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Abstract

This thesis focuses on novel algorithms and interfaces, arising from
inspection and comprehension of the human nature.

In the first part I deal with new mechanical designs and concepts
for building and controlling robotic hands. In particular I show how
the sensorimotor synergies of the human hand can be useful not only
for controlling but also for building robotic hands, suggesting novel
design paradigms.

Despite the synergy model is useful for designing and controlling
robotic hands, it is incomplete to explain the hand behavior during
grasp (both for humans and robots). To solve this problem, it is
needed to consider compliant articulations introducing the "soft syn-
ergies" concept. Consequently, the compliance and the soft synergies
lead to the concepts of muscle and mechanical impedance. Thus, in
the second part of this thesis I present an observer for estimating the
time varying mechanical impedance of a Variable Stiffness Actuator
(VSA), i.e. anovel kind of actuator whose performances and capabil-
ities are very close to the human muscles.

Another important feature, both for human and robotic hands, is
the sense of touch. Indeed in the third and last part of this thesis, I
deal with the haptics and haptic interfaces. I show two new haptic
devices with their applications on humans. Moreover, I present a
tactile sensing algorithm toolbox for computing the contact point of
a robotic fingertip interacting with an object.
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Introduction

In this thesis I introduce novel technologies and algorithms employed
in robotic hands and in haptics. All of these technologies and algo-
rithms are derived from the study or inspection of the human behavior
using biological inspiration as a starting point.

The first part of this thesis deals with hands and robotic hands:
indeed, among the many aspects which characterize the human being,
distinguishing it from other animated entities, the hand stands out.
Its wonderful complication gives humans a wide spectrum of possi-
bilities, which, very roughly, can be summarized in the 4 functional
groups of sensation, holding, manipulation and communication. Over
the centuries of human cultural and technological evolution the im-
portance of the hand shape has played an important role, shaping
the word around us in a reality made of handles, knobs, buttons and
keyboards.

A hand designed with the only purpose of holding, for example,
can still be fruitfully employed to perform a large number of everyday
actions. In [19] two job activities are considered in detail as case-study
(professional house-holding and machine operation). Highlithing that
more than 50% of time the hand is used for grasping (63% for the
house holder and 56% for the machinist).

Looking at how the brain copes with such complexity and redun-
dancy, it is possible to argue on strategies that can be implemented



in artificial systems, to enhance design simplicity, control and perfor-
mance. This idea has been suggested by the dual concept of hand pos-
tural synergies; i.e. constraints due to peripheral and central contri-
butions in the inter-digit movements and force exertion that actually
reduces the dimensionality of the kinematic space of the human hand
(or in other terms the number of hand Degrees of Freedom (DoFs)
that can be independently controlled by the nervous system [20]).

A further enhancement of the synergies can be found in [21] where
authors introduce concept of soft synergies. Indeed, the sole kinematic
model with synergies of the hand fails to describe the actual grasp of
an object. Therefore, contact forces must be brought into play if
a realistic grasp analysis is in order. Taking a step further, and in
view of dealing with the most general case of statically-indeterminate
grasps, both contact and joint compliances have to be included in the
analysis.

It is worth mentioning that this complaiant model, whereby mo-
tion is controlled by a reference position and modulation of joint stiff-
ness, has apparent similarities with the equilibrium point hypothesis
in the motor control literature [22].

The joint compliance introduces also the concept of variable im-
pedance actuator (VIA) i.e. actuators capable of changing both shaft
position and mechanical impedance. These actuators have a great
importance in robotics because can be considered an approximation
and an idealization of human muscles.

Thus, in the second part of this thesis I deal with the estimation
of the mechanical impedance of VIA. In fact, it is well know that
to fully characterize the motion of human limbs, not only knowledge
of their position and velocity, but also of their physical behaviour in
interaction with the environment, i.e. their mechanical impedance
is needed [23-25]. Analogously, many modern robots are capable of
changing their mechanical impedance to better perform a task and
adapt to an environment. Variable impedance is obtained in these
system by either intrinsic physical properties of the actuators (e.g.
muscles in humans, or Variable Stiffness Actuators [26] in robots) or




by low-level control (neural reflexes or impedance control).

Because of its ubiquitous importance, accurate measurements of
the mechanical impedance of limbs are very important. Unfortu-
nately, impedance is a rather elusive object to measure, as it is not,
strictly speaking, a physical quantity per se (where by physical quan-
tity it is meant “a property of a phenomenon, body, or substance,
where the property has a magnitude that can be expressed as a num-
ber and a reference” [27|. Indeed, impedance is rather a differential
operator relating the time course of physical quantities (forces and
displacements). In full generality, therefore, the process of character-
izing impedance of a system is more a problem of dynamical system
identification than a direct measurement in a traditional sense.

Current protocols for identifying impedance in human motion typ-
ically measure the basic parameters of mass, damping, and stiffness,
which concur in forming impedance, by experiments in which per-
turbations are purposefully injected in the system, and their effects
are measured. These experiments are designed specifically so as to
isolate the effects of different parameters of impedance, while at the
same time minimizing perturbation of the task during which the mea-
surement is needed [25]. In artificial robotic systems, impedance pa-
rameters are either calculated on the basis of a precise description of
the model (wherever this is available), or obtained through accurate
calibration procedures.

In both natural and artificial systems, it would be of great utility
to have a method which could measure all impedance parameters in
real time, without perturbing the normal execution of the task, and
robust to inaccurate modeling and time-varying parameters which
could alter calibration results.

Of particular interest in robotics would be the application of such
methods to the class of Variable Impedance Actuators (VIA), which
have been recently introduced to address the need for adaptability
to the environment, energy conservation, and safety during physical
interaction with humans. These have been implemented in a variety
of ways, using different transduction technologies (electromechanical,




pneumatic, hydraulic, but also piezoelectric, active polymeric, etc. )
and arrangements. All designs share a fundamentally unavoidable
nonlinear behavior.

Development of such novel actuators gives rise to interesting prob-
lems in term of control. A number of recent papers tackle the prob-
lem of controlling variable stiffness devices. Approaches ranging from
simple PD control [28], to more sophisticate feedback linearization
techniques [29] are adopted to control stiffness in VSAs. Neverthe-
less, most of these approaches suffer from the same flaw: the stiffness
is not obtained trough direct measurements but it is inferred from
the mathematical model of the device. This implies that all of the
proposed control architectures are not closing the feedback loop on
the value of stiffness, thus not directly controlling it.

Another important topics related to the hands and to their biolog-
ical behavior are the haptic perception and the sense of touch which
are tackled in the third and last part of this thesis.

Haptic perception allows to explore and recognize an object by
conveying several physical information to mechano-receptors and ther-
mo-receptors lying into our skin throughout the body. The term
“haptic” is usually referred to eliciting both kinaesthetic and cuta-
neous channels ( [30], [31]). In some cases kinaesthesia can play a
more relevant role in discriminating physical or geometrical features
rather than cutaneous information, while, in other cases, the role is
symmetrically exchanged. For instance, while weight is dominated by
kinaesthesia, thermal sensations are purely cutaneous.

However, both are necessary to have a fine and reliable perception
of the reality, even if the cutaneous cues are generally predominant
[32].

In addition to recent haptic displays ( [33]), which focused on pro-
viding cutaneous cues, it is worthwhile mentioning other surrogating
detailed contact shape information with information on the contact
area on the fingertip and its changes with varying contact force (see
e.g. [34], [35]). Although all these displays are capable of rendering
a reliable softness sensation, there are still some technical limitations




due to low resolution of stimuli.

Softness is the subjective measurement of the compliance of an
object. This kind of information is very tactual-related [36] and hence
its correct rendering is particularly challenging in haptics to guarantee
a compelling perception. Regarding the two main modalities of haptic
perception, kinaesthesia and tactile information, softness perception
basically relies on both although cutaneous cues play a predominant
role in most cases [37].

Different technological solutions have been adopted so far to build
suitable devices [34,35, 38| for softness rendering but the results, al-
though reliable, are still unsatisfactory if compared to the human
touch, and the low resolution of stimuli severely affects technical per-
formance. Indeed, the mechanics of touch is very complex, consisting
on a huge amount of redundant information processed via many re-
ceptors.

Considering cutaneous cues, a possible reduction of dynamic, force-
varying tactile information operated by nervous system can be rep-
resented by the experimentally validated Contact Area Spread Rate
(CASR) hypothesis [34]. It affirms that a considerable part of tactile
ability in object softness discrimination is retained in the relationship
between the contact area growth over the finger pad pressing the ob-
ject and the indenting force itself. Inspired by this simple force-area
relation, it was possible to develop simple and effective haptic inter-
faces such as the pneumatic CASR display [34|. However, although
this device was proved to be able to convey a more compelling softness
perception (if compared to a purely kinaesthetic one), its performance
was limited by the lack of a real-time contact area measurement sys-
tem, the edge effects due to its “discrete design” and the low resolution
of the stimuli.

Thesis Structure This thesis is structured as follows (see also fig.
1 for a general overview):

1. Part I: Chapter 1 and 2 introduce two novel prototype of robotic




Figure 1: Thesis structure and its main part.

hand. The first presented, called THE First Hand, is a low cost
with16 degree of freedoms (DoFs) robotic hand while the second
one is an underactuated object adaptive hand, called PISA-IIT
SoftHand, respectively.

. Part II: Chapter 3 presents an algorithm for estimating variable
mechanical impedance of variable stiffness actuators (VSAs).

. Part III: Chapter 4 and 5 deal with novel haptic devices, the
Fabric Yielding Display (FYD) and Fabric Yielding Display 2
(FYD-2) based on a bielastic fabric and capable to direct mea-
sure the contact area of a fingertip during the haptic exploration.
Chapter 6 deals with the calibration an the contact point detec-
tion of 36 axis force/torque sensor (F/T) used for characterizing
human grasp.




Thesis Motivation and Contributions The motivations behind
the development of robotic hand is the will to comply with, and
fruitfully integrate in the human environment, a world forged by hu-
mans for humans, where the importance of the hand shape dominates
prominently. Nowadays robotics hand are complex mechanisms, many
time fragile, expensive and not simple to use. In this thesis I intro-
duce two novel robotic hands which can be considered a simplification,
but with the same performances, of the classical robotic hands. Thus
it is presented a novel, low cost, fully actuated robotic hand with 5
finger and with a kinematic very similar to an human hand, called
THE Flrst Hand. Moreover, it is presented the first implementation
of the PISA-IIT hand, a prototype which conciliates the idea of adap-
tive synergies for actuation with an high degree of integration, in a
humanoid shape.

Then, in the second part of the thesis I tackle the problem of the
variable mechanical impedance for VSA, i.e device that can be con-
sidered as robot muscles. All the VSAs suffers of the same flaw: the
stiffness is not obtained trough direct measurements but it is inferred
from the mathematical model of the device. In order to control the
stiffness (or the in general the impedance), closing a real time loop,
it is needed an algorithm to estimate the impedance. In this work
I propose a technique for the combined estimation of the whole set
of impedance parameters of a VSA powered system, which avoids
interacting observation loops, thus preserving robustness of the esti-
mation. The derived method can be applied to a class of variable
stiffness devices.

Finally, the motivations behind the haptic devices can be found
considering that in a good tactile perception, both kinaestetic and
cutaneous cue are to be considered. Now, a great number of haptic
interfaces rely only on the kinaesthetic rendering without consider any
information on contact area and, more in general, on cutaneous cues.
For the reasons above, in this work I present two novel prototype of
haptic devices which are capable to directly measure the contact area
of a fingertip during the haptic exploration. Moreover, with these




devices it is possible to mimic different stiffness levels and force-area
curves linked to the human touching.

In the last part of this thesis I deal with a sensorized object which
will be employed in experiments of human grasping characterizations
for measuring contact wrenches and points. This object can change
its shape by applying different patches on its surface. The core of this
object is 36 axis F'/T sensor. Here, I present three calibration methods
for the 36 axis F/T and, subsequently, I present a tactile toolbox for
detecting the contact point which it is used on the sensorized object.




Part 1

Robotic Hands Design and
Control






HIS PART presents two novel prototypes of robotic hands.

In chapter 1 a 5 finger robotic hand with 16 degree of freedoms
(DoFs), called THE First Hand is introduced. To test the perfor-
mances of this hand, some static and dynamic grasps with common
objects are executed.

In chapter 2 I introduce an under—actuated robotic hand, called
PISA-IIT hand. This hand is designed and builded exploiting the
concept of synergies, both for the human and robotic point of view.

Also for this hand, some grasps of common object are performed
to test its performances.

11






Chapter 1

THE First Hand

HIS CHAPTER introduces a novel robotic hand, called THE First
Hand. This hand has 5 finger and, in total,16 degree of free-
doms (DoFs). It can reproduce movements very similar to the human
hand (see fig. 1.1 for more details). The hand is designed exploit-
ing the paradigm "low cost but smart" and It is possible to consider
THE First Hand as a feasibility study on cheap material and simple
mechanisms for assembling robotic hands.
The performances of the hand are tested with grasp experiments
on common object and then with a complex grasping task (for more
details of this work see also [A1]).

1.1 An Overview on Robotic Hands

Man has always tried to replicate ability and movements of human
hand in robot. But human hand can make really hard and specific
movements. Furthermore the system that regulates the movement
is complex, thus it is very difficult to replicate perfectly all human
features in a robotic hand.

The problem is to build an artificial hand capable to make a wide
range of movements easily, but with a simple design and employing

13



THE First Hand

Figure 1.1: THE first Hand prototype: a 5 fingers, 16 DoFs robotic
hand driven by tendons.

cheap materials. Studies and researches of this topic led to the con-
struction of some robotic hands, with a wide use range for humanoid
robots or prosthesis (as for example [39] or [40]|, but many others
robotic hands can be found in literature).

Yet today it was not possible to build a perfect artificial hand,
also the more complete hand shows several limits.

14



1.2 Mechanical Design

1.2 Mechanical Design

The robotic hand here presented, called THE First Hand is designed
in order to reproduce the kinematic structure of a human hand with
the same general dimensions. The hand has 5 fingers driven by ten-
dons for a total of 16 DoFs.

All the proximal phalanges of THE First Hand have an indepen-
dent DoF with an angular displacement of about 90°. For each fin-
ger, except the thumb, the upper phalanges (intermedial and distal)
has one DoF with dependent movements. The thumb has only two
phalanges, with independent movements. Each finger has indepen-
dent abduction with an angular displacement of about 40°, except
the medium which do not have abduction.

Finally, the palm has two independent DoFs with an angular dis-
placement of about 30° and it is linked to the thumb and to the little
in order to replicate the palm arch closure.

THE First Hand has been developed to study synergies from soft-
ware point of view. Indeed, this robotic hand is intended as a study
platform for mapping synergies and for studying robotic grasp. For
these purposes, THE First Hand was build respecting a simple and
low cost design paradigm in order to have a robust, quick and simple
to use prototype.

Another design target was connected to the prototype size and
movement capability. I chose to build a robotic hand very similar to
a human hand as far as dimensions and movements are concerned, in
a sort of bio-replication design paradigm.

1.2.1 Joint Design

Essentially, the hand is composed by two type of joint: rotational
joint and the Cardan joint. Each rotational joint is composed by a
shaft and a torsion spring (joint details are reported in fig. 1.2). This
structure allows to use only one tendon to move the joint, indeed
the tendon can move the link from its rest position to a desired one

15



THE First Hand

4
K

Torsion Spring

Link 1

Figure 1.2: Rotational joint of the robotic hand with its main com-
ponent.

compressing the spring, then, once the tendon is released, the spring is
able to recoil the link in the starting position. The Cardan joints are
composed by 2 rotational joints with normal axes and are employed.
They are build for the abductions where 2 DoFs are needed.

1.2.2 Tendon Routing

To achieve a better tendon displacement a double layer tendon routing
is implemented. The upper phalanges of the robotic hand are linked
to the motor pulleys by tendons lying on a certain plane while the
lower phalanges of the robotic hand are connected to the motors with
tendons lying on a lower plane.

In the proximity of the motors tendons are redirected on the pul-
ley plane (for details see fig. 1.3). In practice, this approach allows
to simplify the tendon routing decoupling the movements of the up-
per phalanges of the robotic had from the movements of the lower
phalanges.

16



1.2 Mechanical Design

Figure 1.3: Double layer tendon routing of THE First Hand.

1.2.3 Zero Torque Pin

The solution of using only one tendon to actuate the DoF makes nec-
essary the uses of zero torque joints. Zero torque pin are implemented
drilling an hole perpendicular to the joint pin axis.

In this way, if a tendon must not produce a torque on a certain
link, can pass through the pin hole.

In particular this pin are located in the abduction joints where the
movement of the phalanges must be decoupled from the abduction
movements.

1.2.4 Actuation

The actuation system is based on hobbistic servomotor servomotors
(HITEC 645 Hg) which can achieve a 1 Nm of maximum torque with
an angular displacement of 180°. Rotational velocity is 60°/s.

Tendons are fixed on the pulleys blocked on the servomotor shaft
thus, the only sensors of the robotic hand are the encoders in the
servomotors. In this way it is possible to control THE First Hand with
the direct and inverse kinematics (see section 1.3 and 1.4, respectively)
without bearing down on the hand cost.

17



THE First Hand

Figure 1.4: Reference system of the THE First Hand for the Denavit—
Hartemberg tables. With red arrows I point out the 2z axis while with
the blue arrows the x axis. Red point is the z axis out coming from the
sketch plane. For sake of clarity, abduction frames are not reported
but they are considered with z axis incoming in the sketch plane and
x in the same verse of the phalanges frame.

1.3 Direct Kinematics

Through the direct kinematics I describe the relationship between the
joint positions and the the position of fingertips.

18



1.3 Direct Kinematics

Table 1.1: DH Table for the thumb

Link aq; Q; 0;
1 —a —-7/2 —dy 61
2 Qo —7T/2 7T/2 + 02
3 as 93
4 Qay 04
Table 1.2: DH table for the index

Link a; (87 dz 91

1 aq —7T/2 0 61

2 a9 0 0 6)2

3 as 0 0 05

4 Q4 0 0 94

Table 1.3: DH table for the medium

Link a; oy ‘91
1 aq 0 91
2 a9 0 92
3 as 0 93

19



THE First Hand

Table 1.4: DH table for the ring

Link a; a; dl 92
1 aq T2 0 61
2 a9 0 0 02
4 Qy 0 0 094

Table 1.5: DH table for the little

Link a; o; d; 0,
1 —ay ©/2 d w406
2 as w2 0 w/24 0,
3 as 0 O 03
4 a4 0 0 0,
5 as 0 O 05

In this case, each finger is considered separately as a serial kine-
matics chain. Then, each finger is linked to a reference frame fixed to
the palm. Reference frame is the same for all the fingers.

Abduction joints are modeled with 2 orthogonal rotational joints
with non zero distance between rotational axes (Cardan joint).

Direct Kinematics of the robotic hand is based on
Denavit—-Hartemberg (DH) convention. DH table for each finger are
reported in tab. 1.1-1.5.

20



1.3 Direct Kinematics

1.3.0.1 Fixed Frame Trasformation

From table 1.1-1.5 one can easily compute homogeneous transforma-
tion matrices for each finger separately.

Finally, to connect every finger to a fixed frame (for example, in the
centre of the palm as in fig. 1.4), another homogeneous transformation
has to be computed.

1.3.1 Tendons

Robotic hand joints are actuated by tendons and their wrapping on
actuating motor pulleys has to be considered in direct kinematics.

Here I consider tendons as non elastic wires with one end fixed on
the actuating motor pulley and the other fixed on a generic link.

First of all, for each joint, it is possible to define the extension
function as h; : Q — R. The extension function describes the dis-
placements of tendon ends w.r.t the joint variables. Generally, the
extension function is non linear.

Therefore, starting from a geometric sketch of a tendon powered
joint, as reported in fig. 1.5a, we can compute

AC = /a2 + ? BC = \/a3 + b3

a=ACB=71—0— 3 — Bs.

Now, applying the Carnot Theorem to the triangle ACB, it is possible
to write

AB — W T a0 - 2cosanfad + b Ja3 + B3 (12)

21



THE First Hand

1 1
1 Z (R
/.S

1~~~

(¢) Abduction Joint

Figure 1.5: Schematic of the joints type in The First Hand: generic
joint 1.5a and its geometric feature 1.5b and abduction joint 1.5c.
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1.4 Inverse Kinematics

Moreover, defining /; as the nominal extension (# = 0), we can com-
pute the extension function as

Now, it is possible to link the motor pulley wrapping W,, to the joint
variable 6 as

where R,, is the motor pulley radius, 6,, is the motor wrapping angle.
Hence, the relation between the joint angle and the motor angle is

ll — hl (9)
Rm
For abduction or arch palmar joint (see also fig. 6.11) the extension

function is

Qm = :f(a17b17a2ab2797Rm) (15)

he(0) =1, £+ RO’ (1.6)

where [; is the nominal extension (6’ = 0), R’ is joint radius and ¢’ s
the joint angle.

Now it is possible to link the abduction joint angle (¢') to the
wrapping angle as

RO
R,
with positive sign if with positive angle the tendon gets shorter.

O = + (1.7)

1.4 Inverse Kinematics

As discussed in section 1.3, I can consider the fingers as serial robots of
4 DoFs (thumb, little), 3 DoFs (index and ring) or 2 DoFs (medium).

If we want to determine the joint positions given only the position
of the fingertips, i.e. the position of the end effectors, I have to take
into account the position redundancy of the fingers.

23



THE First Hand

This leads to implement an algorithmic method for solving inverse
kinematics.

Briefly, I recall the general method to compute the inverse kine-
matics of a redundant serial robot. Starting from the position error
defying as

€p =DPi—D (1.8)
where p,; and p represent the desired position and the current position

of the end-effector respectively, it is possible to compute the derivative
of the position error is

€p = Pd — D- (1.9)

Moreover, remembering that

P = Jpq, (1.10)

where J, is the geometric Jacobian, equation 1.9 becomes

€, = pa— Jyi- (1.11)

Now, choosing a relation between the joint velocity ¢ and the position
error e, which guarantees the convergence to zero of the position error,
as

G = Jipa— Jle,, (1.12)

it is possible to implement an iterative algorithm for the inverse kine-
matics as reported in the block diagram of fig. 1.6 .

Since one is interested to a motion point-to-point we can assume
pa = 0.

Implementing inverse kinematics algorithm one has to take into ac-
count the coupling between the last two phalanges for index, medium,
ring and little and the kinematic redundancy for the thumb and the
little.
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v .
Xd + e + q q
— K »  Jp(q) > 1§ >
X
Cinematica
Diretta

Figure 1.6: Block diagram of the inverse kinematic algorithm.

1.4.0.1 Inverse Kinematics with Fictitious Link

The coupling between phalanges can be represented as in figure 1.7.

Figure 1.7: Model of a finger with fictitious link

To obtain a mathematical model it is possible to take into account
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the fictitious link AB and the fictitious angle gs4; it should be noted
that the length of the link depends directly on the value of the joint
angle. Assuming that g3 = kq4 and a3z = ay4 it is possible to write

ACB =7 — qu, (1.13)
- — ACB

pic-T=4CB @ (1.14)

2 2
AH = AC cos(BAC) = as COS(%), (1.15)
AB = a3y = 2a3 COS(%), (1.16)

Qa kgs k
— 12 _ — =(14+ = 1.1
=@t 5 =B+ gs( +2), (1.17)
and noting that

14 5t

O TICh S Vi (1.18)

finally one obtains

Goull + )" §)1> (1.19)

2k

When the angle of fictitious joint ¢34 and its length as4 are found,
it is possible to compute the Jacobian matrix relative to the system of
fig 1.7. This Jacobian can be used in the inverse kinematic algorithm
presented in the previous section.

asqy — 2(13 COS(

1.4.0.2 Inverse Kinematics with Synergies

A different approach for considering the coupling between the last
two phalanges of the fingers arises by the introduction of the synergy
matrix (for more detail see [20]). In fact it is possible to write
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1.4 Inverse Kinematics

q=>50 (1.20)

where S € R™*™s ig the synergy matrix and o the value of the
synergy actuation. To take into account the coupling between the
last two phalanges it is possible to write

100 -
10
010
Sindem: y Smedium: 0 1 s (121)
001
0 k
00 k -
I T 1 000
1 00
0100
010
Sring = , Siie = {0 0 1 0 (1.22)
00 1
0001
00 k
) - 00 0 k
Remembering that
t=Jg=JSo (1.23)

the matrix JS can be used inside the inverse kinematics algorithm
instead of the Jacobian J. With this approach the convergence to an
achievable configuration is garanteed.

1.4.1 Inverse Kinematics with Redundancy

The thumb and little of THE First Hand have 4 DoF. Imposing just
a desired position for the end-effector, one can apply the inverse kine-
matics algorithm with redundancy. It is possible to approach the
problem using the relation
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G=Jle,+ (I —JJ)g (1.24)

where (I — J7J) is a projector in ker(J) and the vector ¢ is chosen
as

| 6w(Q)>T
do =k (— . k>0 1.25
o= ko 28 : (125
with the target function w(q) € R as
1 n 4 — q 2
wlg) = —— S ("% ) 1.26
(q) 2n im1 (%‘M - Qim) ( )

where ¢;3; and ¢;,,, are minimum and maximum value of the joint angle
respectively, and §;is its medium point.

1.5 Grasp Trials

In this section we will show two set of experiments: in the first one
we report snapshots of some grasp performed with the robotic hand.
In the second set we perform an optimal control problem in grasping
object.

1.5.1 Static Grasps

To test the effective performances of the robotic hand, trial grasps of
several objects with different shapes were performed. Fig. 1.8 shows
some of this grasps.

1.5.2 Dynamic Grasp

In the absence of applied external wrench on the object grasped, the
grip conditions are described by equations
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1.5 Grasp Trials

(a) Ball Grasp (b) Pincer Grasp

(c) Stapler Grasp (d) Scissor Grasp

(e) Syringe Grasp

Figure 1.8: Some experimental grasps performed with the proposed
hand. Grasps are performed both on simple geometrical shapes (pan-
els 1.8a) and on more complex shapes (panels 1.8b - 1.8e).
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Gf =0
T=J(q)f

where G = GHT, J = HJ and H is the selection matriz dependent on
the characteristics of the contacts. From (1.27) follows that f € N (G)
and 7 € R(JT). In a quasi-static formulation, introducing elasticity in
contact points, the contact force variation 0 f and the torque variation
0T can be written as

(1.27)

of = KyJ(q1)dq = Ky J(q:)(q — q) (1.28)
o1 = K. (6g, — 6q) = Ko(qr — @t —q+ @) = K- (¢ —q)  (1.29)

where ¢;, ¢, q are the initial configuration (tangent), the reference
configuration and the real configuration respectively.

From these consideration follows that the system (1.27) can be
written as

GKfJ(Qt)(q - Qt) =0
K (¢ —q) = T (q) K5 J(q:)(q — @)

Given the initial configuration, the value of the variables ¢, and ¢
minimizing a proper function has to be found.

This method is applied to THE First Hand studying the problem
of a ball grasp just with the thumb and the little. Assuming contact
point as point-contact with friction, the selection matrix results in

(1.30)

100000
Hi=10 10 0 0 0f- (1.31)
001000

Admissible forces are those the remains inside the friction cone. It
means that the following relations must hold
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1.5 Grasp Trials

V ft21 + ft22 S :U“fn

fn = 0.

(1.32)

Starting from the knowledge of the contact point, using inverse kine-
matics we can obtain the value of ¢;. Globally the problem is com-
posed by:

e a cost function to minimize:

V=l (1.33)

e a linear equation set as Cey(z) = 0:

GKfJ(Qt)(q —q) =0

(1.34)
K¢ —q) — T (@) Ky I (a:)(q — ;) = 0
e a linear inequality set as Cipeq(z) < 0:
2 + 2 " < 0
Viat+fa—wfn < (1.35)

_fngo

The problem was implemented in M AT LAB by using the fmincon
function.

Numerical results are obtained with a friction factor p = 1.5, a
contact stiffness Ky = 3 N/m, a joint stiffness K, = 300 Nm/rad.
Below are the graphs with the evolution of position error during the
execution of the algorithm of inverse kinematics with synergies. Sim-
ilar results are obtained using the method of fictitious link.
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0.1164
0
. 1.0472 t
Aihumb = Qindex = 0 (136)
1.5708
0.9599
1.2392

Moreover, in fig. 1.9 and 1.10 the results for the inverse kinematic
of the index and thumb are reported, respectively.

L
09 1

) ol1 0'2 ala nla Tlmlé1secs) ule olv ols
Figure 1.9: Position error during the execution of the inverse kine-
matics algorithm for the index.

Errore Posizione Thumb

L L L L L L L L L
70 0.1 02 03 04 Ti6(secs) 0.6 07 08 09 1

Figure 1.10: Position error during the execution of the inverse kine-
matics algorithm for the thumb.
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Finally, in fig. 1.11 and 1.12 I report the algorithm results with
simulations and experiments on The First Hand, respectively.

Figure 1.11: Starting configuration for the hand in simulation (on the
left) and in experiment (on the right)

Figure 1.12: Starting configuration (on the left), final configuration
(on the right)
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Chapter

PISA-IIT SoftHand

N this chapter I retrace the evolution of adaptive synergies highlight-
I ing the differences with actuation approaches conceived for robot
hands. Moreover, I presents the evolution of the design of hand pro-
totypes implementing adaptive synergies, from the preliminary proof-
of-concept of [41] to the integrated human-shaped PISA-IIT Soft-
Hand, giving some details about the hand kinematics and mechanics.
Finally, the grasping capabilities of the proposed hand are demon-
strated by reporting some experimental results (for more details on
this chapter see [A2] and [A3]).

2.1 Synergies for Robotic Hands

Focusing on grasping, [20] shows that most of the grasping hand move-
ment can be explained, in terms of statistical variance, just by the first
two or three principal components or synergies. A direct consequence
of [20], was a new boost to the development of under-actuated and
simplified hands, as that proposed in [42]|, which first exploited the
idea of synergies in a mechanical way.

The synergy framework finds application in hand control, both
for posture definition [43] and force/impedance management [44] and
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PISA-IIT SoftHand

Figure 2.1: The PISA-IIT SoftHand, a self-contained humanoid
robotic hand powered by adaptive synergies.

has, henceforth, developed theoretically with the introduction of soft
synergies first, [21], and more recently, with adaptive synergies [41],
where a preliminary mechanical implementation was proposed. Nev-
ertheless, to easily comply and fruitfully integrate in a world devel-
oped after and around human hands, non-human shaped grippers,
as that proposed in [41], still need to overcome possible geometric
mismatches in order to achieve performance comparable to that of
humanoid hands.

This work, retraces the concepts of soft and adaptive synergies within
the rigorous twist notation framework, [45]. This allows to demon-
strate their substantial equivalence, clearly stating the conditions in
which a soft-synergy hand behaves like an adaptive-synergy one and
vice-versa.

Later on, I present the first implementation of the PISA-IIT Soft-
Hand, a prototype which conciliates the idea of adaptive synergies for
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2.1 Synergies for Robotic Hands

actuation with an high degree of integration, thus yielding a human-
shaped robotic hand with adaptive synergies, whose grasping perfor-
mance are shown in some experiments.

2.1.1 Fully Actuated Hands

Before introducing under-actuation, I briefly present the equations
describing a grasp made by a completely actuated robotic hand. This
section shows how the movement of the whole system can be described
knowing the joint displacement.

The notation adopted in this section is explained in Table 2.1.
More details about the analytical description of the grasp can be
found in [46].

Now, It is possible to consider the equilibrium equation for the
grasped object. Let w? € R® be the external wrench acting on the
object and fy € R® be the forces that the hand exerts on the object,
where the dimension ¢ depends on the number and type of contact
points. Introducing the grasp matriz °G € R%*¢ referred to reference
frame attached to the object, the equilibrium condition is verified
when

we + °Gfy = 0. (2.1)

Since the grasp matrix is constant, by differentiation of (2.1) it follows

that, for the first order variation of the equilibrium configuration, it

holds

wd +°Gofy = 0. (2.2)

Similarly, the equilibrium equation for the hand relates the contact
forces with the joint torques (7€R*) by the equation

T = ?]Tf ;7,) ) (23)

where U7 € R¥%¢ is the transpose of the hand Jacobian matrix. It
is worth observing that, since the contact forces are expressed in a
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frame attached to the object, the Jacobian matrix depends both on
the hand configuration ¢ € R* and the object configuration v € RS,
The general relationship describing a perturbation of the system can
be found differentiating the equation (2.3), obtaining

61 = Qdq + Udu + J'6 f2, (2.4)

where Q) = 6%—?’3 € Ri*% and U = 80‘2—?’3 € Rfax6,

The hand/object interaction can be described introducing a virtual
spring at the contact points. A force variation occurs in presence of
a hand or object contact point displacements, that is

5P = K.(Toq — °GT6u), (2.5)

where K, € R®*¢ is the contact stiffness matrix.
Equations (2.2), (2.4) and (2.5) can be grouped the system

owe
L, 0 °G 0 0 6T
0 L, —-97 -0 -U 5fy | =0, (2.6)
0 0 I —-K9 KC°GT|| dq

L 5u J

that appears as a linear and homogeneous system of equations in the
form Ady=0, where A€R"™*“ and dy € R is the vector containing
all the system variables. It is easy to find that the nullspace basis of
matrix A has a number of columns equal to ¢, —r,=fw—14q. Since
that, I can describe the perturbed configuration of the system know-
ing the external wrench variation and the displacements of the joint
configuration. A formal method to obtain these relationships consists
in acting on the coefficient matrix by the elementary Gauss operation
for a block partitioned matrix. The final result of the procedure is a
set of equations of the type
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2.1 Synergies for Robotic Hands

Notation | Definition
dx | variation of variable x
Z | value of x in the reference configuration
fx | dimension of vector x
¢ | number of contact constraints
q € R¥ | joint configuration
7 € R | joint torque
fi € R | contact forces exerted by the hand on the object
u € RS | pose of the object frame
¢, € R% | reference joint configuration
o € R¥ | soft synergy configuration
e € R¥ | soft synergy forces
z € R¥ | adaptive synergy displacements
n € R¥ | adaptive synergy forces
°G € R%*¢ | grasp matrix in object frame
9 € R% | hand Jacobian matrix in object frame
S € R | soft synergy matrix
R € R¥**% | adaptive synergy matrix

Table 2.1: Notation for Grasp Analysis.

(5y2 = W, 5w2 + Qzéq, (27)

where dy; one of the variables in dy.A general algorithm to obtain the
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equations in (2.7) starting from (2.6), called GEROME-B, was pre-
sented in [46]. The matrices W; and @; are functions of the elements
of the matrix A, their explicit form is here omitted for brevity.

From (2.7) it trivially follows that, without an external wrench
variation. The absence of the external wrench is not a general as-
sumption. However its contribution is negligible in order to study
the controllability of the system by the hand with or without under-
actuation. All the variables can be found as a function of the joint
displacements as

0y = Qi0q. (2.8)

2.1.2 Simplicity in Control

As hinted by neuroscience works, as [20], the brain controls the hu-
man hand as a whole. Particular patterns of muscular activation give
rise to organized movements, which form a base set resembling the
concept of basis of a vector spac [47], that is a minimal number of lin-
early independent elements that, under specific operations, generate
all members of the given set. Such basis is referred to as the space of
postural synergies, or eigengrasp space [43,48|.

What brings out the bio-aware synergy space from other possible
choices for the base to describe the hand configuration is the astound-
ing result that most of the hand grasp posture, actually 80%, is sta-
tistically explained by the first two synergies alone (and 87% by the
first three). Similar results can be found regarding grasping forces,
as shown in [48]. This renders the synergy space a preferable base
for simplification. There already exists some robotics application in
robotics which take advantage of the idea of synergies. To simplify
control, software synergies can be simulate on a fully actuated robotic
hands (as that of Fig. 2.2a), as suggested by [43|. This can highly
simplify the design phase of a grasp, by reducing the number of control
variables.

The basic idea behind the use of synergies in robotics consists
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in specifying a suitable base for the joint space movements, called
synergy matriz, S € R¥*% where fo is the number of synergies used.

In this scenario, a hand configuration can be described in the
synergy space by the vector o € R¥, with fo < g, as

g = So. (2.9)

The possible applications of the synergy concept are not limited to
software. Simplified robotic hands can be built, which embed hard-
ware synergies in their mechanics to reduce the number of motors
used to achieve most grasping tasks. The hand design by Asada [42],
adopts two interchangeable set of pulleys to move the hand along two
synergies, as in the simplified scheme of Fig. 2.2d.

In reducing the number of control variables/motors, both ap-
proaches [43] and [42] need to confront with the gap between the
number of hands DoFs (Degrees of Freedom) and the number of actu-
ated synergies. Projecting a generic grasp configuration on the lower-
dimensional sub-space spanned by S implies some error in achieving
the desired pose. The software synergy approach of [43| faces this
by stopping the motion of each finger when it comes in contact with
the grasped object, while a complementary actuation system, realized
with memory-shape alloys, is proposed in [49] by the same authors
of [42]| to compensate for lacking DoAs (Degrees of Actuation).

2.1.3 Soft Synergies

An alternative to the former solutions is proposed by the introduction
of soft synergies in [21]. Here synergies define the reference configu-
ration of the hand (called virtual hand), toward which the real hand
is attracted by a stiffness model. To describe this situation, for each
joint I introduce a reference variable g, € R, such that its displace-
ments is given by

dq, = Séo. (2.10)

41



PISA-IIT SoftHand

(a) Full Actuation

D504

(b) Full VSA

(d) Rigid Synergies

(f) Adaptive Synergies
(e) Soft Synergies

Figure 2.2: A simplified three-finger hand grasping an object, with
concept implementation of different actuation paradigms.
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The difference between the reference value and the real position of
the hand generates the joint torque necessary to balance the repulsive
forces given by contact with the grasped object. In other words,
defining the matrix K € Ri2x% a5 the joint stiffness matrix for the
soft synergy case, for the joint torques 7 € R¥, I can write that

6T = K;(dq, — 0q). (2.11)

Furthermore, by kineto-static duality, letting the vector de € R* be
the force variation at the synergies, it is possible to prove that

6e = STor. (2.12)

The differences between (2.9) and (2.10) highlight that a soft synergy
hand retains all its kinematic DOFs, but is still able to simplify the
grasp mechanics, leaving the burden of finely adjusting the fg — fo
less important movements to the compliance model.

A concept scheme for the hardware implementation of this ap-
proach is shown in Fig. 2.2(e), where springs are used in series with a
mechanism similar to that of Fig. 2.2(d). A software implementation
of a similar approach is that implemented in [44] on the DLR HAND
IT, through the means of a suitable impedance controller. The soft
synergy-like solution of [44] still requires full hand actuation and a
sophisticate impedance controller on the hand. An hardware imple-
mentation could be realized on a hyper-realistic device, as that pre-
sented in [50], but such hardware, in principle similar to the scheme
of Fig. 2.2(b), is actually twice as complex as that of a fully actuated
hand.

Soft Synergy Hand Control

The effect of the synergistic under-actuation, described by (2.10),
(2.11) and (2.12), can be taken into account in the equations (2.8).
In particular for ¢ = 2, thus for variable 7, I obtain simply that

0T = Q,9q. (2.13)
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Substituting (2.13) in (2.11) and taking into account (2.10), it is easy
to obtain

6q = (K; + Q,) ' K;Sdo. (2.14)
Thus, from (2.8), it holds that

oy = Qi(K; + Q-) "' K Séo. (2.15)

The equation (2.14) and the system described by the (2.15) are able
to give a complete description of the variation of the hand/object
configuration given the position change at the synergy level.

To describe the situation where the soft synergies are controlled
by forces, assessing (2.15) for the variable 7, placing it into (2.12), I
can calculate the necessary force at the synergy level as

e = STQ- (K. + Q-) ' K. Sbo. (2.16)

Inverting the result I arrive to

oo = (STQ. (K + Q) 'K;S) " de. (2.17)
Substituting (2.17) in (2.14), the hand joint displacement becomes

0q=(K;+Q.) 'K;S(STQ-(K;+Q-) 'K S) Y. (2.18)

Therefore, substituting (2.18) in (2.8), the complete system variation
depending on the soft synergy forces is also obtained.

2.1.4 Simplicity in Design

From early approaches, as [51], adaptive under-actuated hands evolved
toward simplicity in design, such as those proposed in [52], [53] and
[54]. To pursue this goal adaptive under-actuated hands make use of
an approach based on differential transmissions, which distribute the
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displacements of a very small number of motors z € R, with fiz < fig,
to all the fingers actuating a linear combination of ¢, as in

Réq = 6z. (2.19)

as introduced in [41], R € R¥*# can be designed to be an adaptive
synergy matrixz, composed by the transmission ratios from the actu-
ator to each joint. The scheme of Fig.2.2c shows a concept of this
pattern of actuation. Adaptive synergies go a step past soft synergies
by enabling a method to effectively exploit synergies for the design
of under-actuated hands, compensating for the adoption of a reduced
number of synergies with the possibility to adapt to the shape of the
objects to be grasped. On the other hand, I go beyond traditional
adaptive hands, by proposing a technique to combine multiple DOAs
on the same under-actuated hand, in a way that each DOA globally
actuates the whole hand and DOAs are hierarchically ordinated by a
functional bio-inspired relationship.

Adaptive Synergy Hand Control

in order to find the hand /object displacements imposed by given adap-
tive synergies, I first look for the transmittable joint torques. Taking
into account (2.19), from the kineto-static duality, R relates the force
n € R¥ applied by the actuators to the torque 7 on the joints by

6 = RTén. (2.20)

The uniqueness of the free movement of the hand is assured by the
introduction of elastic actions in parallel with the mechanical actua-
tion system, as in Fig.2.2f. Thus, defining the joint stiffness matrix
for the adaptive synergy case as K¢ € R“*% T can modify (2.20) in

o1 = R"on — Kdq. (2.21)
Considering (2.21) and (2.13), it immediately follows that
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6q = (K¢ + Q.) ' R"an, (2.22)

thus, substituting in (2.8), I can obtain the complete description of
the hand /object displacements resulting from the application of forces
at the synergy level.

To find a relationship describing the case of adaptive synergies
controlled by the position, I start substituting the equation (2.19) in
(2.22). Inversion allows to find that

on = (R(K{ +Q-)'R") "0z, (2.23)

which is the expression of the synergy forces as a function of the
synergy displacements. This result can be placed in (2.22) obtaining

bq = (K? + Q) "RT(R(K? + Q,)"'RT) "4z, (2.24)

thus, substituting in (2.8), also the complete system description de-
pending on the adaptive synergy displacements.

2.1.5 From Soft to Adaptive Synergies

I now look for a way to obtain an adaptive synergy matrix R and
a joint stiffness matrix K able to imitate the effects of a given soft
synergy under-actuation. In this sense, I suppose to know the joint
stiffness matrix K and the soft synergy matrix S. Thus, from (2.14)
and (2.18), I can suppose to know the term

. (K5+QT> 1Ks
S= (2.25)
(Ko +Q-) 'Ky S(STQ- (K +Q. ) 'K S) )

where the first holds if the soft synergies are position controlled, the
second otherwise. Since the matrix S € R¥*# is able to describe the
joint displacements, and since from this depends all the hand/object
motion, as by (2.8), I can say that to obtain the equivalent adaptive
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synergies means to obtain the same joint displacements. If I want to
do that by a force controlled adaptive synergies I have to consider the
equation (2.22), obtaining, under the hypothesis of §z = fo, that

(K2 +Q,) 'R" = as, (2.26)

where « is a non-null coefficient able to accord units of measurement.
From (2.26) it immediately follows that

RT = a(K? + Q.)8, (2.27)

allowing to find suitable matrices R and K7.
On the contrary, if I want to use a position controlled adaptive
synergies, I have to consider (2.24), obtaining

(K¢ +Q-) 'R (R(K; +Q-)'R")™" = ab, (2.28)

or equivalently
R = a(K? + Q.)SR(KS +Q,)'R". (2.29)

It is easy to prove that (2.29) is satisfied only if

SR=—1, (2.30)
a
where I € R**# is an identity matrix. Unfortunately, since in general
S is a tall matrix and R is a fat matrix, the product SR can not be
a full rank matrix, thus it is not possible to find a suitable position
controlled adaptive synergy under-actuation able to imitate the effects
of the given soft.

2.1.6 From Adaptive to Soft Synergies

Similarly to what seen before, I can search how to introduce a soft
synergy actuation which imitates a given adaptive one, in terms of
hand/object controllable displacements. Under this hypothesis, I can
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assume to know the adaptive synergy matrix R and the joint stiffness
matrix K¢, that is the term

BT — (Kg+Q-)~'R" (2.31)
(K® + Q)" RY(RQ,(K® + Q,)"'RT)~, '

where the first holds in the force control case, the second otherwise.
In order to find an equivalent position controlled soft synergy, starting
from (2.14), it is easy to obtain that

S = B(K;) MKy +Q-)R", (2.32)

where the coefficient § has the same function of « in (2.26).

It is worth observing that, considering (2.25) for the position con-
trolled soft synergy case, and (2.31) for the force controlled adap-
tive synergy case, from (2.26) and (2.32), in the particular case of
K, = K; = K, the map between the two under-actuation type is
simply given by

R = aK,S, (2.33)

in accordance with the results of [41].

Conversely, to find a suitable force controlled soft synergy, I have
to consider the equation (2.18). Considerations similar to the previous
allow to easily obtain the condition

L
50" (2.34)

RTsT _
Since the right hand term is a non-singular matrix, as for condition
(2.30), it follows that even in this case it is not possible to solve the
problem.

48



2.2 A Self-Contained Humanoid Hand

2.2 A Self-Contained Humanoid Hand

In the next section I show how adaptive synergies can be successfully
implemented also in the design of a human-shaped hand. My purpose
is to build a simple and robust human-shaped hand, which implements
the concept of adaptive synergies, following the scheme of Fig. 2.2(f).
The human hand has 19 DOFs, but its complexity can be approx-
imated by a chain of 1 DOF joints (i.e. revolute joints), properly
rotated to achieve flexion-extension, abduction-adduction and oppo-
sition movements. This simplified approach can be exploited to realize
a hand out of only a few base modules.

The mechanical implementation of adaptive synergy dictates for
the need to transfer simultaneously force and torque in a coordinated
way for each DOF, implementing the transmission ratio R of (2.19).

A revised version of Hillberry’s rolling joint [55] is, in the authors
view, particularly suitable to realize this type of hand.

2.2.1 The Hillberry’s Rolling Joint

Figure 2.3: Schematics of Hillberry joint. It consists of two cylinders
in rolling contact on each other. Hold together by a system of bands.

A Hillberry’s joint consists of two pairs of cylinders in rolling con-
tact on each other, as schematically shown in Fig. 2.3. Each of these
two parts can be seen as a revolute joint. The two cylinders are held
together through a system of bands, which can be rigid or elastic [55].
A Hillberry’s joint exhibit many advantages:
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1. The particular mechanical structure allows for easy modifica-
tion of its characteristic diameters, thus changing the transmis-
sion ratio of the joint and therefore the transmitted force. Zero
transmitted torque can be achieved by adequate tendon routing.

2. Joint friction is low, despite the lack of bearings.

3. The rotation range is about 180°, that covers the needed rota-
tion range of about 90°.

4. Tt is easily scalable.

5. Absence of mechanical connection elements, like screws and
bolts, is a major simplification.

Thanks to the presence of Hillberry’s joint, an actuation system
relying completely on tendons was achieved. The tendon carries the
actuation and ensures also mechanical locking. The intrinsic elasticity
of the joint, given by the elastic bands (in green in Fig. 2.4), allows to
use an unidirectional actuation system. In particular, joint elasticity
is determined by the bias of the elastic band from the (moving) contact
point on the Hillberry’s joint and can be, to some extent, adjusted
by pretensioning the elastic band. The chosen implementation relies
on a single cable acting on the whole hand and it gives adaptivity to
the overall system, without the need for a differential gear mechanism
(unlike the prototype presented [41]).

2.2.2 Robustness

In addition to the previously described features, another attribute of
the joint is robustness. Indeed, in robots and humans, the hand is
liable for crash, in particular during grasp and exploration movements.
The designed joint is able to withstand severe disarticulations, as show
in Fig. 2.5, exploiting the intrinsic system elasticity. The revisited
Hillberry joint shows the following features:
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2.2 A Self-Contained Humanoid Hand

Figure 2.4: Revised version of Hillberry’s joint (a) and profile view
from the plane orthogonal to the rolling direction (b).

—

(@1

two cylindrical structures in rolling contact on each other,

. lateral walls in each side of the joint, to ensure the following of

the rolling profile, also in the case of transverse external forces.
The walls present a slope of about 80°, as shown in Fig. 2.4 and
Fig. 2.5. Each lateral wall is housed in a recess of the same
dimension, properly designed in the other corresponding part of
the joint.

An elastic tendon, locked at both ends with some pretensioning,
which holds together the two parts of the joint and provides
elasticity K*.

A matching geared coupling integrated on rolling surface to con-
strain rolling contact. This profile is not that of a complete gear,
but it’s gradual (it can be seen in Fig. 2.4).

A small profile is included in the back of the joint, to ensure
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W

Figure 2.5: Example of disarticulations the designed joint is able to
withstand.

correct return to the rest position in case of accidental over-
opening of the joint.

6. Finally a series of ball bearings pulleys inside each joint, house
the tendon actuation. The diameter of the pulleys range from
8 mm to 6 mm, with a wrapping radius of about 7 mm. A
properly designed spacer, separates the pulley each from the
other.

2.2.3 Hand Description

The whole hand is realized by the assembly of 20 modules, as showed
in the exploded view of Fig. 2.6. In rest position, all the fingers are
completely open and form an angle of about 30° one with respect the
other. The thumb is rotated of 90° about its axis and is perpendicular
to the palm, the full kinematics can be seen in Fig. 2.7.

Despite the integrated pulleys, friction ultimately limits, in prac-
tice, the number of joints that can be actuated by a single motor.
This phenomenon is partly contained thanks to the tendon actuation
which is realized pulling the tendon from both ends, allowing the im-
plemented hand to perform satisfactorily. Further compensation for
friction comes from proper choice of pulley radii, which is designed in
order to let the real hand mimicry the first human hand synergy.
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Figure 2.6: Exploded view of the modules of the whole hand.

Figure 2.7: Schematics of the kinematics of the PISA-IIT SoftHand.
As explained in the legend, rotation joints are represented by one
light gray cylinder, while rolling joints are represented by a pair of
dark gray cylinders.
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2.3 Experiment

The proposed has been experimentally validated by measuring the
maximum grasp force and holding torque and by grasping some com-
mon objects.

All the experiments and grasps of the following paragraphs rely
on a PID control implemented on the motor position. The tendon
was actuated by a 516 : 1 12 V DC gear motor, equipped with a
HEDS 5540 digital encoder (1024 counts per turn) and driven by
Sabertooth Syren 10 driver. Encoder signals were acquired with a
PhidgetsEncoder High Speed board while driver commands were sent
trough a Phidget 4-Output board.

After calibration, the hand is controlled acting on the percentage
of closure: from 0% (completely opened) to 100% (completely closed).
In this manner it is possible to control the hand with a simple slider.
For force and torque experiments I used an ATI nano 17 F/T sensor
with UDP interface to measure holding force and torque of the robotic
hand. The sensor was embedded in the two test objects of Fig. 2.8:
a split cylinder (Fig. 2.8(a)) to measure the grasp force and a disk
(Fig. 2.8(b)) to measure maximum holding torque.

Control and measurements were performed in MATLAB/
SIMULINK. During all the experiments the hand is equipped with
an off-the-shelf rubber working glove to supply good contact friction.
For grasp force experiments I used a cylinder of 120 mm height and
diameter of 45 mm (see also Fig. 2.8(a)). For holding torque experi-
ments [ used a cylinder of 20 mm height and diameter of 95 mm (see
also Fig. 2.8(b)). In Fig. 2.9a I report forces and torque acquisitions
during sensorized object grasp.

2.3.1 Results

In Fig. 2.92.9b I report force acquisitions during sensorized object
grasp. It is possible to notice how forces increased when fingers get
in contact with the sensorized cylinder (step behavior of the red and
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(a) Force Object

(b) Torque Object

Figure 2.8: Sensorized object for torque measurements (2.8b) and
sensorized object for force measurements (2.8a).
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(b) Torque Measurements

Figure 2.9: Torques and forces of the robotic hand during grasp task.

55



PISA-IIT SoftHand

blue line in Fig. 2.92.9b). I achieved a maximum holding torque of

3+3.5 Nm. I achieved a maximum holding force of about 25 =28 N
along z axis.

W 2

(a) Cube Grasp (b) Cube Dimensions

wuw G602

65 mm

(c) Bottle Grasp (d) Bottle Dimensions

Figure 2.10: Some experimental grasps performed with the proposed
hand on simple geometrical shapes.
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(a) Reel Grasp (b) Reel Dimensions
5
3
(c) Pincer Grasp (d) Pincer Dimensions
.
3
[ 57 mm
(e) Stapler Grasp (f) Stapler Dimensions

Figure 2.11: Some experimental grasps performed with the proposed
hand on complex shapes.
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Part 11

Variable Impedance Observer



HIS PART presents a novel method to estimate variable impedance
T of Variable Stiffness Actuators (VSA).

In chapter 3, VSA devices with a generic classification are intro-
duced. VSA devices are actuators capable to change both stiffness and
link position using an elastic transmission mechanism of the motion
between rotors and shaft. Their structure and mechanical implemen-
tation are very closed to human muscles.

After, the mechanical impedance estimation problem is tackled
illustrating the theory and the structural properties of the methodol-
ogy.

Performances of the method proposed are shown trough simula-
tions on common models of VSAs and experiments on a real proto-

type.






Chapter

Variable Impedance Observer

HIS CHAPTER introduce a method to estimate the mechanical
T impedance of Variable Stiffness.

Nowadays, VSA devices represents a wide research field of growing
importance and interest both for research perspectives and for indus-
trial applications. In fact, this new technology allows to completely
change the way of thinking and building robots, and will replace the
actual actuation system in robotics, allowing safety, saving energy,
and preserving mechanisms.

Despite many solutions have been developed as prototypes, in VSA
devices it is not possible to measure the time varying stiffness hinder-
ing the possibility of directly control the stiffness itself (further details
can be found also in [A4] and [A5]).

3.1 Variable Impedance Actuator

While most of today’s robots are built with rigid links and joints, re-
cent robotic research shifted toward a new paradigm of intrinsically
compliant robots. The first solutions of this kind introduced sim-
ple linear springs between the actuators and the links of a robot [56].
This approach was improved by realizing actuators with integrated ad-
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justable stiffness, where springs, which could be tuned to the particu-
lar task in early prototypes [57|, and could be adjusted in real-time on
more recent devices ( [58], [59] and [60]). Recently, devices which can
also regulate damping or inertia have been proposed [61], thus gen-
eralizing Variable Stiffness Actuators (VSA) in Variable Impedance
Actuators (VIA)

The overall trend aims toward the development of VIA [W12] that
can adapt to the particular tasks and even during the task itself,
changing the shape of their output dynamic characteristic, possibly
with more than one degree of freedom.

Development of such novel actuators gives rise to interesting prob-
lems in term of control. A number of recent papers tackle the problem
of controlling variable stiffness devices. Approaches, ranging from
simple PD control [28] to more sophisticate feedback linearization
techniques [29], are adopted to control stiffness in VIAs. Nevertheless,
most of these approaches suffer from the same flaw: the impedance is
not obtained trough direct measurements but it is inferred from the
mathematical model of the device. Even if modeling an actuator in
order to derive its stiffness seems like an easy and feasible approach,
three main obstacles render it problematic.

First of all, the derivation of a model requires knowledge of the
non-linear elastic mechanism of the actuator, and while this is pos-
sible today on prototypical devices, could not be facilitated or even
hindered in tomorrow’s commercial devices.

Second, derivation of impedance from a model requires fine cali-
bration of the model parameters, in fact, due to intrinsic non-linearities
of most VIAs, small errors in the model can badly propagate and pro-
duce large errors in the reconstruction of impedance.

Third, a model approach does not easily account for parameter
variation due to wear, change in external condition (e.g. temperature)
and unmodeled dynamics.

In a recent work [57], a stiffness observer was proposed as an alter-
native approach to face this problem. Without relying on a detailed
model of the actuator, but rather using measurements of forces, posi-
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3.1 Variable Impedance Actuator

Link Stiffness
Link Damping

Link Inertia

Figure 3.1: Concept of impedance observer for a variable stiffness
robot: inertia, damping and stiffness on the link side are estimated
from measures of inputs (motors currents) and outputs (angles and
torques) of VSA device.

tions and their derivatives, the method is able to reconstruct the time-
varying value of stiffness. Its application to the case of VSA-powered
robots is partially restricted by the necessity of knowing estimates of
damping and impedance of the link, although the algorithm shows
some robustness to small errors on this information.

When linear impedance parameters are sufficient to model a sys-
tem, standard estimation techniques exist to solve this problem, such
as the Extended Kalman Filtering (EKF). Given proper calibration,
their performance is satisfactory. A combined estimation approach
is proposed to jointly observe non-linear stiffness and linear damping
and inertia parameters. However, the first proposed implementation
is not always practical: due to the fact that a loop between the two
observers arises, robustness of the observation stability is severely un-
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Figure 3.2: Classical spring, mass, damper dynamical system.

dermined.

Therefore I propose a technique for the combined estimation of
the whole set of impedance parameters of a VIA powered system
(as in Fig. 3.1), which avoids interacting observation loops, thus
preserving robustness of the estimation. The derived method can be
applied to a class of variable stiffness devices. Its practical feasibility
is demonstrated by applying it to the estimation of the impedance
parameters of the AwAS variable stiffness actuator, in simulations
first and experimentally as a final verification.

3.2 Mechanical Impedance

To introduce impedance, consider first the paradigmatic example of
a mass-spring-damper system (see fig. 3.2), described as a relation
between the applied force f(t) and position y(¢) through

f=my+by+ky (3.1)

the three parameters m,b, k are constant, the O.D.E. (3.1) is linear
and time-invariant. Introducing the Laplace transforms F'(s), Y (s) of
force and position, one has immediately
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3.2 Mechanical Impedance

F(s) = (ms* +bs+ k)Y (s). (3.2)

The operator Z(s) := (ms? + bs + k) is called the mechanical
impedance of the spring-damper-mass system It should be noted that
in the literature, the term impedance is sometimes used to denote the
relationship between velocity and force. The reciprocal operator of
impedance, called admittance A(s), generalizes compliance as it maps
forces in displacements: Y (s) = A(s)F(s). The admittance operator
is causal (while impedance is not).

The above approach can be generalized to a nonlinear dynamic
setting by considering the relation between forces, displacements, first
and second derivatives of displacements, and internal states u, and its
graph G C F x Y x DY x D?*Y x U, comprised of 5-tuples d(t) :=
(f(t),y(t),y(t),y(t),u) corresponding to an idealized, infinite set of
experiments. If G(f,y,v,4,u) = 0 is an analytical description of the
graph, and dy is a regular point, then a force function f(y,y,4,u) is
defined in a neighborhood of d.

Defining generalized stiffness as

H) = — (aG d)>_ dG(d) (33)

of Oy

generalized damping as

) — - <a§;d)> i ag(;z), (3.4

and generalized mass as

(@) = (8G(d)> T 0G(d) (35)

of oy’

one can compute the Fréchet differential of the force function as

5f = m(d) 5 + b(d) 65 + k(d) 6y + v(d) Su (3.6)
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From consideration of the positive definiteness of the kinetic energy,
Rayleigh dissipation function, and elastic energy associated with the

generalized inertia, damping and stiffness, it follows that m, b, and k
are always greater than zero.

3.2.1 Observability for Linear Impedance

Consider an extended state vector z = | y ¢ _% _b % , and
rewrite the dynamics of (3.1) as
Z9 0
2123 + 2224 25
i o= 0 +10 |f
0 0 (3.7)
0 0
y = hz)=2

The identification of the impedance parameters can thus be cast as a
nonlinear state estimation problem, i.e., from the measurement of the
external force f and position y, estimate the initial state z(0), and in

particular its three last components which completely determine the
linear impedance.

I preliminarily establish that the problem is well posed. Indeed,
considering the observability codistribution for this system,
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3.2 Mechanical Impedance

1 0 0 0 0
0 1 0 0 0
z3 Z4 Z1 29 0
Q(z) = (3.8)
0 0 0 0 1

2324 23+ zﬁ 2o+ 2124 2123+ 22924 0

0 0 0 Z5 Z4

it turns out that for m, b, k > 0, dim€(z)* = 0, Vz except z; = 25 = 0.
Hence, if the system moves from the equilibrium, the three linear
impedance parameters can be reconstructed from position and force
measurements.

To actually estimate the impedance in this case, different meth-
ods can be adopted. These include standard off-line identification
techniques (which exploit the linear nature of the regressor for the
unknown parameters), such as e.g. in [62], or on-line nonlinear state
observers (e.g. Extended Kalman Filters) applied to system (3.7).

Unfortunately, generalization of the above straightforward approach
to the case when impedance is nonlinear and/or time varying is not
trivial. To convince oneself, it is sufficient to consider the case of an

unknown force function s(y, u(t)) replacing the linear spring term in
(3.1), ie.

f=mi+by+ s(y,u), (3.9)

when no information on the structure of f or on the variable u(t) is
available.

In the case a parametric description of the force function is avail-
able, e.g. in terms of a finite polynomial expansion f(y,u) = ko(u) +
ki(uw)y + ko(u)y® + . .., and u is constant, an observable finite dimen-
sional nonlinear system can be built.
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However, the possibility to achieve good performance of the cor-
responding observer is dubious.

3.3 Variable Impedance Actuator

Most of the VIA mechanisms are characterized by 3 degrees of free-
dom (DOFs) and, therefore, can be described by a similar common
structure. I will assume here that a VSA can be modeled with one
motor (indirectly) actuating the link movement and another motor
actuating the impedance variation, as in Fig. 3.1, or:

]q+Nq+Z(027"'):Text
Blél + D191 — (0, ) =7 (3.10)
By + Doby + L(by,---) =m.

The first equation of (3.10) represents the dynamics of the link: I,
N and X(f,,---) are inertia, damping and the non-linear variable
impedance of the link, respectively, 7., is the external torque on the
link, ¢ is the link angle. The second equation of (3.10) represents the
dynamics of the position actuating motor: By and D; are inertia and
damping of the link motor, respectively, 71 is the motor torque and
0, is the motor angle. The third equation represents the dynamics of
the impedance actuating motor: By and D, are inertia and damping
of the stiffness motor, respectively I'(fy, - - - ) is the torque needed for
the motors to change impedance and 75 and 6y are the motor torque
and angle, respectively.
The functions

2(927) = 2(927(1_9174_?17”') (311)
[(0,--+) = T(02,q—01,4—01,---), (3.12)

represent the variable impedance part of the system. Their effective
structure and the set of their arguments itself depend on the particular
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VIA system considered, but it can usually be restricted to the values
of 65 , ¢ — 61 and their derivatives. In the case of a VSA, i.e. a VIA
where damping and inertia are constant, the arguments of () and
['() usually reduce to just 6y , ¢ — 6y, respectively.

3.3.1 VIA C(Classification

VIA systems can be classified into two categories:

e Constant compliance devices

e Variable compliance devices

A constant compliance device has a fixed stiffness in the elastic
transmission between rotor and shaft. The system can adapt to the
situations only changing the elastic element and has only one motor.
Instead, in the second case, compliance can be changed adapting to
the situation, as moving a heavy load or move a glass of liquid. There
is the necessity of an extra motor to change compliance resulting in an
increased complexity of the system. Compliance is altered by varying
stiffness of the elastic element, hence it is commonly referred to as
Variable Stiffness Actuators (VSA). In particular, in a quick variable
compliance system, compliance can be changed with time constants
comparable to motion.

At present, the variable stiffness devices (VSA) can fall into two
categories:

e Explicit Stiffness Variators (ESV)
e Agonist-Antagonist (A.A.)

The ESV devices consist of two motors, one dedicated for the link
movement, which transfers power (torque and velocity) to the joint,
and the other dedicated to explicitly change the link stiffness. The
A.A. devices have also two motors, but unlike the ESV, the two mo-
tors change both the link position and stiffness, affecting each other.
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Therefore, their behavior is said agonist-antagonist, as the operation’s
principle of the biological muscles. In fact, if I consider to only change
the link stiffness, keeping the link position fixed, this can be obtained
by commanding the two motors to move in opposite directions.
From a more general point of view, it has to be pointed out that
stiffness is one of the parameter that characterize the concept of me-
chanical impedance with mass and damping. Devices that can also
regulate damping and inertia are called Variable Impedance Actuators

(VIA).

3.4 Impedance Observer

It is possible to consider that the mechanical impedance of a VSA is
composed by two part. First is the stiffness (time varying) and second
is the mass and damping (time invariant).

In this section I explain the algorithm for estimating the mechan-
ical impedance of a VSA dividing the estimation task in stiffness es-
timation and in mass and damping estimation.

3.4.1 Variable Stiffness Observer

For simplicity’s sake, I assume that accurate measures of the applied
force f(t) and of the position y(t) are available, and that numerical
derivatives of these signals can be done. I assume also that both
the mass and damping coefficients, m and b, are known (these strong
assumptions will be discussed later on). No assumptions are made on
the function s(y, u) except that it is smooth in both arguments, with
bounded derivatives of all orders.

[ assume that the stiffness-regulating input u(t) is bounded with its
first derivative %(t). It should be noticed that, in building an observer
that relies only on measurements of the position y(¢) corresponding to
the external load f(t), it is physically impossible to observe a stiffness
which is changing in time (4(t) # 0) while the system is at equilibrium
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(y(t) = 0). More precisely then, I will make the assumption that the
ratio between the stiffness regulation rate of change and the velocity
of the measured trajectory is bounded, namely that, for all times ¢
during the application of the observer, it holds

L (3.13)
[9(t)]
0 0s(y,
Let 8_f = sgy W := o(y, u(t)) denote the stiffness to be measured.
) Y

Also let 6(t) denote its estimate at time ¢, and 6(t) = o(y, u(t)) —(¢)
be the estimation error.
Differentiate (3.9) once with respect to time to get

f=mY +bj+ oy + sui, (3.14)
9s(y, u)

where s, 1= . Using the current estimate of stiffness and the

ou

assumptions stated above, a best-effort prediction for f can be written
(in the absence of information on s(y,u) and on u(t)) as

f=m¥ +bj+ 6y (3.15)
I will show that the update law

& = afsgn(y), (3.16)
with a > 0 and
B il #0
sgn(z) = , (3.17)
0 iffjz||=0

is such that 6(t) can be made to converge to the true stiffness value
o(t) within an uniformly ultimately bounded error.
Indeed, consider the positive definite error function
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1
V, = 552 (3.18)

and its derivative along the trajectory defined in (3.16), i.e.

V, =66 =606 —60=0506—ads,usgn(y) — as?ly| . (3.19)

While the first two terms in the rightmost sum in (3.19) are indefinite
in sign, the third term is negative definite. Therefore, wherever the
inequality holds

(3.20)

the derivative of the error function V, is negative, hence the estimation
error decreases. By writing ¢ = o,y +0,%, and using the upper bound
above assumed on the rate of stiffness change, I have that stiffness
estimates converge to the true value within an ultimately uniformly
bounded error given by

|| > M + (|su| + M) v (3.21)
Q@ Q@
Remark 3.1 The assumption that the mass and damping are exactly
known is not realistic. However, it is easy to verify that the analysis
above carries over exactly even with no knowledge of m and b, provided
that a force sensor directly placed on the elastic element provides a
measure of the force s(x,u). In case this is not available, then errors
on the m and b parameters have the effect of making the ultimate error
larger (this efect can be countered by increasing the observer gain o).

3.4.2 Combined EKF-Stiffness Observer

Assuming that a measurement of the torque 7., is known, a possible
approach to the combined estimation problem relies on the juxtapo-
sition of a stiffness observer and an EKF. Rewriting (3.14) as
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Text_K<q_91) _2u92 =T :IQ+NQ, (322)

an EKF can be easily built in to estimate the impedance parameters
of the rightmost side given a measurement of 7,. Given the estimates
I and N derived from the EKF, the estimation of stiffness can be
obtained by using the best-effort prediction for the 7.,; defined now
as

Tewt =10 + NG+ K(G—01) , (3.23)

where 7.4, I , N and K are the estimations of external torque, inertia,
damping and stiffness, respectively.

By virtue of the robustness of the stiffness observer algorithm
claimed in [57], the error on the knowledge of I and N should in-
troduce only an error on the estimate K.

The knowledge of 7, is, unfortunately, unavailable but, possesing
possessing an estimate of the stiffness K, can be approximate as

T = Teat — K (4 — 61). (3.24)

This approach has the advantage of estimating the whole set of param-
eters using only torque and position measurement (and their deriva-
tives) without needing any other assumption. It works under the
hypothesis that the initial error on the estimates of I and N and the
influence of the term X, are small enough. Nevertheless, as it is high-
lighted from the block-diagram of Fig. 3.3, the problem of an interac-
tion loop between the two observers arises. This has a negative effect
on the stability of the algorithm, and can make convergence depend
strongly on initial guesses. A solution to this problem is presented in
the next section (3.4.3).

3.4.3 Decoupled Impedance observer

Assume that the torque sensor necessary for the stiffness estimation
is assembled between the actuator unit and the link so as to measure
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LINK INERTIA
>

LINK DAMPING
*-—r
LINK STIFFNESS
>

Figure 3.3: Schematics of the full observer as proposed in section
3.4.2. The interaction loop between the two observers is highlighted.

Y. It is possible to notice, that the variable impedance term ¥, giving
rise to the stiffness K, appears in both the first and second equations
of (3.10). If T consider, in particular, the second equation of (3.10),
its general form is identical to that needed by the stiffness observer.
While accomplishing the stiffness estimation task on the first equation
of (3.10) requires the knowledge of I and N, performing the estimate
on the second of (3.10) demands just the knowledge of the motor pa-
rameters By and D;. Those values can be usually deduced by the
motor data-sheets, or otherwise measured with standard off-line cali-
bration techniques . Moreover, small errors in the knowledge of these
two parameters are robustly tolerated, as shown in [57]. The rest of
the problem, i.e. the estimation of the inertia I and the damping N,
can be realized with a standard EKF on the system

Ii+ N¢ = 4. (3.25)

Defining the extended state vector
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q L1

q N
1/1 N T3 ’
N/I Ty

(3.26)

allows to write the non linear discrete state representation of (3.25)

as

(
mng) = :pgk)Tc + xgk)

gD (—xgk)xgk) - xflk)ﬁ(k))Tc 1 2P

) 2 - 2
xgk—&-l) _ xék)
xz(lk-&-l) _ xik)

\

(3.27)

where T, is the sampling time. From (3.27), a suitable EKF can be
designed which is effectively decoupled from the stiffness observer (for
some details see the [63]). The stiffness observer, built in as explained

in section 3.3, is discretized such as

K&+ — [aisgn(qD — 0T, + K®

with i] defined as

DIED I KD(C]D - 9{3) - quDD - quDDD7
with z” calculated, for a generic quantity x, as

ZC(k) — x(k_l)

Dy(k) _
7] -

(3.28)

(3.29)

(3.30)
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3.5 Simulations and Experiment

In order to test effective performances of the algorithm presented,
simulations both ESV model an AwAS model are performed.
Moreover, I test the observer also on a real prototype of VSA.
In next sections the result of the simulations and experiment are
reported.

3.5.1 Simulation with ESV Model

The impedance observer was tested through simulations on a ESV
model, the Actuator with Adjustable Stiffness (AwAS), developed by
the Italian Institute of Technology [64] (see Fig. 3.4). The dynamics
of the AwAS actuator, neglecting the gravity, can be described by the
following equations:

IG+ NG+ T = Tew
3101 + Dlél —Tg = T1 (331)
3292 + Dgég + T =Ty

where I, N and M are the inertia, damping and mass of the link with
generalized coordinate ¢; B;, D; and 7; with ¢ € [1,2] are the inertia
damping and command torque of the motors M; and M,, respectively,
with generalized coordinate #;. The external torque applied at the
joint is represented with 7.,; and the elastic torque 7 is formulated
such as

i = kyr? sin(26,) (3.32)

where k, is the spring rate and 6, = ¢ — 0, is the spring deflection;

the rotational stiffness K = %Lgf is therefore obtained such as

K = 2kr*cos(26,). (3.33)
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(c) AwAS Real Protoype

Figure 3.4: The Actuator with Adjustable Stiffness (AwAS) used as a
testbed for the proposed impedance observer. Schematic 3.4a, CAD
image 3.4b and prototype 3.4c.
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The joint stiffness K depends on the lever arm r, which is the effective
distance between the center of rotation of the joint and the springs,
and, in minor contribution, from the deflection of the springs. The
lever arm is adjusted through a ball screw mechanism through the
actuator My such as

r=ry— nby (3.34)
where n is the transmission ratio between the motor and the ballscrew
and ¢ is the initial length. Finally, the torque 7, which applies at the
motor M, is given by

7. = —2knrsin(6,)?. (3.35)

Note that, to simplify the notation the motors inertia and damping
factors are already scaled by the transmission ratios.

Results of simulations are shown in Fig. 3.5. The simulated ex-
periment consisted in feeding the two motors of the AwAS actuator
with two sinusoidal torque signals. Parameters of the two observers
are tuned as follows: the EKF matrices are

Q = 0.001 x _[4><4
R =0.001 x ]2><27

with initial guesses
T
Zojp = [0 0 0 O]
Pojo = 10000 X Ly4.

The stiffness observer gain (3.16) is set to a = 2000.

3.5.2 Simulation with AA Model

In this section, I consider the AA VSA model which can be sketched
up as in fig. 3.6 and can be described by the following set of equations
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Figure 3.5: Simulation result. Mean values of relative errors: 5.1%
for the link stiffness, 6.7% for link damping and 9.8% for link inertia.
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Figure 3.6: Schematic of agonist antagonist (AA) model.

Jrfr + Sp0r + K1 (0r,0,) + Ka(01,05) = Tear
Jlél + 5191 — Ki(0,61) =1 ) (3.36)
J2‘§1 + 5292 — K5(01,02) =1

where in the first equation Jp, is the link inertia, S, is the link damp-
ing, 0r, 0, and 6y, is the link angular displacement, angular velocity
and angular acceleration, respectively.

In the second equation .J; is the inertia of the Motor 1, S; is
the damping of the Motor 1, 6y, 6; and 6; is the Motor 1 angular
displacement, angular Velomty and angular acceleration, respectively.

Finally, in the third equation .Js is the inertia of the Motor 2, Sy
is the damping of the Motor 2, 65, 92 and 92 is the Motor 2 angular
displacement, angular velocity and angular acceleration, respectively.
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K;(-) and Ks(-) are the elastic torques produced by two non
linear cubical spring and described by the following equations

K, =K(0,—6,)?

(3.37)
KQ = K<9L — 02)37

where K is the elastic constant of the cubical springs.

For this set of simulation I considered Motor 1 and Motor 2 (see
also fig. 3.6) with the same physical parameters, hence with J; = J,
and S = Ss.

Results of simulations are shown in Fig. 3.7. The simulated exper-
iment consisted in feeding the two motors of the Agonist—Antagonist
actuator with two sinusoidal torque signals added with a saw tooth
torques. Parameters of the two observers are tuned as follows:

=1
Q= s (3.38)
R = 104 X IQ><2
with initial guesses
T
Top = [ 0000 ] (3.39)
P0|0 = 1000 x [4><4, (340)
while the stiffness observer gain (3.16) is set to
a = 1000. (3.41)

Agonist—Antagonist model parameters are reported in table 3.1.

Remark 3.2 Jp and Sp, are purely used as reference in order to com-
pare the results obtained with the full impedance observer.

81



Variable Impedance Observer

(o2}
o

o
o

N
=)

Stiffness (Nm/rad)
W
o

20
1 .|
0 ---Reference
0 ‘ ‘ —Estimated Stiffness
0 5 .10 15 20
Time (s)
0.1 !
--Reference
—Estimated Damping
__ 0.05 3
(2]
S
=S
g2 0 1
Q.
£
©
(=
—0.05] |
_0'10 5 .10 15 20
Time (s)
0.1 . :
---Reference
—Estimated Inertia
0.08r B
«—
£,0.06f |
=3
8
S5 0.04r b
£
0.02.....0m= A
% 5 10 15 20
Time (s)

Figure 3.7: Simulation result. Mean values of relative errors: 3.2%
for the link stiffness, 4.7% for link damping and 8.8% for link inertia.
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Table 3.1: Agonist—Antagonist model parameters

Parameter Value Dimension

Jr 0.0179  Kgm?
J = Js 10~ Kgm?
St 0.0127 Nms
S =85y 0.0127 Nms
K 10 F/m?

3.5.3 Experiment with ESV Prototype

The setup of the AwAS system, employed for the execution of the
experimental trials, is shown in Fig. 3.4. The AwAS unit consists of
two actuators. The main joint actuator (Link Motor) is based on a
combination of an Emoteq HT-2300 frameless brushless motor (ca-
pable of a peak torque of 2.3 Nm) and a harmonic reduction drive
CSD 20 (reduction ratio of N = 50 and peak rated torque of 80Nm).
The stiffness adjusting actuator (Stiffness Motor) is realized by a DC
motor from Faulhaber (peak torque of 0.8 Nm) combined with a ball
screw reduction drive which converts the rotary motion of this motor
into a linear displacement, allowing to change the effective lever arm
and efficiently tune the joint stiffness. More details on the mechanical
implementation of the AwAS unit can be found in [64]. The sensing
system of AwAS includes four position sensors and one torque sen-
sor; one optical encoder measures the position of the link motor, two
absolute magnetic encoders measure position of the joint before (at
the harmonic drive output) and after the compliance module (link
position) while an incremental encoder monitors the position of stiff-
ness motor and subsequently the displacement of the linear drive. A

83



Variable Impedance Observer

torque sensor is located between the harmonic drive and the inter-
mediate link and senses the torque applied by the link motor. The
general specifications of AwAS are presented in Table 3.2. The unit
controller and power driver used to control the AwAS unit are custom
control boards based on the Motorola DSP 56F8000 chip with CAN
communication interface.

Table 3.2: General specification of AwAS

Range of Motion(deg) -120+120
Range of Stiffness (N m/rad) 30130
Peak Output Torque (N) 80
Length (m) 0.27
Width (m) 0.13
Total Weight (Kg) 1.8

The experiment consisted in feeding the two motors of the AwAS
actuator with two sinusoidal torque signals. Parameters of the two
observers are tuned as follows:

Q = 0.00001 x [4><4
R = 0.000001 x IZXQ;

with initial guesses

T
Tojo = [ 00 0O ]
P0|0 = 100 x ]4><4,

while the stiffness observer gain (3.16) is set to o = 8.
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Figure 3.8: Experiment result. Mean values of relative errors: 38.2%
for the link stiffness, 9.4% for link damping and 12.2% for link inertia.
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3.5.4 Tuning

The observer was calibrated by trial and error as following.

1. Extended Kalman Filter: starting from @), R e Py matrices
equal to the identity, diagonal elements related to badly con-
verging variables are tuned. In particular, elements of () are
related to oscillation of the variables, elements of R to the con-
vergence speed. Fyo, influences the update speed on the initial
moments in which EKF' starts.

2. Stiffness observer: the only parameter to calibrate is the ob-
server gain «, it is obtained by optimizing the trade-off between
the effects of the measurement noise on one side, and speed of
convergence of the estimate on the other.
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Haptic and Haptic Devices






3.5 Simulations and Experiment

HIS PART presents two haptic devices, the Fabric Yielding Dis-
T play (FYD) and the Fabric Yielding Display—2 (FYD—-2) (intro-
duced in chapter 4 and 5, respectively). This devices are based on a
bi-elastic fabric and allow to mimic different stiffness and force-area
curves. Stiffness and force-area curves have a crucial importance in
the haptic exploration. The devices proposed was tested with phy-
cophisical experiments on humans in order to quantify the effective
performance in reproducing haptic informations an cues.

In the last chapter (chapter 6) of this part I introduce a custom
made 36 axis F/T (Force/Torque) sensor employed in experiments
on the characterization of human grasp. Three different calibration
method are presented for this sensor. On this custom made sensor
can be fixed different shape in order to assembly different sensorized
obgect to grasp. Moreover, I introduce an algorithm to detect the
contact point of an object interacting with a generic F/T where a
know surface is fixed. Calibration results and contact point section
results are reported to show the effective performances of the sen-
sorized object proposed.
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Chapter

Fabric Yielding Display

N this chapter I propose a new haptic device which convey to sub-
I jects both cutaneous and kinaesthetic information by exploiting
the bi-elasticity of a fabric and, at the same time, give a direct mea-
surement of the contact area involved in the interaction between the
fingertip and these devices.

The role of the exploration of both real and virtual textiles and
fabrics is becoming an important topics in haptic research ( [65], [66],
[67], [68], [69]). My starting point is the hypothesis that softness
discrimination by touch is given by the rate at which the contact area
between manipulated objects and fingertip grows over time, as the
finger is increasingly pressed on the object. This relationship, already
cited and described in [34], is referred to as Contact Area Spread Rate
(CASR). In [34], authors proposed a CASR display able to replicate
the spread rate of contact area between probed material and fingertip.
The main limitation of the CASR display presented in [34] was the low
resolution of the rendered contact area. Further work [70] aimed at
integrating the CASR with a commercial Delta Haptic Device [W13]
in order to increase performance.

The new haptic display here presented allow subjects to interact
with a deformable surface at different levels of softness. In this case,

91



Fabric Yielding Display

Figure 4.1: The system FYD: starting from the left side, it is possible
to see the electronic box, which contains the motor driver and the
DAQ card, the FYD prototype and a computer to control the system.

haptic perception resolution is higher and discrimination capabilities
are enhanced.

First I discuss the design, architecture and implementation of the
FYD. Then, I focus on the control mechanisms of this display based on
contact area estimation. I also describe the graphical user interface,
which is friendly and intuitive.

Finally, I evaluate performance of the display through a set of
psychophysical tests, and compare softness discrimination capabilities
with the CASR display [34].

Further details about this topic can be found also in [A6], [A7]
and [A8]

4.1 FYD: Structure Description

The system here proposed, called hereafter FYD (Fabric Yielding Dis-
play) is based on a layer of bi-elastic fabric which can be touched by
subjects with their forefinger. By changing the elasticity of the fabric,
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Figure 4.2: External view of the prototype. The potentiometric sensor
connected to the crown is not reported for a better visualization.

subjects are able to feel different levels of stiffness. It is comprised
of a hollow plastic cylinder containing a DC motor. A thin layer of
bi-elastic square shaped fabric (250 x 250 mm) is placed on the top
of the hollow cylinder and it is tied to a circular crown which can run
outside along the cylinder, with a minimum friction. When the motor
pulls down the crown, the fabric is stretched and its apparent stiff-
ness increases. Conversely, when the motor pushes down the crown,
the fabric is relaxed and it is felt softer. The FYD also behaves like
a contact area display, by suitably processing signals coming from a
couple of photo-devices. A view of the display is reported in fig. 4.1.
The FYD prototype is 300 mm high and 60 mm wide in diameter and
consists of three sections (see fig. 4.2 and fig. 4.3):

1. Motor section (80 mm high). The motor is controlled using a
Sabertooth Syren10 [W14] dual motor driver. This driver allows
to get a bidirectional rotation of the motor. Using the National
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DAQ system PCI6036E [W15|, I can acquire the position of
the crown with an external potentiometer connected to it, and,
consequently, apply the input voltage to the motor in order to
reach the desired position, i.e. the desired stretching state of
the fabric (see section 4.1.1);

2. Transmission section (160 mm high). The transmission system
converts the rotational movement of the motor into the transla-
tional movement of the crown. The system consists of a screw-
female screw, the latter is attached to the crown by means of
three, 120° spaced, metallic supports. They are moved with the
crown. The DC motor is connected to the screw with an Old-
ham joint. The screw-female screw system was adopted in order
to have an acceptable trade off between the velocity of the crown
and the torque necessary to reach a good state of stretching of
the fabric. In addition, the screw-female screw system allows a
bidirectional movement of the crown;

3. Web camera section (60 mm high). The camera (whose resolu-
tion is 320 x 240 pixels) is placed inside the hollow cylinder at
the center of the mechanical interface, just beneath the fabric.
The camera is endowed with high luminosity LEDs and frames
the lower surface of the fabric. During the tactual indentation,
the fabric is strained and the fabric area which comes into con-
tact with the fingertip changes according to the applied force.
The camera allows to acquire the image of the strained fabric
and, by means of suitable processing algorithms, the contact
area can be estimated (see section 4.1.2).

The prototype as a whole is connected on a base (15 mm high and
90 mm diameter) in order to guarantee the physical stability.

Several materials (including commercial lycra, latex layer, and sil-
icon rubber) were tested to verify their suitability for my purpose.
Best performance were provided by Superbiflex HN by Mectex [W16]

94



4.1 FYD: Structure Description

WEB CAMERA
i
MOTHER SCREW [/ 3 '
N
SORE \ \
WEB CAMERA
- MECHANICAL
DC MOTOR / INTERFACE
\ ‘ CONNECTORS
N JOINT
DC MOTOR
MECHANICAL
INTERFACE

Figure 4.3: Prototype internal view. It is possible to see the trans-
mission system and the DC motor position.

because it exhibits both a very good elastic behaviour with a large
range of elasticity and a high resistance to traction.

4.1.1 Control

Control strategy was implemented in order to have a low computa-
tional workload and guarantee a real-time functioning.

Control is based on two signals comparison (see fig. 4.4), P..s e P,
that are, respectively, the reference position and the current position
of the crown read by the potentiometer.

The comparison produces a third signal (s) for the motor driver acti-
vation. In pseudo-code the situation is represented as

if (Pep==P,){s=0}

if (Prep>Py) {s=+1}

1f (Prep<P){s=-1}
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Figure 4.4: Control blocks architecture: P, is the signal acquired by
the potentiometric sensor, S is the signal produced by the comparison
of Pey and P,.

The signal s has three logical levels. When s = —1 the motor is
driven to clockwise rotate, while when (s = +1) the motor rotates
counterclockwise. When s = 0, the DC motor is stopped at the
current position. P,..s is the position of the circular crown, to which a
specific level of stretching of the fabric is associated. It is calculated
from the characterization curves (see section 4.1.3). P, is the signal
recorded by the potentiometric sensor and gives the current position
of the crown. At each simulation step, the control produces the signal
s and the DC motor is moved until the actual crown position is equal
to Per. In fig. 4.4 the control block diagram is reported, where the
delay unit is put to prevent algebraic loop when the control starts to
run.
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Figure 4.5: Scheme of the area acquisition and the illumination sys-
tem.

AREA DETECTION
RGB ACQUISITION ALGORITHM

Figure 4.6: The results of the contact area detection algorithm: the
RGB acquisition (on the left side) and the result of the final binariza-
tion (on the right side).

4.1.2 Area Acquisition

The FYD system allows to visually display the contact area between
the fabric and the fingertip. A suitable segmentation algorithm gives
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an estimation of the contact area which is real-time visualized.

The contact area acquisition algorithm is based on the RGB image
binarization. More properly, only one image band (the R band, which
is 320 x 240 matrix of integer numbers) out of three is involved in the
area detection algorithm to avoid a computational workload too high
for assuring a real-time processing.

During the tactile probing, the indented fabric surface is closer
to the camera with respect to the outer region. Consequently, this
area will be more lighted up by the LEDs. The difference between
background luminosity and contact area luminosity is discriminated
by binarization thresholds (see fig. 4.5), which were heuristically cal-
culated. Using a linear interpolation, at each vertical position of the
crown a binarization threshold was associated. In this manner, the
pixels in the image which belong to the contact area are displayed as
white pixels.

The contact area in [cm?| is estimated as

Carea = Np X é, (41)
Sp

where N, is the number of white pixels belonging to the contact
area; A. is the frame area in [cm?| and S, is the web camera resolu-
tion (i.e. 320 x 240 pixels). The accuracy of the contact area mea-
surement is crucial because the indentation force and the indentation
displacement are indirectly estimated using, respectively, Force—Area
and Force—-Displacement characteristics. The result of the area detec-

tion algorithm is reported in fig. 4.6.

4.1.3 Characterization and Interpolation

In this work I disregard the contact mechanism in all its details, both
from mechanical and physiological viewpoint [71], but I use a simpli-
fied model, as already proposed in [34].

As it is well known, haptic perception is given by the combination
of two different modalities, kinaesthetic and cutaneous. When a hap-
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Figure 4.7: Characterizations of Force-Displacement (upper figure)
and of Force—Area , obtained using a 5 mm step for the vertical crown
displacement.
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tic device is designed and realized both these perceptual cues have to
be provided. In literature, there are several way to convey these types
of information. Here I use a simplified abstraction of these features.

Let the resultant contact force be denoted by F', the contact area
by A. Let also ¢ denote the overall (rigid) relative displacement be-
tween the two bodies.

The F(§) curve of a fingertip/object pair can be considered as
a close correlate of kinaesthetic information elicited by probing for
softness.

Analogously, starting from the CASR hypothesis ( [34]), I will
therefore consider the F'(A) curve of a fingertip/object pair as a cor-
relate of cutaneous information elicited by probing for softness.

The device here proposed is controlled in order to simulate softness
of materials having specific F'(§) and F(A) curves.

The current architecture of FYD, at least in this preliminary pro-
totype, does not allow decoupling cutaneous and kinaesthetic informa-
tion, because they are both intrinsically constrained to the elasticity
of the fabric.

In Fig. 4.7 the F(§) and F(A) curves of the fabric at different
levels of stretching are reported.

These levels were obtained changing the position of the crown, in
a range between 0 mm (0 mm was chosen near the top of the cylinder)
and 30 mm, with an incremental step of 5 mm.

I used a load-cell to measure the force applied on the fabric during
the indentation. Indentation tests were performed by means of a
compressional indentor driven by an electromagnetic actuator.

The actuator is a Bruel & Kjear minishaker, capable of applying a
maximum displacement of 10 mm in the axial direction. The indentor
is a wood model of the human fingertip of 15 mm in diameter and
100 mm in length.

This is a first approximation of the fingertip. Differences between
the wood indentor (which is a non-compliant object) and the human
fingertip (which is a compliant object) had to be considered. However
the deformations of the fingertip interacting with the fabric, which
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which is naturalistically modeled under the fingertip, are very small
and the approximation with a non-deformable object is acceptable.
The indentor is equipped with a magnetic linear transducer, Vit
KD 2300/6C by KAMAN Science Corporation, in order to measure
the vertical displacement induced on the fabric, and with a load cell
sensor, ELH-TC15/100 by Entran, able to detect forces up to +50
N. In this way I obtained a real-time measurement of the Force—
Displacement (F(9)) characteristics for every position of the crown.
At the same time, it was possible to acquire the image of the
strained fabric, by means of the camera endowed with high luminos-
ity LEDs, placed just beneath the fabric (at a distance of 30 mm).
Upon suitable processing algorithms, an estimation of the contact
area under the indenting force was given. In this way, I obtained a
real-time measurement of Force-Area (F(A)) characteristics.
During the characterization phase, only a finite set of positions
was acquired. For intermediate values I used linear interpolation.
When I would like to mimic a given material having a specific
stiffness coefficient I have to identify which position of the crown
provides the fabric elasticity whose Force-Displacement approximates
that of the material. F(A) and F(J) curves (see fig. 4.7) are linear
over all the positions of the crown.

4.1.4 Graphical User Interface

A GUI (Graphical User Interface) was implemented in MATLAB ©
( [W17]) to allow a correct utilization of the display. The GUI presents
a hierarchical structure and consists of four windows: two for the
initialization of the prototype and two for the contact area, force and
indentation measurement (see fig.4.8).

The “Home” window has the main role of managing all the simula-
tion levels. In fact, from the "Home", each level of the GUI can be
reached using an easy drop-down menu. The “Initialization” window
permits to insert a stiffness coefficient for the simulation of a par-
ticular material. This stiffness coefficient corresponds to an angular
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Figure 4.8:

area and indentation

coefficient of an unknown F'(§) characteristic, which can be obtained
interpolating the characterization curves. At the same time, the angu-
lar coefficient describing the related F'(A) characteristic is calculated.
Properly, in the “Initialization” window, the stiffness coefficient was

—c

Ffﬁ"?‘:‘il

Py — =]

n VIRTUAL REALITY

GUI implemented: HOME and INITIALIZATION win-
dows for the initialization of the prototype; MEASUREMENT and
VIRTUAL REALTY windows to display the measurement of force,
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compared to the Force-Indentation and Force—Area curves (which are
not independent) and the corresponding vertical crown position was
determined (P,.f, see section 4.1.1). The “Measurement” window of-
fers a complete environment for the real time measurements of the
principal contact parameters (e.g. contact area, force, and indenta-
tion), with the possibility of visualizing both the result of the area
detection algorithm and the RGB acquisition of the indented fabric.
The "Measurement" allows also a control of the correct functional-
ity of the display, in terms of motor performance monitoring. In the
“Virtual Reality” window a simple virtual reality application was re-
alized to geometrically describe both the contact area and the exerted
indentation indirectly estimated from it (see section 4.1.4.1).

4.1.4.1 Virtual Reality Implementation

The Virtual Reality was also implemented in MATLAB (©). To de-
scribe the geometry of the indentation, two hypothesis were assumed:

a. Contact area shape: I assumed that the contact area shape was
a perfect circle with radius of \/Clyreq \ T (Carea Was previously
calculated using the area detection algorithm);

b. Indentation: I assumed that the axis of the indentation was the
vertical axis of FYD.

Starting from assumptions (a) and (b), the indented surface was
approximated using a set of troncated right cones nested together.
They present the same area of the larger base (which is equal to the
upper base of FYD), while the surface of the smaller base correspond
to the contact area and it changes according to the value of indenta-
tion. At each value of indentation was associated a troncated cone,
i.e. each value of indentation describes the height of a troncated cone.
In this way, only the internal lateral surface of the troncated cone is
useful for a correct visualization in a virtual environment and so vis-
ible in the virtual reality, while the rest of the cone is not displayed,
even if drawn. To completely describe the lateral surface, the only
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FIXED AREA

463

Figure 4.9: The set of troncated cones associated to different levels of
indentation . The term “C.A.” refers to the contact area. The term §
refers to the indentation

parameter to determine is the total height of the cone, h. Referring
to fig.4.10, using simple geometric valuations, it is possible to write

AB=R

BE =07 =1 (4.2)

AK =AB - BK = R —r*,

with R and r*, respectively, the radius of the larger base and the
radius of the smaller base (known from assumption (a)). Moreover
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Figure 4.10: Cross section of a cone and some geometric parameters.

BO=KJ=i
(4.3)
OC =h*=BC —BO =h —1,

with i and h, respectively, the indentation (indirectly estimated) and

the cone height (unknown). Exploiting the similarity of KAJeOCT
triangles, it is possible to write

— OJ-KJ r*1
= = . 4.4
0c KA R—r* (4:4)

Considering that cone height h is given by

BC =BO +0C, (4.5)

finally, h is calculated as
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Figure 4.11: Final representation of the geometry of the indentation
in the virtual reality.

r*1 Ri
R—r~ R-—1r* (4.6)
These considerations were the background for the correct drawing of
the geometry of the indentation in the virtual environment, reported

in fig. 4.11.

4.2 Psychophysical Experiments

The experimental session was designed to evaluate the performance
of the FYD, comparatively with a CASR device. The performance of
the FYD was assessed both with the integration of the virtual reality
rendering and without it, in order to valuate if the system improves
when visual stimuli are provided. I have chosen the CASR display
realized by the same authors as comparative device because it is based
on the same paradigm as the FYD. Specific technical details of this
CASR display can be found in [34]. Here I briefly summarize how it
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Figure 4.12: The discrete CASR display.

works. The CASR device is a pneumatic device consisting of a set
of cylinders of different radius, assembled in telescopic arrangement
(see fig.4.12). Because of the discontinuity in the structure due to the
cylinders, I will refer to this CASR display as discrete CASR display.

A regulated air pressure is inflated inside acting on the cylinders
according to the desired force to be perceived by subjects during in-
dentation. Pressure is applied on all the cylinders. When the subject
finger pushes down against the cylinders, it comes into contact with
a surface depending on the height of the cylinders themselves and
perceives a resultant force correlated to the pressure. The display can
realize a desired force-contact area (CASR) relationship [34]. Even for
the discrete CASR display, the force-area behaviour is strictly related
to the geometry of the device, therefore it cannot be independently
controlled from the force-displacement behaviour.

I selected five simulated specimens, i.e. five Force-Displacement
and Force-Area characteristics, which can be exactly rendered both
with FYD and the discrete CASR display. In the table 4.1 the input
parameters of FYD and of the discrete CASR device to reproduce the
five simulated specimens are reported.

Results in rendering softness with the discrete CASR display were

107



Fabric Yielding Display

already rather satisfactory [34]. My aim was to improve these results
using FYD.

4.2.1 Subjects

After written consensus, 15 healthy volunteers participated in the
study. Their age ranged from 23 to 40. None had a history of nerve
injury or finger trauma and their finger pads were free of calluses.
5 volunteers participated only in the experiments with the discrete
CASR display; 5 volunteers participated only in the experiments with
the FYD display (with and without the virtual reality integration);
5 volunteers participated in all the experiments. In conclusion, each
type of experiment was performed by 10 subjects. Their handedness
was evaluated by the Edinburgh Handedness Inventory (EHI) [72] and
they were allowed to use the dominant hand to perform the task. They
always performed the tests comfortably sat, blindfolded (except for
the tests performed with the integration of the virtual reality render-
ing, in which subjects were requested to look at a monitor visualizing
the rendered tactile experience in the virtual environment) and with
plugged up ears, to prevent the possible use of any other sensory cues
and eliminate any diversion from the task. The chosen arm was locked
to the table and the subject was able to move the wrist and fingers
only.

4.2.2 Rendered Specimens

Artificial softness specimens were used through the experimental ses-
sion, rendering five different Force — Displacement and Force— Area
curves, see fig. 4.7. I will refer to these specimens as SS1, §52, 553,
SS4 and SS5, see tab. 4.1. The specimens were chosen in order to be
rendered in the same way with the two displays, i.e. these specimens
exhibit the same Force — Displacement and Force — Area curves

both with the discrete CASR and with FYD.
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Stiffness | Coeff. (N/cm) | Pressure (bar) | Position (cm)
SS1 0.67 0.35 0.16
SS2 1.00 0.5 0.41
SS3 1.18 0.6 0.86
SS4 1.28 0.7 1.44
SS5 1.71 0.8 2.33

Table 4.1: Discrete CASR display (third column) and FYD (fourth
column) parameters. The term “Position” refers to the vertical posi-
tion of the crown of the FYD ( position 0 was chosen near the top
of the cylinder) associated to a given stiffness coefficient. The term
“Pressure” refers to the pressure of the air inflated into the internal
camera of the discrete CASR display to mimic a given stiffness co-
efficient. At each value of “Position” of FYD corresponds a value of
“Pressure” of discrete CASR device, in order to render the same spec-
imens. The characteristic Force — Area is strictly related to the P-
curve, i.e. the stiffness coefficient

4.2.3 Experiments: Design and Procedure

Subjects participating in these experiments were presented with ren-
dered specimens and were asked to judge their softness by touch. They
were instructed to do so by pressing vertically or tapping the index
finger of their dominant hand against the displays. Subjects were rec-
ommended not to perform movements of the finger across the surface
and not to apply lateral forces. In this way, according to the liter-
ature [36], any anisotropic effect or distortion in softness perception
due to the radial/tangential discrepancy in touch is eliminated, only
focusing on normal indentation of the specimens. Experiments were
designed to test the ability of subjects to tactually discriminate soft-
ness both through the discrete CASR display and through the FYD,
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with and without the integration of the virtual reality feedback. The
aim is to compare the performance in rendering specimens between
these two displays. The experiments included pairwise discrimination
and ranking tasks. In all tests, subjects had no time limitations and
were allowed to check each specimen or haptic stimulus as many times
as they wished going back and forth between them at will. The design
of the experiments, in evaluating ranking and pairwise discrimination
performance, is similar to the approach reported by Srinivasan and
LaMotte [32], even if a direct quantitative comparison of these results
with those of Srinivan and LaMotte is not in order. The aim of the
experiments was not to obtain a statistically significant validation (e.g
ANOVA, |73]) of the performance of FYD compared with the CASR
display or define perception thresholds for the displays, like JND (Just
Noticeable Difference) or Weber fractions ( [74], [75]). On the contrary
results of the tests were only presented avoiding any strong consid-
eration above their significance. This methodology in data analysis
referred to the work ( [76]) which has to appear in Transactions on
Haptics.

4.2.3.1 Pairwise discrimination

In each trial, a standard (553) and a comparison specimen were pre-
sented to the subjects in random order. After probing the specimens,
subjects were asked to report which of the two was softer. Each task
was performed three times for each subject.

4.2.3.2 Ranking

In the ranking experiment subjects were asked to probe and sort in
terms of softness the set of 5 specimens SS1 to SS5, presented in
random order. Ranking tasks were repeated three times for each
subject.
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4.3 Experimental Results and Discussion

4.3.1 Pairwise Discrimination

Results of pairwise discrimination experiments, for both the displays,
are reported in fig. 4.13. Answers are classified as X = 1 if the sub-
ject correctly identifies the softer specimen, or X = 0 otherwise. The
average number of correct answers m,, is represented by the height of
the histogram bars in fig. 4.13. The statistics of this binary experi-
ment are described by its Bernoulli distribution. Confidence intervals
for expected values F(X) with statistical significance (1 — «) are also
reported in fig. 4.13. The intervals are computed as

E(X) e [mn — Za/2\/ W,mn + Za/21/ W] 5
(4.7)

with o = 5%, sample size N = 36, and critical value of the nor-
malized standard distribution 2,/ = 1.96 (from standard statistical
tables). It is worthwhile noting that for both the displays the nor-
malized correct answers are very similar and comparable, for stimuli
that are farther away from the reference, in the range of stiffness
(i.e., SS1 —SS3 and SS5 — SS53). For closer pairs (552 — SS3 and
especially 54 — S§S53), artificial specimens rendered with the CASR
display are discriminated in a poorer way than their counterparts ren-
dered with F'YD without the virtual reality feedback. When subjects
are provided with visual cues given by the contact area rendering in
the virtual environment, performance globally increases, even if not
dramatically.

4.3.2 Ranking

Results from ranking experiments are shown in tables 4.2 4.3 and 4.4,
where subjective softness is reported versus objective compliance in
a confusion matrix structure for the five specimens, under the three
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Figure 4.13: Results of pairwise test with CASR and FYD, with and
without the virtual reality feedback.

different conditions. Values on the diagonal express the amount of
correct answers. The percentage of total accuracy is calculated con-
sidering the sum of all correct answers. The results obtained with the
discrete CASR display exhibits a percentage of total accuracy of 61%.
The results obtained with FYD, without virtual feedback, exhibits a
percentage of total accuracy of 82%. When subjects were allowed to
exploit the virtual reality rendering, a total accuracy of 84% is ob-
served. In addition, the dispersion of the matrix is reduced and the
matrix appears as tridiagonal. It means that errors are limited to
pairs that are very close in the stiffness range.
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SS1 | SS2 | SS3 | SS4 | SS5 || N° | Relative A.
SS1 || 18 4 1 1 6 30 60%
SS2 0 19 8 3 0 30 63%
SS3 2 1 18 8 1 30 60%
SS4 || 8 1 1 17 3 30 56%
SS5 2 5 2 1 20 || 30 66%
Total A.
N° 30 | 30 | 30 | 30 30 | 150 61%

Table 4.2: Confusion matrix of ranking experiments with the discrete
CASR display. The term “Relative A.” refers to the accuracy, i.e.
the percentage of correct recognition, associated to a specific spec-
imen. The term “Total A” refers to the total percentage of correct
recognition, considering all the specimens.

4.3.3 Discussion

Results show that FYD appears to provide more information than
the discrete CASR display, in the pairwise discrimination tests as
well as in the ranking experiments. This fact fundamentally relies
on the absence of edge effects during the interaction between finger-
tip and fabric surface. Moreover, being the fabric deformable in a
controlled way under the fingertip, this new device is able to provide
cues for a more reliable and realistic perception. Indeed, FYD appears
to increase performance both in tasks such as ranking, which require
multiple comparisons and involve haptic memory, and in tasks of pair-
wise discrimination between specimens which are close in stiffness, i.e.
increasing “haptic” resolution.

When FYD was used with the integration of the virtual reality
feedback, the best results were observes, especially in ranking experi-
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SS1 | SS2 | SS3 | SS4 | SS5 | N° | Relative A.
SS1 || 22 4 0 2 2 30 73%
SS2 4 25 1 0 0 30 83%
SS3 || 0 1 27 0 2 30 90%
SS4 || 3 0 0 25 2 30 83%
SS5 1 0 2 3 24 | 30 80%
Total A.
N° 30 | 30 | 30 | 30 | 30 | 150 82%

Table 4.3: Confusion matrix of ranking experiments with FYD dis-
play, without the virtual reality feedback. The term “Relative A.”
refers to the accuracy, i.e. the percentage of correct recognition, asso-
ciated to a specific specimen. The term “Total A." refers to the total
percentage of correct recognition, considering all the specimens.

ments when “haptic” memory is integrated with “visual” memory. Vi-
sual information is related to the contact area and local deformation
of the fabric, providing helpful cues in discriminating softness. This
result is very encouraging and further supports the CASR paradigm.
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SS1 | SS2 | SS3 | SS4 | SS5 || N° | Relative A.
SS1 || 24 6 0 0 0 30 80%
SS2 6 24 0 0 0 30 80%
SS3 || 0 0 30 0 0 30 100%
SS4 || 0 0 0 24 6 30 80%
SS5 0 0 0 6 24 | 30 80%
Total A.
N° 30 | 30 | 30 | 30 30 | 150 84%

Table 4.4: Confusion matrix of ranking experiments with FYD and
the virtual reality feedback. The term “Relative A.” refers to the
accuracy, i.e. the percentage of correct recognition, associated to a
specific specimen. The term “Total A." refers to the total percentage
of correct recognition, considering all the specimens.
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Chapter

Fabric Yielding Display 2

N this chapter I present a new version of the FYD, hereinafter re-

ferred to as FYD-2 (see also fig. 5.1).

The main advantages of the FYD-2 are the reduced dimensions,
which enable integration with other devices and wearability; an ac-
tuation system based on two fast motors, which allow for real-time
trajectory tracking of force-area curves and endow the system with
an additional degree of freedom to vehiculate supplementary haptic
cues; a more effective sensorization scheme, with a force sensor that
can record the force exchanged during haptic interaction .

Moreover, In this chapter I describe the mechanical design and
the mathematical model of the FYD-2. Experiments showing the
reliability in real-time tracking of force-area curves demonstrate the
effectiveness of the here proposed system (for more details see also [A9]

and [A10]).
5.1 Mechanical Description
For FYD-2, I use a layer of isotropic elastic fabric, Superbiflex HN by

Mectex S.P.A (Erba, Como, Italy). Subjects touching the fabric can
experience different levels of stiffness, which are obtained by suitably
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A

Figure 5.1: A subject’s finger interacting with FYD-2. The dimen-
sions of the device are also reported.

changing the stretching state of the fabric itself.

The extremities of a rectangular strip of the elastic fabric are con-
nected to two rollers, each of them independently moved by a pulley
placed on a motor shaft. Motors are DC Maxon Motor REmax (256:1,
3 Watt) by Maxon Motor ag, Sachseln, Switzerland. These motors
provide a good trade-off between velocity and torque, thus enabling
fast changes in the stretching state of the fabric.

The pulley and the roller are connected by means of a wire trans-
mission. The motor positions are controlled with a custom made
electronic board (PSoC-based electronic board with RS-485 commu-
nication protocol), which reads motor position by using two absolute
magnetic encoders (12 bit magnetic encoder by Austria Microsystems
- Unterpremstaetten, Austria - AS5045 with a resolution of 0.0875°).

The system exploded draw is reported in fig. 5.2. As it is notice-
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Web camera

Encoder

Magnet

. Pulley
Bearing

Frame

Figure 5.2: Exploded draw — in false colors — of the FYD-2. The

device main components are indicated.

able from fig. 5.1, the dimensions of the FYD-2 are less than a third
of the one exhibited by the previous version of the device [A8]. These
reduced dimensions can enable the integration with other haptic sys-
tems (as proposed, e.g., in [76]) and wearability.

To reproduce a given level of softness, when motor 1 rotates in a
counter-clockwise direction and motor 2 rotates in a clockwise direc-
tion they stretch the fabric thus increasing its apparent stiffness. On
the other hand, when motor 1 rotates in a clockwise direction and
motor 2 rotates in a counter-clockwise direction they relax the fabric
which appears softer (for further details see fig. 5.3).

It is important to notice that the two motors, when rotate in the
same direction, can implement an additional “translational” degree
of freedom; such degree of freedom can be used to convey additional
haptic information, such as, e.g., curvature cues. However this aspect
is still under investigation.

FYD-2 also enables to real-time measure the contact area involved
in the contact by placing a web camera (Kraun "Rainbow Compact”
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USB Web Camera with a resolution of 1.3 Mpixel) and two high lu-
minosity LEDs (whose luminosity can be regulated with a trimmer)
just beneath the fabric (30 mm). The segmentation algorithm used to
estimate the contact area is based on binarization thresholds heuris-
tically calculated considering the difference between background lu-
minosity and contact area luminosity, as it is described in [A8]. An
hemispherical cover is placed on the device to guarantee uniform and
reproducible luminosity conditions during successive haptic interac-
tions.

Finally, the FYD-2 is endowed with a load cell (Micro Load Cell
(0-780g) - CZL616C from Phidgets, Calgary, Alberta, Canada) placed
on the basis of the device to record the normal force exerted by the
subject finger interacting with the fabric.

5.2 Characterization

As it is well known, haptic perception is given by the combination
of two different modalities, kinaesthetic and cutaneous. As in [76],
using simplified abstractions and physics concepts, I can consider the
F(§) curve resulting from the finger touching the object as an ap-
proximation of kinaesthetic information in softness perception. F' [N]
indicates the indenting force and § [mm/| the overall rigid displace-
ment between the two bodies. Analogously, based on the CASR
paradigm [34], the F(A) curve can be used to describe the cuta-
neous cues associated with softness discrimination. The stiffness (o
in [N/mm]) of the fabric is computed directly deriving the contact
force w.r.t. the displacement. The obtained F'(4) characteristics are
quadratic (i.e F' = X2, with A [N/mm?| be the quadratic coefficient
of the parabolic curve) at fixed motor positions: the stiffness of the
fabric uni-axially stretched is hence linear, since it depends on the
displacement and it can be defined as (see also [77]| and [78])

o(d) = ?9_}; = pd, (5.1)
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where p = 2\ [N/mm?| is defined as the stiffness coefficient. During
the characterization of the fabric, the motors were moved at different
positions, considering each time the same angular displacement for
both. These angular displacements are within the interval 10° =+ 80°,
with an incremental step of 10°.

To obtain the aforementioned characteristics, I used a column load
frame testing machine (Z005 by Zwick/Roell, Ulm, Germany) to com-
press the fabric while the indentation was recorded and the contact
area was measured by the web camera placed beneath the fabric. The
indentor was moved using fixed indentation steps of 1.5 mm each, for
an overall displacement of 12 mm in a time interval of 30 s.

I used a wooden hemispherical indentor with a diameter of 14 mm
and 100 mm in length, in order to model a finger. This diameter
was chosen since it is within the typical range of human finger diam-
eter [79]. Differences between the wooden indentor (which is a non-
compliant object) and human fingertip (which is a compliant object)
should be considered; however, since the deformation of the fingertip
interacting with the fabric is small, the approximation of the indentor
with a non-deformable object is still acceptable.

5.3 Device and Contact Area Model

Considering the characterization outcomes, I can model the system
with two springs fixed at two pulleys of radius R and inertia J; =
Jo = J, whose stretching state is related to motor positions (6; and
0s, respectively) (cf. fig. 5.3). Let be K the elastic constant of the
springs which model the fabric elasticity, by applying the Lagrangian
formulation I get

J16) 4 c16, — K (RO, — R6,)? = 1 + RF sin 5.2
Jobls + cofy + K (RO — RO:)? = 7 + RFsina '

where ¢; and ¢y are the damping coefficients of motor 1 and 2, respec-
tively, 7, and 7, are the control torques and F' is the indentation force
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Figure 5.3: Schematic representation of the device. The elastic fab-
ric is modeled in a symmetrical fashion with two non linear springs
connected each other by means of an inextensible wire. The model
springs are thought to be fixed at two pulleys of radius R and inertia
Ji1 = Jo = J, and they stretching state changes according to the mo-
tor positions (6, and 6;). When the fingertip interacts with the fabric
exerting a vertical force (F), the length of the springs as well as the
geometry of the fabric are changed.

exerted by the user.

It is possible to derive also a model-based estimation of the contact
area (which I assume to be expressed in [mm?]). This estimate, if
properly validated, might allow to have a contact area computation,
without the need to measure it by the web camera. In this manner,
I might use this outcome to drive the design of FYD-2 with further
reduced dimensions — thus enabling device integration with complex
systems or in multi-finger haptic interface.

I assume that the interaction between the finger and the device
occurs at the center of the fabric and that the indentation direction
is orthogonal to the fabric surface; the finger shape can be modelled
with a sphere with a given curvature radius while the contact area
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is approximated with a circle; the finger deformation is not relevant
w.r.t. the deformation of the fabric; the elasticity of the fabric can be
modeled in a symmetrical fashion, by means of two non linear springs
linked each other by an inextensible wire.

After force exertion, the fabric geometry will change. The param-
eter o defines the angle between the fabric surface at rest and the
surface after the indentation. It can be worth computed from the
indentation 0, the latter can be obtained from the contact force F

measured by the load cell
| F
0=1/— 5.3
A ) ( )

where A is the coefficient of the F'(9) quadratic curve; therefore o

« = arctan (?) (5.4)

where [ is the half length of the fabric tactile surface. For further
details see figg. 5.4 and 5.3.
The model contact area (A,,,) will be

1S

Ao = m(Ry sin ). (5.5)

where Ry = 7 mm [79]is the curvature radius of the fingertip (i.e
the radius of the sphere) and is a free parameter of the model. ¢ is
the angle between the normal passing through O — the center of the
sphere modelling the fingertip — and the segment connecting O and A,
the latter is the point on the fabric tangent to the sphere modelling
the fingertip.

Ao 1s centered at the point K and it is parallel to the xz plane
and orthogonal to the xy plane, passing trough the point A.

Knowing the indentation of the fabric produced by the fingertip
(0) from the equation 5.3, I can define the indentation of the sphere
center as
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Figure 5.4: Sketch of the fingertip (red dashed line circle) contacting
the elastic fabric (black line). ¢ is the angle between the normal pass-
ing through O — the center of the sphere (with radius Ry) modelling
the fingertip — and the segment connecting O and A, i.e. the point
on the fabric tangent to the sphere. ¢ is the indentation that the
fingertip produces on the fabric, while [ is the half length of the fabric
tactile surface. The z axis is oriented out from the zy plane.

§=0— Ry, (5.6)

§ (and 4) is time dependent since it is strictly linked to the inden-
tation force. For sake of readability, in the following, time dependency
of ¢ is omitted. Computing segments HO, HA and HB as

HO =P+ 57, (5.7)

HA=\/HO" - R*=/I2+ 6 — R, (5.8)

HB =6+ Rjcos p, (5.9)
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and considering that

i 1B (5.10)
S Y = —, .
7T HA
angle ¢ can be obtained using tangent parametric formulation as
5 arct —2HA+1 (5.11)
= 2arctan | ———=— :
o (2R; — )

and hence A,,, can be calculated.

5.3.1 Model Validation

In order to validate the proposed model, I have compared the con-
tact area measured by the web camera (A,,.) with the contact area
computed by the model (A,,,) obtained during the characterization
procedure. Root Mean Square Errors (RMSE) between A,,, and A,
over all the force-area characterization curves, are considered for the
comparison.

Without affecting the goodness-of-fit of the model, I introduce
a correcting scaling factor (different for each characterization curve),
hereinafter referred to also as C.F. (see the fourth column of table 5.1),
to restore the model computation on the real measurements. I have
computed RMSE (the second column of table 5.1) values also in this
case, referring to it as CMRSE, with the letter C standing for Cor-
rection (cf. the fifth column of table 5.1).

In fig. 5.5 I report the comparison results for three motor posi-
tions, while in table 5.1 I report the root mean square errors of the
comparison for each characterization curve with and without the cor-
rection factor. For sake of completeness I also report the percentage
RMSE normalized by the maximum value of contact area measured
at a a given position of the motor. I refer to it as a Percentage RMSE
(RMSEP, the third column of table 5.1). Same thing is used also
for CRMSE, thus obtaining the CRMSEP (cf. the sixth column of
table 5.1).
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Figure 5.5: Results of model validation at three different motor posi-
tions. A,,, is the contact area estimated with the model while A,,, is
the measured one.

What is noticeable is that the model is able to estimate the contact
area with a good level of accuracy: considering the correction factor
the maximum percentage of error is less than 30%, and usually close
to or less than 10%.

Since softness perception relies on both haptic channels — kinaes-
thesia and cutaneous information — it can be thought to be controlled
to track F'(§) or F(A) curves. Of course both characteristics are as-
sociated each other in the device (for a decoupling strategy of these
characteristics, see e.g. [76]).

When the system behaves like a F'(0) tracker, i.e. to mimic a given
stiffness, the behavior is analogous to the one exhibited by common
kinaesthetic systems (which basically act as force displays [80]), al-
though cutaneous cues are clearly vehiculated to subjects by means
of fabric deformation. However, the measurement of the contact area
in real-time is now available and it provides additional tactile infor-
mation on the haptic interaction in act.

Since the CASR paradigm, experimentally validated, underlines
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Table 5.1: Table of model errors (RMSE, RMSEP, CRMSE, CRM-
SEP) for different motor positions §. C.F.s are the correcting factors.

6 | RMSE | RMSEP | C. F. | CRMSE | CRMSEP
() [ tmm®) | (%) (mm?) (%)
10 241 | 371 | 15 9.3 9.6
20 | 10.1 | 385 2 4.5 10.6
30 | 8.7 322 | 15 7.2 17.8
40 | 623 | 442 | 26 | 448 24.4
50 | 79.9 | 438 | 32 | 307 10.5
60 | 121.6 | 55.7 5 53.4 14.7
70 | 1245 | 36.4 6 44.8 8.7
80 | 1055 | 422 | 48 | 322 8.8

the importance of dynamically controlling the fingertip contact area
growth under the indenting contact force to properly convey ness per-
ception, the F'(A) tracking represents a more interesting issue. In [34],
the pneumatic-CASR display was proved to be able to properly track
given F'(A) curves; however its discrete design (a set of hollow cylinder
arranged in a telescopic manner) and the lack of an effective feedback
on the actual contact area limit the resolution of the stimuli. In
the previous version of the device here presented [A8|, the contact
area was actively measured but no contact-area feedback for dynamic
tracking was implemented. Finally, in [35], authors presented a soft-
ness display able to control the fingertip contact area, on the basis of
the detected contact force and by suitably regulating the fluid volume
within the device. Although the tracking performance was satisfac-
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PID

(b) F(A) Tracking Control

Figure 5.6: In the plot 5.6a I report the block diagram of the control
for constant stiffness experiments, while in the plot 5.6b block diagram
of the control applied for F(A) tracking is graphicated.

tory, the need to construct and store in advance the “numerical mod-
els” of the materials to be rendered reduced the mimicking reliability
up to a finite set of previously numerically built materials. Here I re-
alize a closed-loop control able to track a theoretically infinite range
of specimens, since the control is based on the actual measurement of
the contact area provided in real-time by the web camera.
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5.3.2 Constant Stiffness Tracking

In this experiment I try to track a constant stiffness o, = 1 N/mm.
Since the fabric stiffness is not constant but it depends on the inden-
tation, I need to suitably control motor positions on the basis of the
actual ¢ (see 5.3).

To control the stiffness (block diagram reported in fig. 5.6a, I
need to first know the actual stiffness (o, in [N/mm]) of the fabric.
Hence, I first get the angular coefficient (p, in [N/mm?]) of the actual
stiffness curve, which depends on the motor position (6.), from the
characterization characteristics or interpolating between them

Ta = Pad, (5.12)

Second, a PI control is used to move the motor positions, based
on the error between o, (reference stiffness) and o, (actual stiffness),
with heuristically found constants P =1, I = 0.01.

2 . :
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Figure 5.7: Stiffness control (blue line) vs. stiffness reference (red
line).

In fig. 5.7 the result of the control is reported. In this case, after
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Figure 5.8: Experimental F'(A) characteristics of two silicon speci-
mens.

the initial transitory phase due to motor positioning, I get a RMSE
of 0.1879 N/mm, less than 20% w.r.t. the reference value.

5.3.3 Trajectory Area Tracking

F(A) characteristics are linear at fixed motor positions; therefore,
linear F'(A) curves can be simply mimicked by interpolating motor
positions over the characterization graphs. However, to reproduce
common quadratic F'(A) characteristics [34], the position of the mo-
tors needs to be controlled and suitably changed, based on the actual
contact area. Starting from the F(A) = & A2 (& in [N/mm?|) curve
to be tracked, the actual &, [N/mm?] coefficient can be obtained each
time by suitably dividing the measured indented force by the squared
measured area A,,. A PI control is then used to move the motors,
based on the error between &, and the actual &, (see fig. 5.6b).

In this case, the PI constants are heuristically set as: P = 5 and
I =0.3.

To properly validate the system performance in F/(A) tracking, two
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different silicon specimens, specimen 1 and specimen 2, were chosen
to be reproduced.

I derived the properties between the contact force and the contact
area, by measuring the indented force while the silicon specimen was
touched by the fingertip. The specimen was placed on a load-cell and
the surface of the material covered by a transparent plastic sheet. The
finger pad was colored using ink. The contact area was obtained by
measuring the scanned contact area images.

The procedure is analogous to the one reported in [35]. The char-
acteristics are reported in fig. 5.8. The contact force was within the
range of 0.5 to 4.5 N. The F(A) tracking experiments were performed
by touching the fabric with the finger, using an indenting velocity of
the finger tip of 30 mm/s.

The F(A) tracking results are reported in figg. 5.9 and 5.10 for
the silicon specimens 1 and 2, respectively. In these cases, the couples
(Measured Controlled Area, Measured Force) are indicated as red
dots.

For specimen 1, ~ 75% of the controlled couples is within the
+25% of the reference bounds, while for specimen 2, ~ 72,4% of the
controlled couples is within the £25% of the reference bounds. The
corresponding reference area is tracked with a RMSE of 18.05 mm?
and a RMSEP of 7.28% (w.r.t. the reference value), for the specimen
1 (cf. fig. 5.9a), and for specimen 2 I get a RMSE of 45.1 mm? and a
RMSEP of 15.1% (for sake of space I do not report the relative plot).

What is noticeable is that the tracking accuracy is reasonably ac-
ceptable; of course, it can be improved, e.g. by using a different pro-
gramming environment (e.g. C++) instead of MATLAB/SIMULINK
to increase control performance. In this manner, I might be able to
enhance the accuracy and to mimic curves when faster indentation
velocities are used. However, up to my knowledge, for the first time,
force-area curves can be reproduced using the system here presented
on the basis of the feedback of real-time measured area.
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Figure 5.9: In the first plot 5.9a I report the contact area tracking
control (red line) vs. contact area reference (blue line). In the sec-
ond plot 5.9b I show the reference F(A) curve (in blue) while the
pairs (measured controlled area, measured force) are represented as
red dots. The £25% interval bounds w.r.t the reference curve are
represented as black dashed lines. These plots refer to the silicon

specimen 1.
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Figure 5.10: In this figure I show the reference F'(A) curve (in blue)
while the pairs (measured controlled area, measured force) are rep-
resented as red dots. The £25% interval bounds referred w.r.t the
reference curve are represented as black dashed line. This plot refers
to the silicon specimen 2.
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Chapter

Sensorized Object and Contact
Point Detection

HIS CHAPTER presents three different calibration methods for a
T 36 axis F/T sensor (see fig. 6.1). This sensor is the core of a
sensorized object employed for contact point computations in human
grasping tasks. The object can assume different shape by simply
changing the patches attached on the sensor (see fig. 6.2).

Moreover I introduce an algorithm to identify the contact point
position on a surface patch through the measurements of the corre-
sponding face force and torque.

Finally, I report a comparison between contact point detection
applied on a commercial F/T sensor and on sensorized object (for
more details see also [A11]).

6.1 Calibration Methods

In the calibration procedures here presented I used an ATI Delta
force/torque sensor for measuring wrenches applied on the custom
made sensor and two types of calibration flanges (with known dimen-
sion) to fix the device to the ATI sensor (for more detail see also fig.
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Figure 6.2: The patches applied on the sensorized object allow to
compose different shape: a sphere, a cube or an ellipsoid.

6.3). Calibration was performed without attaching any surface patch
to the active surfaces. The first flange (see fig. 6.4) is fixed on the
36 axis F/T sensor frame thus, not allowing to measure strain gauge
deformations of the corresponding face. The second flange (see fig.
6.13) is fixed on one face of the 36 axis F/T sensor and allows mea-
surement of the strain gauges of all active faces. The generic active
faces deformations are measured by 6 strain gauges.
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6.1 Calibration Methods

Figure 6.3: The calibration setup. The custom made 36 F/T sensor
is fixed on a flange. Then the flange is screwed in the ATI Delta F/T
sensor (black cylinder in figure).

Figure 6.4: The first type of flange employed in face by face calibration
e in quasi total calibration methods.

6.1.1 Face by Face Calibration

If the 6 strain gauges of each active face are completely decoupled
from those of the others, i.e a wrench applied on a face does not
produce any relevant deformation on the strain gauges of the other
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faces, a face to face calibration procedure can be applied.

This consists of applying a known wrench W; (in this case mea-
sured by ATI Delta force/torque sensor) on a face and correlating it
with the strain gauges measurements, as

where W; € R%*! is the wrench vector applied on the i-th face, C; €
R6%6 ig the calibration matrix of the i-th face and S; € R%*! is the
strain gauge measurements of the i-th face.

Now, it is possible to compute the calibration matrix as

C; = W;S! (6.2)

where S] is the pseudo-inverse of matrix ;.

Since the sensor has 6 independent active faces, the calibration
method has to be repeated six times (i.e with i = 1,2, ...,6) and each
face will have its calibration matrix.

Moreover, to obtain a more precise calibration matrix it is possible
to apply and record more than one wrench.

With this assumption equation 6.2 can be rewritten as

Ci = WinSix, (6.3)

where T/T/Zk € R and Si,k € R5%F are the recorded wrench and the
recorded measurement of the staring gauges matrix, respectively. k
the number of the trials.

6.1.1.1 Face by Face Calibration Results

Results of the calibration methods are reported in fig. 6.5-6.8. As it
possible to notice this kind of calibration does not produce acceptable
results.

Probably, this fact is due to the coupling phenomena of the faces.
In fact, even if the load wrench is applied on only one face, the string
gauges of the other faces are stressed, producing fictitious wrenches.
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Figure 6.5: In this experiment only one face at a time was touched,
from face 1 by face 5 (fig. a - ), with face to face calibration. Forces
read by the object are shown with solid line. In fig. f I report the
comparison with ATT force/torque sensor (dashed line).
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Figure 6.6: In this experiment only one face at a time was touched,
from face 1 to face 5 (fig. a- e), with face by face calibration. Moments
read by the object are shown with solid line. In fig. f I report the
comparison with ATT force/torque sensor (dashed line).
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Figure 6.7: In this experiment two face at a time were touched in
sequence (faces 1-3, faces 2-4, faces 5-2, faces 5-3 and faces 5-4) with
face by face calibration. Forces read by the object are shown with
solid line. In fig. f I report the comparison with ATT force torque
sensor (dashed line).
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Figure 6.8: In this experiment two face at a time were touched in
sequence (faces 1-3, faces 2-4, faces 5-2, faces 5-3 and faces 5-4) with
face by face calibration. Moments read by the object are shown with

solid line. In fig. f I report the comparison with ATT force torque
sensor (dashed line).
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6.1 Calibration Methods

6.1.2 Quasi Global Calibration

In this calibration method I apply a wrench on each face at a time in
sequence, starting from active face 1 to active face 5.

For this calibration method flange 1 (see fig. 6.4) is used. This
flange does not allow to apply a wrench on the active face where the
flange is fixed.

Supposing to fix the flange on face 6 and considering to collect
load wrenches (W; € R®! with ¢ = 1,...,5) applied on each face, a
matrix

(w, ool oo
0 |[Wal 0] 0|0
W= 0|0 | W00 |, (6.4)
000 Wyl 0
0000 | W

where 0 € R%*! is a vector of zero elements, is obtained.
Consequently, I collect the strain gauge measurements in a matrix

Si SpoSP St S
S, S5 83 Sy S5
Sy 85 S5 S5 S
S; Sy 8§ Sy S
S; S5 S5 S5 83
Se S5 S¢ Se 5%

W
I
—
>
o
SN—

where Sl-j € R%! ig the strain gauges measurement of the i — th face
when it is applied a wrench on the j — th face. Matrices 6.4 and 6.5
are correlated by
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W=0C35 (6.6)

were C' € R?9%36 js the calibration matrix.
From 6.6, it is possible to compute the calibration matrix C as

G —Wws, (6.7)

where ST is the pseudo inverse of S.

Moreover, to obtain a more precise calibration matrix it is possible
to apply and record more than one wrench.

With this assumption equation 6.6 can be rewritten as

Ci = WixS!,, (6.8)

where Vszk € R3%** and Si,k € R3** are the recorded wrench and the
recorded measurement of the staring gauges matrix, respectively. k
the number of the trials.

6.1.2.1 Quasi Global Calibration Results

Results of the calibration methods are reported in fig. 6.9-6.12. This
calibration presents better results than face by face.

In fact, in this case the calibration takes into account the entire
deformation of the custom made F/T sensor and even if a load wrench
applied on a face produces some deformations of the strain gauges of
the other faces, this method "learn" where the wrench is applied.

Principally, the "learning" is linked to the construction of the ma-
trices W (6.4) and S (6.5) where I collect the wrenches applied and the
strain gauges deformations during the calibration phase, respectively.

The only technical problem of this calibration method is the non
accessibility of the face where the flange is fixed.
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Figure 6.9: In this experiment only one face at a time was touched,
from face 1 to face 5 (fig. a - e), with quasi global calibration. Forces
read by the object are shown with solid line. In fig. f I report the
comparison with ATT force/torque sensor (dashed line).

145



Sensorized Object and Contact Point Detection

(a) Face 1 (b) Face 2
€ 10 ‘ ‘ T 10 ‘
© ©
Z 5 <
5 5 °
e 0 £
3 3
- -1
50 200 400 00 200 400
(c) Face 3 (d) Face 4
£ 10 ‘ ‘ £ 10 ‘
© ©
Z Z
€ 0 € 0
o o
S S
3 3
-10 -10
0 200 400 0 200 400
(e) Face 5 (f) ATI Comparison
€ 5 ‘ ‘ £ 20 ‘ ‘
© ©
=3 Z
(O] o
S S
3 3
-5 -20
0 200 400 0 200 400
Samples Samples

— Mx —My —Mz ---Mx ATl - --My ATl ---Mz ATI‘

Figure 6.10: In this experiment only one face at a time was touched,
from face 1 to face 5 (fig. a - e), with quasi global calibration. Mo-
ments read by the object are shown with solid line. In fig. f I report
the comparison with ATI force/torque sensor (dashed line).
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Figure 6.11: In this experiment two face at a time were touched in
sequence (faces 1-3, faces 2-4, faces 5-2, faces 5-3 and faces 5-4) with
quasi global calibration. Forces read by the object are shown with

solid line. In fig. f I report the comparison with ATT force torque
sensor (dashed line).
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Figure 6.12: In this experiment two face at a time were touched in
sequence (faces 1-3, faces 2-4, faces 5-2, faces 5-3 and faces 5-4) with
quasi global calibration. Moments read by the object are shown with
solid line. In fig. f I report the comparison with ATT force torque
sensor (dashed line).
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6.1.3 Global Calibration

Figure 6.13: The Second type of flange employed in total calibration
method.

In this calibration method I apply a wrench on each face at a time
in sequence, starting from active face 1 to active face 6.

For this calibration method flange 2 (see fig. 6.13) is used. This
flange allows to apply a wrench also on its active face. Supposing
to fix the flange on face 6 and considering to collect load wrenches
(W; € R%! with i = 1,...,6) applied on each face, a matrix

wil o] o]o
0 |Wa| 00
) 0] 0 |Ws| o0
ol oo |W
ol o] o]0 |Ws
W | WS | WS | WS | W8 | Wy

o o o O
o O o o O

where 0 € R%*! is a vector of zero elements, is obtained.
Consequently, I collect the strain gauge measurements in a matrix
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Si S SP oSt St S
Sy S5 85 5y S8
S; S5 S5 S5 S5 S5
Sp S Si oSy S S
S5 S5 S5 S5 S5 53
Ss S5 S5 S5 S5 S8

N
Il

(6.10)

where Sij € R%*! is the strain gauges measurement of the i — th face
with applied the j — th wrench. Matrices 6.9 and 6.10 are correlated
by

W =CS8 (6.11)
where C' € R36%36 ig the calibration matrix. )
From 6.11, it is possible to compute the calibration matrix C' as
C =Wwst, (6.12)

where C1 is the pseudo inverse of C.

Moreover, to obtain a more precise calibration matrix it is possible
to apply and record more than one wrench.

With this assumption equation 6.11 can be rewritten as

C; = Wzkgjka (6.13)

where W;;, € R®* and S;;, € R® are the recorded wrench and the
recorded measurement of the staring gauges matrix, respectively. k
the number of the trials.

6.1.3.1 Global Calibration Results

Results of the calibration methods are reported in fig. 6.14-6.17. This
calibration presents better results than the other calibration methods.
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Figure 6.14: In this experiment only one face at a time was touched,
from face 1 to face 5 (fig. a - e), with global calibration. Forces
read by the object are shown with solid line. In fig. f I report the
comparison with ATT force/torque sensor (dashed line).
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Figure 6.15: In this experiment only one face at a time was touched,
from face 1 to face 5 (fig. a - e), with global calibration. Moments
read by the object are shown with solid line. In fig. f I report the
comparison with ATT force/torque sensor (dashed line).
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Figure 6.16: In this experiment two face at a time were touched in
sequence (faces 1-3, faces 2-4, faces 5-2, faces 5-3 and faces 5-4) with
global calibration. Forces read by the object are shown with solid

line. In fig. f I report the comparison with ATI force torque sensor
(dashed line).
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Figure 6.17: In this experiment two face at a time were touched in
sequence (faces 1-3, faces 2-4, faces 5-2, faces 5-3 and faces 5-4) with
global calibration. Moments read by the object are shown with solid
line. In fig. f I report the comparison with ATI force torque sensor
(dashed line).
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6.2 Contact Point Detection Algorithm

Now, all the faces are accessible and with the global calibration
method it is possible to recognize and measure with a good accuracy
the wrenches applied.

6.2 Contact Point Detection Algorithm

X

F/T Sensor

Figure 6.18: Schematic of the application of the contact point algo-
rithm with its main physical characteristics.

Given the measurements f and m (from torque-force sensor), to-
gether with a surface equation S() = 0, I want to determine the
location of contact centroid ¢, and the related contact force p and
moment gq.

Starting from the force-torque equation of equilibrium

f=p , (6.14)
m=q+pXc
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Figure 6.19: Sanpshot of the toolbox implemented for the contact
pony detection. On the close up it is possible to notice the F/T
sensor with an hemispherical surface. In background it is possible to
notice the algorithm computation (yellow point).

and from the equation of the normal to the surface in the contact
point

=K——— vs(e) =K (6.15)
n, .
IVS(e)l]
given together with an ellipsoidal surface
rT AT Ar — R* = 0, (6.16)

where 7 is R vector of the Cartesian coordinates, A is the matrix
which defines the shape of the ellipsoid (i.e a plane, a sphere, a cylinder
or a generic ellipsoid) and R the offset to the ellipsoid center, the
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Figure 6.20: Patch employed for the contact point detection.

algorithm compute the contact point ¢ of an object touching the know
surface.

Expanding the 6.15 I get a non linear systems of 10 equation in 10
unknowns. Moreover, considering as the know surface an ellipsoidal
surface (i.e 6.16) the system has a closed form solution. The complete
algorithm is reported in [81].

For this algorithm a toolbox was implemented, both for Matlab
and C++ environment (see fig. 6.19 for a snapshot). The toolbox is
available at the address [W18].

6.3 Contact Point Comparison

To assess the accuracy of the contact point reconstructions, a compari-
son between the algorithm presented in [81] and implemented in [W18§]
applied on the custom made sensor and a commercial one was per-
formed.

The algorithm was employed with a surface patch for the cubical
shape (i.e I use one face of the 36 axis F/T sensor). Then the same
surface patch was fixed on the ATT Nano 17 commercial F/T sensor.
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Figure 6.21: Contact points algorithm tested with ATI Nano 17. Ref-
erence points (black) were touched with fingertip (one at a time). Red
points are the algorithm results on the ATI Nano F/T sensor. Blue
point are the algorithm results on the face 5 of the custom made F/T
Sensor.

The contact surface was a square of 46 x 46 mm with 8 points.
These points lie on the edges of a 26 x 26 mm square (see 6.20).

The experimental task was performed touching the points (one
at a time) with fingertip and then touching the center of the surface
patch.

The accuracy of the custom made 36 axis F /T sensor after the cali-
bration was in the order of 3 mm, which is enough for its employment.
In fig. 6.21 I report the results.
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