasures can
be envisaged in order to reduce the interference?

Two different experimental trials are under development in
order to investigate the possibility of delivering a sensory feed-
back and to analyze the possibility of extracting information
from the neural signals recorded using the electrodes to con-
trol the biomechatronic prosthesis.

The experiments on sensory feedback will be carried out
in three different phases (in collaboration with the Consor-
tium of the IST-FET ROSANA Project).

o Phase 1: Development of a model to correlate the sen-
sory stimuli delivered to the hindpaw of the rat to the
signals recorded from the holes of the sieve electrodes.

o Phase 2: Update of the model developed during Phase
1 by comparing the cortical signals obtained during
sensory and electrically induced stimulation.

o Phase 3: Deliver the sensory feedback by using the sig-
nals recorded from the artificial sensors developed in the
framework of the project.

Efferent signals are commonly elicited in the animal
model, provoking some pain in the limb (for example by
means of a laser-assisted stimulation). This strategy may have
some drawbacks; for example, it could be not easy to obtain
a repeatable movement (and thus repeatable efferent signal).
Two other protocols are under investigation: 1) a protocol
based on the reward concept (the rat moves the hind limb
in a specific direction and obtains some food; moving the
limb in another directions brings it some water) and 2) a
protocol based on the reaction of the rats to movements
imposed on its limb. If the experimenter pushes or pulls the
limb in a specific direction, the rat is supposed to react,
bringing the limb to a rest position and thereby activating
different muscles for each specific direction.

Results and Current Work

on Biomechatronic Artificial Hand

A new biomechatronic artificial hand is under development. It
will interact with the environment according to the patient’s
intentions and will generate the sensory information for the
low-level control and the cognitive feedback systems. A three-
dimensional (3-D) CAD model of the hand has been created
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Figure 9. (a) The regeneration-type electrode and (b) an example of regeneration of the peripheral nerve fibers through the

holes. (c) The cuff-type electrode.
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using ProMechanica Motion. This model is useful to evaluate
the performance of every underactuated hand based on the
RTR2 finger mechanism [17]. It is the result of a design
process that can be applied for developing a generic robotic or
prosthetic hand with a cable actuation system. The human
hand geometric and kinematics characteristics have been stud-
ied in order to develop a hand much closer to the anthropo-
morphic size and movements. In particular, we focused on the
fingers’ sizes and joints range. Using the model, it has been
possible to optimize the thumb position in order to mimic the
human grasps and to dimension the electromagnetic motors.
The resulting biomechatronic hand is depicted in Figure 10. It
is able to perform several functional grasps (e.g., the lateral,
the cylindrical, the pinch, and the tridigital grasps) that will be
controlled by means of the neural interfaces developed in the
CYBERHAND framework or by means of EMG signals (see
the previous section “Results and Current Work on Noninva-
sive and Invasive Neural Interfaces”).

The sensory system is the core of the CYBERHAND

control system, and it should have a twofold function.

o It should provide input signals for the low-level control
loop of the grasping phase, thus enabling local and
autonomous control of the grasp without requiring the
user’s attention and reaction to incipient slippage. The
low-level control system should increase the grasping
force as soon as incipient slippage occurs and the
object is going to slip, and thus it should replicate the
user’s natural reaction without requiring his/her atten-
tion and specific effort. The regulation grasping force
must be an unconscious process, since humans don’t
feel muscles when they use them. The ideal control
requires a simple starting command to perform a

secure grasp, independently of the specific object char-
acteristics in terms of shape, size, and texture.

o The artificial sensory system should generate sensory
signals (contacts, slippage, hand posture, and surface
texture) to be transmitted to the user through an appro-
priate neural interface (high-level control loop) and
neural algorithms. The transmission of sensory infor-
mation directly stimulating the nervous system (afferent
nerves) by means of the neural interfaces will be
exploited during the CYBERHAND Project.

Extensive proprioceptive and exteroceptive sensory systems
have been developed in the Progressive and Adaptive Learning for
Object Manipulation (PALOMA) Project framework. The
CYBERHAND sensory system is the evolution of the PALOMA
Hand sensory system in order to achieve the right compromise
between the system complexity and the space limitations. Propri-
oception is included in order to provide the required information
on all the phalanges of the hand. The sensory system includes:

o 15 Hall-effect sensors embedded in all the joints of each

finger

& an incremental magnetic encoder and two stroke end
Hall-effect sensors on each of the six motors

& five tension sensors on the cables.

The Hall-effect sensors and the encoders are used to pro-
vide information about the position of all the phalanges dur-
ing grasping and manipulation tasks. The tensiometers that
measure the tension on the cables controlling the fingers flex-
ion are meant to mimic the function of the Golgi tendon
organs that give information about the tendon stretches.

The exteroceptive sensory system currently includes:

o flexible contact sensors

o three-axial strain gauge force sensors.

Contact sensors provide on-off infor-

(a)

mation to the tactile sensing system.
Efforts have been made in order to con-
fer a high contact sensitivity (about 10
mN) to emulate the mechanoreceptors
of the human hand in an engineering
implementation, according to neuro-
physiology studies [18]. The three-axial
strain gauge sensors will be mounted on
the thumb, index, and middle fingertips
for detecting the three components of an
applied force.

The IST-FET PALOMA Project,

a Biologically Inspired
Multinetwork Architecture

In robotics, biology has been a source of

(b)

Figure 10. (a) The five-fingered hand is underactuated: 16 DOF are actuated by six
motors. Five motors [(b) integrated in the socket] control the fingers’ flexion, and
one motor (integrated in the palm) controls the thumb abduction/adduction. The
estimated grasping force is 45 N. The estimated total weight (including the actua-
tion system) of the CYBERHAND biomechatronic hand is about 700 g, and the
dimensions are: 191 mm (total length), 92.2 mm (length of fingers), 14 mm (diame-
ter of fingers), 95 mm (palm width), and 40 mm (palm thickness).
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inspiration for the development of bio-
mimetic components as well as new
control models for biomorphic robotic
platforms. But the advances of robotics
technology in the development of
humanlike components, i.e., sensors and
actuators, is improving the opportunities
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of its application in the study of humans, as a tool for neuro-
physiologists, physiologists, neuroscientists, and psychologists
to validate biological models and to carry out experiments
that may be difficult or impossible with human beings.

Therefore, the interaction between biological science and
robotics becomes twofold [19], [20] (see Figure 11): on one
hand, biology provides the knowledge of the human system
needed to build humanoid robots (or humanlike components)
[21], and, on the other hand, anthropomorphic robots repre-
sent a helpful platform for experimental validation of theories
and hypotheses formulated by scientists [22].

The PALOMA (a biologically inspired multinetwork
architecture) Project is aimed at developing an anthropo-
morphic robotic manipulation platform, which mimics
human mechanisms of perception and action, and can
implement neurophysiological models of sensory-motor
coordination through a strict interaction between the roboti-
cist and the neuroscientist partners.

The system developed in the PALOMA Project is com-
posed of sensors and actuators replicating some level of
anthropomorphism in the physical structure and/or in the
functionality. It is worth noting that their specifications are
defined together by roboticists and neuroscientists: on the
neuroscientific side, the sensory-motor functionality that the
robotic platform should possess and, on the robotic side, the
best available robotics technology.

the middle finger, with 3 DOF for the index and middle fingers
and 4 DOF for the thumb, and the proprioceptive and
SOMAtosensory apparatus.

The main human eye movements considered are saccades
(rapid eye movements that change fixation from one target
to another) and smooth pursuit (slow, smooth eye move-
ments that enable one to follow a steadily moving target).
Even though eye muscles allow small rotations of the eye-
balls, we can approximate the eye model with a common tilt
movement and independent pan movements allowing eye
vergence. To approximate the human eye range of motion,
120° should be achieved for the tilt and 60° for the pan
movements. Especially for saccades, eye speed is an impor-
tant requirement; in humans it is, on average, around 300°/s,
but can reach as high a speed as 900°/s [24]. The intraocular
distance in humans is approximately 70 mm. The accuracy
of the head and eye movements should be enough to guar-
antee that a point of interest is never put outside the fovea by
positioning errors. This depends on a number of factors,
including the sensor size, the focal length, and the distance
of the point of interest. By considering likely values for such
parameters, a maximum error of 2° has been calculated.

For the neck, the ventral/dorsal flexion, lateral flexion,
[26]; according to [26],
ventral and dorsal flexions occur around different axes;

and rotation are considered [25],

therefore, a total of 4 DOF are required. The reference

Neurophysiologic
Requirements

Addressing sensory-motor coordination
control schemes for grasping and manip-
ulation, the anthropomorphic model
considered as reference in PALOMA is

Study, Observation, and
Identification of Biological System

4

the human upper torso, including an
arm, one hand, a head, and the corre-
sponding sensory apparatuses.

The human arm can be modeled with
a shoulder with at least 3 DOE an elbow

N Computational
G Model

with 1 DOE and a wrist with 3 DOE
The shoulder and elbow allow position-

ing the hand in the workspace, while the 4
wrist allows defining the orientation of
the hand. The biological motor control
for the arm requires proprioceptive infor-
mation of the arm as provided by the
muscle spindles and the Golgi tendon

A4
Validation +— Simulation
A 4
= Physical
= Model

I
v v

Humanlike Robotic
Platforms

Humanoids and
Biomechatronic

organs. No special requirements have
been formulated for the arm speed and
acceleration, in consideration of the

(Guinea Pigs?) Prostheses

addressed task of grasping.

For the hand, studies on the human
hand and its functionality show that at
least three fingers are necessary to per-
form most human grasps [23]; hence, the
human model of the hand has to include
at least the thumb, the index finger, and
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Figure 11. The relation between biological science and robotics. In the more tradli-
tional interpretation of biological inspiration, the study, observation, and identifica-
tion of a biological system is used to formulate a computational model and to derive
a physical model, with or without a previous simulation, based on which humanoids
or biomechatronic components can be built. In the neurorobotic interpretation, the
physical model is used to build a humanlike robotic platform for experimental vali-
dation of the starting model, like a robotic guinea pig.
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ranges of motion are 45°-60° for the ventral flexion, Regarding the perception system, two basic apparatuses

55°—60° for the dorsal flexion, 40° for the lateral flexion, were indicated as important for the addressed applications:

and 70°-80° for the rotation. & a somesthetic perception system, providing sensory
information on the actual status of arm and hand, usu-
ally related via proprioceptive and somatosensory sig-
nals. The classifications adopted in neuroscience are
fast adapting (FA) and slowly adapting (SA) receptors
of different types, related to their presence in the
superficial (I) or deep (II) skin layers. The physiologi-
cal model of the somatosensory system consists of tac-
tile FAI, FAII, SAI, and SAII afferent signals [27],
while the proprioception is analogous to the arm (i.e.,
information from muscle spindles and Golgi tendon
organs). The artificial sensory system should provide
information on contact making and breaking, slip fric-
tion between object and fingertips, object shape, and
force vector at the contact points

& a visual apparatus, to give information about the hand
configuration during the reaching and grasping task and
about the object to be grasped, with specific reference to
shape, orientation of grip axis with respect to gravity,
size (for size-weight association), and position.

Figure 12. The PALOMA robotic artifact. Development of the PALOMA Humanlike
Robotic Platform
The overall PALOMA robotic platform (shown in Figure 12)
consists of
& a three-fingered robotic hand, with a somatosensory sys-
tem, which includes proprioceptive and tactile systems
& a robotic head equipped with a stereoscopic vision system
& an anthropomorphic 8-DOF robot arm, with a proprio-
ceptive sensory system.
The basic characteristics of all the components are described
in the following.

The Robotic Hand
A three-fingered anthropomorphic hand has been developed,
starting from the biomechatronic three-fingered RTR2 hand
[17], [28], [29]. The PALOMA hand has been designed for
grasping at least the set of experimental objects identified by
the neuroscientists, for generating bioinspired sensory infor-
mation, and for having anthropomorphic dimensions and
weight. Other advanced technical solutions have been ana-
lyzed, but they do not respect the PALOMA size and weight
requirements [30], [31]. The grasping kinematics and dynam-
ics have been analyzed by means of a specific 3-D CAD
model of the hand created using ProMechanica Motion. The
number of grasping configurations has been improved by
changing the thumb mechanism and position and designing a
new palm (see Figure 13).

Regarding the mechanical structure, four dc motors
(three are extrinsic and control the flexion/extension move-

Figure 13. The three-fingered PALOMA hand. The thumb has ~ Mments of the three fingers independently, and the last one is

three phalanges and a trapezometacarpal (TM) joint with 2 integrated in the palm and used for the adduction/abduction
DOF for the movement of the thumb along the flexion plane movement of the thumb) have been used for actuating 10
in order to enable several grasping configurations. DOE so each finger is underactuated, and the mechanism is
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the same as the RTR2 and CYBER-
HAND hands. The total weight
(including the actuators) is about 500 g.

The perception system includes pro-
prioceptive and exteroceptive sensory sys-
the

neurophysiologic requirements. Each fin-

tems in order to achieve
ger is provided with a number of sensory
signals: 1) a high density matrix of on-off
tactile sensitive areas for each finger, dis-
tributed on the volar and lateral sides of
the phalanges [see Figure 14(a)]; 2) one 3-
D force sensor embedded in the fingertip,
providing the three force components of
the contact [see Figure 14(b) and (c)]; 3)
three Hall-effect sensors (one for each
joint) mounted as angle joint sensors; 4)
one tension sensor mounted at the base of
the finger; and 5) one encoder. In addi-
tion, an accelerometer is mounted within
the palm for detecting the contact of the
hand with the environment.

In addition to the sensors currently
integrated onto the robotic hand, a
micro 3-D force sensor (2300 um X
2300 um x 1300 wm) is under devel-
opment at Scuola Superiore Sant’Anna.
Together with the neuroscientific part-
ners, the possible distribution of a num-
ber of such sensors in the artificial hand
skin that is under development has been
studied and defined. At present, the
missing steps of the fabrication process
of the sensor’s back side have been suc-
cessfully completed. Also, the process
for the front side (the silicon substrate,

3-D Force
Sensor

i.e., support wafer, with aluminum
metallizations and gold pads) has been
studied, the related masks have been
designed, the process has been complet-
ed, and the sides have been assembled
(see Figure 15).

The Robotic Head and Vision System

With respect to the vision system, in order to focus the
anthropomorphism requirements, a retinalike vision system is
simulated on the robotic head. It is based on space variant
images whose resolution is higher in the center (fovea) and
degrades towards the periphery, as an imitation of images gen-
erated onto the human retina (see Figure 16). In particular,
the arrangement of pixels is based on a circular structure: a
constant number of pixels (252) is arranged along 110 con-
centric circles, with decreasing width from the periphery to
the center; in the central area of 42 rings, named fovea, the
number of pixels is decreased by six in each ring. Therefore,
these images have a total of 33,193 pixels: 110 rings with 252
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Figure 14. (a) A matrix of on-off contact sensors has been developed for localizing
the contact points on the fingers surfaces during the implementation of grasping
tasks. The activation threshold of each sensor is less than 50 g, and their receptive
fields are in the range of 3—15 mm?Z. (b) A specific mechanical structure hosting six
strain gauges has been developed and (c) integrated in the fingertips for measuring
the components of the 3-D force vector during the implementation of grasping tasks.

Figure 15. A section and top view of the assembled micro 3-D
force sensor. Electrical connections have been ensured via poly-
mer flip-chip bonding technique. After assembling, the final sil-
icon chip dimensions are 2300 um x 2300 um x 1300 um.
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pixels in the periphery and 42 rings with a number of pixels
decreasing toward the center in the fovea, corresponding to a
standard image of 1,090 x 1,090 pixels [32].

The main advantage of this kind of sensor is that the amount
of data is drastically reduced and faster processing can be achieved,
provided that the eyes are moved in a continuous tracking of the
points of interest (it happens in humans). This allows inclusion of
visual processing in the control loop of the head and eye move-
ments. On the other hand, retinalike cameras need very fast and
accurate movements in order to focus the points of interest and
have good vision. Therefore, it is crucial that they are mounted
on a robotic head that is able to quickly and precisely move them.

The mechanical structure and the performance of the
robotic head (Figure 17) have been designed based on the
model and performance of the human head in terms of
DOFE ranges of motion, speeds, and accelerations. The
resulting head has a total of 7 DOF: 4 DOF on the neck
(one yaw, two pitches at different heights, and one roll), 1
DOF for a common eye tilt movement, and 2 DOF for
independent eye pan movements. The performances of the
robotic head in terms of ranges of motion, speeds, and accel-
erations are reported in Table 3. The 2-DOF performing
pan movement of the eye permits vergence of the two cam-
eras, thus allowing foveation of targets. The performance of

the head allows performance of the human eye

= movements of smooth pursuit and saccades, as
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Figure 16. An example of a retinalike image with the corresponding log-
polar projection and of a step of visual processing (edge detection).
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Figure 17. Picture of the anthropomorphic robotic head and
DOF configuration.
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The Robot Arm

The robotic arm integrated in the platform is an
8-DOF robot arm named Dexter and developed by S.M.
Scienzia Machinale, Pisa, Italy, as an assistive robot.

Its physical structure is highly anthropomorphic (see
Figure 12), with the link arrangement reproducing the
human body from trunk to wrist. A trunk, a shoulder, an
elbow, and a wrist can be identified in the Dexter kinematic
structure and, as a consequence, human movements in the
interaction with the environment can be easily mimicked.

The mechanical transmission system is realized through steel
cables (which allow the six distal motors to be located on the
first link, representing the trunk) by achieving low weight and
low inertia for the distal joints. The first two proximal joints are
aimed at prepositioning the distal 6-DOF manipulator to
increase the overall workspace. They also help compensate the
difference in the number of DOF between the human shoulder
(3 DOF) and the Dexter shoulder (2 DOF). The propriocep-
tive information on the position of all the joints are provided
by incremental encoders located on each motor.

The arm can be controlled through a standard stift pro-
portional-integral differential (PID) controller and through
interaction controls with self-adjusting compliance [33].
Furthermore, original control schemes have been developed,
aimed at implementing biomorphic control mechanisms
based on the combination of a feedforward control loop
with a feedback control loop [34].

Conclusions

Considering the current evolution of biomechatronics and
biorobotics research towards parallel directions, privileging
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Table 3. Main features of the robotic head.

Maximum
Range of Maximum  Acceleration
Axis Motion (°)  Velocity (°/s) Is?)
Lower pitch +25 20 200
Roll +30 25 200
Yaw axis +100 170 750
Upper pitch +30 120 750
Eye pitch +47 600 4,500
Right eye yaw +45 1,000 10,000
Left eye yaw +45 1,000 10,000

either the improvement of biomimetic hardware perfor-
mances, or the improvement of humanlike behavior, the 5th
Framework Programme of the European Commission pro-
vides the authors with the opportunity to explore innovative
biorobotic systems at three different levels: a biomimetic
wormlike robot to be applied in endoscopy; a highly anthro-
pomorphic robotic hand to be used as a cybernetic prosthe-
sis connected with the human body; and a humanlike
robotic platform for manipulation, to be used for conducting
experiments on sensory-motor coordination models.

The ongoing experience of the BIOLOCH Project shows that
a sophisticated hardware imitating the mechanisms of low-level
animals can reach a high degree of effectiveness by overcoming the
limitations of control problems. The main issues behind this activi-
ty are essentially related to miniaturization and merging technolo-
gies able to go beyond the limits of traditional robot design.

The CYBERHAND Project explores the application of
bionic systems with a moderate level of intelligence to be
integrated in humans. The authors propose the develop-
ment of a cybernetic hand prosthesis connected to the ner-
vous system by means of specific interfaces implementing a
lifelike perception and control of a specific biomechatronic
hand prosthesis.

The PALOMA Project explores the application of robotics
in the study of man, by providing artificial platforms for vali-
dating neuroscientific models. The authors propose a work on
the development of an anthropomorphic robotic platform for
sensory-motor coordination in human grasping and inspired
by the analysis of neurophysiologic specifications for the
human actuators and sensory systems. The integrated platform
is being used for implementing a multinetwork architecture
that correlates sensory and motor signals and for validating a
five-step model of progressive learning of grasping and manip-
ulation skills [35] mimicked from human babies.
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