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Abstract

Soft robots are getting more and more popular in rehabilitation and industrial scenarios. They
often come into play where the rigid robots fail to perform certain functions. The advantage of
using soft robots lies in the fact that they can easily conform to the obstacles and depict delicacy
in gripping, manipulating, and controlling deformable and fragile objects without causing them
any harm. In rehabilitation scenarios, devices developed on the concept of soft robots are pretty
helpful in changing the lives of those who suffer body impairments due to stroke or any other
accident. These devices provide support in carrying out daily life activities without the need
and support of another person. Also, these devices are beneficial in the training phase where
the patient is going through the rehabilitation phase and has to do multiple exercises of the
upper limb, wrist, or hand. Similarly, the grippers developed on the basic principle of soft
robots are very common in the industries or at least getting common. Their advantages are a lot
as compared to the rigid robotics manipulators. Soft grippers tend to adapt to the shape of the
object without causing any damage to it, providing a stable grasp. It can also help reduce the
complexity in the design and development, for example, underactuated. Underactuated grippers
use the minimum number of actuators to provide the same function that requires more actuators
with a rigid gripper. Also, the soft structure allows to design specific trajectories to complete
a certain grasping and manipulation task. This thesis presents devices for rehabilitation and
assistive application to help people with upper limb impairment, especially wrist and hand
functions. These devices have been designed to provide the people, with limited capabilities of
hand and wrist functions, to live their lives with ease without being dependent on any other
family member. Similarly, I present different soft grippers and a soft environment that provides
different advantages and can do various grasp and manipulation tasks. I have presented results
for each device, rehabilitation and assistive devices are used by a patient suffering from stroke
and having limited movement of wrist and hand function. At the same time, the grippers
are supported with a set of experiments that provide deep insight into the advantages of each
gripper in industrial applications.
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Chapter 1

Introduction

“And that man shall have nothing but what he
strives for. And that his striving shall soon be seen.’

b}

Al-Quran 53:39-40

Robotics has considerably improved industrial processes and is expected to become an
important part of our daily life [1] soon. Human labor has always been associated with the
acquisition of specific skills, methods, and tools, making the world and its environment easier
and more effective. Increasing competition from industrial robots for tasks normally carried
out by human hands has led to the need for more effective handling equipment. Grasping
and manipulation of different objects are fundamental functions of both humans and robots.
Grasping, in simple words, can be defined as the ability to pick up and hold an object against
external disturbances, while manipulation is the ability to exert forces on the object and thus
cause its rotation and displacement concerning the reference frame of the manipulator. Human
do so with their hands; the Human hand can be regarded as a complex end effector allowing
the human to carry out different task related to grasping and manipulation of different objects
in everyday life, while robot grippers are the end effector used by robots to interact with
the environment or that comes in direct contact with the workpiece. Furthermore, these end
effectors of the robots can gather sensory information about the physical properties of the
objects.

1.1 Rigid Gripper

In the recent era, industrial production is loaded with many conventional manipulators or end
effectors such as rigid operators and dexterous hands. Traditional robotic gripper consists of a
set of mostly rigid joints and links [2]. Actuators can be installed within the links or joints or
in the base of the gripper utilizing cables or tendon-like structures. A wide range of sensors
can be installed in the robotic grippers; the most common are Hall-effect sensors, encoders,
torque sensors, tendon tension sensors. They can be used to estimate the position and velocity
of the gripper components. Similarly, to gather information about the objects, many sensors
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like pressure sensors, optical sensors, resistive and conductive sensors, electromagnetic sensors,
etc., can be used. The design of a robotic gripper can be a simple one finger with a fixed
plate to support the grasp, or it can be two fingers making a parallel gripper, or it can be more
fingers making a dexterous hand. The choice of a dexterous hand is often motivated by the
quest for flexibility and dexterity of human hands [3]. The structure of these rigid manipulators
composed of metals or plastic materials. The design contains complex mechanical transmission
structures, sophisticated sensors, and closed-loop control systems, relying on precise control
to grasp objects. However, when it comes to grasping and manipulating flexible or delicate
objects like fruits, glass etc., there is a higher demand in grasping motion by rigid manipulators.
Unlike industrial robots requiring high precision and rigidity, compliance is one of the major
concerns in robotic studies because hard contacts make robots unadaptable to the most natural
environment, especially dynamic human environment, and pose high risks to humans and
objects. Similarly, to make a rigid gripper more adaptive to the shape of the object to be grasped
includes adding a lot of mechanisms and actuators, which makes it cumbersome and not very
easy to use. Also, it makes the gripper less robust in terms of use, and the overall weight can
increase a lot, bearing a lot of load on the robot arm itself. To overcome the issue of weight and
adaptability, soft robots came to attention due to their superiority compared with traditional
robots in their adaptability to complex environments. In the last few decades, a lot of work
has been carried on soft grippers for various functions. Especially when it comes to grasping
brittle and delicate objects, soft grippers are considered the best choice as compared to rigid
grippers. Recently, more compliant and mechanical simpler, anthropomorphic grippers have
been described that resort to flexible and partly soft components [4, 5]. These grippers are
often cited as an example of morphological computation where control complexity is reduced
by material softness and mechanical compliance [6].

1.2 Soft Gripper

Advanced materials and soft components are increasingly studied for the design of lighter,
simpler, and possibly more universal grippers. The importance of compliance in grasping
has long been recognized. Unless very carefully controlled, making contact between a hard
gripper and a hard object leads to shocks that could damage the object or push it out of the
desired path. A simple but only partial solution, widely employed in robotic end effectors, is to
add compliant materials to the gripping elements (for instance, in the simple form of rubber
pads). Contact between bodies introduces constraints to the movement of those bodies. For this
reason, underactuation (i.e., having a higher number of degrees of freedom than the number
of actuators) is essential for grippers since it can allow them to conform to the objects’ shape
without active position control. Human fingers are an example of such underactuation, each
one consisting of one tendon and three links (two degrees of freedom). Soft grippers integrate
underactuation and compliance by replacing rigid joints with a structure made of hyper-elastic
materials that deform continuously in response to external or internal actuators and to the
interaction with the objects. Complaint materials thus play a key role in soft grippers: material
characteristics such as maximum elastic deformation, stiffness, and viscoelasticity influence
the stroke of the gripper, the force it can generate, and its response time. The selection and



engineering of materials are therefore crucial in the design of soft grippers with enhanced
capabilities. The most widely used material for soft grippers is elastomers; thanks to the large
stains, they can reversibly sustain (>100 %). Silicone rubbers have been the most popular choice
for grippers thanks to their ease of fabrication, low toxicity, robustness, and low mechanical
damping coefficients. The work presented in this Thesis dealt with different soft devices used
for Assistive and Industrial Applications. It also incorporates a mathematical model for the
design of soft components of the soft gripper as well as the design of stiff parts to make them
act like a soft compliant part. The Thesis is oriented on the Design and Development of devices
that comprise the soft and rigid structure, and the application lies in rehabilitation and industrial
scenarios. The next section will shed some light on the organization and contribution of this
Thesis.

I Chapter 1: Introduction I

A4
4' Chapter 2: Modeling Principle |7
\2 A4

{ Chapter 3: Design and Application | { Chapter 4: Design and Application !
i of Rehab Devices i | ! of Industrial Devices ! ‘
Dual Sixth! [Exo Hand| {Co-Gripper {Scoop Gripper; ' SoftPad |
| _Finger | L Wrist |

iFinray Sixth! | Bilateral | {Mag-Gripper|

.. Finger | \Communication;

%I Chapter 5: Conclusion I(

Fig. 1.1 Structure of Thesis

1.3 Organization and Main Contribution of Thesis

The Thesis is organized as in Fig. 1.1. The Thesis starts with the first chapter of the Introduction,
and the Second chapter explains Mathematical Models for the design of soft components of
the devices. The third chapter explains the design and application of devices related to
Rehabilitation, which include dual sixth finger design for stroke patients, a completely new
structure to design a complaint sixth finger using stiff material and an Exo hand and wrist
device design for the rehabilitation of hand and wrist functions. The fourth chapter explains
different devices for industrial applications, which include cooperative gripper, bilateral haptic



collaboration for human-robot cooperation, Soft ScoopGripper with embodied constraints, Mag
gripper design to precisely handle clothes. In the end, the chapter explains the soft sensorized
surface to be used with rigid grippers. The Thesis concludes with Chapter 5.

1.3.1 Design of multiple wearable robotic extra fingers for human hand

augmentation
This section describes the main criteria that were followed
to design a double robotic extra finger for compensating «
. eqe, e . . Rigid part —=
and augmenting human hand abilities. This work includes Flii:e -

re-designing all the mechanical components in a parametric F‘
way to further exploit the modularity of the device and adapt
it to different users and applications. It describes a solution
with two extra fingers actuated with a single motor, and
It analyses the requirements and main design aspects of
the differential mechanism that is necessary to guarantee
the proper closure movement of each finger. The device
that will be described in the main section consists of two
main parts: the support base and the mobile part, composed Diffeni
of two modular robotic fingers actuated by means of two
tendons and a single motor to control. The end edge of each tendon is fixed on the distal
module, while the opposite side is fastened to an element sliding inside the differential box.
Fingers are composed of rigid phalanges connected by compliant interphalangeal joints that
can be approximated as simple 1-DoF revolute joints. When the motor actuates the differential
by pulling the sliding element, both tendons flex the fingers, which assume a configuration that
allow them to grasp objects, while when the torque of the motor is released, the passive elastic
elements in the joints restore the fingers to their initial extended configuration.

Actuator  Pulley I‘,

e,
Support
: R L

1.3.2 Discrete Cosserat Approach for Closed-Chain Soft Robots: Appli-
cation to the Fin-Ray Finger

This section describes a general mathematical formulation
for the analysis of closed-chain soft robots and, in particular,
of Fin- Ray structures. The model is based on the Discrete Gty and
Cosserat approach, which has been extended to consider ,/ T =
closed-chain hybrid geometries composed of soft and rigid

elements. The model has been employed to investigate an
optimal design for a soft robotic Fin-Ray finger, and finally, S
a prototype has been fabricated. The FRE structure’s ability -

to conform to an external force while maintaining rigidness e
out of its grasping plane inspired us to exploit its use as
supernumerary robotic fingers to meet their ergonomics and

functional requirements.

Finray Finger

Elastic Band =



1.3.3 Design, Development, and Control of a Hand/Wrist Exoskeleton
for Rehabilitation and Training

In particular, robot-augmented therapy is a clinically ver-
ified path forward to improve rehabilitation outcomes for
several neuromuscular conditions, such as cerebrovascular
and spinal cord injuries. Technology advancements in the
medical and assistive field allow people with disabilities and
diseases to have a life that, in many cases, is almost com-
pletely autonomous. This section describes an exoskeleton
for hand and wrist motion assessment and training. Unlike
most of the available devices, the one described here has
been designed from the user’s point of view to be easily and independently wearable, easy to
control and manage, modular and versatile. The patient can use the device in collaboration
with the therapist or autonomously and is composed of two independent and modular elements:
the wrist actuation and the hand actuation systems. To the best of our knowledge, the proposed
device represents the first attempt to realize a wearable hand/wrist exoskeleton able to record
and playback motions and, at the same time, store data for further analyses.

1.3.4 The Co-Gripper: a Wireless Cooperative Gripper for Safe Human
Robot Interaction

Exploiting compliance and environment constraints with un-
deractuated compliant hands is also a lively research branch
for robotic end-effectors. In all these works, however, the
attention was mostly devoted to analyzing hand/gripper ma-
nipulation capabilities and adaptability rather than specif-
ically evaluating the interaction with humans. Although
robot end-effectors are most of the time the part of the robot
more proximal to the human partner in collaborative sce-
narios, only a few works have been dedicated to the design
and the control of collaborative grippers. This section describes some design guidelines and
proposes a prototype of a soft—gripper explicitly devoted to easy and safe interaction with
human operators in cooperative tasks. The key ingredient of the soft-grippers is the intrinsic
softness of the devices, i.e., their embodied ability to comply and adapt to features of the objects
and the environment.

1.3.5 Bilateral Haptic Collaboration for Human-Robot Cooperative Tasks

Human-Robot collaboration is an important field. However, to achieve effective collaboration,
the robots should not only be safe and respond to a human command but should also be able
to communicate with the human collaborator, as this is an essential feature for human dyads.



The work carried out to achieve effective collaboration includes mainly o Y
receiving acknowledgment from the robot in vibrotactile feedback. The Go . .‘
haptic interfaces are used to inform the human that the robotic system R e 33}1‘ ‘;?é
detected a particular behavior of its collaborator. The concept of bilateral o

haptic collaboration described in this section goes beyond the simple @
communication of intention or posture detection. The interface we

propose can be used both to control the robotic gripper motion and to

haptically display information related to the tasks that are measured by the robot.

1.3.6 Soft Hands with Embodied Constraints: The Soft ScoopGripper

As designed up to now, one of the main issues of soft hands is that
the enabling environmental constraints are not always reachable or
detectable by the grasp planning system, making it difficult to exploit the <oz~ 5" =
primitives of grasping developed for soft hands. The Soft ScoopGripper :
comprises two soft modular fingers actuated by a single tendon through l

a differential system, similar to the fingers designed for the soft gripper.

Flexible joints connect rigid links to build a deformable structure able

to adapt to the shape of the grasped object. The scoop, representing the constraint, is connected
through a flexible hinge to the hand palm. This allows to easily adapt the scoop orientation to
the surface where it slides. The soft hinge also allows actuating the scoop to move toward the
fingers, increasing grasp stability.

1.3.7 A Soft-Rigid Gripper Augmented with an Electromagnet to Pre-
cisely Handle Clothes

This section describes a novel approach to the execution of au-
tonomous clothing manipulation by exploiting the presence of
an attractive magnetic force established between the gripper and
the garment. As a suitable tool, it describes Mag-gripper, an
augmented jaw gripper embedding an electromagnet. As it will
become clear in the following, this design choice allows to achieve
a repeatable extended point-like grasp: Since the location where
clothing is grasped causes its configuration after the grasp has
occurred, having a repeatable grasping capability results in having
repeatable clothing configuration. To the best of my knowledge,
no grippers exploiting the magnetic force so far have been ex-
ploited for clothing manipulation. Moreover, the difference with jaw tips
commercially available grippers exploiting the presence of a mag-
net is desired to exploit the magnetic force only to establish the
contact between the gripper and the garment, whereas the presence of a permanent magnet
would need an opposite magnetic field to allow the object detachment any time the grasp has to
be released. After the extended point-like grasp has occurred, the magnetic force is no more

electro-
magnet

contacting
metal plate



needed: the electromagnet is deactivated to avoid overheating, and secure grasp maintenance is
achieved by exploiting the gripper jaws. In this approach, the garment has to embed a metallic
part. During data acquisition for Machine Learning-based approaches, researchers can easily
insert these parts in the desired locations to meet grasp precision requirements. However, the
implementation of autonomous garment manipulation applications for the general public will be
possible only by establishing a synergy between companies and researchers. Such synergy will
be encapsulated in novel clothing production lines specifically thought to allow autonomous
manipulation. These novel garments will have the needed metal parts embedded as ornamental
or brand elements, such as buttons and small plates.

1.3.8 Grasping with the SoftPad, a soft sensorized surface for exploiting
environmental constraints with rigid grippers

A common trend in robotic manipulation is to build com-
pliant hands that can exploit environmental constraints to
perform robust grasps. Different from classical rigid robotic
hands, soft hands can safely interact with constraints present
in the environment. Thus, grasp planning with soft hands
does not rely on exact models and precise positioning of
contact points but aims to use direct physical interaction |
with the environment to constrain and grab the object. Since,
in large-scale industrial applications, end-effectors are pri-
marily rigid. This is not possible with rigid grippers. How
can we exploit environmental constraints using rigid industrial grippers? This section describes
a novel solution to take advantage of the strengths of both soft and rigid robotics approaches.
We propose to use rigid robotic grippers while adding compliance to the surface laying beneath
the objects to be grasped. In other terms, we shift the focus from the gripper to the environment.
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Chapter 2

Modeling Principle

“Science and technology can solve all the world’s
problems, and historically it has been shown to
make the world better and better.”

Zoltan Istvan

2.1 Modeling Principle Soft Rigid Links

This section focuses on Mathematical model devised for the design of Soft Rigid Links.

2.1.1 Mechanical model of a soft-rigid finger

In this section we extend the mathematical formulation presented in [7]. In such work we
applied the general mathematical model introduced in [8] to a modular structure composed of
rigid links connected through compliant joints. We choose this type of formulation since it
allows to model three dimensional deformations, while other simplified models that we used in
our previous works, e.g., the one introduced in [9], considered only bending deformation in the
principal flexion/extension plane of the finger. In particular, in the model we use in this work
the compliant joint is represented as a continuous beam with a distributed three-dimensional
deformation, rather than as an ideal revolute joint with a single stiffness value. For the sake
of clarity, we reported in the Appendix in Section A a summary of the kinematic formulation
previously introduced in [7]. The modular structure of a finger, the reference frames for the
components, and the main transformations are reported in Fig. 2.1.
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Fig. 2.1 Modular structure of a finger, composed of soft (red) and rigid (blue) parts. Reference
frames for each component, and main transformations.

In the following we derive the generalized dynamic equation for a soft-rigid structure by
means of the d’Alembert’s principle.

2.1.1.1 Rigid Body dynamics

The equations of motion for the dynamics of a rigid phalanx of the i/ module are obtained
from the Poincaré variational calculus of [10]. Including the loads due to the adjacent soft
bodies, this calculus yields to

MMy +ady, ANy, =

o1 . 2.1
Adgib T Iw— Adgb(i+l)g‘, (

i+1)L + F €ib

where ./, € R®*% is the screw inertia matrix, {1);, is the twist of the rigid phalanx, .7, € RS
is the external load and F s, F ., € R® are the forces transmitted across the clamping
with the soft articulation of the same module i and of the next module i + 1 respectively (the
subscript R and L stand for the right and left boundary of a soft body), Adz is the adjoint
representation (€ R%*®) of the Lie group SE(3) (see Appendix A.1). All the quantities are
evaluated locally.

By indicating with g the equivalent joint vector and with J;;, the locally evaluated geometric
Jacobian of the body, let us define a virtual displacement &, € R® which satisfies { » =Jir0q.
In order to eliminate the constraint force, we have to project the equation of motion onto the
linear space generated by in =58q"J Z,;. Applying this projection to (2.1), we obtain

V8q e R?V .
8q" {5, [ i (Jivg+Tipg) + ady o (A ipJipq)] (2.2)
_Jt (Ad;;I%R _AdS %w) _ J,@ﬁeib} —0,

8h(i+1)



which leads to the generalized dynamic equation
(it ipdip) G+ T3, (ady o ipdip+ M i i) § =

T —1 T
I (Adg, F o= Adyy | Fy) +I5F 0, =0,

(2.3)

In our case, the external loads acting on the rigid body are given by the cable actuation

Z a, the gravity force .% 4, and the concentrated contact forces .% ,, due to the manipulation
interactions, i.e.:

Feyy = Fay+F g +F piy- (2.4)

Regarding the cable actuation, let’s define g,; and g, the fixed rigid transformation between
the body frame of the rigid body and the cable frame while it enters and leaves the rigid body
respectively (Fig. 2.1). Then, the direction of action of the cable entering u;;/||u;|| and leaving
u;,/||u;|| the rigid phalanx of the i’ module can be expressed in the cable frame as:

R, wu; L L
( of 1 ) =8 8, 8i(L) '8 80r- 25)
R w; _
( of 1 ) = 85 8o(i+1)8(i+1) (L)8(i+1)68b1 (2.6)
which yields to
9“:’[; = yalih +<gaarib
a1 ul 1" 2.7)
=T,Ad 000 TirAdl 000 —2|
gbl[ H“il”] T gb’{ HuirH}

where 7; is the tension of the cable of module i. It should be noticed that the cable tension
decreases along its path to the tip due to the frictional interaction exerted at the corners produced
while entering and leaving the rigid phalanx (considering straight path while inside). Using the
capstan equation, the frictional effect can be modeled as:

Ty =Ty e M9, (2.8)

where 1 is the coefficient of friction and ¢ is the angle swept by the turns within the i/ module.
Since there are two cable turns for each module, i.e. one at the base and one at the tip of the

soft joint, we have:
U .
¢ = cos ™! DR ) | eos <— tilx > : (2.9)
Hu(i—l)rH (i |

It’s worth to notice that, in case of 2D configuration (no torsion), the sweep angle simplify to:

0 — L6, , (2.10)



because, in this case, L0; fully represents the relative orientation of two consecutive phalanxes.
The contact force ., is considered to be a given input, while the gravity force is found by

gy =MipAdg) G . (2.11)
where @ = [0000 —9.810]” is the gravity twist with respect to the spatial frame.

2.1.1.2 Soft Body dynamics

The equations of motion for the dynamics of a soft body i are obtained from the extension to
continuum media of the Poincaré variational calculus [11]. Evaluated with respect to the body
frame, this calculus yields to the strong form of a Cosserat beam, i.e., the partial differential
equations and their boundary conditions

MM +ady MM = F

1

+ad2.gii+ﬁei ’
! (2.12)
ﬁii(o) = _ﬁJiL > ﬁii(l’) = _yfiR ’

where .#; = diag(Jy,Jy,J;,A,A,A)p; € R6*6 is the screw inertia matrix of the cross section
(with mass density p;), 1, is its twist, .7, (X) € R is the distributed external load and .% ;,(X ) €
RR® is the internal force due to the elasticity of the soft body. All the quantities are evaluated
locally.

Let us define a virtual displacement field §;(-) which satisfies §;(X) = J;(X)3q € RS.
Following steps similar to what we have done for the rigid body case, we obtain the following
generalized dynamics for a soft body [8]

L L
(/ JiT///iJidX)q+/ Ji (adj gt idi+ 41;) dX
0 0
! ) (2.13)
q:/ i (7} +adz.7,) dX+/ I ZedX.
0 ’ 0

Regarding the internal elastic force, a linear viscoelastic constitutive model, based on the
Kelvin—Voigt assumptions, is chosen [12].

ﬁiiz}li(éi—é*)+l'i§'i, (2.14)

where
%; = diag(GiJy, Eily, Eil;, EA,GiA, GiA) € R®C and

Y; = diag(Jy,3Jy,3J;,34,4,A)v € R®*6
are the screw stiffness and viscosity matrix of the i/ module (E; being the young modulus, G;

the shear modulus, v the shear viscosity, A the cross sectional area and J(x.,y,z) the moments

of area), &, is the strain twist, and & is the reference configuration strain twist. Considering
a constrained strain state defined by the matrix B (as detailed in [7] and summarized in



Appendix A.2, eq. (A.3)) the expression of the internal elastic force becomes
Fi;=LXiB(q;—q") +YiBg; . (2.15)

_ Regarding the distributed external load, only the gravity force need to be considered (i.e.
Fo; = F g;), Which can be expressed as

1

F (X)) = MiAd 'Y . (2.16)

2.1.1.3 Soft-Rigid Finger

The virtual work of the whole finger is the sum of the virtual works of each subsystem. Thus,
the equation of motion for a soft-rigid multi-body system is evaluated as the sum of equations
like (2.3) and (2.13) over all the bodies of the system. This operation yields to the generalized
dynamics equation in the classical form

M(q)4+(C(q,9)+D)g+K(q—q") =

T(@)+F(g) +N@) 7. @10

where M € R?2V*2N i the generalized mass matrix, C € R*M*2V is the generalized Coriolis
matrix, D € R?N*2N is the generalized damping matrix, K € R?N*2N is the generalized stiffness
matrix, F € R?V is the vector of generalized external forces, N € R?N*% is the gravitational
matrix and T = [t7 - 7]] € RN is the vector of applied actuation forces.

It can be shown from eq. (2.3)-(2.13) that the internal elasticity and actuation forces
exchanged by the soft and rigid bodies in the tree cancel each others, yielding to

N oL
M= Z/ JE A JidX +J5 i dy, (2.18)
i=17/0
N L )
C=Y [ IF (adj gt idit i) ax+ (2.19)
i=17/0
Th (ady ot ipdip+ M ipd i)
D = diag (B"Y,B,B"Y,B,--- ,B'Y,B) L, (2.20)
K = diag (B"%,B,B"%,B,--- ,B"L,B) L, (2.21)
T, ="8 Fu, . (2.22)
N
F=YI,%,,. (2.23)
i=1
N L
N=) /0 Ji M iAdg X + Tip M pAdy | (2.24)
i=1

Remark: The mathematical development above has been presented for the case of small
strains and constant cross-section soft joints, both for simplicity and since the majority of the



existing soft grippers satisfy those assumptions. However, it should be notice that the proposed
model is not restricted to this case. In fact, the integrals in (2.18), (2.19) and (2.24) can easily
accommodate variable cross-section, if necessary. Furthermore, it can be shown that, in the
general case, the 2 X 1 blocks of the resultant internal force vector take the form BT fOL FidX
[13], which can accomodate any constitutive relation and reduces to the damping and stiffness
matrix (2.20), (2.21) for the linear Kelvin-Voigt case.

2.1.1.4 Quasi-static analysis

Let us consider eq. (2.17) in stationary conditions, i.e. { = q = 0, let us neglect the term that
takes into account gravity effects and consider a condition in which the finger does not have
manipulation interaction, i.e. #¢, = .7, = 0ineq. (2.4). Then, it is possible to reformulate
eq. (2.17) as

f,5(q,7)=0. (2.25)

The problem can be solved, finding finger configuration q for a given cable tension 7':
q= finv,qs (T) . (2.26)

It is important to notice that relationships f,; and f;,, ;s depend also on Py, Pgeom, that are
vectors containing the properties of materials and the geometrical parameters of soft joints.

Let us indicate with q, the desired configuration that we want to obtain when the tendon is
pulled with a force 7" and there are no other external forces applied to the finger, our synthesis
problem consists in finding suitable sets of soft joint properties Par, Pgeom that minimize the
error

€q = ques_qH' (227)

In [14] a simplified version of the mechanical model was used to design passive joints
of an underactuated modular soft gripper for fingertip trajectory tracking. The simplification
consisted in modelling the passive soft element as a lumped 1DoF joint with a fixed constant
stiffness. Due to the simplicity of the model the problem could be solved in a closed form.
The generalization presented in this paper allows to take into account a more general three
dimensional deformation of the joint.

2.1.1.5 Analysis of single fingers
The dynamic model developed above can be used, in its steady-state form, to calculate manipu-

lability, force and stiffness ellipsoid of the modular gripper’s fingers at any configuration.

Manipulability Ellipsoid: The manipulability ellipsoid is the projection into the tangent task
space of a 2N dimensional sphere in the tangent joint space given by ¢4’ ¢ = 1. Making use of
results from differential kinematics analysis (see Appendix A.2, eq, (A.12) for more details),



we obtain the following three dimensional linear and angular ellipsoids:

-1

VZ;p (JVtipJIY);ip) Viip =1, (2.28)
-1

ng <JWtipJ£lip> Wtip = 1 H (2.29)

T
where Jy, = Jyip = [Jz;n,p J VT, l,p} and we have considered full rank Jacobians.

Force Ellipsoid: Similarly, the force ellipsoid is the projection into the dual tangent task
space of a 2N dimensional sphere in the dual tangent joint space given by 77 7 = 1. Let’s define

. . T
the wrench that the tip phalanx exerts on the environment as .%;, = [TtTip PtTip} = —Z pups
where T;;, and P;;,, are the tip torque and force respectively. Then, from the steady-state form
of the dynamics equation (2.17) the tip wrench due to the joint torques 7 satisfies T = J%. & tips

tip
which yields to the three dimensional linear and angular force ellipsoids

Pl?;p <JvtipJ\71;ip> Ptlp = 1 s (2.30)
Tiip (Jw,ipJvTv,,.p) Tip=1. (2.31)

Stiffness Ellipsoid The stiffness ellipsoid is the projection into the dual tangent task space of
a six dimensional sphere in the tangent task space determined by the passive elasticity of the soft-

T
rigid structure. The original sphere is given by CtTipC iip =1, where §,; = {S;Tip r,Tip} =1,,0t
are the infinitesimal rotation and displacement of the tip phalanx. Similarly to the force ellipsoid,
using the steady-state form of the dynamics equation (2.17) and the joint elasticity equation

(2.21), we obtain & tip = JipK _IJtTipfi rip» Which yields to the following three dimensional
linear and angular stiffness ellipsoids

2

Pl?;p (JvtipK_l‘llz);ip> Pllp = 1 s (232)
2

L (Jw,,-pK’IJVTV,i,,) Tip=1. (2.33)

Compliance Ellipsoid Inversely to the stiffness ellipsoid, the compliance ellipsoid is the
projection into the tangent task space of a six dimensional sphere in the dual tangent task space
given by FL F tip = 1. Following the same steps as before, we obtain the following three

tip
dimensional linear and angular compliance ellipsoids:
rtY;p (JvtipKil‘I;Z);ip) . rip=1, (2.34)
sgp <JWtipK_1J£lip>_ stip = 1 . (2.35)

where again we have considered full rank Jacobian matrices.
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Fig. 2.2 Simulation of a single finger composed of three identical links, subject to a constant
tendon tension applied in ¢ = 0. a) Trajectories of the origins of the frames on rigid links. Blue,
red and black curves corresponds to proximal, intermediate and distal links, respectively. b)
Soft link curvature during as a function of time for different tendon tension values. Blue, red
and black curves corresponds to proximal, intermediate and distal joints, respectively.



Example: single finger simulation In this section, we apply the formulation described in
the previous section to simulate the dynamics of a modular underactuated soft-rigid finger

in which we set the same values for all joint stiffness. The finger is composed of three
modules, in which the rigid part is a parallelepiped with dimensions (width x length x height)
20 x 30 x 12 mm, while the compliant part can be approximated with a parallelepiped with
dimensions 20 x 21 x 4 mm. Three identical soft modules are considered in this first simulation,
the density of the rigid link is p, = 1070 kg/m?, the density of the soft joint is p; = 1200 kg/m?,
its Young’s modulus is Eg = 15.2 MPa, its Poisson’s coefficient is vy = 0.5. Two DoF are
considered for each module: principal bending, i.e. rotation in the xy plane indicated in Fig. 2.1
and torsion, i.e. rotation w.r.t. e x axis indicated in Fig. 2.1. Friction between the cable and the
link is simulated, assuming a static friction coefficient iy = 1. In the simulations, we applied a
constant tension 7 at time ¢ = 0 s to the tendon and we observed the dynamics of the finger
for 2 s. Different T values from 5 to 20 N were considered in the simulation. Main simulation
results are reported in Fig. 2.2, in particular in Fig. 2.2 a) we reported the trajectories of the
points on the rigid links in which we fixed the local frame origins. Trajectories are reported
in the xy plane for the sake of clarity. Fig. 2.2 b) reports for different values of T tension the
variation of curvatures in soft joints as a function of time. It is interesting to notice that, even if
all the three soft joints have the same geometrical and material properties, and therefore have
the same equivalent stiffness values, after the application of tendon tension their curvatures
reach different steady state values, due to the presence of friction.

2.1.2 Model testing and validation

To further investigate the potentialities and limits of the model that we proposed in the previous
section, we compared finger movement numerically simulated with the one measured using the
experimental setup shown in Fig. 2.4 and Fig. 2.6. The base of the gripper was fixed on the
table. We used a Vicon system (Vicon Capture Systems, UK) consisting of 8 cameras to track
finger movement. Fifteen passive optical markers were used to track finger motion.

In this paper, in particular, we focused on single finger simulation and modelling, since we
are interested in understanding the advantages and limits of the distributed parameter model and
to compare it with other modelling techniques, in particular with standard lumped parameter
model in which flexible joints are represented as revolute hinges. Different configurations
were considered in the tests: we applied the synthesis procedure introduced in [9, 14] and
generalised in the previous section to design deformable joints with different stiffness values so
to obtain desired closure motions. In particular we regulated Young’s moduli and density of
soft joints, maintaining the same geometric shape and dimensions, so to obtain on the gripper,
when actuated, a power grasp and a pinch grasp, respectively.

As detailed in [7], using an underactuated tendon-driven structure with three modules for
each finger, a closure movement allowing a power grasp can be obtained by regulating soft
joint parameters so that the corresponding normalised stiffness values, conventionally defined
as k; = k; /ky, withi = 1---6), are

ki =ks=1; kp=ks =0.48; k3 = ke = 0.48; (2.36)



while to get a pinch grasp, the following normalised stiffness values can be employed:
ki=ki=1; ko =ks =3.33; k3 =k =23.33. (2.37)

Such normalised stiffness values can be obtained by realising soft joints with the same geomet-
rical dimensions, and by selecting 3D printing parameters that allow to obtain the following
Young’s moduli, for the power grasp:

E174 =6.22 E275 =3.02 E376 =3.02 (MPa), (238)
and for the pinch grasp:

E174 =1.75 E275 =6.22 E376 =6.22 (MPa). (239)

2.1.2.1 Closure movement

In the first set of tests we analyse closure motion of three versions of the underactuated finger,
obtained by varying the grasp type (i.e. power grasp and pinch grasp) and by varying the length
of the passive elastic element in the joints, Ly (Ly = 21 and Ly = 28 mm). The configurations
that we consider are three: i) power grasp, Ly = 21 mm; ii) power grasp, Ly = 28 mm, iii) pinch
grasp, Ly = 21 mm. Five acquisitions are considered for each configuration. Although the
model is three dimensional, finger closure motion is substantially planar in these tests, so we
represent it on the plane xy. No significant displacements have been observed in z direction.
We compare the trajectories of three points on the proximal, intermediate and distal pha-
langes respectively, measured by the tracking system and estimated by the model presented in
this work. We also evaluate point trajectories by means of a lumped parameter model modelling
the interphalangeal joints as simple revolute hinges with a fixed rotation axis. Results are
reported in Fig. 2.3. An initial calibration phase has been necessary to align tracking system
markers with the points evaluated in the simulations. Results show that both the lumped
parameter and the distributed model are able to describe the closure motion of an underactuated
compliant finger with a reasonable precision: the distance between measured and simulated
trajectories are quite limited (~ 5 mm in the worst cases). It is also interesting to notice that for
the gripper with Ly = 21 mm (plots in the first row of Fig. 2.3) the difference between lumped
parameter and distributed model is quite limited (~ 2 mm in the final closed configuration),
such a difference becomes more evident, as expected, for fingers with Ly = 28 mm (second and
third rows of Fig. 2.3), in which the lumped parameter approximation becomes less realistic.
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Fig. 2.3 Analysis of three closure motions. Left column: simulated finger final configurations;
right column: trajectories of points on the intermediate (magenta), and distal (red) phalanges;
continuous curves represent data from tracking system, dashed lines represent trajectories
calculated with the mathematical model described in this paper, thick dotted curves represent
trajectories calculated with a simple lumped parameter model. a) Power grasp, Ly = 21 mm; b)
Power grasp, Ly = 28 mm; c) Pinch grasp, Ly = 28 mm.



2.1.2.2 Load in the direction of gravity

The second set of tests is aimed at verifying the accuracy of fingertip equivalent stiffness
estimation. We 3D printed a customized cylindrical object to be attached at the fingertip. Small
spheres with different sizes and weights can be inserted into an opening on top of the object.
The 3D object and spheres act as a load in the direction of parallel to gravity (z axis). We
track the finger with the applied load during a closure motion, that is enough slow to limit
the dynamics effect. Fig. 2.4 a) shows the experimental setup with the finger, the tracking
system markers and the external loading at the tip. Fig. 2.4 b) shows the trajectories of three
points on finger phalanges during closure motion, projected on the xy plane. Also in these
figures we reported both the trajectories measured in the experiments (continuous lines) and
the ones predicted by the mathematical model (dashed lines). For this test we use only the
finger designed for a power grasp, with L, =21 mm. We could not use the version with the
longer joint because, due to its higher compliance, we could have buckling deformations. Three
tests are considered for the following evaluation. By measuring the displacement on the z
direction, Az, of the fingertip, and since the applied loading is known (F; ~ 1 N), we can
estimate approximately the equivalent z direction finger stiffness as

I

kem = :
Az p

g

Elaborating test measures, we can evaluate k_ ,, for different finger configurations and we can
compare the obtained results with the equivalent fingertip stiffness in the same direction, that is
evaluated by means of eq. (2.32). Results are shown in Fig. 2.5, in which we reported stiffness
values as a function of a non-dimensional parameter describing finger closure, varying from
0 (open) to 1 (close). Measured stiffness values are reported with continuous lines, the value
estimated with the mathematical model is reported with a dashed line. It is interesting to notice
that the model is able to estimate the equivalent stiffness at the fingertip with a reasonably
good approximation when the finger is closed (closure value greater that 40%), while it greatly
overestimate the stiffness when the finger is straight (closure value lower than 30%). This
difference can be motivated with the choice of the constrained strain state, that in the simulation
that we performed considered only inextensible bending in principal loading plane and torsion
(see the definition of B; matrix detailed in the Appendix section, eq. (A.3), (A.4)). With this type
of constraints, when the finger is straight no deformations in z direction are possible and this is
the reason why stiffness in z direction assumes very high values close to this configuration. A
better approximation could be obtained modelling the joint with more degrees of freedom.
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Fig. 2.4 Experimental setup to record the joints trajectories using Vicon under the load in the
direction of gravity, trajectories of points on the gripper measured with the tracking system
(continuous lines) and simulated with the mathematical model (dashed lines), blue: reference
point on the proximal phalanx, magenta: reference point on the intermediate phalanx, red:
reference point on the distal phalanx.

2.1.2.3 Mixed bending/torsional load

In this test, the 3D printed support for the external load has been modified as shown in Fig. 2.6,
so that it can apply also a torsional torque to the fingertip. The length of moment arm is set
to 18 mm. The experiment has been repeated with two different external loads i.e. 1 and 2
N, the corresponding torsional torques are then 7,; = 0.018 Nm and 7,,; = 0.036 Nm. Five
tests have been considered for the evaluation. Also in this case, we measure trajectories of
three points on finger phalanges while the finger, subject to the external load, is closing. The
closure movement has been set enough slow so that dynamical effect could be neglected. The
external load in this case produced both a deformation in z direction and a torsion deformation,
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Fig. 2.5 Equivalent fingertip stiffness in z direction: measured stiffness &, (continuous curves)
and stiffness evaluated with the mathematical model (dashed curve) as a function of finger
closure.

so we needed to consider not only the trajectories of the reference points, but also the relative
orientation of reference frames on finger phalanges during the motion. We evaluated the overall
torsional deformation as ;
A(]) = Z A¢i7
i=1
where A¢; was the relative rotation with respect x;_; direction between frames i and i — 1. We
therefore estimated torsional stiffness as

~ Text

ktors,m - M .

We can also estimate the linear stiffness in z direction, k;, with the same procedure described
in the previous section. Fig. 2.7 shows the results that we obtained by moving the finger
from an open to a close configuration. Fig. 2.7 a) reports ks values estimated from the
measurements (continuous curves), compared with the value calculated by means of eq. (2.33)
(dashed curve). In this case we can observe a general agreement between the stiffness estimated
from measured data and the one predicted by the theoretical model: the curves show similar
values and behaviours, the difference are due to factors that could be not properly be considered
in the theoretical analysis (e.g. material anisotropic behaviour, friction, etc.). Fig. 2.7 b) reports
the evaluation of k; linear stiffness, we can observe that the obtained results are similar to the
ones reported in Fig. 2.5, even if they have been obtained with different loading conditions.
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Fig. 2.6 Experimental setup to record the joints trajectories using Vicon under torsional load.

2.1.2.4 Dynamics

We realized a set of tests for validating the dynamical model described in the previous sections.
A direct comparison between simulations and experiments during a closure motion, in which
the motor of the finger is actuated, was not possible due to the unmodelled parameters in the
simulation since some relevant parameters (e.g. tendon force) could not be measured with the
available setup with a suitable precision. Since the proposed mathematical model focuses on the
mechanical part of the finger, to compare its accuracy and capability of properly describe finger
dynamic behavior, we experimentally measured the free response of a modular finger, subject
to an initial displacement of the fingertip. The first configuration adopted in Sec. 2.1.2.1 (i.e.
power grasp, Ly = 21mm) was employed in this set of tests, also in this case the proximal joint
of finger was connected to a fixed frame. The free response of the finger was compared with
the results of simulations in which we reproduced the same initial conditions. The procedure to
realize this comparison was the following.

(i) With the same experimental setup previously introduced, with the actuators released, we
manually moved the initial configuration of the fingertip in a non-equilibrium configuration
and then released it.

(ii) We therefore tracked the trajectory of a point on the distal phalanx until the equilibrium
configuration was reached, with a sampling frequency of 100Hz. Five different trials, with the
same finger but slightly different initial configurations, were measured.

(iii) We then post-processed the data to set the initial time at the instant in which the finger is
released and we shifted the measures to set as reference the final equilibrium configuration.
This post processing, consisting in a simple translation of the reference frame and of the starting
time, did not influence the significant information from the tests but simplified the comparison
with the simulation.

(iv) In the simulation environment, with an inverse kinematic analysis we evaluated the same
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Fig. 2.7 Mixed bending/torsional loading condition. a) Equivalent fingertip torsional stiffness.
b) Equivalent fingertip linear stiffness in z direction, measured from the data (continuous curves)
and evaluated with the mathematical model (dashed curve), as a function of finger closure.



initial configuration of the tests.

(v) We then evaluated by simulation the free response of the finger starting from the same
initial reference configurations of the tests.

Since mechanical properties of TPU vary in a wide range, also depending on the manufacturing
process, the results of one of the trials were used to tune the value of the damping. In particular,
the shear viscosity was set v = 0.112MPas. For the elasticity properties, we used the same
values defined in the previous tests. Two examples of fingertip trajectories, measured with the
experimental setup and simulated, are shown in Fig. 2.8. It can be noticed that the difference,
in the time domain, between the experimental measure (blue curves) and the simulated one
(red curves) is rather limited.

| Test id | Max overshoot | Settling time | Oscillation freq. |
Test 1, meas. 37% 0.44 s 5.2 Hz
Test 1, sim. 40% 0.42s 4.0 Hz
Test 2, meas. 47% 0.46 s 4.5 Hz
Test 2, sim. 37% 0.42s 4.0 Hz
Test 3, meas. 42% 0.51s 3.9Hz
Test 3, sim. 40% 0.42s 4.0 Hz
Test 4, meas. 39% 0.45s 4.8 Hz
Test 4, meas. 40% 0.40s 39 Hz

Table 2.1 Comparison between experimental measures and simulation results in dynamics tests.
Free response of the finger from a non-equilibrium configuration was considered. Maximum
overshoot, settling time, and oscillation frequency were considered.

Since the dynamical responses that have been observed present a damped oscillating
behavior, instead of directly comparing the trajectories, we could compare some specific
features of their measured and simulated values, in particular we considered the maximum
overshoot (evaluated as the ratio between the first oscillation peak and the initial value, and
reported as a percentage value), the settling time (evaluated as. the time that the system needs
to reduce the oscillation amplitude to 5% of the initial value) and the oscillation frequency.
Results are summarized, for the four tests not used for model calibration, in Table 2.1. As
it can be seen there are some differences between measured and simulated parameters. The
maximum difference in overshoot was 10% in Test 2, the maximum error in settling time was
0.09 s in Test 3, the maximum difference in oscillation frequency was observed in Test 1 and
was 0.7 Hz. These differences can be motivated by the approximations that were made in
the modeling phase, and in particular in considering a homogeneous linear elastic material in
passive joints. Furthermore, material properties were not known with a suitable precision, and
the inertia matrices of rigid links were evaluated with some approximations. By observing
the x components of measured oscillations, we can notice higher frequency small oscillations
~ 8Hz that are over-damped in the simulations. The experimental setup also could introduce
some errors, for example the non-perfectly stiff link between the finger and the support and the
motion capture setup precision. Although all these limitations, the obtained results are in line
with other results available in the literature either for soft and rigid robots e.g. [15], [16], [17].
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Fig. 2.8 Cartesian coordinates of a point on the distal phalanx of a finger in free response
tests with three identical phalanges, comparison between measured values (red curves) and
simulations (blue curves), results relative to two different tests.



2.1.3 Discussion

In general, a distributed model of soft joints has several advantages with respect to a lumped
model. Not only a distributed model can give higher accuracy for a wider range of operational
conditions and configurations, but also requires minimal parameter identification procedure
while the result has a clear physical meaning as much as it is usually done for traditional rigid
manipulators. This is not possible for a lumped parameter model of soft gripper, which does not
provide a systematic procedure to build the equation of motion from the physical properties of
the system components. Furthermore, a soft joint has intrinsically multiple degrees of freedom
(multi-DOFs) and although one could use a lumped multi-DOFs model which is not usually
done and should be approached with care in order not to introduce geometrical inaccuracies.
For instance, the kinematic model used in this paper encompass torsion and bending around the
lateral z-axis only, in order to model the very high bending stiffness of our soft joint around the
vertical y-axis. The span of these two screws (m; C se(3)) does not generate a Lie sub-algebra
of se(3), thus, it would be geometrically wrong to model them as a chain of two revolute
joints, as demonstrated in [18]. Our approach, on the contrary, is geometrically exact and
systematically solves those issues without any additional work. In this paper, we showed its
potentialities to analyse the role and optimize some design parameters of the soft robotic hands
to obtain their desired properties. The proposed extended model, allows to get more information
about robotic finger behaviour, for instance, its time-response to external inputs. We can easily
integrate the model with the main grasp properties presented in [19]. In particular, such model
can be used to calculate important properties of the system, i.e. the kinematics, manipulability,
force, stiffness and compliance ellipsoids of the modular finger and how we can exploit such
results in the analysis of robotic manipulation systems.

At this stage, we focused on presenting the mathematical model as an analysis tool to define
some important design parameters of soft grippers once their kinematics structure is fixed.
In future, we are aiming to exploit the model for soft gripper synthesis by formulating the
design problem as an optimization procedure, for example as proposed in [20, 21]. Moreover,
although, overall model consists of geometric and material properties. But, at the moment,
we are using the model as a tool to study the behavior of gripper by exploiting the material
properties only while given its geometry. It would be interesting to make use of model to
design and optimize the soft link geometries also, e.g. in terms of bending, torsional and
lateral directions stiffness. Furthermore, new materials introduced by additive manufacturing
techniques open a set of possibilities for designers. Beside infill density percentage, additional
parameters such as chemical composition, surface treatments, printing pattern, etc. can be
used to get the desired mechanical properties [22]. Currently, we are investigating further the
properties of the materials and manufacturing technologies and exploiting them in extended
experiments with the whole soft gripper focusing on the manipulation. Moreover, we are also
planning to continue the validation process by comparing the distributed parameter model
that we proposed in this work with other models available in the literature, e.g. [23, 24].
Furthermore, we are designing versions of soft grippers with multiple fingers to target complex
manipulations problems.



2.2 Finray Mechanism Sixth Finger Model

“Technology is important because it creates the
Sfuture. We’re able to be a part of the "next" and
create things that don’t exist.”

MC Hammer

The Fin-Ray principle, inspired by the physiology of fish rays, represents the foundation of
a large number of robotic devices. However, despite their popularity, there is not any effective
theoretical model technique for the analysis of this family of fingers. This lack is the main
motivation of the presented work, which provides the mathematical modeling, analysis and
prototyping of a closed-chain Fin-Ray finger. In this scenario, the contribution of this work is
twofold. At one end, we provide a general discrete Cosserat approach for Closed-Chain Soft
Robots and we show how to apply it to Fin-Ray Effect (FRE) fingers. On the other end, the
approach is employed to perform an optimization procedure, aiming at exploring the possible
designs of Fin-Ray fingers. Finally, the optimal design, which is able to conform to contacting
surfaces, while maintaining rigidness out of its grasping plane, is fabricated. These features
inspired us to exploit the new design as a supernumerary robotic finger, to meet the ergonomics
and functional requirements for chronic stroke patients to help in bi-manual tasks.

2.2.1 Introduction

While traditional robots are composed of rigid joints and links, soft robotics exploits the
capability of some materials to exhibit high deformations to design compliant and under-
actuated devices. In particular, soft robotics appears as a promising research shift in the
design of robotic manipulators and fingers, which can massively profit from the employment of
deformable materials and structures to gain higher compliance and therefore adaptability [25—
27]. A finger’s compliance is defined as its ability to adapt to a certain shape or object. Higher
compliance results in higher robustness when working in unstructured environments and higher
ability to manipulate fragile objects with different shapes.

Many approaches in soft robotics are inspired by nature, aiming to achieve reliable and
lightweight design which can perform high performance tasks with lower energy consumption.
One of the most famous bio-inspired design for soft robotic fingers is based on the so called
Fin Ray principle, invented in 1997 by Leif Kniese [28]. During a fishing trip, he observed
that, when pushing the side of fish fins, these do not bend in the direction of the applied force,
but only in the opposite one. After this discovery, Leif Kniese and Rudolf Bannasch analyzed
the anatomy of this biological phenomenon in the laboratory of EvoLogics GmbH (Berlin,
Germany) and finally developed the adaptive geometry named Fin-Ray [29]. This structure is
composed of two vertical fins bound at one end, with horizontal ribs joining them throughout



their length. This particular design, when realized with flexible materials, allows the finger to
adapt its shape to the one of the grasped object, allowing a simple yet reliable manipulation. In
particular, the Fin- Ray structure has proven to be capable of larger payloads with no reduction
in compliance [30], paving the way to a new family of soft manipultators and robotic fingers,
as shown in Fig. 2.9 [31].

Fig. 2.9 Festo’s soft gripper based on Fin-Ray® effect [31].

Despite their popularity in grasping and manipulation applications, the state of the art is
lacking of an effective modeling technique to predict the behavior of FRE fingers, mostly
because of their closed-chain structure which necessarily increases the number of constraints.
However, every design and fabrication process can highly benefit from a reliable mathematical
model, which allows the optimization of the design, avoiding unnecessary manufacturing
iterations. This is demonstrated by some recent works focused mostly on the modeling of
continuum closed-chain manipulators, composed of flexible elements. In [32], the deformation
of the elements composing the robot are modeled using continuous Cosserat rod theory, while
in [33] the prediction of unstable solution has been tackled, in order to prevent the buckling of
the slender legs composing the robot. Finally, some of the previous results on the modeling and
analysis on continuum robots have been summarized and implemented in [34].

In this work, we propose a general mathematical formulation for the analysis of closed-
chain soft robots and, in particular, of Fin- Ray structures. The model is based on Discrete
Cosserat approach [8], which has been extended to consider closed-chain hybrid geometries
composed of both soft and rigid elements. The model has been employed to investigate an
optimal design for a soft robotic Fin-Ray finger and finally a prototype has been fabricated.
The FRE structure’s ability to conform to an external force, while maintaining rigidness out of
its grasping plane, inspired us to exploit its use as supernumerary robotic fingers to meet their
ergonomics and functional requirements [35].



The work is organized as follows. In Section 2.3 we propose a generalized theoretical
model for soft-rigid closed-chain structures, which is applied in Section 2.4 to Fin-Ray effect
based fingers. The model is used to test the design of a FRE soft robotic finger previously
present in [36] and the results have been validated both through Finite Element Modeling
(FEM) simulations and experimentally in Section 2.5. After drawing some conclusions on the
performances of the previous design, an optimization procedure is carried out in Section 2.6
and finally a new prototype is fabricated and tested in 2.7. We then present, in Section 3.2,
the complete design and fabrication of the proposed supernumerary robotic finger inspired
by the Fin-Ray effect. The device grasping ability was tested in different activity daily living
(ADL) tasks consisting of different objects with various sizes and shapes. Finally in Sec. 3.2.5
conclusions are outlined.

2.3 Dynamic Model of Closed-Chain Soft-Rigid Systems

In this section we extend the mathematical model presented in [8] to closed-chain robots
composed of soft as well as rigid bodies. We start by recalling the open-chain dynamic model
for soft-rigid multibody system [13], which will then be augmented with the inclusion of the
closed-loop joint wrenches [37]. In the following, all the quantities are expressed in the local
(body) coordinate frame if not specified otherwise, while - and ’ superscripts represent partial
differentiation with respect to time and space, respectively.

2.3.1 Open-Chain Dynamics
2.3.1.1 Kinematics

The configuration of a soft body i (respectively a rigid body) with respect to its predecessor
in the chain is defined as a curve g;(-) : X € [0,L;] — g;(X) € SE(3) (respectively by a point

g; € SE(3)) with
R,‘ u;

The continuous models of the position, velocity and acceleration of a soft body can be derived
from the Cosserat rod theory, which gives [11]:

g =8¢,

n;=&;,—adgm;, (2.40)

ni=8&— adgim —adg 1;,

where
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defines the strain state (with k;(X) € s50(3) ,k;(X) € R? and p;(X) € R respectively the angular
and linear strain);

a0 = (g o) ese) .m0 = (ol o) .

is the cross-section velocity twist (with Ww;(X) € s0(3) ,w;(X) € R? and v;(X) € R? respectively
the angular and linear velocity); and ad .y € R®*® is the adjoint operator of the Lie algebra (see
Appendix A). To model constrained rod, such as the Kirchhoff-Love case with angular strain
only, the strain field is specified as:

&:(X) :Biqi+5i’

where B; € R®*" forms a basis for the allowed motion subspace, ¢;(X) € R" contains the
values of the allowed strains and, &, € RR® is a fixed twist modeling constant yet non-zero strains
(e.g., for inextensible rod with x—axis tangent to the centerline Ei =[000100]7)

Now, assuming piece-wise constant strains [38], equations (2.40) can be analytically inte-
grated using the matrix exponential method, leading to:

&i(X) =%,
10:(X) =Adg o N, + Adg ' Tg Big; ,

hi

' . X (2.41)
7:(X) :Ad;higinh+Ad¢;i /0 Adgi(s)adﬂi(s)dSBiqi+

Ad,'Tg Big; ,

where Adg. (X) = e c R6%6 g the Adjoint operator of the Lie group, g, € SE(3) is the
rigid transformation between two consecutive bodies 4 < i in the chain reference configuration
and T, (X) = f(f( ¢ ds is the tangent operator of the exponential map. An analytic expression
of the exponentials above, derived from [39], is given in the Appendix A. Remarkably, the
kinematics (2.41) is a generalization to soft and hybrid systems of the geometric theory of rigid
robots due to Brockett [40] and popularized by Murray and Sastry [41]. In fact, in the case of
lumped joint, we just let g; be the usual joint coordinates and X = L; = 1.

Successive applications of the kinematics (2.41) for all the bodies of the hybrid system,
yields to the definition of the geometric Jacobian J;(X) € R®*" and its derivative J;(X) € R®*"
(n being the total number of DOFs) for each soft/rigid body, which relates the generalized

coordinate vector g = [qg qlT e ‘11{171] T ern (N being the total number of bodies) and the "



velocity twist as shown below.

i i
N:(X)=Y Adg' ; Tg,Bugy, =Y, 'Sugy=Jig .
h=0 h=0
. i ; 1 X
000 = Y Sudy+ Ady g, [ Adg,ady, ) dsBid (242)
h=0
i
= Z '‘Sngy+'Snq,=Jig+Jiq ,
h=0

where the block elements of the " Jacobian 'S () € RO*™) and its derivative iS(.) e R0
have been defined. Note that this formulation applies directly to the motion submanifolds of
any multi-DOFs lumped joint including Exp-submanifolds [42] and free-body motion.

2.3.1.2 Dynamics

Once a Jacobian is found, the generalized dynamics of the hybrid multibody system can be
obtained by projecting the free dynamics of each body, including soft bodies, by virtue of the
D’ Alembert’s principle. The free dynamic equations of a rigid body and a soft body (with its
boundary conditions) are respectively:

/%ini + ad;i%ini = fji — Ad;ijgjﬁjj + yei and
MM +ady AN =T tady Fig+ T, (2.43)
Fi-a/(0)==F s, Fia(Li) = —Ady F;

where ./ ;(X) (respectively .#;) € R%* is the screw inertia matrix of the cross-section (re-
spectively the rigid body), Z..(X) (respectively .Z,.) € RS is the distributed (respectively
concentrated) external load, .7, (X) € RS is the internal wrench due to the distributed actua-
tion [43] and the elasticity of the soft body, .7 Jy € RR® is the wrench transmitted across joint
(+) and ad’(‘_) (respectively Adz‘.)) € R%*6 is the co-adjoint (respectively co-Adjoint) map of the
Lie algebra (respectively Lie group) defined in Appendix A. By Jacobian projection of the soft
and rigid body in the system, we obtain the generalized dynamics in its classical form [13]:

M(q)§+C(q,9)4+K(q)(q—q")=T+F(q,9) , (2.44)

where M € R"*" is the generalized mass matrix, C € R"*" is the generalized Coriolis matrix
(which may include also block-diagonal internal damping terms), K € R"*" is the block-
diagonal generalized stiffness matrix, g* € R" is the vector of reference strain configurations,
F € R" is the vector of generalized external forces and and T € R” is the vector of applied
actuation forces.



2.3.2 Closed-Chain Dynamics

Following the approach of [37] for rigid-body systems, the closed chain dynamics of a hybrid
soft-rigid system is obtained by applying the close-loop constrain wrenches to a spanning open-
chain of the system, where the wrenches are parametrized by a vector of Lagrange multipliers
A € R" (n. being the total number of constrains). The crucial step to achieve this result is to
express the constrain equations imposed by the close-loop joints in the Pfaffian form Ag =0
(A € R"*™), in order to obtain a basis for the constrain wrenches and close the system of
equations for the unknowns g and A.

2.3.2.1 Closed-Loop Joints Pfaffian Constrain

The closed-loop joints impose that the relative velocity between the bodies connected by
them has to be orthogonal (in the dual sense) to the subspace of constrain wrenches that the
closed-loop joints generate. Let us define the relative velocity twist across the i*” closed-loop
joint 1 ;; and the basis for the constrain wrenches subspace ‘Z; € RO*7i Then, reminding that
the motion subspace is spanned by 'S; = Ad;ng,.B,-, the closed-loop joint imposes that:

2N, =278:4;, =0, (2.45)

which yields .
'Z; = Ad} T, B},

where B# € R%*"i is the basis orthogonal to B; and T>(".) = T(_)T is analytically expressed in
Appendix A. Note that we have considered only lumped closed-loop joints (X = L; = 1) since
all the soft bodies should be included in the spanning open-chain in order to account for
the full kinetic energy of the system. Furthermore, it should also be noticed that the above
formulation remains valid for any multi-dimensional lumped joint, even for the general case
where span (iS ,-) # span (B;) (i.e. (B;) does not span a subalgebra of se(3) [44]). However, for
the majority of practical cases, span (iSi) = span (B;) for a lumped joint [13], thus, ‘Z} may be
replaced with B~ in (2.45).

Now, the constrain equation (2.45) can be expressed in terms of the open-chain kinematics
as:

2T (Ji—Tp)q =0, (2.46)

where Jy; and J),; are respectively the Jocabians of the successor and predecessor body with
respect to the closed-loop joint i (note that, for consistency, the two Jacobians have to point to
the same body frame first considered attached to si then attached to pi). Collecting equations of
type (2.46) for all the closed-loop joints of the system we obtain the desired Pfaffian constrain
equation (with N, the total number of closed-loop joints):

1ZiT (T —J )
Ag = : g=0. (2.47)
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2.3.2.2 Dynamic Equations

Once a Pfaffian constrain equation is established, the open-chain dynamic equation (2.44) can
be augmented with the additional constrain wrenches and closed for the unknowns ¢ and A
[37]. In fact, the constrain wrenches, being orthogonal to the Null space of (2.47) (open-chain
configurations that satisfy the new constrains), are spanned by A” as a result of the fundamental
theorem of linear algebra [45]. Furthermore, the time derivative of equation (2.47) provide the
necessary supplementary equations to closed the system for the additional unknown A. Hence,
we obtain

M§+Cq+K(g—q)=T1+F+ATA (2.48)
AGg+Aq=0 '
Solving for A [41], gives the desired closed-loop dynamic equation
M§=P[t—K(q—q")+F—Cq]
(2.49)

—AT (AM'AT) ' Ag,

where P =1— AT (AM _lAT) am! € R™" projects away joint wrenches that act on the
constraints without doing any work on the system [46].

closed
chain

Fig. 2.10 Schematics of the proposed kinematics of a closed-chain soft-rigid multibody system

2.3.2.3 Constraint Stabilization

The closed-loop constrains expressed at the acceleration level, although theoretically correct,
are not stable during numerical integration due to the finite machine precision [37]. Thus, a



Baumgarte stabilization is applied [47], which yields:

. 2 1
AGg+Aq+ =-Aq+ —e=0, 2.50
q+Aq+ T q-+ T2 (2.50)
where T € R™ is the desired settling time constant and e € R" represents a measure of the
constrain error at the position level. For the latter, we can use the implicit formulation of the

closed loop constrains at the position level by taking advantage of the logarithmic function in
SE(3) (defined in Appendix A), which yields to:

V
'z 10g (8,181
e= : , (2.51)

\
%Z;] 10g (g8, )

where g, 8; represent the configuration of respectively the predecessor and successor body
and ¥ maps se(3) elements into R® [41].

2.4 Mechanical Model of Fin Ray® Finger

In this section, we adapt the general formulation presented above to the case of the Fin-Ray
finger. Furthermore, a new partition of the dynamics (2.49) is proposed to solve mixed
(forward/inverse) dynamic and static problems.

2.4.1 Fin-Ray Kinematics

Taking advantage of the discrete Cosserat approach, the kinematics of the Fin-Ray finger can
be outlined as follows. The base of the right side of the finger can translate vertically via a
prismatic joint, while the rest of the finger is attached to this base through a revolute joint.
The left base is fixed and also connected to the rest of the finger via a revolute joint. The V
shape soft finger is naturally divided into sections by the tip cuspid and the interconnecting
rigid bodies, which are linked to the soft part through revolute joints on both side. Each section
of the soft finger is modeled with an inextensible Kirchhoff-Love rod (i.e. only torsion and
bending are allowed). A schematic diagram of the Fin-Ray kinematics is presented in figure
2.11. Thus, the motion subspaces take the form:

(2.52)

1
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There are many possible spanning open-chains one could arbitrary chose to model the
system. We decide to open the system at the revolute joints on the left side of the rigid bodies
and at the tip cuspid connecting the two sides of the soft finger (see figure 2.11). Thus, the
constrain wrenches subspaces are spanned by

B =1 (2.53)

SO = O OO
O =R OO o O
- o O O OO

S oo oo
ol elalal

With this kinematics, if we consider, for example, three interconnecting rigid bodies,
we obtain a total number of open-loop DOFs n = 1x1 (prismatic) + 1x5 (revolutes) + 3x8
(Kirchhoff-Love rods) = 30 and a total number of constrained closed-chain DOFs n, = 5x3
(revolutes) + 1x6 (tip clamping) = 21, which leads to a remaining mobility of n —n. =9
independent DOFs (as the system has no redundant constrains).

B,

(a) (b)

Rigid link

Rigid link

Fig. 2.11 Schematics of the proposed open and closed chain kinematics for a Fin-Ray finger
system.

2.4.2 Fin-Ray Statics
The static formulation of equation (2.49) can be written as:
Plt—K(q—q")+F]=0. (2.54)

Equation (2.54) provides only n — n. independent conditions for its argument, with n — n. equal
to the rank of P. Thus, in order to solve the system for g € R" (forward statics), T € R” (inverse
statics) or a mutually exclusive combination of them (mixed statics), additional n. conditions



have to be given. These are conveniently provided by the implicit formulation of the closed
loop constrains at the position level (2.51),which reads:

V
'Zi"10g (8,121
: =0. (2.55)

: V
"Z;[ 1og (8,8, )

The system composed by (2.54) and (2.55) can then be solved by employing a nonlinear
system solver.

2.4.3 Fin-Ray Dynamics

The dynamic equation (2.49) is given in its inverse dynamics form, i.e., providing the kinematic
motion of the system, the actuation force can be computed via a nonlinear system solver
(although it will be always possible to add an element of the null space of P). As usual, the
symmetric positive definite mass matrix M can be inverted to give the forward dynamics model.
On the other hand, in order to solve a mixed dynamic problem the elements of (2.49) need to
be recombined. In particular, the known accelerations of § go, together with their respective
columns of M, to replace the unknown actuation forces of T and the respective columns of
P (with a negative sign). Mathematically, this procedure provides the following dynamic
equation:

Mq PT+TP[F K(qlt{) Cq) 2.56)

—AT (AM'AT) " Ag,
where M, q, P and T are the new components of the dynamics obtained as described above.
Finally, matrix M can be inverted at every time loop to solve for the unknowns q. An example
of the results obtained from the simulation is reported in Fig. 2.12. It should be noted that,
with the considered design, the overall shape of the finger is not changing significantly, but a
quasi-rigid motion is observed.
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Fig. 2.12 Results obtained through a dynamical analysis: trends of the block stroke and (right)
actuation force (left) over time. The dots correspond to the specific times at which the deformed
shapes reported in the round circles have been obtained. It should be noted that, with the
considered design, the overall shape of the finger is not changing significantly, but a quasi-rigid
motion is observed.

2.5 Mathematical Model Validation

The theoretical model presented in Section 2.3 represents a general tool for the analysis of
closed chain fingers and structures, such as Fin-Ray devices, as seen in Section 2.4. In order to
validate its accuracy, in this section the model is employed to investigate the performance of
the finger design previously presented in [36] and the results are compared with those obtained,
first, through an FEM analysis and later through some experimental trials. Moreover, through
the investigation, some conclusion are drawn on the performance of the proposed finger. The
main features of the considered design [36] are reported in Figure 2.13: the flexible ABS fins
are connected by two rigid links placed along their length.

The system is modeled using the mixed-static approach introduced in Section 2.4. In this
case, in equations (2.54) the unknowns are one component of the actuation forces T and the
complementary components of the configuration g. The system is solved thorough an iterative
recursive method, where initially these unknowns are set, respectively, to zero and to g*.
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Fig. 2.13 Geometry of the considered finger design, previously presented in [36] and further investigated here.
The finger is 18 mm deep, while the fins material is ABS, having Young’s Modulus E = 2250 - 10° MPa, Poisson’s
ratio v = 0.3. The ribs are considered as rigid elements. All the measures reported in the figure are in [mm)].

The following loading conditions are considered:

¢ 2D - Concentrated force F),y laterally applied on the connector C. The considered force
magnitudes are 0.5, 1.0, 1.5, 3.0 and 5.0 N.

* 2D - Distributed force Fyy laterally applied along the right tip CD. The considered
resultant forces applied are 0.5, 1.0 and 1.5 N.

¢ 3D - Concentrated force F), on connector C and out-of-plane distributed load Fy; along
the left tip GD. The magnitude of the concentrated force Fpy is 0.5N, while the considered
resultant loads Fy, are 1.0, 2.0 and 3.0 N.

In all the considered cases, the direction of the load is maintained orthogonal to the
application points, following their deformations.

2.5.1 Finite Element validation

A finite-element analysis is performed to validate the results of the proposed mathematical
model. The purpose of this comparison is twofold: being FE analysis one of the most powerful
solutions for the numerical modeling of mechanical systems, we use the results to validate
those obtained with the proposed model. At the same time, we want to prove that, even though



the proposed tool is simpler and characterized by a drastically reduced computational cost, it is
able to provide accurate and reliable results.

Non-linear general static simulations are run in Abaqus, considering geometry, material
and inertia representative of the device presented in Figure 2.13. The finger is freely meshed
using tetrahedral elements, while the rigid links are modeled using a combination of hinge
and /ink connectors, arranged in order to preserve the distances and the angles between the
joints, allowing only in-plane rotations. It should be noted that the ribs could be modeled
as rigid elements inserted in the connectors, in accordance to the real world physical model.
However, this would require the modeling of the contact problem between these elements and
the finger, drastically complicating the computational cost of the simulations. The finger is
constrained at the lower part using displacement/rotation boundary conditions which simulates
the prismatic and the revolute joints considered in the mathematical model. In order to facilitate
the convergence of the simulations, the loads are applied using a sigmoidal amplitude curve
and they are all simulated as pressure loads, to preserve their perpendicular direction with the
applied elements.

The results of the comparison for the considered loading cases are reported in figures (2.14),
(2.15) and (2.16). These comparisons show a good agreement between the theoretical and the
finite elements results, as also demonstrated in table 2.2, reporting the errors obtained for each
case. The errors have been evaluated as the sum of the mean differences between the joints
positions resulting from the two analysis, weighted on the distances between the joints and the
ground.

Table 2.2 Errors

Loading case & (%)
2D Concentrated Fy, = 0.5N 0.96
2D Concentrated Fy, = 1.0N 2.73
2D Concentrated Fy, = 1.5N 4.16
2D Concentrated Fy, = 3.0N 7.11
2D Concentrated F, = 5.0N 6.85
2D Distributed F'dy = 0.5N 0.54
2D Distributed F'dy = 1.0N 1.16
2D Distributed F'dy, = 1.5N 2.90
3DFy,=05N & Fd,=1.0N | 2.01
3DF,=0.5N & Fd, =2.0N | 2.00
3DF,=05N & Fd; =35N | 1.71
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Fig. 2.14 Comparison between the proposed mathematical tool (left) and the FEM results (right), when a
concentrated force F),, is applied at one node. In the figures, we reported the number of pieces which have been
used in the mathematical model to discretize the sections and the tips composing the fingers.
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Fig. 2.15 Comparison between the proposed mathematical tool (left) and the FEM results (right), when a
distributed force Fyy, is applied on the right tip. It should be noted that, for higher loads magnitude, the numbers of

constant strain pieces used to discretize the sections and the tips have been increased, in order to effectively model
the higher deformations.
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Fig. 2.16 Comparison between the mathematical model (left) and the FEM results, in a 3D case. A concentrated
force Fy, acting along the y direction, is applied at node C, while an out-of-plane distributed force Fy;, is applied on
the left tip. The maximum out-of-plane displacement is 0.641 mm for the mathematical results and 1.21 mm for
the FEM, measured at the tip of the finger (the displacements correspond to 0.46% and 0.86% of the total length
at the tip, respectively).
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2.5.2 Experimental validation

The results obtained with the proposed theoretical model and with FEM are finally compared
to those carried out experimentally. The finger’s prototype is 3D printed using ABS material
and the rigid links are obtained using steel ring elements inserted in the connectors. Grease
has been used to reduce the friction between these elements and the finger. A concentrated
follower force Fy is laterally applied on the connector C, figure 2.13. Only the higher values
of the force, 1.5, 3 and 5 N, are considered here. The results of the comparison are presented
in 2.17, where both the experimental and the modeled deformed shapes are reported. For the
sake of completeness, the FEM results are also reported, with the red circles reporting the
position of the connectors and the tip. Is it possible to notice the good accordance between
the experimental and the theoretical results. In particular, comparing the deformed shapes
obtained in 2.14, the proposed theoretical model provides more reliable results with respect
to FEM. For the highest loading condition, even though the left part of the deformed finger is
quite different with respect to the one predicted by the model, the right part, where the load is
applied, shows a good accordance. During the experiments, when a load higher than 5N was
applied, a buckling phenomenon was observed in the lower part of the left fin. This is due to the
increasing inclination of the rigid ribs that provides an increasing compressive force resulting
in the observed buckling. This phenomenon, which was also predicted by both the theoretical
model and the FEM simulations, implicates that the maximum load that can be applied to the
design presented in [36] is SN. Moreover, at the highest load condition, the overall deformed
shape for the finger is not optimal for a gripper design, with a backward shape that is not able
to properly wrap around an object. In order to overcome all the above mentioned limitations of
the previous design, in the following section an optimization procedure is carried out to identify
a new, improved design.

2.6 Optimization

One of the advantages of the proposed mathematical model is the opportunity to easily model
different designs and materials, considering the loading condition imposed by the user case.
Although an FEM analysis would allow the same process, as explained in Section 2.5, each
considered case would require a longer process to set up the initial geometry and boundary
conditions and the simulations would require longer time to be completed. Moreover, as proven
by the results obtained in the previous section, FEM results presents some discrepancies with
respect to the physical model, in some cases higher than those observed with the proposed
approach.
In this section, we consider three different parameters for the optimization procedure:

* the number of rigid ribs place along the length of the finger;
* the inclination of the rigid ribs;

* the material used for the flexible finger.



In particular, the results will prove that, while the number and the inclination of the rigid
ribs strongly affect the deformed shapes that can be obtained at increasing loads, this is no
longer valid when a different material is considered. In fact, once the design is fixed, changing
the material only affects the loads required to obtain a specific deformed shape, but these are
the same for all the materials. This is particularly important from a gripper point of view, since
the design can be investigated regardless of the material, which can be selected only once the
loads are also defined.

2.6.1 Rigid ribs number

The first parameter that it’s investigated for the optimization process is the number of rigid
links used in the finger n,;s = {2,3,4,5,6}, which have been equally distributed along the
length of the finger. For all these cases, a concentrated load is applied to one of the connectors,
approximately at the same height. The results of the comparison are shown in Figure 2.18.
It can be noted that increasing the number of ribs strongly affects both the deformed shapes
obtained and the maximum load that can be applied before instability arises. In particular, for a
gripping purpose, an highly bent arch-like shape would be optimal to wrap and grasp objects
having different sizes and shapes. This is not obtained using 2 or 3 ribs, where the final shape
obtained is merely lightly bent. Moreover, reducing the number of ribs increases the sections
length, thus anticipating the overcoming of instability.
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Fig. 2.18 Comparison between different fingers geometries, subjected to a concentrated load applied at one of
the connectors. In particular, the number of rigid ribs is varied. For each design, the family of deformed shapes
obtained at increasing the concentrated load is presented, until the buckling is reached.



2.6.2 Rigid ribs inclination

The second parameter that is inspected is the inclination of the rigid ribs. Following the results
obtained in the previous section, we focus here on the design of the finger composed by 6 ribs
placed along its length. The investigated designs are obtained decreasing/increasing the length
of the first segment of the left part of the finger by {10,30,50}%. Hence, the left tip length is
increased/decreased of the same amount and the inclination of the ribs is kept constant along
the length of the finger. The results of this investigation are presented in Fig. 2.19.

It is possible to notice that the inclination of the ribs strongly affects the overall behavior
of the finger. In particular, for a —30% slope, the critical buckling load is drastically reduced
and the final configuration shows the retreat and failure of the finger. Similarly, for a —10%
slope, the lower part of the finger is collapsed, showing a 180deg inclination of the revolute at
the base. On the other side, the +10% slope appears as the most promising for the design of a
gripper’s finger, since the +30% incurs in the buckling of the sections for lower loads.

2.6.3 Material

While the previous results were obtained with a finger made out of ABS, here we investigate
the influence of the material’s property on the finger’s behavior. In particular, we compare the
results obtained with Semiflex, a flexible material commonly used in 3D-printing solutions. We
present here the result obtained for a finger having 6 ribs with a +10% slope, which resulted as
the optimal design from the previous investigation. The results obtained are reported in Figure
2.20.
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Fig. 2.20 Family of deformed shapes obtained with a Semiflex finger, composed of 6 rigid ribs with a +10%
slope. It can be noted that the results are almost identical to those obtained with the same design with an ABS
finger, but for lower values of the applied force.
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Fig. 2.19 Comparison between the family of deformed shapes that can be obtained at varying the slope of the
rigid ribs. The concentrated load is increased until the onset of the buckling phenomenon. It can be noted that the
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It should be noted that the obtained deformed shapes resemble very closely those obtained
with the ABS material, reported in Figure 2.19. Since Semiflex is characterized by a Young’s
Modulus E = 26- 10° Pa, 100 times lower than the ABS’s one, the same deformed shapes are
obtained for a drastically lower force. However, this result proves that, under the linear-elastic
material assumption, a specific design provides a specific family of deformed shapes, regardless
of the material employed. This is particularly important for an optimization point of view,
meaning that it is possible to focus the investigation on the design, defining the material only
once the entity of the load is defined.

2.7 New gripper design and experimental validation

Following the results obtained in Section 2.6, a new Fin-Ray finger is fabricated to improve the
capabilities of the previous one. The optimal design, composed of 6 rigid ribs having a +10%
slope, is adjusted following the restrictions posed by the 3D printing machining. In particular,
the width of the finger is posed to 1 mm and thus the last, higher, rigid ribs is removed. The
obtained design is presented in figure 2.21.

As previously mentioned, the prototype is 3D printed using ABS. The rigid ribs are
obtained using steel rings placed inside the designated holes. Grease is used to reduce any
friction between the ribs and the finger. To asset the new prototype’s capabilities, a series of
experimental tests is conducted, comparing the results with those obtained with the proposed
mathematical tool. A perpendicular follower force is applied on node D, with increasing
modules F,, = {5,10, 15} N. The results are reported in figure 2.22, together with the results
from the theoretical predictions.

Fig. 2.21 Geometry of the new finger design. The finger is 18 mm deep, while the fins material is ABS, having
Young’s Modulus E = 2250 - 10® MPa, Poisson’s ratio v = 0.3. The ribs are considered as rigid elements. All the
measures reported in the figure are in [mm].
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Fig. 2.22 Comparison between the experimental results and those predicted by the Piecewise Constant Strain
model, for the new gripper design.

As predicted by the simulations performed, the new design is able to withstand a force up to

15 N and the overall deformed shape presents a 2D bent profile that perfectly fits the gripping
purpose of the finger.

All of the following chapters will present devices designed by following the modeling
principles discussed above.
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Chapter 3

Design and Applications of Assistive
Devices

“it is not enough that we build products that
function, that are understandable and usable, we
also need to build products that bring joy and
excitement, pleasure and fun, and, yes, beauty to
people’s lives.”

Don Norman, UX

3.1 Design of multiple wearable robotic extra fingers for hu-
man hand augmentation

Augmenting the human hand with robotic extra fingers represents an interesting research topic.
It has many potential applications, in particular as a compensatory and rehabilitation tool for
patients with upper limb pathologies and diseases. Devices composed of two extra fingers
are preferred with respect to single finger devices when reliable grasps, resistance to external
disturbance, and higher payloads are required. To reduce the device complexity and weight,
maintaining the adaptability to different grasped objects, underactuation and compliance can
represent a solution. When only one motor is adopted to actuate multiple fingers, a differential
mechanism is necessary to decouple finger movements and distribute forces. In this work, the
main features of a device composed of two wearable robotic extra fingers are described. Each
finger is composed of modular phalanges and is actuated with a single tendon. Interphalangeal
joints include a passive elastic element that allows restoring the initial reference configuration
when the tendon is released. The stiffness of each passive element can be customized in the
manufacturing process and can be chosen according to a desired closure movement of the
fingers. Another key aspect of the device is the differential system connecting the actuator to
the fingers: here, we present the design features of the solution that has been adopted, and we
provide analysis in terms of kinematics, statics, and mechanical resistance. M u h amma d

Zubair Igbal
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3.1.1 Introduction

Robotic hands have represented a challenge for designers and engineers for at least three
decades [48] due to the complexity involved in grasping and manipulation tasks. The devices
have a lot of limits when compared to human hands and lack functionality. Although there are
many solutions available, the challenge is still open. The solutions include anthropomorphic
structure [49], [50] as well as some solutions following underactuation to gain adaptability
to the grasped object [51]. Underactuation [52],[53],[54] and modularity [55] are aspects
that are being investigated to reduce the complexity of the robotic hand while maintaining a
considerable level for its performance output. The approach of using tendon driven mechanisms
is common in articulated finger robotic hands.

3.1.2 Device Design

The dual finger device consists of two parts, the support base and two flexible fingers. The
support base consists of the forearm part and actuator. While the flexible fingers consist of a
modular structure comprising of rigid and flexible parts. Each finger has seven modules; each
module constitutes a rigid part and a passively deformable flexible part. The dual finger device
is shown in Figure 3.1.

/ S
Rigid part ——
Flexible Part P &
Actuator  Pulley ﬂ - ) .
el C‘r

Differential
Mechanism

Fig. 3.1 CAD representation of the dual sixth finger device, depicting main components of the
device.

The user can orient both the fingers in any desired orientation depending on the requirement
of the task. Support base has been realized using Fused Deposition Modeling (FDM) technique.



(a) Dynamixel MX-28AT Actuator

(b) Differential Mechanism

Table 3.1 Technical parameters of Dynamixel MX 28AT Actuator.

Technical Features Description

Weight (including motors) 480 g

Max. actuator torque 3.1Nm @ 12V

Max. current 28A@12V

Continuous operating time 3.5 h @stall torque

Max. operating angles 300 deg, endless turn

Max. non-loaded velocity 684 deg/s

Dimension of Gripper 130 mm x105 mm x 85 mm

We used Acrylonitrile Butadiene Styrene (ABS) to 3D print the support base using Stratasys
F170 3D printer. The support base as shown in Fig. 3.2.

N Dove Tail
Passage for

tendon
\

Actuator Mounting

Passage for Elastic Bands

Fig. 3.2 Dual Sixth Finger Support Base

The support base contains an actuator that is fixed and provides the force for flexion and
extension of both sixth fingers. The actuator used for this device is MX-28 AT Dynamixel Servo
motor as shown in Fig. 3.3a. The detail parameters of the actuator are listed in Table 3.1.

There are two bases for the dovetail mechanism that has also been integrated, which provide
the assembly point of both sixth fingers. A differential mechanism as shown in Fig. 3.3b
also resides on top of the support base, which is able to move freely. The actuation of the



device is carried out with the help of tendon driven approach. Where a single tendon on one
side is connected to the differential mechanism while on the other side it is connected to the
pulley attached firmly to the actuator shaft. Similarly, two more tendons are used to actuator
fingers, where one side of each tendon is connected to a differential mechanism, and the other
side is connected to the tip module of each of the sixth fingers. Furthermore, passages for
easy insertion of the elastic band are also available on the support base. Elastic bands are
used to allow the user for the easy wearing of the device. For the case of deformable passive
interphalangeal elements (flexible parts), a certain material that bears the properties of high
flexibility is required so that it can undergo high deformations when subjected to external forces.
For passive elements, we employ Thermoplastic Polyurethene (TPU)30, a thermoplast that has
the desired mechanical properties and is easily integrated in standard FDM techniques. The
flexible parts are 3D printed using Lulzbot Taz 5 3D Printer. It is worth mentioning that by
changing some manufacturing parameters like infill density percentage or pattern of printing or
layer thickness etc., it is possible to modify the mechanical properties of the end component.

b
@ (b)

(© ()

Fig. 3.4 Different part of Flexible Finger necessary to develop a finger. (a) Distal phalanx
connected as tip of the sixth finger; (b) Intermediate Phalanx serving as middle phalanges;
(c) Deformable interphalangeal element; (d) Proximal element connected to finger base and
bearing dovetail assembly

The main element composing modular fingers, as described in Fig. 3.4, are stiff/rigid parts
Fig. 3.4a, 3.4b 3.4d and Fig. 3.4c. As clear from the Fig. 3.4 three different rigid elements have
been designed for the distal (Fig. 3.4a), middle (Fig. 3.4b) and proximal (Fig. 3.4d) phalanges.
The complete structure of the finger has been kept modular, which allows the user to add as



many modules as we want to design a finger with different lengths. For this device, we consider
both fingers having seven modules as shown in Fig. 3.5, each module consists of one rigid
and one flexible part since we verified that this number of modules is an acceptable trade-off
to guarantee wearability and suitable yet firm grasping capabilities of several objects used in
activities of daily living (ADL).

Fig. 3.5 Complete flexible finger consisting of rigid and flexible parts

Since each finger is actuated with a single tendon to the actuator via a differential mecha-
nism, the motor actuator pulls the tendon; fingers close following the movement that depends
on passive deformable elements stiffness, which will be described later in the text.

As the actuator and differential mechanism of the dual sixth finger is installed on the support
base, see Fig. 3.1, the overall encumbrance of the motor, differential, and tendon routing system
is 130 x 50 x 40mm. The size of the support base can be customized as per the user’s specific
requirements. Also, for more accurate modeling of the support base, systems [56],[57] like 3D
laser scanners can be used to scan the forearm and reconstruct the user’s forearm geometry to
customize the design of the support base.

The actuator drives the pulley installed on its shaft. The tendon from the motor pulley
connects to the sliding element hence pulls the fingers together. The main components of the
device are shown in Fig. 3.1. As you can see, the whole device consists of two fingers, each
having seven modules, each module consists of the rigid and flexible part, the assembly of
rigid and flexible part is very simple, it can be achieved by sliding the flexible part through
cylindrical guide inside the rigid part as depicted by Fig. 3.6. This removes the necessity of
using a screw or any other fixing element.

Fig. 3.6 Depiction of how the rigid and flexible parts are assembled



3.1.3 Analysis of different components of dual sixth finger

This section includes analysis of different components pertaining to the sixth finger, which
includes design and analysis of soft and rigid parts of flexible fingers, differential mechanism
etc..

3.1.3.1 Passive elements

As introduced in the previous section, each finger is actuated by a single tendon and then,
when actuated, can follow only one predefined closure motion. The characteristics of closure
motion depend on both geometrical properties of finger components and the stiffness value of
the passive element in the interphalangeal joints. Broadly speaking, when a pulling force is
applied to the tendon, stiffer joints will bend less than softer ones. By properly regulating the
stiffness of each of the passive elements, it is, therefore, possible to shape the closure motion.
The modular structure of the finger allows to easily add, remove or substitute the passive
interphalangeal elements to adapt the finger to different applications. The first step consists of
choosing the closure motion that has to be followed by the extra finger, i.e.the relationship:

q=q(Al) (3.1

when no external forces, except the tendon force, are applied to the finger elements. In other
terms, in this phase, we do not consider any contact between finger elements and an object
or the environment. In that equation, q represents a vector containing all the rotations of
interphalangeal joints, and Al is a vector collecting the variation of tendon lengths with respect
to the initial reference configuration. In general, in an underactuated system, such a relationship
cannot be defined. However, in our case, it can be established since in the joints, there are
passive elastic elements if the equivalent stiffness values of the passive elements are known, as
detailed in [14]. To let the extra fingers be able to grasp a wide range of objects, cooperating
with the human hand, it is important to choose the most suitable finger closure movement. The
coordination between the human hand and wearable robotic extra fingers is an important issue,
involving aspects of both grasp control and Human-Robot Interaction. In neurophysiology,
the concept of synergies has been extensively studied in many contexts, including grasping
[58, 59]. The concept of bio-artificial synergies was introduced in [56] to control wearable
extra fingers. Synergies were derived, similarly to [60], by performing the Principal Component
Analysis (PCA) on a set of grasps performed by the human hand augmented by two robotic
extra fingers. In this work, we exploit the concept of synergies, but we could not extract directly
the augmented hand synergy as in [57], since the methodology therein proposed is based on the
analysis of a dataset of grasps that is not available in the design phase of the device. Here we
extend the idea of mapping human hand synergies based on the definition of a virtual object,
that we presented in some previous works. The method to map the human hand first postural
synergy to robotic extra fingers has been previously introduced in [61]and in [14]. The output
of the mapping procedure is the closure motion that we want to obtain when actuating the
robotic extra fingers. As we introduced above, in an underactuated mechanism it is not possible



to define the relationship in Eq. (3.1), but it is possible to define its dual, i.e.
Al =Mgq (3.2)

It is interesting to notice that this relation is linear, and the elements of the matrix M depend on
finger geometrical properties [62]. By applying the Principle of Virtual Works to the fingers, it
is easy to show that

t=M"f (3.3)

where 7 is a vector collecting joint stiffness values, while f is the tendon force vector. Since in
each joint a passive element is present, from the static analysis of the finger, it is easy to verify
that

T—Ky(g—qo) =0 (3.4)

where g( indicates the reference joint configurations. Once the desired closure motion
qr = qr(Al) is defined, from egs. (3.1) to (3.4) it is possible to find the stiffness matrix

KC] :KQ(qr7q07f) (35)

The second step of the procedure consists, therefore, in the definition of the stiffness value that
each passive element of finger joints has to assume so to realize the desired closure motion.
For a more detailed description of the procedure, the reader can refer to [14]. In this work,
we report the results obtained by applying this process to three different configurations of
human hand and extra fingers. For the evaluation, we realized the mathematical models of the
hand augmented with the robotic extra fingers using SynGrasp [63], a Matlab toolbox for the
simulation of robotic hand grasping and manipulation, that can manage synergy-actuated and
more in general underactuated structures. The human hand biologically has 27 DoF, in this
study, we adopted a model with 20 DoF, similar to the one described in [][38], in which we
neglected the carpometacarpal (CMC) articulation of index, middle, ring, and little fingers. We
choose this simplified model because we could apply to it the quantitative results, in terms of
postural synergies, evaluated in [60] and available in the Hand Corpus repository [64].

Fig. 3.7a shows the kinematic structure of the hand augmented with two extra fingers,
composed of seven modules. Fig. 3.7b shows the augmented hand configuration when the
human fingers are actuated according to the first postural synergy evaluated in [60] and the
motion of the robotic ones are evaluated with the mapping procedure reported in [61].
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Fig. 3.7 SynGrasp model of the human hand augmented with two robotic extra fingers. Black
lines represent rigid links, cylinders represent revolute joints. The human hand is modeled as a
20 DoF system; augmented fingers have a modular structure with seven elements (a) reference
initial configuration. (b) configuration of the hand when the first synergy is activated, in an
intermediate configuration between the initial reference and the completely closed ones.

According to the procedure that we previously described, stiffness values of the passive
elastic interphalangeal elements of robotic fingers depend on the trajectory that is mapped,
but also on the structure of the robotic fingers and on the force applied on the tendons by
the motor. Table 3.2 summarizes stiffness values obtained with extra fingers composed of 7
modules, in three configurations, shown in Fig. 3.8 single extra finger, opposite to human hand
palm (Fig. 3.8a), double configuration, with two parallel fingers opposite to human hand palm
(Fig. 3.8b), double configuration, with two opposite fingers, one close to human thumb and
the other one close to the little finger (Fig. 3.8c). This last configuration has been considered
in the analysis phase to verify the effect of finger configuration on closure motion and of the
corresponding joint stiffness values. As previously introduced, the orientation of the fingers
with respect to the hand can be manually regulated by the user to adapt to different objects
and tasks. A configuration similar to the one described in Fig. 3.8c is the one described in
[65]. Values in Table 3.2 have been normalized with respect to the stiffness of the proximal
joint; in this way, it is possible to compare single and double finger configurations. As it can
be seen, single and double parallel configurations present similar stiffness values, while the
double opposite configuration presents some differences.



Table 3.2 Passive elements of interphalangeal joints, stiffness values normalized with respect to
the first (proximal) element, evaluated for the three configurations shown in Fig. 3.9

Conﬁguration k] /k] kz/kl k3/k1 k4/k] k5/k1 k(,/k] k7/k1
Single 1.00 | 1.17 | 139 |1.74 |232 |350 | 698
Double, opposite to the palm | 1.00 | 1.10 | 1.33 | 1.65 | 2.20 | 3.31 | 6.61
Double, aligned with the palm | 1.00 | 1.43 | 1.71 | 2.14 | 2.85 | 4.28 | 8.57
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Fig. 3.8 Configurations that we compared for the evaluation of passive joint stiffness with the
mapping procedure applied to the first human hand postural synergy. (a) Single finger, opposite
to human hand (b) Double configuration, fingers opposite to human hand palm (c) Double
configurations, fingers are aligned with hand palm.

Fig. 3.9a shows, for one of the fingers of the configuration in Fig. 3.8b, the stiffness values
of the passive interphalangeal elements K, that have been evaluated on the basis of the motion
that we imposed on the fingers, plotted as a function of the variable z, describing synergy

actuation (z = 0 in the reference configuration, z = 1 when the hand is closed). It is interesting
to notice that:

* K, values vary for the different joints: their values determine the closure motion of the

fingers and are defined on the basis of the mapping procedure proposed in [57] and in
[60].



* K, values vary as a function of hand configuration. However, for the motion that we
selected, such a variation is not very high.

To highlight the effect of stiffness value in the closure motion of the finger, in Fig. 3.9b we
simulated, for one of the robotic extra fingers, the trajectory of the fingertips obtained with the
variable stiffness values defined by the previously described procedure, exactly resembling the
“ideal” desired trajectory, (blue curve), the one that we obtain if we consider, for each joint,
the mean stiffness value (red curve), and the one that we would obtain if all the joints of the
finger had the same stiffness value (magenta curve). As it can be seen, the difference between
the blue curve and the red one is quite limited, compatible with the precision required for this
type of device (few millimeters), so considering a stiffness value different for all the joints,
but constant for each joint, does not introduce the significant difference between the closure
motion that was planned and the one that can be obtained with the underactuated finger. On the
other hand, the difference between the ideal fingertip trajectory and the one obtained with the
same joint stiffness for all the modules (in the simulation, we assumed the mean stiffness value
among all the joints) is very high.

Ka (Nmm/rad)

0
° . . . . . ¥ (mm)
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Fig. 3.9 (a) Joint stiffness values for one of the extra fingers of the configuration in Fig. 3.8b,
evaluated as a function of synergy activation. (b) For the same configuration, trajectories of one
of the fingertips, during a finger closure motion, projected on a plane. Different trajectories are
obtained by considering variable stiffness profile evaluated by means of the mapping procedure
(blue curve), the mean stiffness value (constant) for each joint (red curve), the mean stiffness
value for all the joints (magenta curve).

The third step consists of creating the passive elements so that their stiffness is the one
calculated in the previous phase. We analyzed the possibility of tuning finger joint stiffness
values by exploiting the potentialities of 3D printing fabrication methods that are nowadays
rapidly improving and offering new opportunities. In particular, choosing a material as the
Thermoplastic Polyurethane (TPU) for realizing the flexible parts, we can get different stiffness
values while maintaining the same geometric shape by regulating the percentage of infill density.
This parameter affects primarily material density, but also its mechanical properties [66]. As an
example, Table 3.3 summarizes the variation of Young’s modulus E of TPU as a function of
the infill percentage density.



Table 3.3 Properties of TPU as a function of infill density percentage.

Infill density % | E (MPa)
10 1.07
30 1.38
50 2.07
70 6.53
90 9.45
100 10.5

In a more general framework, the overall passive joint stiffness k depends mainly on joint
geometry and material structural properties, and, considering a linear elastic behavior, on
Young’s modulus E, i.e.:

k=k(d,E) (3.6)

where d is a vector containing all the parameters defining joint geometry (e.g., for a
parallelepiped joint, its length /, width w and thickness 7). Young’s modulus E depends on
material parameters and fabrication methods, i.e.

E=E(p1,p2,-yPn) (3.7

Where each value p; indicates one specific material property, in this work, we exploited
the dependency of k with respect to infill density percentage to define robotic finger properties.
Future developments of this study will consider other manufacturing parameters, as for instance
the infill pattern profile and also composite materials.

3.1.3.2 Mechanical transmission and differential mechanism

Concerning the differential system, the solution proposed in this work to actuate a double extra
finger device for human hand augmentation is inspired by Dollar’s work on underactuated
robotic hands [26], using a moving pulley system; in Fig. 3.10 a simplified and general scheme
of this kind of differential is presented [67].
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Fig. 3.10 Simplified scheme of a typical differential mechanism with moving pulley.

The motivation for this choice is the compactness and excellent adaptability to the human’s
forearm dimensions and, since the robotic fingers that are connected through the mechanism
use tendons, the mobile pulley mechanism is the most effective system for force transmission.
Spring is often used to keep the two outputs in the same reference configuration when the
system is not actuated and the fingers are not externally constrained. The pulley has 2 DoF: it
can translate along a sliding guide (realizing a prismatic joint), and it can rotate around an axis
perpendicular to the plane of the figure. In this scheme, the input force is F, and the output ones
are F{' and F;'. The spring applies a torque 7°. In static equilibrium condition the following
relationship holds:

with
Fa . [F
r=lil =1 (39)
where the transformation matrix [T/] is
1 :
[17] =~ lr o } (3.10)
c|r —sinm

where c is the sum of the distances of A and A, points from the sliding guide (or prismatic
joint)

c:r(sina1+sina2) 3.11)

and o and o are the angles shown in Fig. 3.9 (that are the outputs angle between the tendon
directions and the vertical). If the stiffness of the spring is negligible the relation is:
Fa

FO=F¢— __ ~ 3.12
! 2 sin o] + sin o ( )



An important property of this differential mechanism is that it is isotropic, and thus the two
output forces are equal for any value of o; and . The ratio F/F, for i = 1,2 is significantly
influenced by o and o, and ¢ must be positive for a proper device working.

The distance between the pin and the sliding has to be at least equal to the maximum
distance that the pulley has to travel while both the fingers are completely closed from an
initial extended configuration. Let us consider one of the fingers and let us indicate with ®
the generic rotation between the x,, axis, defined on the distal phalanx of one finger and the
reference direction xy on the device base. Reference frames are defined so that ® = 0 in the
initial extended configuration, while ® = @, in the configuration corresponding to complete
finger closure. Let us indicate with ¥; the rotation of the i-th joint so that

n
O, =) (3.13)
i=1

To obtain the rotation ¥); the tendon is pulled by the motor and its length variation is
indicated with A/; (Fig. 3.11). When the joint is rotated, the elastic element bends, indicating
with [/ its length and assuming that after the deformation, its profile is circular, its curvature

. l .
radius can be evaluated as r; = 5 The corresponding arc cord can be evaluated as
i

4 — 2r:sin (%) (3.14)

and tendon length variation is therefore (Fig. 3.11)

Ali=1— % (ri—h) =1-"2r (ri—h) sin (%) (3.15)

Fi

Fig. 3.11 Deformations of interphalangeal joints, scheme and main geometrical parameters,

To close the fingers, it is necessary to vary the length of the tendon by Alge¢, which can be
evaluated as

n
Al =Y Al (3.16)
1



Assuming /; = 17.3 mm for all the elements, # = 5 mm and ®, = 27 we obtain Al;,; =
28 mm: this is the maximum length variation of the tendon and corresponds to the maximum
displacement of the sliding element. This result is necessary to define the minimum size of the
box containing the differential mechanism.

Al also represents the maximum difference between fingers’ tendon lengths when the
differential is working, for example, when one of the fingers is blocked in its straight initial
configuration, and the other one is free and can complete the closure.
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Fig. 3.12 Two different schemes for the differential mechanism. a) differential based on a
pulley mechanism translating along a fixed direction; b) differential based on the tilting motion
of an element.

Two possible solutions can be realized (Fig. 3.12): in the first one (Fig. 3.12a), the sliding
element of the differential is constrained to move in one fixed direction by means of a prismatic
joint, the two tendons are connected in a unique tendon that can slide over the element. In this
case, at least one pulley is necessary to reduce the friction. In the second solution (Fig. 3.12b),
the sliding element is able both to slide and to tilt inside the box, and the output tendons are
connected directly to its edges, the differentiation between output motions is possible thanks to
the tilting motion of the sliding element.

The first solution allows a more compact implementation; however, it requires that the
sliding element is not a rigid body (at least one pulley, connected to the main body of the sliding
element through a revolute joint, is needed).

Considering a single pulley, as shown in Fig. 3.12a, indicating with R its radius, when a
differential motion Al;,; is required, pulley rotation is simply given by

_ Al
R

The second solution needs larger components but simpler from the mechanical and manu-
facturing point of view. In a preliminary design phase, we analyzed both the solutions; in the

(3.17)



Table 3.4 ABS main mechanical properties.

Property Value Unit
Density 1.03 kg/m’
Elastic modulus 2000 MPa
Poisson’s coefficient 0.394

Yield stress 45 —-60 MPa
Specific heat 1386 J/(kgK)
Thermal conductivity 0.2256 W /(mk)

following prototyping phase, we realized the second solution because it resulted mechanically
simpler and more robust. Indicating with L the width of the sliding element, i.e.the distance
between the points in which fingers tendons are connected to it and with f3 its rotation generated

by a difference Al;,; between the deformation of fingers’ tendons, it is easy to verify that
(Fig. 3.12b):

All‘ ot

=sinf3 (3.18)
assuming L = 32 mm we get 3 = 64 deg.

3.1.3.3 Structural analysis of rigid elements

For the realization of the prototypes, we exploited standard additive manufacturing techniques
that allow to use of light materials at a quite low price and to easily adapt the design to
specific user’s needs. The differential mechanism was designed for a standard 3D printing
considering generic ABS (Acrylonitrile Butadiene Styrene) material that has a limited density,
good structural properties, good resistance to heat and impacts [68]. The main mechanical
properties of ABS material are summarized in Table 3.4.

Considering the limited dimensions of the mechanical components and the loads that they
have to resist, a static analysis of the most solicited elements was performed, testing their
resistance by means FEM analysis.

Force Analysis When the motor applies the maximum torque (we considered a Dynamixel
MX-28T - Robotis, South Korea- able to apply a torque of 3.1 Nm @ 12 V), assuming a
pulley radius of about 11 mm, we get an equivalent force on the tendon equal to F = 282 N.
In quasi-static conditions, the elements of the differential mechanism are subject to the forces
sketched in Fig. 3.13.
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Fig. 3.13 Sketch of the forces acting on the main elements of the finger actuation and transmis-
sion system in quasistatic conditions. When the motor applies its maximum torque, 3.1 Nm @
12V, the force applied to the tendon driving the differential is ' = 282 N. The forces applied
to the tendons driven by the differential and connected to the fingers is therefore F /2 = 141 N.

Stress Analysis Results Given the previously introduced force distribution, we analyzed
stress distribution on the main elements of the finger transmission. The more solicited element
results to be the sliding element. The dimensions of the sliding element have been defined based
on geometrical considerations summarized in the preceding sections. On the motor side, the
central pivot is tied to the tendon connected to the driving pulley, which allows sliding. On the
finger side, two tendons are connected to the finger pins. Fig. 3.14a shows Von Mises equivalent
stress distribution. It can be noticed that the central pivot is the most stressed part of the sliding
element. There are peaks of stress concentration in the edges that are not compatible with a
standard ABS material. This drawback can be easily mitigated in the design and prototyping
phase by increasing fillet radii. Since this is the most stressed element of the transmission
system and it is not physically connected to other components, we can also consider different
types of material to realize it, as for instance, ABS reinforced with carbon or metal fiber [30],
or metal alloys. Rigid elements of finger phalanges have a quite robust shape; in Fig. 3.14b we
report as an example the results of a FEM static simulation in which we applied a compressive
loading of 40 N. As it can be seen, the overall stress level is low.
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Fig. 3.14 Main results of the static FEM analysis on some elements of the transmission and
differential. Equivalent Von Mises stress distributions are reported. (a) Sliding element, (b)
rigid element of finger phalanges.
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3.1.4 Prototype Presentation

A simplified demonstrative prototype of the proposed double finger device is shown in Fig. 3.15.
As previously explained, the device has been designed to be wearable, robust, and compliant to
adapt to different object shapes. The device consists of two main parts, a support base, and two
flexible fingers. The flexible fingers have a modular structure; each module is composed of a
3D printed ABS polymeric part that acts as a rigid link and a TPU part that realizes the flexible
joint. Soft rubber pads are glued to the rigid links to increase the friction at possible contact
areas. The modules are assembled by sliding the flexible part in the rigid one (Fig. 3.4). The
support base of the finger is realized in ABS. It contains the actuator, the differential, and two
elastic bands that allow the user to wear it on the forearm.

Fig. 3.15 The prototype of the wearable extra fingers worn by a user. (a) reference open
configuration. (b) closed configuration. (c) the differential mechanism decouples the motion of
the fingers so that the device can adapt to different surfaces and object shapes.



Table 3.5 Main technical properties of the prototype

Description Value Unit
Rigid module, dimension 20x31x 12 | mm
Flexible module, dimension 20x 18x 2 mm
Support base, dimension 170 x 50 x 40 | mm
Actuator, dimension 71 x71x45 mm
Actuator, weight 146 g
Max Torque @ 12V 3.1 Nm
Pulley radius 11 mm
Max current @ 12V 1.4 A
Operating angles 300 deg
Max unloaded velocity 684 deg/s
Max payload 2 kg
Total weight 210 g
Max force at the fingertip 12 N
Diameter of the smallest graspable object 17 mm
Diameter of the largest graspable object 110 mm

The actuator moves the fingers through a tendon connected to the sliding element that
constitutes the differential. A hole in the rigid links allows the passage of a cable (Dyneema
polyethylene fiber, Japan) which is used to realize the tendon driven actuation. The tendon
wires run through the fingers and are attached on one side to the fingertips and on the other to
the sliding element. Another tendon connects the sliding element to a pulley connected to the
actuator. The actuator used, as previously introduced, is a Dynamixel servo AX12-A (Robotis,
South Korea). Principal details on the motor and device features are reported in Table 3.5.
We use ArbotiX-M Robocontroller to drive the Dynamixel motor. This control solution for
Dynamixel motors incorporates an AVR microcontroller, Xbee wireless radio, and the motor
driver.

Fig. 3.16 shows some examples of grasps realized with the wearable device. As it can be
seen, even if the device is actuated by only one motor, the underactuated structure of the fingers
and the differential system allow the device to adapt to different object shapes, realizing stable
grasps of large objects, having a weight of up to 2 kg, and also to grasp multiple objects. Other
grasp examples have been presented in the attached video.



Fig. 3.16 Examples of grasps realized with the wearable device.

3.1.5 Discussion on potential applications, links

Wearable robots present interesting design challenges since they are expected to work closely
and collaborate with users in an unstructured and dynamic environment. Wearable devices
require additional design requirements concerning weight, adaptability to user’s body specificity,
safety, robustness, and easiness of use. A rather new research branch in wearable robotics
deals with human body augmentation. In this work, we analyzed a device for human hand
augmentation, focusing on its mechanical design, rather than on its control and interfacing with
the human, that was the focus of other works [26]. Human hand augmentation by means of
robotic extra fingers represents an interesting research topic involving engineering as well as
ethical and philosophical challenges. With respect to other solutions available in the literature
[69], [70], [65], the device that we propose presents the following features: ® Actuation: while
other devices available in the literature have rigid and fully actuated structures, in the device
presented in this work, only one motor is necessary to actuate both the single and the double
finger configurations. This feature limits the weight, complexity of the device and improves
its wearability and user comfort. ® Modularity: as discussed in Section 2, the structure of the
fingers is modular at the phalanx level; the same modules can be used both for the single and
double finger configurations. The device can be easily adapted to user’s specific needs and
features: for instance, a smaller hand would need a device with smaller dimensions that can
be easily obtained, realizing fingers with fewer modules. ¢ Robustness, safety for the user: in
this type of device, the fingers are the elements more sensitive to unexpected contacts with the
environment and shocks. Passive elements present in the interphalangeal joints of the fingers
are realized by TPU, a material that presents a high resistance to impacts and elongation at
break. As a result, the fingers are quite robust and can resist uncertainties and unpredictable
impacts that may occur during Activities of Daily Living (ADL). At the same time, their
compliance limits the risks for the user and for other people. * Costs: the simple but versatile
mechanical structure, the choice of widely diffused and affordable manufacturing technologies
and materials, and the modularity, lead to a cost of the device that is quite limited. We believe
that the most impactful application of the device presented in this work is rehabilitation and
assistance of patients with upper limb impairments, for example, after a stroke [71]. Stroke is a
brain attack affecting 17 million people worldwide each year; it is the second most common
cause of death and a leading cause of adult physical disability. Impairment of the hand, and in



particular of its grasping and dexterous manipulation capabilities, is one of the common deficits
after a stroke. Approximately 60Different configurations for the robotic extra fingers, with one
or two fingers, have been realized following the principles that we summarized in the previous
sections and are now available for testing [35]. Double configurations allow more stable grasps
and the possibility of carrying heavier loads. Besides rehabilitation purposes, supernumerary
robotic fingers can increase patients’ grasping capabilities, especially in object manipulation,
thereby improving their independence in ADL, and simultaneously decreasing the need for
compensatory unnatural motor strategies for solving everyday tasks. Supernumerary limbs
will provide novel opportunities to recover missing abilities, resulting in improvements in
patients’ quality of life. The devices were tested with chronic stroke patients through qualitative
experiments based on ADL, and preliminary results are widely discussed in [72], [73],[74].
The goal of the tests was to evaluate how quickly and easily the patients could learn to use the
device in ADL. Different applications were considered (e.g., kitchen scenario, consisting in
preparing breakfast and lunch, some tools activities, using the extra finger as an active hook,
etc.). The initial tests gave encouraging results; users could complete the tasks reducing the
time and with good success rates.



3.2 Fin-Ray® Effect based Supernumerary Robotic Finger
(SRF)

“It’s not that we use technology, we LIVE
technology.”

Godfrey Reggio

In this section, we implement and fabricate a prototype of the proposed design, and we
demonstrate an interesting application of the FRE finger as Supernumerary Robotic Finger
(SRF).

3.2.1 Motivation and Design of Closed Chain SRF.

SRFs belong to an emerging field of robotics which aims at supplementing and augmenting
the capability of natural limbs [75, 76, 73]. In this case study, we exploited the closed chain
structure of the finger as shown in Fig. 3.17 to overcome the unwanted compliance in non-
actuated directions.

In [77], we proposed one other version of a robotic finger, based on the flexure hinge
based design. Flexure hinges allow efficient bending of joints while limiting bending of
adjoining members, maintaining the rigidity of the structure under large deformation. In such a
structure, the hinge-based soft joints play a critical role in guaranteeing the suitable contact
force distribution [78] and stability of the grasp. An approach for designing flexible hinge joints
with required bending stiffness using 3D printing technologies was also presented in [9, 14].

A CAD representation of the final prototype design is reported in Fig. 3.17. The final device
is composed of three main parts: a flexible finger, a sliding mechanism, and a support base.
The support base is housing for the linear actuator, the sliding mechanism, and the elastic straps
mounting. The device can be worn on the human forearm using two elastic straps. The stroke
of the linear actuator is attached to the front part of the finger. As the linear actuator pulls the
front part, the sliding mechanism allows the back part of the finger to move along with it.

The sliding mechanism enables the finger to realize impactive grasp and to adapt to the
shape of the grasped object as it moves towards it. The flexible finger consists of three main
parts, a base part, the middle part having a set of intermediate modules, and the fingertip part.
The base part is coupled with the actuator and the sliding mechanism; the finger is coupled at
two positions where the front part is directly linked to the actuator while the back part is linked
to a dowel pin constraint to move in the vertical direction, as the actuator pulls the front part of
the finger, the back part starts to move up hence turning the finger downward, the middle part
consists of truss-like structure and is designed as closed-chain modules. The specific flexible
part is composed of two flat links connected to form a V-shape and reinforced by means of
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Fig. 3.17 The proposed design, inspired by Fin-Ray effect. The actuation mechanism allows
the finger to move fully using the linear actuator.

parallel ribs. By applying a force to one of the links, in turn, cause the wall to converge towards
the interference, resulting in conformity. A single linear actuator is used to drive the complete
finger.

3.2.2 Prototype Development and EMG Interface

One of the main features of the proposed geometry is that it consists of a simple structure that
can be easily fabricated.

The device is realized with a standard 3D printer, using ABS (Acrylonitrile butadiene
styrene) plastic. The actuator used to drive the whole finger is a Micro Linear Actuator L.12-P
(Actuonix, Canada). The prototype of the device and block diagram of the complete system is
shown in Fig. 3.18, while Table 3.6 reports the principal features of the device.

We used non-gelled reusable silver/silver-chloride electrodes for the EMG one channel
interface, which present the lowest noise interface [79] and they are therefore recommended for
biopotentials recording. The design and development of the EMG signal acquisition board are
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Fig. 3.18 The prototype of the finger (up) and the block diagram of the complete system (down).



Table 3.6 Summary of the performance and technical characteristics of closed-chain finger.

Characteristic Device Performance

Max. payload (cylinder dia=85 | approx. S0 N

mm)

Horizontal resistive force (cylinder | approx. 30 N

dia=85 mm)

Finger Weight (including actuator) | 0.175 Kg

Actuation Type Linear Actuator

Material ABS

The max. size graspable object 115 mm

The min. size graspable object S mm

Max. Power consumption 2.22 W (stall current 0.185 A
@ 12V)

No. of EMG electrodes 3

EMG principle Differential voltage

EMG CMRR (common mode rejec- | 110 dB

tion ratio)
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Fig. 3.19 Frontalis muscle based EMG interface to control the motion of the device. The EMG
interface is embedded in a head band to improve its wearability and easy to use.

carried out while considering the requirements associated with bandwidth, dynamic range, and
physiological principles. The typical EMG waveform is characterized with a spectral content
between 10 to 250 Hz with amplitude up to 5 mV, depending on the particular muscle [80].
The acquired EMG signal is sampled at 1 kHz (double EMG band) to avoid aliasing. The
reference value of received EMG was normalized using the maximum voluntary contraction
(MVC) technique [81]. This solution avoids the problems related to the high influence of
detection conditions on EMG signal amplitude. Bluetooth modules RN42-i/rm are used to
communicate between the headband (see, Fig. 3.19) and the finger. EMG data is collected
using EMG control board, processed, and it is transmitted wirelessly using a Bluetooth module
installed within the headband. This data is received by the Bluetooth module installed on the
robotic finger, and the Arduino microcontroller operates the finger accordingly by generating
the required motion signals for the linear actuator hence activating the bending and extension
of the finger.
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Fig. 3.20 Finite State Machine implemented to control the bending and extension of the finger

The strategy used to control the robotic supernumerary robotic finger by using EMG
interface is depicted in Fig. 3.20. A single upward motion of the frontalis muscles means
single activation, which is represented as el, while a double upward motion of the frontalis
muscles in a time window of 1.5 sec means a double activation and is represented as e2. The
full extension or full bending of the robotic finger is represented as e3. When the user does a
single activation, the robotic finger starts flexing and will continue to flex until the fully flexed
position unless stopped by the user. After bending is started, another single activation can stop
the finger from further bending. Now the user has two options either to keep on flexing or start
extending. Another single activation will start the further bending of the finger, and a double
activation will start the extension of the finger. As the finger is extending, the extension can be
stopped by doing a single activation. In the stop position again, the user can either continue
extension or can change the direction and start flexing. Also, if the user doesn’t intend to stop
the motion and switch to extension from bending or bending from the extension is possible by
doing double activation.

3.2.3 The Performance Characterization

Besides the mathematical modeling and design guidelines reported in the previous sections,
the device performance was confirmed through experiments (see, Fig. 3.21) similar to ones
presented in [82]. In order to quantify and measure stable grasp and manipulation capabilities,
we used a dynamometer (Vernier, USA). In particular, we recorded the maximum load lifting
capability of the device and the maximum horizontal force that it can resist. The results of the
experiments are given in table 3.6.



Fig. 3.21 Experimental setup for measuring the maximum payload and horizontal grasp resistive
force.

3.2.4 Evaluation of grasping ability of device

The grasping ability of the device was observed through qualitative experiments consisting
of different objects from the YCB object set [83]. The YCB toolkit is designed for the
benchmarking of grasping in rehabilitation, prosthesis design, and robotic manipulation. The
objects are chosen from daily life activities to have various shapes, sizes, and weights to
involve many aspects of the manipulation problem. The aim was to confirm the capability of
the finger to adapt to objects having various shapes and sizes, realizing a stable grasp. The
devices work together with the impaired hand to grasp the objects and allow the healthy hand
to perform manipulation if needed. The patients can wear the device at the wrist using elastic
straps. During all the tests, we simulated the paretic hand and the device position on the arm as
supposed to be used with the patients. Fig. 3.22 shows the snapshots of the experiments with
some of the different objects that were used. The proposed robotic device was an effective aid
in completing the ADL bi-manual tasks.



Fig. 3.22 Grasping various objects of different sizes and shapes.

3.2.5 Conclusion

In this work, we presented a general mathematical tool for the modeling of closed-chain
geometries composed of both soft and rigid elements. In particular, we applied the formulation
to Fin-Ray fingers, and we validated the results through some Finite Element simulations. A
specific design has been proposed, and a prototype has been fabricated. The FRE structure’s
ability to conform to an external force while maintaining rigidness out of its grasping plane
inspired us to exploit its use as supernumerary robotic fingers to meet their ergonomics, and
functional requirements [35]. We evaluated the device’s ability to grasp various ADL objects
having different shapes and sizes, proving that the proposed device can improve the autonomy
of patients. We believe that the presented work represents the first step towards a more
effective design of FRE fingers and, more in general, closed-chain manipulators, allowing the
optimization of these devices for specific tasks which have not yet been explored.



3.3 Design, Development, and Control of a Hand/Wrist Ex-
oskeleton for Rehabilitation and Training

“For a person without disability, technology makes
things easier. For a person with disability,
technology makes things possible.”

Mary Pat Radabaugh

Robotic devices for patients’ rehabilitation and training is a promising and challenging
research topic with a potentially huge social impact. The availability of tools for autonomously
performing physiotherapy exercises increases their intensity and efficiency, provides supplemen-
tary information about results and progress, reduce s physiotherapist’s efforts and the need for
their physical presence during exercise sessions, and encourages autonomy and independence
in people with disabilities. Nevertheless, supportive technologies developed without the inputs
and feedback of the end-user throughout the design process, are less likely to be adopted for its
intended purpose and use case. In this work, we propose a modular hand/wrist exoskeleton
that actuates the wrist’s flexion/extension and adduction/abduction motions and hand fingers’
flexion/extension motions. It is designed to be wearable and easy to control and manage and
can be used by the patient in collaboration with the therapist or autonomously. A user-centered
design perspective has been employed in all the design and development phases. The work
introduces the main features of the device and presents some tests conducted with a user having
limited hand and wrist mobility.

3.3.1 Introduction

Nowadays, most people are living a longer and healthier lives than in the past, as the mean age
of the population increases and, as a consequence, the overall social impact of chronic diseases
related to the musculoskeletal and nervous system becomes more important. The World Health
Organization (WHO) statistics show that nearly one billion people worldwide are suffering
due to neurological and musculoskeletal diseases [84]. On the other hand, the spreading of
technology in everyday life is playing an important role in preserving and guaranteeing a high
quality of life also in the presence of temporary and/or permanent diseases [85].

At the beginning of 2020, the COVID-19 pandemic dramatically modified most of our
habits, including medical and rehabilitation practices, that necessarily had to be delivered
remotely, through audiovisual technology. Orthopedic and rehabilitation also shifted from
face-to-face visits to audiovisual-guided sessions. In the immediate future, telerehabilitation
could further spread and become more common. Despite some limitations, there are evident
advantages in distance rehabilitation, whether synchronous (real-time) or asynchronous (store-



and-forward). The implementation of telehealth rehabilitation, which was initially considered
difficult or even impossible, now has been forced to be utilized widely [86].

In particular, robot-augmented therapy is a clinically verified path forward to improving
rehabilitation outcomes for several neuromuscular conditions, such as cerebrovascular and
spinal cord injuries [87]. Technology advancements in the medical and assistive field allow
people with disabilities and diseases to have a life that, in many cases, is almost completely
autonomous. Devices and supports can help in the autonomy of activities of daily living (ADLs),
in communication, study, learning, and more in general, in the whole process of integration. In
this context, the use of robotic rehabilitation aids to provide motor therapy has shown great
potential since they combine the high intensity, the long duration interventions needed for
regaining motor function, and quantitative metrics for tracking therapeutic outcomes [88]. The
capacity of performing precise and repeatable therapeutic exercises, reducing the physical
burden of therapists, embedding virtual reality systems, and collecting quantitative data that
can be used to optimize therapy sessions and assess patient outcomes are the main advantages
offered by rehabilitation robotics.

Fig. 3.23 Prototype of the hand/wrist exoskeleton for rehabilitation and training worn by a user.

Many researchers focused on developing devices designed to retrain impaired upper limbs
[89], e.g.An exoskeleton arm having seven degrees of freedom wrapped around the arm and
supported by the shoulder [90]. However, regaining the ‘pick and place’ and ‘grasping’ ability
allows patients to perform the majority of ADLs, providing both functional improvements and
regained independence. Therefore, successful upper arm therapy requires focusing not only on
the arm but also on the wrist and the hand. Indeed, hand therapy via exoskeletons, and more in
general, rehabilitation robotics, has received growing attention in the last decades. Lately, a
number of robots have been developed to provide hand motor therapy. All these devices have
similar goals: to develop a training platform that helps patients regain hand range of motion



and the ability to grasp objects, ultimately allowing the impaired hand to partake in activities of
daily living.

These devices widely vary in terms of cost, design philosophy, actuated Degrees of Freedom
(DOFs), and range of motion. In [91], the authors present HandCARE, an exoskeleton for the
hand that uses cable loops attached to the ends of each digit. A motor and pulley system applies
forces to the digits, and a clutch design allows individual actuation of the fingers and thumb.
The Rutgers Hand Master II proposed in [92] is a force-feedback glove powered by pneumatic
pistons positioned in the the palm of the hand.

A different design philosophy was exploited by Lambercy et al. in [93] where a parallelo-
gram structure that presents two movable surfaces squeezed by the subject was presented. The
hand module developed in [94] uses a double crank and slider mechanism driven by an electric
motor. The operation of the motor controls the radius of the cylinder and guides grasping
motions. A common disadvantage of the aforementioned devices is limited control of the
proximal joints of the fingers, which may lead to physiologically inaccurate joint kinematics.

Cable-driven devices have been developed that allow for individual control of the fingers
and thumb with pulley systems that rest on the dorsal surface of the hand [95, 96]. Bowden
cables allow the motors to be remotely located, reducing the overall weight so these devices can
be used in conjunction with arm movements. In [97] tendons are replaced with an air chamber
and channels that run along the palmar side of the hand digits. An electro-pneumatic servo
valve is used to regulate air pressure to provide assistance in digit extension.

Another class of devices is represented by robotic exoskeletons. In this type of devices,
the exoskeleton joints are aligned with the anatomical ones, allowing for proper interjoint
coordination between anatomical joints. Several solutions have already been developed as
support tools for the upper part of the body [98—100]. For what concerns the hand and wrist,
Krebs etf al. in [101] presented a robot for wrist rehabilitation designed to provide three
rotational DOFs. Similarly, in [102] authors present the RiceWrist. It is a high fidelity four
DOFs wrist exoskeleton for training and rehabilitation purposes. The RiceWrist is intended to
provide kinesthetic feedback during the training of motor skills or rehabilitation of reaching
movement. A soft wrist orthosis exoskeleton that is able to actively assist users in all degrees
of freedom is detailed in [103]. Considering only the hand, in [104] the Hand Wrist Assistive
Rehabilitation Device is presented. The exoskeleton directly controls finger rotation about the
metacarpophalangeal (MCP) joint, thumb abduction/adduction, and wrist extension/flexion.
The Hand Mentor (Kinetic Muscles Inc., Tempe, AZ) is a commercially available exoskeleton
device that uses an artificial muscle to simultaneously extend and flex the fingers and wrist, but
the thumb is not actuated [105]. Finally, a system based on 3D printing technology for assisting
stroke patients in performing rehabilitation exercises was developed in [106]. The interested
reader is referred to [107] for a more comprehensive review on hand exoskeletons.

Notwithstanding all the technological developments just described and the presented evi-
dence of clinical effectiveness of robotic technologies for upper-limb neuro-rehabilitation, there
are still some limits in their diffusion [108]. Technological and economic barriers, together
with communication biases between the producers of the technologies, are still open issues.

Supportive and rehabilitative technologies that are developed without the inputs of the
end-user throughout the design process or without knowledge on how the technology will be



used are less likely to be adopted for its intended purpose and use case. This approaches the
risk that the developed technology may be designed to meet requirements that are irrelevant for
the intended user and use case. Rather, the design of technology has to meet the needs of the
user engaged in the relevant activity across necessary contexts, including the utility needs, the
usability, occupational, and social requirements factors [109].

In this work, we propose an exoskeleton for hand and wrist motion assessment and training
( Fig. 3.23). Differently from the majority of the available device, the one here presented has
been designed starting from the user’s point of view, to be easily and independently wearable,
easy to control and manage, modular and versatile. The proposed device can be used by the
patient in collaboration with the therapist or autonomously and is composed of two independent
and modular elements: the wrist actuation and the hand actuation systems. To the best of our
knowledge, the proposed device represents the first attempt to realize a wearable hand/wrist
exoskeleton able to record and playback motions and, at the same time, store data for further
analyses.

The work is organized as follows. Section 3.3.2 describes the proposed devices, focusing
in particular on their hardware and actuation part. Section 3.3.3 focuses on device tracking
system, control and user interface. In Section 3.3.4 the results of a set of tests are presented and
discussed. Finally Section 3.3.5 concludes the work.

3.3.2 Device description

Preliminary studies and first prototypes of the device have been introduced in [110] for the wrist
and in [111] for the hand. First user feedback from the tests with these devices revealed that
one of the main requirements to be addressed is providing the possibility, also for the users with
limited motion capabilities of the upper limb, to wear and use it without the need for external
support. Another important aspect that patients asked to be considered is the adaptability of
the device to user’s specific characteristics (i.e., anthropometric measurements). The proposed
solution for the wrist consists of a tendon actuated module comprising two main elements worn
on the hand and on the forearm, respectively. Opening/closing motion of the hand is actuated
by means of five finger modules with one actuator per module. The CAD representations of the
hand and wrist modules developed in this work are shown in Fig. 3.24. In what follows, before
tackling the algorithmic development and experimental evaluation, we describe in detail all the
mechanical parts comprising the exoskeleton.

3.3.2.1 Wrist Actuation

The wrist preliminary prototype [110] consists of a forearm part and a simple hand structure
which was realized in thermoplastic material. It was developed to fit on the user as depicted
in Fig. 3.25b. The arm part is fastened by using Velcro belts wrapped around user’s forearm.
Although the above mentioned system was simple and low cost, it was not suitable for users
with limited motion capabilities, and the Velcro based closure system could result in undesired
(or infeasible) relative motions between the device and the forearm.

In the version here presented, the wrist module has been significantly improved, in particular
the part connected to the forearm. The most relevant upgrade is represented by an automatic



closure system, designed for easy and fast wearability and actuated by two servomotors. The
complete forearm CAD is shown in Fig. 3.24b. The structural parts of the wrist module, both on
the hand and on the forearm, have been realized in Acrylonitrile Butadiene Styrene (ABS) ma-
terial through Additive Manufacturing (AM) technologies, and it can be customized according
to users’ specific anatomical characteristics (e.g.size of the forearm) and requirements.
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Fig. 3.24 Exoskeleton prototype. (a) hand module; (b) hand/wrist integration CAD representa-
tion.

Fig. 3.25 First versions of wrist and hand modules. (a) wrist module introduced in [110]; (b)
hand module introduced in [111].

Regarding wrist joint actuation, in the forearm, the main principles introduced in [112] have
been maintained, even if the design of this part has been consistently modified to make it more
wearable and fitting to the arm. User’s wrist movement during exercise execution is guided



and supported by a 3DoFs tendon system actuated by three servo motors (Dynamixel XL-
320): two motors are used for the upward (extension) motion (indicated in the following with
Motorl and Motor2), and the third motor is used for the downward (flexion) motion (namely
Motor3). Rotation of Motorl and Motor2 with opposite directions realizes the actuation of
the radial/ulnar deviations. In the new version of the device, wrist pronation and supination
motions are not activated. The position of the actuators on the forearm and tendon routing was
selected, taking into account that flexion motion is easier for the user than extension, also due to
the role of the weight of the hand in standard exercises where the palm side of the hand is facing
down. For the choice of the position of the tendons and actuators on the forearm, therefore, we
assumed that the effort necessary for the extension is higher than for the flexion. Furthermore,
pulleys connected to motor shafts have been redesigned and optimized with respect to the ones
presented in [112].

One of the novelties introduced in this work is the automatic closure system of the forearm
module, needed by the user to Easily and autonomously wear it. For this purpose, a rack
and pinion mechanism, actuated by a servo motor (HS-422, Hitec RCD Inc., USA), has been
designed. A pinion gear driving the rack is connected directly to the output shaft of the motors.
The pinion gear is designed to provide a rack stroke suitable for device closure and to provide
enough strength to withstand the torque applied by the motor. The maximum rotation angle
range of the motor is limited in the range 10° — 170°; the corresponding rack stroke is 20 mm.
The mechanism' is depicted in Fig. 3.26a.

The rack and pinion mechanism is coupled to the lower part of the arm support by means
of a rigid link, allowing minor adjustments in the rotation around the axis of the lower arm
support during opening and closing. The lower part of arm support is connected to the forearm
part via a hinge joint that can move freely about its axis. The rack movement allows for pulling
and pushing the lower arm support part of the forearm resulting in opening and closing motion,
which provides a firm and solid connection with the arm.

-~

(a) (b)

Fig. 3.26 (a) The rack and pinion mechanism used for ensuring a tight closure saving batteries
lifetime. (b) CAD model of single finger part. (c) CAD model of thumb part.

A short video showing the working principle is available at http://sirslab.dii.unisi.it/exoskeleton/latch.
mp4
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Table 3.7 Main Characteristics of Linear Actuator

Technical Features
Mass 15¢g
Max. Force (lifted) 45N
Stroke 20 mm @
Feedback Potentiometer 5 kQ
Stall Current 550 mA @ 6V
Max Duty Cycle 20 %
Max Speed (no load) 15 mm/s

The user can control the opening and closure of the forearm fastening mechanism from the
software Graphical User Interface (GUI) that has been developed to control the exoskeleton,
and that will be detailed in the following sections. The developed system ensures a comfortable
device opening and closure that can be autonomously controlled by the user.

3.3.2.2 Hand actuation

Hand actuation system is composed of one module per finger, and each module can be controlled
independently. The modules for index, middle, ring and little fingers have the same mechanical
structure, with different dimensions, while the thumb module has a different mechanism due to
its particular kinematic structure [113]. In Fig. 3.26b and Fig. 3.26¢ we report the rendered
CAD models of the fingers and thumb, respectively. In exoskeletons, actuators are the elements
that usually have the highest impact on the overall device weight and encumbrance. Thus, to
reduce the weight and inertial loads that may fatigue the user, we positioned the actuators on
the back of the hand, and the motion is transmitted to the joints through a mechanical linkage
system Fig. 3.26a.

One linear actuator, PQ12-63-6-R from Actuonix, has been used for each finger that actuates
both the proximal and intermediate phalanges and is able to apply bi-directional forces. The
main characteristics of this linear actuator are summarized in Table 3.7.

The mechanical transmission has been developed to implement the simplifying concept of
postural synergies, introduced by the neuroscientific studies presented in [60]. In particular,
the position and dimension of the exoskeleton linkages have been defined to reproduce the
first postural synergy. At the same time, in the hand module, we maintained the fingers
independently. In other words, for each finger, the transmission mechanism is designed to
replicate the same coordination between the proximal and intermediate interphalangeal joints
observed in the first postural synergy, but each finger can be independently controlled. This
choice allowed us to reduce the number of actuators per finger down to one, maintaining, at
the same time, a good versatility thanks to the independence between the fingers. Automatic
synthesis procedures allow to properly define linkage dimensions on the basis of user hand
anthropometric measurements. The kinematic structure of the finger actuation system and,
in particular, the mechanism for coupling the Metacarpophalangeal (MCP) and Proximal



interphalangeal (PIP) joints has been changed with respect to the one presented in [111], to
improve its lightness and adaptability to user’s fingers.
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Fig. 3.27 Results of FEM analysis on finger module support to evaluate force distribution
generated by physiotherapist pulling and pushing action on the fingertip. (a) result generated
by a pulling force applied on the fingertip of the index finger. (b) result generated by a pushing
force applied on the middle finger pulp.

Linear actuators, due to their nature, are not back-drivable; this means that a physiotherapist
cannot freely open or close the hand (i.e., flex or extend the fingers) while the patient wears
the hand exoskeleton. To overcome this limitation, we provided the exoskeleton with a system
for making the linear actuator back drivable in a transparent mode to the user. We conducted a
stationary structural analysis based on the Finite Element Method (FEM) on the CAD model
of one of the finger modules, simulated by means of external forces applied on the fingertip
standard physiotherapist exercises. Forces for opening and closing the hand and finger were
separately and jointly considered. Results of representative tests are visually depicted in
Fig. 3.27 in terms of overall displacements. Outcomes of the analyses highlighted how the
physiotherapist force is transmitted through the different elements of the exoskeleton and in
particular how it can be measured with force sensors on the back part of hand palm. Further
analysis results highlighted that pulling and pushing forces can be measured by means of force
sensors placed on two different points of exoskeleton support ( Fig. 3.27). We exploited
this result for controlling the linear actuator in both directions, following the desired motion
guided by the therapist. For each finger, two small FSR (Force Sensitive Resistors) sensors
(Ohmite FSRO04, active area diameter 5.60 mm) are placed at the points identified with the
FEM analysis, between the motor support and the hand shell. A detail of prototype view
showing the embedded sensors is reported in Fig. 3.28. Considering a single finger, ideally,
when no forces are applied on top of the fingertip, both sensors’ output is zero. It means that no
pressure is detected in these points. On the contrary, pushing and pulling forces applied by the
physiotherapist on the distal phalanx generate different compression of the sensors, from which
an output proportional to the force can be estimated. Thus, a PD controller has been realized
that seeks to keep the forces measured by the sensors to zero. In this way, the fingers gently



follow the desired motion, and the position of each joint can be measured from actuator stroke
thanks to the kinematics structure of the mechanism.

Furthermore, as a preliminary experimental test devoted to device kinematic validation, we
evaluated the capability of the proposed fingertip actuation mechanism in following the first
synergy trajectory. Firstly a kinematic simulation was conducted for each finger, in Fig. 3.29
we report a plot of the index finger for different values of the MCP rotation angle, varying from
1° to 45°. Then, once the theoretical feasibility was assessed, we validated the accuracy of
the prototype by means of an optical tracking system. We exploited a Vicon tracking system
consisting of 10 Bonita cameras and 6.4 mm retro-reflective markers to track the motion of
the exoskeleton. For the sake of comparison, in Fig. 3.30 we report a representative trajectory
obtained by the index finger only.

Force sensors

Fig. 3.28 Force sensors positioning in the index finger module.
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Fig. 3.29 Kinematic simulation of the index finger module for different values of the MCP
rotation angles, varying from from 1° to 45°. The PIP joint is represented by point E trajectory
while the DIP joint is represented point F trajectory.
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Fig. 3.30 Representative trajectories comparison: in red trajectories of points E (corresponding
to the PIP joint position) in blue F (corresponding to the DIP joint position), and in green Q
(corresponding to the fingertip position) for different values of MCP angle. Trajectories are
acquired using the optical tracking system. Black dots represent the theoretical exoskeleton
trajectory, while magenta dots correspond to the first postural synergy [60].



3.3.3 Device control
3.3.3.1 Tracking

In the hand modules, finger configuration is related to actuator stroke through the direct
kinematics relationship. On the contrary, regarding the wrist module, since the two parts of
the proposed exoskeleton (i.e., hand and wrist modules) are connected by flexible tendons
and therefore are not mechanically constrained, a key aspect for controlling the device is
represented by the tracking hand and wrist motions. The adopted solution relies on multiple
Inertial Measurement Units (IMUs), low-cost electronic devices embedding an accelerometer
and a gyroscope on a single board. This solution is the optimal trade-off between the accuracy
of the estimation, wearability, and lightness. More in detail, we developed data acquisition
and processing software capable of translating online IMU measurements into biomechanical
information (i.e., the orientation of the hand with respect to the forearm). The resulting
algorithm is able to: i) record the user’s motion (e.g., wrist exercises suggested and guided
by the physiotherapist); ii) monitor/control exercises played back by the exoskeleton; and iii)
analyze patient’s wrist articulation range of motion and consequential improvements.

To this end, we exploited two Xsens Mi-3 (Xsens, NL) embedding an accelerometer, a
gyroscope, and a magnetometer in a single chip. For the purpose of this work, we decided not
to use readings provided by the magnetometer since the magnetic flux in the surrounding of the
exoskeleton is not reliable. The orientation of the hand with respect to the forearm (i.e., the
wrist angles) is computed by means of two sensors board. An IMU is placed on the back of the
hand exoskeleton structure, whereas a second one is firmly attached to the forearm exoskeleton
support (as visible in Fig. 3.23).

To estimate the orientation of each board, we adapted the algorithm presented in [114].
The algorithm computes, for each sensor board, the actual orientation with respect to its initial
pose. Raw data from the sensors is collected and processed by the worn microcontroller in
charge of all the mathematical computations. The update rate for the system is 1 kHz. In what
follows, we briefly summarize the procedure required to calibrate the sensors, and we outline
the tracking algorithm. Each IMU board requires an initial calibration, which consists of two
steps. In the former, the user is asked to maintain the hand stable for a second, e.g., displace
the hand on a flat surface. In this phase, each IMU board collects 500 samples to estimate the
gyroscope bias. In the second step, we compute the offset quaternion between the hand and the
forearm.

In this work, we use quaternions to estimate the orientation of a single IMU sensor. Using
quaternion allows us to overcome the problems introduced by the Euler angles, for instance,
the gimbal lock problem and the issues related to the trigonometric functions.

Let Sqy(t) and Sqr(t) be the quaternions that express the orientation, with respect to the
sensor reference frame Xg, of the frames associated to the hand and to the forearm, respectively.
Let © gn be the offset quaternions between the hand and the forearm, estimated during the
aforementioned calibration phase. At a certain time instant ¢, the orientation of the hand referred
to the forearm can be computed as

qn (1) ="qs(t) @ qn ),



where ' gs(t) is the conjugate quaternion of Sgr(¢). As a final step, the resulting quaternions
are converted into Euler Angles.

3.3.3.2 Actuators’ control

The complete control scheme for the wrist and hand module is depicted in Fig. 3.31. The user
can select different options listed in the software Graphical User Interface (GUI). The data
from the user interface are sent to the device via Bluetooth. Two Bluetooth modules RN42 are
used for the communication between the PC and the device. The data from PC are received by
the Bluetooth on the device and is fed directly to a Teensy 3.6 microcontroller which acts as the
main control and processing unit. Teensy microcontroller controls the movement of the motors
and the autonomous closure mechanism. It can also receive the data related to wrist exercises,
in this case it generates a set of commands for Open CM 9.04 control board to actuate the three
XL-320 motors.
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Fig. 3.31 Control scheme for wrist and hand exoskeleton modules.

Regarding the control of the hand actuation system, since finger motion is constrained by ex-
oskeleton mechanical structure, hand configuration is directly related to actuator displacements
by means of standard forward kinematics relationships. Both the hand and the wrist actuators
are position controlled. The proportional gain can be selected in a predefined range to regulate
the stiffness of the device. The input for the control scheme is the desired movement 0, that
can be assigned by the user through the graphical user interface or previously recorded by the
tracking system. 0,4, is a 7 x 1 vector, i.e., two rotation angles for the wrist and one rotation
for each of the fingers. 0., values can be recorded, for example during the execution of an
exercise in which the exoskeleton is not actuated, and the hand and wrist motions are manually



guided by the physiotherapist or can be loaded from an exercises database by means of the
user interface. Through inverse kinematic analysis, desired configurations are transformed
in references for the actuators control systems q,,,. g4, 1S an 8 X 1 vector (3 motor rotation
angles for the wrist module and five linear actuator strokes for the hand). Actual hand and wrist
movements O are monitored by the IMU-based tracking system and by linear actuator encoders
during exercise execution, displayed on the GUI, and logged.

3.3.3.3 Graphical User Interface

Together with the hardware design and prototyping, a Graphical User Interface has been
developed for managing the exoskeleton and fully exploiting its features.

The main objective of the GUI is to provide the user a simple and easy way to manage
the device. Secondary, the interface makes available the opportunity of storing and playing
backhand motions for training and rehabilitation purposes. Stored data can be further exploited
for monitoring the effectiveness of the rehabilitation treatment. A cross-platform Python-based
application connects the exoskeleton system via a Bluetooth and displays the user the options
to record/replay wrist and fingers motions. A screenshot of the GUI is reported in Fig. 3.32.
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Fig. 3.32 Graphical User Interface display during an Automatic Exercise layout for wrist

abduction/adduction.

Three main pages help the user in selecting the desired feature:

Activities for Hand: The aim of this page is to control the hand-exoskeleton. Two modalities
are available: Motion and Grasp. The former allows to control and moves one finger at a
time (selectable via



The Grasp option lets the user control all the fingers by moving only the index finger and
exploiting the first postural synergy. Both modalities can be recorded and played back on
demand.

Activities for Wrist: Here the user is allowed to select two modes of use: automatic or manual.

The manual modality enables four buttons for controlling the motion of the wrist: DOWN
for flexion, UP for extension, LEFT for ulnar adduction, and RIGHT radial abduction.
Conversely, the automatic mode allows the user to perform some typical exercises for
the wrist, such as abduction/adduction and flexion/extension movements. Paradigmatic
exercises are already available in the interface. For each exercise, the user can select a
running time and three different speeds (high, medium, and low). Moreover, the GUI
allows also to set a specific time span and a certain speed value for the exercise manually.

Learning Mode: The aim of this page is to learn exercises, performed for example by a

/

physiotherapist and then playback them. During the Learning phase, wrist exoskeleton
motors are disabled. In this way, the specialist can freely move the wrist while the
exoskeleton takes care to record these movements and the GUI saves them in a file.
In Reproduce mode, a saved profile is loaded from the archive and played back. The
learning mode feature is also available for fingers. In fingers learning mode, the linear
actuators are moved, exploiting the FSR-based approach detailed in Section 3.3.2.2.
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Fig. 3.33 Graphical User Interface flow chart for Wrist and Hand exercises

A flowchart reporting all the GUI components is depicted in Fig. 3.33.



3.3.4 Tests and evaluation

Since the modules of the exoskeleton are designed according to user’s specific characteristics
and needs, in the testing and evaluation phase, a single patient was involved, according to the
“Single- Case-Design (SCD)” methodology, a procedure that is often employed in the clinical
field in which an individual is the only unit of data analysis and which is capable of providing
rigorous experimental evidence [115].

The tests were aimed at verifying the performance of the device in terms of accuracy
in the execution of specific exercises. Different typologies of exercises suggested by the
physiotherapist, involving both the hand and the wrist, were considered.

The study was approved by the local Institutional Ethics Committee. The subject gave
her/his written informed consent to participate and was able to discontinue participation at any
time during experiments. The experimental evaluation protocols followed the declaration of
Helsinki, and there was no risk of harmful effects on subjects’ health. Data were recorded in
conformity with the European General Data Protection Regulation 2016/679, stored locally,
and used only for the post-processing evaluation procedure. Please note that no sensible data
were recorded.

A step-wise validation was conducted. In the former step, we focused on wrist tracking
and actuation, whereas in the second, fingers were considered. Finally, wrist and hand were
evaluated together. The system was evaluated on a subject with severe limitations in extension
motion (movement in flexion are with reduced problems), some limitations in radial adduction
and ulnar abduction, and severe limitation in opening/closing the hand.

3.3.4.1 Wrist Evaluation

To evaluate the proposed exoskeleton in wrist-based exercise performance, we conducted three
different experiments. Precision in following the desired profile was considered as a metric and
measured by means of the Root Mean Square Error (RMSE). Similarly to [116], for each trial

we define this quantity as RMSE; = \/ zlv Zﬁvzl (i —yi)?, where N is the number of samples in
a trial, y; is the actual value, and y; ; is the corresponding target value. The mean among the ten
RMSE values was used to analyze the tracking performance throughout the whole experiment.
Notice that the tracking RMSE is a suitable metric to evaluate the rapidity and the accuracy of
the robot motions. This is due to the fact that RMSE increases both if the exoskeleton is slow
in updating the control variable and if it does not reach the target value.

Wrist test 1: flexion/extension The first set of tests were carried out to evaluate the system’s
accuracy in following a specific desired motion. A predefined set of movements was generated
with the aim of covering the entire patient’s wrist range of motion.

Wrist flexion/extension is obtained by setting the same profile to actuators Motorl and
Motor2, and the opposite to actuator Motor3. To simulate a realistic flexion/extension exercise
performed by a physiotherapist, the following reference values were set to the actuators:

O1.des = P2, des = OtSiIl(COl‘), O3 des = —OCSin(O)l)



with ¢ = 50°, @ = 2.9 rads~! and 0 < 7 < 10s. The internal encoder of the motors was
used to record the actual angular value. Twenty trials were repeated, each one lasted 10s.
Desired and measured values of rotation angles of a representative trial are reported in Fig. 3.34.
The figure shows how the actuators are able to follow the profile for the entire duration of the
exercise.

Results We observed that the average RMS errors in following the reference were 6.70°,
8.45° and 7.51° for Motorl, Motor2, and Motor3, respectively.

Motors profile during the exercise UP/DOWN
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Fig. 3.34 Wrist test 1: automatic wrist flexion and extension. Reference and actual motor
rotations during one of the trials.

Wrist test 2: adduction/abduction Then we simulated the ulnar adduction and radial ab-
duction. To reproduce this behavior, Motor3 was maintained steady, whereas motors Motorl
and Motor2 pulled their tendons in opposite directions. As in the previous experiment, with
the aim at evaluating the exoskeleton in the whole range of motion of the wrist, the following
reference profiles were used as motors control input:

30° if sin(wr) >0

= asin(wt), o0 =
¢ (o) {200 if sin(wr) <0

Ordes = @, Prdes = — Q5 O3 des = 0



® =2.9rads™! and 0 < ¢ < 10s. Twenty consecutive trials were repeated. For each repetition
desired rotation angle and real motor value were recorded.

Results We observed that the average RMS errors in tracking the requested profile were
2.36°, 2.10° and 0.50° for Motorl, Motor2, andMotor3, respectively .

Wrist test 3: record/playback An additional test was conducted for verifying the capability
of recording an exercise performed by a physiotherapist and reproduce it with the exoskeleton.
A physiotherapist and a patient with severely limited wrist mobility were involved in this test.
We asked the physiotherapist to gently move for ten seconds the hand of the patient while the
system was recording the hand orientation with respect to the forearm (i.e., the wrist angles).
Ten adduction/abduction and ten flexion/extension exercises were carried out. A representative
trial for this type of trial is reported in Fig. 3.35. The figure shows that the system is able
to record hand motion with respect to the forearm through the tracking system and playback
motions through the exoskeleton. Ten consecutive trials were performed by using the same
profile recorded by the physiotherapist. For each repetition, the real values of the motors’
rotation angles were recorded.

Results The average RMS errors in tracking the trajectory previously recorded by the
physiotherapist were 1.88° for Motorl, 2.65° for Motor2, and 0.76° for Motor3.
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Fig. 3.35 Wrist test 3: record/playback. (a) Roll, pitch, yaw angles measured by the tracking
system. (b) Learning Mode: Flexion and extension angles as recorded by the physiotherapist
and corresponding motor rotations.

3.3.4.2 Hand evaluation
In the second stage, the performance of the hand part of the exoskeleton has been considered.

Hand test 1: single finger We started the evaluation of the hand module, considering the
capability of the exoskeleton in following therapeutic exercises through four fingers. The first



experiment consisted of an exercise of individual fingers carried out by the physiotherapist. In
this exercise, the physiotherapist moved the individual finger (i.e., index, middle, ring, little
finger) by either pulling the finger down or pushing the finger up. The FSR sensors installed
under the base of the finger (see Figures 3.27 and 3.28) recognized this movement, and the
linear actuator moved accordingly. This movement was recorded, and when the physiotherapist
was done with the exercise, all the data related to the exercise were saved and available for
future therapies. Fig. 3.36a shows the data acquired in the recording phase; the red curve
represents the FSR reading when the physiotherapist push and pulls the fingertip, while the
blue curve represents the position of the actuator. The trial started with the finger in normal
position, where both FSRs recorded no force at all; as soon as the physiotherapist pressed the
fingertip upward, the FSR installed under the back end of the finger base measured a force that
triggers the movement of the linear actuator to move in the backward direction resulting in
finger moving up as depicted by the plot with the first blue slope down. Similarly, when the
physiotherapist presses the fingertip downward, the FSR installed under the front end of the
finger base detected the force, and the linear actuator started to move forward, which result in
the finger moving downward, as can be seen by the upward slope of the blue line in the plot.
The physiotherapist can stop pressing up or down at any stage to generate a variety of motions.
Fig. 3.36b shows the profile recorded by the physiotherapist in moving the finger up and down
by means of pushing down or pulling up the fingertip. The blue curve represents the recorded
data, while the red plot represents the trajectory followed by the linear actuator. It can be seen
that the linear actuator followed the recorded trajectory perfectly.
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Fig. 3.36 Hand test 1: single finger. (a) Single finger physiotherapist exercise, FSR sensor
measure and corresponding linear actuator reference. (b) Desired vs followed trajectories of
the linear actuator stroke.

Hand test 2: synergy based hand motion In this experiment, the physiotherapist moved
the finger of the patient like in the case of single finger motion, but here the difference is
in the actuation; instead of a single finger moving, this time the whole hand (all fingers and
thumb) moved in accordance with the first synergy. The data were saved and reused later
for standalone exercises. Fig. 3.37a shows the plot for this exercise. As it can be seen, as



soon as the physiotherapist push down or pull up the finger, the FSRs measured the force, and
consequently, all the linear actuators moved forward or backward to move the finger down or
up, respectively. The red line in the plot ( Fig. 3.37a) shows the FSR data, whereas the other
five lines depict the movement of the fingers. Similarly, Fig. 3.37b shows the stroke profile
followed by the linear actuators as recorded by the physiotherapist.
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Fig. 3.37 Hand test 2, synergy based actuation of all the fingers. (a) FSR measure during an
exercise guided by the physiotherapist and linear actuator strokes for all the fingers. (b) Desired
vs followed trajectory for all the fingers.

Hand Test 3: Grasping Task This experiment replicated a real scenario in which a phys-
iotherapist helps the patient in grasping an object, like a bottle. The physiotherapist started
moving a single finger by following the above-mentioned approach and stopped it at the de-
sired position. In this experiment, the physiotherapist was able either to move all the fingers
individually to establish a grasp or to exploit the first synergy (i.e., moving a single finger for
controlling the whole hand). Also, in this case, at the end of the exercise, all the data were
recorded to be reproduced in future therapy sessions. Fig. 3.38a showed the FSR measures
when the physiotherapist formed a stable grasp, and the blue line shows the resulting linear
actuator position. Similarly, Fig. 3.38b reports the comparison between the desired trajectory
and the one followed by all the linear actuators to playback the physiotherapist movement.
Finally, Fig. 3.39 shows the act of grasping a bottle carried out with the exoskeleton using the
physiotherapist recordings. It is worth noticing that the patient without the exoskeleton would
not have been able to grasp the object due to the hand muscles limitations.
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Fig. 3.38 (a) Grasp exercise perfomed by physiotherapist (b) Grasp exercise reproduced without
physiotherapist

Fig. 3.39 Grasp exercise autonomously reproduced by the patient without physiotherapist.

3.3.5 Conclusion

In this work, we presented the main features in terms of the design and control of a hand/wrist
exoskeleton for rehabilitation and training. The device has been developed to enhance patient
independence and autonomy in the rehabilitation and training phase, reducing the time and the
efforts needed by a physiotherapist or an external trainer.



This main objective was pursued by developing a device that can be easily worn also by
a patient with limited arm and hand motion capabilities. This design criterion guided the
realization of the locking mechanism that automatically fix the wrist support to the patient’s
forearm and the wireless connection to the PC. Another way to increase patient’s autonomy is
represented by the possibility of recording exercises guided by the physiotherapist by means of
device sensors and replay them any time in other sessions.

The proposed device could represent a useful tool in the telerehabilitation context, whose
importance has become very relevant in the past few months. The possibility to load per-
sonalized exercises and to record and replay an activity guided by the physiotherapist allows
reducing the need for face-to-face interaction between the patient and the physiotherapist.

In the work, we showed some rehabilitation exercises for the wrist, for the single finger, and
for the whole hand, in which exoskeleton motion was defined by means of specific mathematical
functions or recorded by a demonstration realized by a physiotherapist and then autonomously
reproduced.

It’s worth underlining that in this work, end-users, i.e.patients suffering from upper limb
disabilities and motion limitations, have been continuously involved throughout the different
phases of the project, from the very preliminary design steps to the prototype development and
testing.

In a successive phase of the work, the design of finger modules will be further developed to
reduce their size, an ad-hoc App for the most common smartphones or tablets will be developed
and released to further improve the accessibility for the users.
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Chapter 4

Design and Applications of Industrial
Devices

“Technology is nothing. What’s important is that
you have a faith in people, that they’re basically
good and smart, and if you give them tools, they’ll
do wonderful things with them.”

Steve Jobs

4.1 The Co-Gripper: a Wireless Cooperative Gripper for
Safe Human Robot Interaction

In this work, we introduce a set of guidelines for the design of grippers suitable for a safe
human robot/interaction in cooperative tasks.

Modularity, adaptability, robustness, intuitive control, limited weight are some of the
key elements that could allow the effective spread of these devices in industrial and service
applications. Following such guidelines, we present the prototype of the Co-Gripper: a robotic
device for cooperative manipulation tasks with humans. The gripper is composed of two pairs of
fingers, actuated with two motors, that can be controlled in a coordinated way or independently.
Each finger has a modular underactuated structure, composed of three phalanges connected by
passive joints. The gripper is wireless, so it can be easily connected both to the robotic arms
and on passive structures. We designed a wearable wireless control interface composed of a
ring and a bracelet allowing a simple and intuitive activation of the gripper without limiting the
human operator’s manipulation capabilities. We performed a set of tests to quantify gripper
performance and to exploit its potentialities in human-robot cooperation tasks.
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Fig. 4.1 The Co-Gripper. The device is completely wireless and can also be used with a passive
arm support.

4.1.1 Introduction

Applicative scenarios envisaged in the Industry 4.0 framework present closer cooperation
between humans and robots. The automated solution will be spread not only in large productive
realities but also in SME (small medium enterprises) [117]. This new perspective effects also
design requirements for robotic systems: from the maximization of the merely dynamical
performance needed in a completely automated reality to more complex constraints necessary
to assure a suitable level of adaptability to uncertainties, robustness, safety in the physical
interaction with an unstructured environment and with humans [118]. Most of the work on
collaborative robots (cobots) and more in general on physical human robot interaction have
focused on robotic arm design and control. This has led to a novel generation of collaborative
robots that can safely interact with a human operator. Commercial examples of these new
robots are the LBR iiwa (KUKA, Germany), the Sawyer (Rethink Robotics, USA), and the
FRANKA (FRANKA EMIKA, Germany), just to name a few. A concept common to these
robots is the possibility to compliantly react to a collision, in opposition to the stiff behavior of
classical industrial robots.

Exploiting compliance and environment constraints with underactuated compliant hands
is also a lively research branch [119] for robotic end-effectors. Remarkable examples of soft
grippers are available in literature, e.g., the Yale OpenHand Project [120], the 3-Finger Adaptive
Robot Gripper [121], the Jamming Gripper [122], the underactuated grippers presented in [123],
etc, In all these works, however, the attention was mostly devoted to analyzing hand/gripper
manipulation capabilities and adaptability, rather than specifically evaluating the interaction
with humans.



Although robot end-effectors are most of the time the part of the robot more proximal to the
human partner in collaborative scenarios, only a few works have been dedicated to the design
and the control of collaborative grippers. The Schunk Co-Act Gripper [124] is an example of a
gripper designed for collaborative robotics, even if it still needs a complex system to be safe
and can deal with a limited type of object’s geometries. Another example of a plug—and—play
gripper is represented by the RG6 Collaborative Gripper [125], however, can be controlled only
through the robotic arm interface thus limiting its applicability in many collaborative contests.
In this work, we present some design guidelines and propose a prototype of a soft—gripper
explicitly devoted to easy and safe interaction with human operators in cooperative tasks. The
key ingredient of the soft-grippers is the intrinsic softness of the devices, i.e., their embodied
ability to comply and adapt to features of the objects and of the environment. The proposed
device, that we named the Co-Gripper (see Fig. 4.1), is a wireless underactuated tendon-driven
gripper, with four flexible fingers composed of three soft-rigid modules each. A wireless
implementation allows to easily integrate the gripper both on actuated arms and on passive
structures. Also, its control interface is extremely simple and can be used both in industrial
and more general service applications, without the need for specific knowledge or training for
the user. Nevertheless, we managed to obtain suitable adaptability and robustness properties,
thanks to a tendon based actuation and flexible finger structure, in which joint stiffness is
evaluated according to the methodologies proposed in [126]. The gripper has been realized
using rapid prototyping techniques, in which we can manage material’s mechanical properties
by properly regulating 3D-printing parameters, and it can easily be reconfigured, due to its
modular structure at a finger level. The rest of the work is organized as follows. In Sec. 4.1.2,
design guidelines for collaborative soft-gripper are outlined. In Sec. 4.1.3 a prototype realized
according to the proposed guidelines is presented and evaluated as well as the interface designed
for its control. Sec. 2.1.2 deals with the experiments performed to evaluate the proposed system
and its usability, whereas in Sec. 4.1.5 conclusions and future work are outlined.

4.1.2 Design guidelines

In this section, we report the main design guidelines for the collaborative gripper. As we
introduced in Sec. 4.1.1, in this work we delineate which are the main features of a novel
generation of grippers explicitly designed to interact with a human operator. Together with the
automation standards detailed in the ISO/TS 15066 [127] and more in general in the ISO/TS
10218 [128, 129], we identified four main principles that a co-gripper should have with respect
to foster human robot cooperation: i) intrinsic safety and adaptability, ii) easy reconfigurability,
iii) portability and iv) easy interface with the human operator. In the rest of the section, we
detail how each of these principles impacts human robot cooperation.

4.1.2.1 Intrinsic safety and adaptability

Safety is a crucial aspect to take into account in workplaces where humans are directly assisted
and supported by robots, improving product quality, productivity, and worker’s comfort. Using
robots in an unstructured environment and the presence of humans needs specific requirements
in terms of sensory perception, mobility, dexterity, planning, and management of uncertainties



and disturbances [130]. Robustness, adaptability, flexibility, and changeability of assembly
processes, especially in an unstructured environment with human presence, need a close linkage
between the worker and the robot: the human operator controls the process, while the robot
provides support and assistance [131]. The whole robotic system should comply with the
above mentioned issues, including the end-effector. In this view, an interesting solution can be
sought in the novel generation of underactuated compliant hands that is growing in the robotics
community in the last years, upgrading the preliminary attempts pioneered by Hirose et al.,
at the end of the seventies [132]. These devices are usually referred to as “soft hands” since
they embed intrinsically passive compliant elements often at the joint level. Passive elements
guarantee a safe interaction with the human co-worker. Moreover, compliant elements consent
to store elastic energy, avoiding tendon slackness, distributing forces over a large contact area,
and overcoming the indeterminacy of configuration problem typical of an under-constrained
mechanical system [4]. Finally, this type of underactuated hands has the desirable adaptability
to shapes which allows them to easily perform grasps of several objects. Underactuation is
usually implemented using differential and elastic elements that allow the motion of other joints
to continue after contact occurs on a coupled link so that the hands can passively adapt to the
shape of the grasped object [123]. Another advantage of passive adaptability is the reduction
of requirements on engineering the environment of the manufacturing facility since the passive
adaptation to different object shapes is less demanding for accurate perception [25]. Such
extended capabilities also lead to a reduced effort in programming the manipulation system
enabling to drive the device with a reduced number of control parameters. Both of these factors
significantly reduce set-up costs and shorten set-up times.

4.1.2.2 Easy reconfigurability

Human-robot collaborative environments are intended to be highly dynamic if compared with
classic industrial production chains where specific areas are devoted to the production of a
specific item. Such flexibility can be obtained if it is possible to quickly change the gripper
configuration. Flexibility refers to the various types of operations that the machine can perform
without requiring a prohibitive effort in switching from one operation to another [133]. Recon-
figurable manufacturing system aims at achieving cost-effective and rapid system changes, as
needed and when needed, by incorporating principles of modularity, integrability, flexibility,
scalability, convertibility, and diagnosability [134]. When flexibility and reconfigurability
concern grippers, this usually refers to devices that can rearrange the position and orientation
of their fingers [135] or that can adapt the number of DoFs to the task at hand [136]. In
Co-Grippers this reconfiguration should be easy to be performed by the human operator while
performing a cooperative task.

4.1.2.3 Portability

The Co-Gripper envisaged in this work is intrinsically safe thanks to the embedded passively
compliant elements and thus does not need a complex perception system to detect human
presence. This can also be exploited to use the gripper detached from a robotic arm. In Fig. 4.1,
the co-gripper is attached to passive arm support (in this case a simple table lamp support)



and can be used by a worker without the necessity of a robotic arm. This can be possible if
the gripper can be used in a completely wireless solution, i.e., if it has batteries for the power
supply onboard. This solution opens interesting scenarios where the co-gripper can be used
in a broader context than in manufacturing scenarios, e.g, by other types of workers such as
plumbers, electricians, etc. The passive arm support and the portable co-gripper may be valid
support to hold pipes, pass cables, and so on. Within an industrial environment, portability may
also be exploited to use the gripper both as the end effector of a robotic arm to perform pick
and place and other common operations, and together with a passive arm as an advanced third
hand support system on the worker’s desk.

4.1.2.4 Ease of the interface

One of the characteristics of collaborative robots is their intuitive as an easy interface. Different
solutions have been proposed to control grippers of collaborative robots that mainly involve
displays or buttons embedded in the gripper themselves or the supporting robotic arm, see as
an example the interface proposed for the gripper of the Rethink Robotics Sawyer robot [137].
However, we do believe that co-grippers should also be used detached from a robotic arm. The
portability requirements should be extended also to the interface, which should be light and
easily wearable. Simple interfaces are sufficient to provide basic operative commands, like
the opening and closure of gripper fingers. More complex, still wearable, interfaces could be
adopted also to haptically render to the user specific operating conditions [138]. Moreover, the
interface should require a minimal cognitive effort to be used by the operator and it must not
prevent the user’s hand to perform a collaborative task.

4.1.3 The Co-Gripper system

the device In this section, we introduce the Co-Gripper, a soft tendon driven modular gripper
that has been designed following the guidelines reported in Sec. 4.1.2 and a possible wearable
interface to control it. The CAD model of the gripper is shown in Fig. 4.2, whereas the 3D
printed prototype is reported in Fig. 4.4. Its overall weight is 480 g and, as we will detail later,
it can resist forces up to 4.75 kg.

4.1.3.1 The Co-Gripper

The proposed device is intrinsically compliant, modular, underactuated, and cable driven.
Each module consists of a rigid 3D printed link realized in ABS (Acrylonitrile Butadiene
Styrene, ABSPlus, Stratasys, USA) and a 3D printed thermoplastic polyurethane part (Lulzbot,
USA) that acts as the flexible joint. We selected polyurethane for soft parts because the high
elongation of this material allows for repeated movement and impact without wear or cracking
proving also an excellent vibration reduction.

The main technical features and material/geometric parameters of the soft modular grip-
per are summarized in Table 4.1. The mechanical properties of 3D printed materials, like
polyurethane, depend on manufacturing processes and can be controlled. We exploited this
property in [126] to design the stiffness of passive joints to realize a robotic underactuated



finger whose fingertips follow a given trajectory when the finger is actuated. This approach can
easily be applied also to the co-gripper described in this work, in which passive joints can be
realized with stiffness values defined to obtain a given closure strategy, for example, suitable
to grasp large objects or perform pinch grasp of small objects. The modules are connected
by sliding the thermoplastic polyurethane part into the ABS part. This method makes the
assembling process easy without using any screws or passive elements to combine the modules.
The holes in the rigid links allow the passage of a cable (realized with polyethylene Dyneema
fiber, Japan), which realizes the tendon driven actuation.

The device actuation is achieved by using two actuators and four tendons running in parallel
through the modules of the fingers. The actuators are two Dynamixel MX-28T (Robotis, South
Korea), each having a maximum torque of 3.1 Nm and a maximum angular speed of 684 deg/s.
The main technical features of the Co-Gripper and its actuation system are summarized in
Table 4.1. Each actuator along with a differential mechanism [139] is used to control the motion
of two fingers. The differential mechanism is necessary to adapt fingers’ configurations to the
specific geometric features of the grasped object, if one of the fingers contacts the object or
any surface, the other one can continue its closure motion until a firm grasp is achieved. In
Sec. 4.1.4 we will report some examples where the Co-Gripper is conforming to irregularly
shaped objects. Tendon wires run through the fingers and are attached on one side to the
fingertips and on the other to the differential mechanism which in turn is connected with a
pulley rigidly attached to the actuator shaft. When the motor is actuated, the tendon wire
is wound on the pulley reducing the length of the wire and producing the closure/flexion of
connected fingers. The opening/extension of the fingers is achieved thanks to elastic force
stored in the flexible parts of the modules.

The fingers are connected to the palm of the grippers through a Dovetail joint that allows to
completely rotate the finger along the direction perpendicular to the palm plane. This feature
can be exploited to reconfigure finger orientation according to the object to be grasped. Fig. 4.3
shows some of the possible fingers’ configurations. We named them perpendicular, parallel
and circular configurations. In the first configuration, the fingers are perpendicular to the
longest side of the gripper. The two pairs of fingers are at the maximum distance, which allows
grasping relatively big objects. Instead, the configuration where fingers are oriented parallel
to the long edge of the palm can be exploited to grasp objects with a dimension much higher
than the others, e.g., pipes. Finally, the circular configuration may be exploited for objects with
a circular section. These three are only examples of the high number of possible achievable
configurations.

The combination of the modularity, possible finger trajectory design through stiffness, and
finger configurations meet the requirements for easy reconfigurability of the system. The soft
structure and the tendon driven actuation satisfy the requirements for safety and adaptability.

4.1.3.2 The wearable interface

The control interface of the Co-Gripper is based on a remote ring, whose prototype is shown in
Fig. 4.4. The ring configuration has been chosen to obtain an interface highly wearable and
portable. The ring is realized in a flexible material which allows the ring to comfortably adapt
to different finger sizes. It includes two push buttons to remotely control Co-Gripper motion.
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Fig. 4.2 The Co-Gripper: A wireless underactuated tendon-driven gripper with four flexible
fingers composed of three soft-rigid modules each. Modules can be assembled with differ-
ent stiffness values at flexible joint level, obtained changing 3D-printer parameters during
manufacturing.

The user wears the remote ring on the index finger, its controller box housing is included in a
bracelet that can be worn on the wrist, (see, Fig. 4.4). The ring controller receives the activation
signals from the pushbuttons and sends them to the actuator’s controller through a wireless
transmission, which in turn controls the motion of the gripper according to the high-level
control strategy summarised in Table 4.2.

The Arbotix-M controller (Robotis, South Korea) is used to control the Dynamixel actuators
of the soft gripper. This control solution for Dynamixel motors incorporates an AVR microcon-
troller, a socket for a XBee wireless radio, and the motor driver. The wireless communication
between the remote ring and the gripper controller is realized through the XBee modules.

The soft gripper can be operated in two different modes of operation: four finger mode and
two finger mode depending on the nature of the task to be performed. In the case of the former,
the four fingers are moved simultaneously to grasp relatively big size objects. The fingers can
be oriented in different configurations depending on the size and shape of the object to grasp.
In the case of the latter, the gripper has two different two fingers’ gripper configurations where
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Fig. 4.3 Possible configurations of fingers achieved through Co-Gripper. a) perpendicular b)
parallel and c) circular configurations.

/\ Ring interface

Co-gripper

Fig. 4.4 The remote ring interface and Co-Gripper.

each pair of the fingers is controlled separately enabling the grasp of multiple objects at the
same time.



Table 4.1 Technical features of the Co-Gripper.

Technical Features

Weight (including motors) 480 g
Max. actuator torque 3.1Nm @ 12V
Max. current 28A @12V

Continuous operating time

3.5 h @stall torque

Max. operating angles

300 deg, endless turn

Max. non-loaded velocity 684 deg/s
Dimension of Gripper 130 mm x105 mm x 85 mm
Material Parameters | Flexible Part Stiff Part
Material type Thermoplastic Acrylonitrile Bu-
polyurethane tadiene  Styrene
(TPU) (ABS)
Modulus of elasticity | 15.2 MPa 40 MPa
(E)
Shore Hardness 85A 70D
Density 1200 kg/m> 1070 kg/m>
Geometric  Parame-
ters
width 25 mm 23 mm
length 23 mm 30 mm
height 3.5 mm 15 mm
Table 4.2 Finite State Machine Table
Push Button (PB) trigger | Associated actions
signal
Simultaneous trigger (both | Mode change (two—
PB) fingers/four-Fingers and

vice-versa)

Four-fingers mode

Single trigger (first PB)

flexion/stop and vice-versa

Two triggers (first PB)

flexion/extension and vice-
versa

Two—fingers mode

Single trigger (first PB)

flexion/stop and vice-versa
(first pair of fingers)

Two triggers (first PB)

flexion/extension and vice-
versa (first pair of fingers)
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Fig. 4.5 Gripper’s performance characterization experiments. a) Evaluation of vertical grasp
resistive force. b) Evaluation of horizontal grasp resistive force

As a default condition, four—fingers mode is selected: when one of the pushbuttons is
selected, the flexion/extension motion of all the four fingers is initiated. With a single button
pressure, the user switch between the motion/stop of the fingers. When the fingers are stopped,
two trigger signals within a time window of 1s, switch the motion direction from flexion to
extension and vice versa. Switching between the modes (four fingers and two fingers) can
be achieved by pressing both pushbuttons simultaneously. The switch is possible at any state
of the gripper. In two finger mode, the gripper behaves like two independent grippers that
can be separately controlled. A LED on the board is used to provide visual feedback of the
selected modes of operation and activation of the trigger signal. The wireless communication
and battery onboard together with the ring interface for gripper control meet the requirements
for portability and ease of interface.



Table 4.3 Main performance of the Co-Gripper.

Technical Features Value

Max. payload 4.75 kg

Max. horizontal resis- | 64.0 N @(cylinder diameter
tive force 95 mm)

4.1.3.3 Performance characterization

The performance of the gripper was evaluated through a subset of the tests proposed in [82].
In particular, we measured the maximum payload and maximum horizontal grasp resistive
force in the case of power grasp. The experimental setup is shown in Fig. 4.5. To compute the
maximum payload of the gripper in power grasp configuration, a cylindrical object (diameter
95 mm, weight 130 g) was slowly pushed down by using a dynamometer’s bumper (Vernier,
USA) as shown in Fig. 4.5-a. The maximum force was recorded when the object started to slip
from the gripper. The maximum payload of the device is the sum of the grasp object’s weight
and the force applied to the point of slippage. It was observed to be 46 N, which resulted in a
maximum payload of 4.75 kg. To measure the maximum horizontal grasp resistive force, the
gripper was fixed on the table and the hook of the dynamometer was attached to the object by
using a small thread. The object was slowly pulled in the horizontal direction by using the hook
of the dynamometer as shown in Fig. 4.5-b. It was observed that the gripper hold on to the
object till 64 N. It is pertinent to mention that in all of the above summarized tests the gripper
was actuated at the maximum motor torque, the results obtained are summarized in Table 4.3.

4.1.4 Experiments

We first evaluated the capability of the Co-Gripper to adapt to different shapes of objects. We
selected 10 common objects with different shapes and we exploit the characteristic of our
prototype to achieve stable grasps. Two fingers were assembled so to perform a pinch grasp
by selecting the stiffness of the soft joints as reported in Sec. 4.1.3. The obtained results with
the relative chosen fingers’ configurations are reported in Fig. 4.6. After this evaluation of the
device capabilities, we evaluated the whole system (gripper + interface).

Ten subjects (7 male, average age 28) tried the system wearing the ring interface on the
non dominant hand to control the open/close motion of the device. Four different objects
were presented to the subjects (small cube, pipe, ball, and electronic board, see Fig. 4.6). The
subjects were instructed on the functioning of the ring interface and the possible reconfiguration
of the fingers, but no suggestions on fingers’ positioning according to the object shape were
given. After the explanation of the system working principle, subjects were asked to grasp
the objects with the device, open again the gripper fingers, and put the objects back on the
table. Each subject was left free to rearrange the orientation of the fingers to achieve the grasp.
After the task was completed, subjects were asked to fill the System Usability Scale (SUS), a
simple, ten-item scale giving a global view of subjective assessments of usability [140]. SUS
yields a single number representing a composite measure of the overall usability of the system
being studied. It is a Likert scale where it is possible to answer each item with a mark ranging



Two Fingers Four Fingers

Fig. 4.6 Possible grasps achieved with the Co-Gripper. a) two fingers in a pinch grasp configu-
ration. b) grasping of small size objects achieved with the two fingers. c¢) each of the two finger
grippers controlled separately so to achieve the grasps of two objects with the same gripper. d)
grasp of big size objects achieved with a circular configuration. e) grasps obtained with the
perpendicular configuration. f) grasps obtained with the parallel configuration.

from 1 “strongly disagree” to 5 “strongly agree”. Items of the SUS are reported in Table 4.4.
To calculate the SUS score, it necessary to sum the score contributions from each item. Each
item’s score contribution ranges from O to 4. For items 1,3,5,7, and 9 the score contribution
is the scale position minus 1. For items 2,4,6,8 and 10, the contribution is 5 minus the scale
position. The sum of the scores is then multiplied by 2.5 to obtain the overall value of SU.
SUS scores have a range of 0 to 100. The Co-Gripper used together with the ring interface
got an average score of 92.25 with a standard deviation of 4.92. This result confirms how the
system is easy to use also without specific training. Note that 9 out of 10 subjects chose the
circular configuration for the ball, 10 out of 10 chose the pinch grasp gripper for the small cube,
6 out of 10 used the perpendicular configuration both for the pipe and the cup, while the other
4 chose the parallel.

4.1.5 Conclusions

In this work, we presented the design guidelines and a possible device realization of a soft col-
laborative gripper. Soft-manipulation technology imposes fewer requirements on engineering
the environment of the manufacturing facility since the passive adaptation to different object
shapes is less demanding for accurate perception. The extended capabilities also lead to a
reduced effort in programming the manipulation system. Collaborative grippers inherently ad-
dress aspects of safety, preparing robotic systems with the ability to forcefully interact with their
environment while being safe in proximity to the human. This facilitates the co-manipulation



Table 4.4 Items of the System Usability Scale

I think that I would like to use this system fre-
quently

I found the system unnecessarily complex

I thought the system was easy to use

I think that I would need the support of a techni-
cal person to be able to use this system

I found the various functions in this system was
well integrated

I thought there was too much inconsistency in
this system

I would imagine that most people would learn to
use this system very quickly

I found the system very cumbersome to use

I felt very confident using the system

I needed to learn a lot of things before I could
get going with this system

applications making the soft-grippers ideal candidates for a possible technology transfer to the
industry.

We are currently working on the gripper interface so to display to the user the grasp force
measured on the gripper. We are also testing novel possible finger configurations so to enhance
the possible gripper dexterity.



4.2 Bilateral Haptic Collaboration for Human-Robot Coop-
erative Tasks

This work aims to introduce the concept of bilateral haptic cooperation as a novel paradigm for
human-robot cooperative tasks. The approach is demonstrated with a system composed of a
soft gripper and a wearable interface. The soft gripper, called CoGripper, has been designed
to guarantee a safe interaction giving the possibility to the operator to reconfigure the device
according to the object to be grasped. The wearable interface is used to control the open/close
motion of the gripper and to feedback information about important task parameters, e.g.,
the grasp tightness. The result is a bilateral haptic collaboration where humans and robots
bidirectionally communicate through the interface. The user interaction with the system is
extremely intuitive and simple. We performed three user studies to prove the effectiveness
of bilateral haptic collaboration involving ten subjects. Results confirmed that the use of the
wearable interface reduces the time to accomplish a cooperative task and enables better control
of the grasp tightness.

4.2.1 Introduction

Automation of production processes has revolutionized manufacturing over the last fifty years.
However, there are still many manufacturing tasks that are tedious or strenuous for humans to
perform. Some of these tasks are difficult to automate because they require robots and workers
to collaborate in close proximity and adapt to each other’s decisions and motions [141]. Rather
than fully automating such tasks (which may not be possible and/or cost-effective), human-
robot collaboration may enable safe and effective task execution, while reducing tedium and
strain of the human. Collaborative robots, also called cobots, have been thus designed to share
the same workspace with a human operator [142]. This has led to a novel generation of robotic
arms that can safely interact with a user. Remarkable examples of these commercially available
robots are the Panda (FRANKA EMIKA, Germany), the LBR iiwa (KUKA, Germany), and
the Sawyer (Rethink Robotics, USA). A unifying concept among these robots is the capability
to compliantly react to a collision, as opposed to the stiff behavior of classical industrial robots.
More recently also collaborative robot end-effectors have been proposed since, most of the time,
these are the parts of the robot that interact with the human partner. In [143], we introduced
design guidelines for soft cooperative grippers and we proposed a preliminary version of a
cooperative gripper that we called CoGripper. Also, few commercial products are designed for
collaborative robotics, see e.g., the Schunk Co-Act Gripper [124] and the RG6 Collaborative
Gripper [125].

However, to achieve effective collaboration, the robots should not only be safe and respond
to a human command but should also be able to communicate with the human collaborator, as
this is an important feature for human dyads [144]. The way humans and robots communicate
is an important issue to solve when designing a human-robot collaborative architecture [144].
Among the possible solutions available in the literature, we do believe that the sense of touch
can be the primary channel of communication between the worker and his/her artificial mate.
One of the main reasons to support this choice is the robustness of the sense of touch. Such



Fig. 4.7 The CoGripper and its ring-shaped interface. The ring provides vibrotactile haptic
feedback about the grasp information coming from the gripper.

robustness comes from the full distribution on the human body of the skin, the organ where
the receptors of touch reside, that consents to position an interface in different parts of the
body leaving free the other important organs (e.g., ears and eyes) for the task execution. This
aspect may be of particular interest in a factory scenario where acoustic communication may be
impaired by personal protective equipment whereas visual displays may not always be on the
field of view of the worker during different task execution phases. Recent results on wearable
haptics [138, 145], have strongly reduced the form factor of haptic displays making it possible
to wear it on hand.

First attempts to let the robot communicate with the human companion through haptics
are available in the literature. For instance, Casalino et al. presented in [146] a wearable
vibrotactile device used to improve the operator awareness during a human-robot collaborative
assembly task. A vibration acknowledged to the operator that the robotic system had predicted
over certain confidence the next action of the operator. In [147], wireless vibrotactile displays
were designed to inform the operator about excessive overloading of body joints and to suggest
a more ergonomic posture. In both these examples, the haptic interfaces are used to inform the
human that the robotic system detected a certain behavior of its collaborator. The concept of
bilateral haptic collaboration introduced in this work goes beyond the simple communication of
intention or posture detection. The interface we propose can be used both to control the robotic
gripper motion and to haptically display information related to the tasks that are measured by
the robot. As a paradigmatic example, we propose the collaborative gripper system reported in
Fig. 4.7. A ring-shaped interface can be used to control the open/close motion of a collaborative



gripper through two embedded switches. The ring embeds also a vibrotactile motor that can be
used to feedback information about the cooperative task execution, e.g., the grasp tightness
measured by the gripper. In [148], we introduced the idea of a vibrating ring for the interaction
with a wearable assistive device designed for stroke patients. Differently from [148], in this
work we use the ring-shaped interface both for the control of the open/close motion of a gripper
and for the communication of important tasks related parameters, e.g. grasp tightness and
acknowledge of a gripper status.

We conducted three user studies to investigate the possible usage of the system in human-
robot cooperative tasks. In the first, we evaluated whether the presence of haptic feedback
from the gripper would reduce the time to complete a collaborative hand-over task and better
regulate the grasp tightness. In the second study, we evaluated the perceived system usability
when the interface is used to display task information. We consider the case where the gripper
can autonomously detect the presence of an object through a proximity sensor embedded in its
palm and the ring interface is used to display the acknowledge of a gripper status, i.e., of the
start of the closing motion and the reaching of a predefined level of grasp tightness. Finally, in
the third example, we compared in terms of completion time the usage of the ring interface with
the usage of a button interface at the end-effector for a mockup of a human-robot collaborative
task.

The rest of the work is organized as follows. In Section 4.2.2 the collaborative gripper
system is described in detail. In Section 4.2.3 the three user studies and their relative results are
reported. Section 4.2.4 reports a discussion on the possible use of bilateral haptic collaboration,
whereas in Section 4.2.5 conclusion and future work are outlined.

4.2.2 The Collaborative Gripper system

In this section, we briefly recall the main features of the CoGripper and we introduce a novel
wireless ring-shaped interface that is used to control the gripper and to display vibrotactile
feedback. With respect to its preliminary version, the novel gripper includes a proximity
sensor (sonar) located on the palm to detect the presence of an object in the gripper workspace.
The novel wearable interface is a completely redesigned ring-shaped device, which embeds
a vibrotactile motor that enables bilateral haptic collaboration. A Bluetooth communication
protocol between the interface and the gripper allows a bilateral data flow.

4.2.2.1 The CoGripper

The CoGripper is a soft tendon-driven modular gripper that has been designed following the
guidelines reported in [143]. Exploiting compliance with underactuated soft hands is an active
research branch for the design of novel robotic end-effectors that has led to interesting solutions
and prototypes, like the Pisa-IIT hand [4] and the SDM hand [26].

The CoGripper has four soft fingers, each made up of soft and rigid modules, connected to
a palm. The CAD model of the gripper is shown in Fig. 4.8, whereas the 3D printed prototype
is reported in Fig. 4.7. Each finger has a modular structure where each module consists of a
rigid 3D printed link realized in ABS (Acrylonitrile Butadiene Styrene, ABSPlus, Stratasys,
USA) and a 3D printed thermoplastic polyurethane part (Lulzbot, USA) that acts as the flexible



joint. Following the approach presented in [126], it is possible to regulate the stiffness of the
flexible joints to achieve the desired closing trajectory for each finger. In [143], we regulated the
stiffness to obtain different behaviors for the two pairs of fingers in the gripper. In this version,
all four fingers have the same closing trajectory designed for power grasps. A tendon-driven
approach is used to actuate the fingers. Two Dynamixels MX-28T (Robotis, South Korea) are
used for the actuation. Each motor moves a pair of fingers. A differential mechanism [139]
is embedded on the gripper base to adapt fingers’ configurations to the specific geometric
features of the grasped object. All the fingers can be manually rotated to any configuration.
The Arbotix-M controller (Robotis, South Korea) is used to control the Dynamixel actuators of
the soft gripper.

We have added an ultrasonic (HC-SR04) sensor module in the middle of the palm in the
version of the CoGripper proposed in this work, see Fig. 4.8. The sonar sensor provides a
detection range from 2 to 40 cm. The sensor exploits the concept of ultrasonic waves. The
transmitter sends a burst of ultrasonic waves. When the waves encounter an object these are
reflected and received by the receiver. The receiver converts the ultrasonic waves into an
electrical signal to be read by the main controller. The distance is calculated by measuring the
time difference between sending a signal and receiving its echo. The sensor can detect when an
object enters a predefined grasping area and can provide this information to the main controller
triggering the closure of the gripper.

The main technical features of the CoGripper and its actuation system as well as an
experimental evaluation of the payload and the maximum horizontal resistive force are detailed
in [143].

4.2.2.2 The wearable ring-shaped interface

The control interface of the CoGripper is a ring-shaped device, whose CAD exploded view is
shown in Fig. 4.9. The proposed prototype is shown in Fig. 4.7. The ring configuration has been
chosen to obtain an interface highly wearable and portable [148]. The user wears the remote
ring on the index finger. The position of the buttons allows using the interface simply moving
the thumb. Although the ring is realized in ABS material, the thickness of the ring shape is
chosen to provide enough flexibility to fit on different finger sizes. The remote ring consists of
a very compact structure containing all the electronics. It has two push-buttons currently being
used to control the gripper. The ring controller (ATtiny45) receives the activation signals from
the push-buttons and wirelessly transmits them to the actuator main controller, which in turn
controls the motion of the gripper according to the “high level" control strategies summarised
in Table 4.5. Bluetooth (RN42-i/RM) module is used to transmit and receive all the relevant
information. A coin type shaft-less vibratory motor (Precision drive, USA) with a diameter
of 10 mm is installed in the ring for tactile feedback. A reduced dimensions Li-Ion 3.7 V
rechargeable battery is used to power up the remote ring.

4.2.2.3 High-level control

The soft gripper can be operated in two different modes both actuating all four fingers. In the
first mode, called ring-controlled mode, the remote ring is used to control the activation of the
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Fig. 4.8 The CoGripper: A wireless underactuated "tendon-driven" gripper with four flexible
fingers. Modules can be assembled with different stiffness values at flexible joint level, obtained
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Fig. 4.9 CAD exploded view of the remote ring interface for the CoGripper.

gripper. The user pushes a button to activate the flexion of the gripper. When the flexion motion
is initiated the gripper starts to close by increasing the torque of the actuators. The user can
stop the closure of the fingers at any moment by pressing the same push-button again. Once



contact is detected thanks to the torque sensors available in the servomotors, the remote ring
provides vibrotactile feedback to the user, proportional to the force exerted on the object.

To relate the variation of a signal to the variation of vibration there are several techniques
mostly focusing on the modulation of amplitude or frequency of the generated vibration [145].
Considering the vibrating motor installed in the ring, we decided to generate different per-
ceivable levels of vibrations by regulating the frequency of consecutive active vibrations. The
feedback consists of a train of vibratory bursts whose frequency increases proportionally to
the increase of the measured torque at motors. Controlling the time of vibration and the time
between two consecutive vibrations, it is possible to generate different patterns of stimuli that
can be perceived by the user, as demonstrated in Sec 4.2.2.4. extension of the gripper’s finger
is activated. The extension of the fingers can be activated with a single click of the second
push-button.

The gripper can also work in the self-closing mode. In this modality, the sonar sensor in the
palm is used to trigger the closing motion. When the object enters the predefined graspable
area defined in the workspace of the fingers of the gripper, a single burst of vibration (1 s)
is displayed to the user through the ring interface. This alerts the user that the gripper is
automatically initiating fingers’ flexion. When the motor torques reach a predefined threshold,
the gripper automatically stops the closing motion and a longer vibration (2 s) is provided to
the user. The extension of the gripper’s fingers can be triggered by the push button.

In self-closing mode, the vibrotactile feedback is used to alert the user about the current
state of the gripper, whereas in ring-controlled mode the vibrotactile feedback is used to display
the tightness of the obtained grasp. Note that, when using the self-closing mode, it is possible
to disable the sonar detection by simultaneously pressing both buttons for more than 2 sec. This
option can be used for finger reconfiguration. When the sonar is disabled, the user can re-orient
the fingers in different configurations according to the size and shape of the object without
triggering the closure of the fingers. It is possible to switch from ring-controlled mode to self
controlled mode by simultaneously pressing both push-buttons installed on the ring interface
for a duration lasting less than 1.5 sec.

Note that these two modalities represent a subset of all the possible controllers that can
be implemented with the CoGripper system. In general, it is possible to define a finite state
machine with different gripper states and navigate through the machine states using a button or
a combination of the buttons.

4.2.2.4 Perceptual thresholds for the vibrating ring

We ran three experiments to understand how to drive the vibrotactile ring to evoke the most
effective cutaneous sensations. This preliminary study is necessary to correctly model the
vibration feedback proportionally to the torque/force exerted on the object by the actuators
installed on the gripper. The motor we use is a shaft-less vibrotactile motor. In this type of
motor, it is not possible to separately control the amplitude and the frequency of vibration. For
this reason, we decided to generate a signal where the pulse frequency can be modulated. For
pulse frequency we mean that is possible to turn off and on the vibrating motor for a certain
period to produce a different type of stimuli. By regulating the length of this period we regulate
the pulse frequency. The vibration intensity was fixed at 50% of the maximum PWM intensity,



Table 4.5 High-level control of the system

| Control mode | Fingers’ motion | Type of feedback |

Ring-controlled
Right PB, single trigger flexion/stop vibration  propor-
tional to measured
motor torque

Left PB, single trigger extension no feedback
Self-close mode
Sonar detection flexion vibration burst on

flexion starting and
when motor torque
reaches a predefined
threshold

Left PB, single trigger extension no feedback

that corresponds to the starting voltage of the vibration motor. Subjects were required to wear
the vibrotactile ring on their left or right index proximal phalanx. Moreover, to avoid any
additional cues, subjects were blindfolded and wore noise-canceling headphones.

Absolute thresholds Absolute threshold provides us information about the smallest stimulus
length of the vibration that can provide a perceivable sensation to the user. An experimental
setup involving ten subjects (five female, average age 34.3) was carried out. The subjects
were asked to wear the ring on their non dominant hand index finger and tell the experimenter
when they were perceiving a single vibration. The absolute threshold was evaluated using an
up-down approach as defined in [149]. The starting stimulus duration was 100 ms. At every
reversal, the stimulus duration was reduced by a step size whose duration started from 16 ms
and was reduced by half every reversal. We considered the task completed when five reversals
occurred. Each subject was asked to repeat the experiment five times. The mean value of
minimum stimulus duration required to produce a perceivable perception was recorded to be
40 ms. Below this value, the users were not able to perceive any vibration.

Differential thresholds For the case of the differential threshold, the same up-down approach
was followed. The experimental setup was similar to the absolute threshold with vibration
intensity fixed at 50 percent of the maximum PWM intensity. In this case, the subjects were
asked to report when they perceived two distinct vibrations. This is important in our application
since we modulate pulse frequency. If the user perceives the train of vibration burst as a single
vibration, he/she cannot recognize a variation of the stimulus. Again a step size of 16 ms was
used with half on every reversal, upon five reversals the task was considered completed. The
mean value evaluated was 100 ms. This value tells us that if the stimulus length is less than
100 ms the user perceives a single vibration rather than perceiving two distinct vibrations.

To demonstrate that more precise regulation of grasping tightness can be achieved by using
vibratory feedback, we carried out an experiment where the participant was provided with three



Fig. 4.10 User study on ring-controlled mode. (a) shows how objects were hand over to the
gripper. The thumb of the left hand is used to control the gripper. (b) The five objects used for
the study. From the left: a cleaner bottle (~ 1 kg), a chips tube (~ 200 g), a coffee jar (~ 400
g), a mustard bottle (~ 600 g) and a wood block (~ 800 g).

different level of stimulus intensity: weak (pulse period 3 Hz), medium (pulse period 6 Hz),
and strong (pulse period 10 Hz). Each participant tested five stimuli for each intensity level.
The stimuli were provided randomly and the participants were asked to differentiate between
different stimuli. Prior to the experiments each participant was trained for three raw trials
and was provided with the necessary information. Upon receiving the vibratory feedback the
participant has to announce two things: if there was feedback or not and if there was feedback,
whether it was weak, medium or strong. The total number of stimuli was fifty in each case. Out
of 50 stimuli, the successful perception of weak, medium and strong stimuli was 86%, 88%
and 96% respectively as shown in Fig. 4.11.

4.2.3 User studies

The main goal of this work is to introduce the concept of bilateral haptic cooperation as a novel
paradigm for human-robot cooperative tasks. The wearable haptic interface plays a major role
since it allows both to control the gripper and to perceive robot action through vibrotactile
feedback. We conducted a user study involving ten subjects (four females, average age of
28.3 years) to prove the effectiveness of bilateral haptic cooperation. All participants were
students or employees of the University of Siena and participated voluntarily. At the beginning
of the experiment, all participants gave informed consent where the potential risks during the
experiment were mentioned. The study was approved by our departmental Ethical Committee.
All participants were naive to the specific design of the study focusing on the influence of
haptic feedback modalities on cooperative tasks. In the following, we describe the three user
studies and we report the results.
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Fig. 4.11 Perception of weak, medium of strong vibration feedback. Number on the top of the
columns report the success answers of the participant of a total of 50 trials.

The first study focuses on controlling the gripper using the wearable ring while being
provided with continuous feedback about the grasp tightness. The second study focuses on the
possibility of using the ring to display information about the gripper status when the self-closing
mode is activated. In the third study, we considered a mockup of a human-robot collaborative
task, where the robot picks an object, moves it to a location where the user performs an
operation on the object, and eventually leaves the object in a predefined position. The user
study is based on evaluating the completion time using the wearable ring compared to buttons
at the robot arm end-effector.

4.2.3.1 Ring-Controlled mode and grasp tightness feedback

The goal of this study is to test whether a feedback signal proportional to the force exerted
by the gripper on the grasped object can improve the gripper usage. To this aim, the user
perceives a vibration on the ring interface that is proportional to the torque exerted by the
servomotors. The open/close motion of the gripper is controlled by the user through the two
buttons available in the ring. The right button is used for finger flexion and the left button is
used for the extension of the fingers, see Table 4.5. It is possible to stop the motion by pressing
again the same button. All four fingers are actuated at the same time. The torque is measured
through the control board of the servomotors. The average torque between the two motors is
computed and then mapped into a value of pulse frequency (period of active vibration) for
the Vibro motor and sent to the interface via Bluetooth. According to the results reported in
Sec. 4.2.2, the torque values are mapped into a range of pulse frequency going from 2 to 10 Hz.

The participant tested the interface to get familiar with the controller and the feedback
for a total of five minutes before the starting of the experiment. After this testing period, the



participants were asked to hand over five objects to the CoGripper. The CoGripper was fixed to
passive support, see Fig. 4.10-(a). The five objects were selected among those available on the
YCB set [83] and are shown in Fig 4.26-(b). The objects were chosen to have different weights
ranging from about 200 g of the chips tube to the kilogram of the cleaner bottle. Participants
were instructed to use the ring to start the closing motion and to stop the motion as soon as they
felt confident about grasp stability. The closing velocity of the motors was set to 8 mm/s to
provide enough time for the user to recognize a torque variation. For each object, the hand over
task was repeated six times. Haptic feedback was randomly provided for half of the time. In
total, each subject performed 30 hand over grasps, 15 of them being provided with the haptic
feedback. We compared the torque reached by the motors for each object with and without the
force feedback. Results are reported in Fig. 4.12. As expected, for lighter objects less torque
was commanded to execute the grasps. For all the objects, the torque commanded when the
vibrotactile feedback was activated resulted lower. A paired T-test analysis [150] revealed a
statistically significant difference between the average torques obtained with tactile feedback
and with no feedback condition (p < 0.001) for each object.

We also considered the time to achieve every single grasp. As the user initiates the closing
motion of the gripper, a timer was activated and run until the motion of the gripper was stopped.
Average completion times for each object are reported in Fig. 4.13. Lighter objects were
grasped more quickly since they required less torque to be firmly grasped. A paired T-test
analysis revealed a statistically significant difference between the average time needed to
grasp an object when tactile feedback was activated with respect to the no feedback condition
(p < 0.001) for each object.

4.2.3.2 Self-closing mode and haptic communication of gripper status

The goal of the second experiment is to show the possibility of using the ring interface as
a means to inform the user about relevant task parameters. We considered the CoGripper
controlled using the self-closing mode (see Table 4.5). In this control mode, the gripper
autonomously detects the presence of an object in its workspace and starts to close the fingers.
The flexion of the fingers is automatically activated when the object is detected through the
sonar sensor at a distance of 3 cm from the palm. The user may not be sure about the correct
distance for activating the closure or may not be sure about a correct object detection by the
sonar sensor. To help the user understand the gripper status, a vibration burst lasting for 1 s
is generated at the ring side at the starting of the fingers’ flexion. Grasp tightness is another
parameter that could be difficult to visually understand in this control mode since the gripper
keeps closing until motor torques reach a predefined value (2 Nm in our experiment). For
this reason, once the torque limit is reached, a vibration lasting for 2 s is provided to the user
through the wearable interface and the user can safely leave the object.

We asked the participants to perform five hands over grasps of the coffee jar using the
system. Then, we asked the participants to answer the ten questions of the system usability
scale (SUS) [140] to evaluate the utility of the feedback in the proposed task. The SUS is used
to evaluate the subjective assessments of usability. SUS yields a single number that represents
a composite measure of the overall usability of the system being studied. It is a Likert scale
where it is possible to answer each item with a mark ranging from 1 “strongly disagree” to 5
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Fig. 4.12 Motor torque. Means and standard deviations of the commanded motor torque are
plotted for the two conditions (feedback of the grasp tightness and no feedback) for the five
considered objects. The first bar for all objects shows feedback and the second one is without
feedback

“strongly agree”. Items of the SUS are reported in Table 4.6. SUS scores range from 0 to 100,
where 0 means awful and 100 represents excellent. A SUS score above 68 is considered above
average. Details on how to compute the final mark can be found in [140]. The bilateral haptic
collaborative system got an average score of 97.25 with a standard deviation of 4.15.

4.2.3.3 Mockup of a human-robot collaborative task

The goal of the third study was to prove the potential of bilateral haptic communication in a
mockup of a human-robot collaborative task involving a collaborative manipulator, the Sawyer
arm (Rethink Robotics, USA). We tested two possible scenarios. In one case, the interface
was worn on the hand in its ring position allowing also the possibility of haptic feedback. In
the other case, the interface was placed next to the end-effector to resemble the location of
the button already available in the robotic arm for the control of the standard Sawyer gripper.
The task was separated in three main phases: i) object grasping, ii) human operation and iii)
object deposit, see Fig. 4.14. In the first phase, the CoGripper approached the object, a 2 cm
diameter pipe, in a predefined location. The self-closing mode was used and the CoGripper
started to close once the object was close enough to the palm. Note that with the ring interface
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Fig. 4.13 Completion time. Means and standard deviations are plotted for the two considered
conditions (feedback of the grasp tightness and no feedback) for the five considered objects.
The first bar for all objects shows feedback and the second one is without feedback

Table 4.6 Items of the System Usability Scale

I think that I would like to use this system fre-
quently

I found the system unnecessarily complex

I thought the system was easy to use

I think that I would need the support of a techni-
cal person to be able to use this system

I found the various functions in this system was
well integrated

I thought there was too much inconsistency in
this system

I would imagine that most people would learn to
use this system very quickly

I found the system very cumbersome to use

I felt very confident using the system

I needed to learn a lot of things before I could
get going with this system

it would have been possible to remotely control the grasp whereas it would not be possible to



Fig. 4.14 Collaborative task. On the left side, the first phase of the task when the robot
autonomously grasps the pipe. In the center, the second phase when the human operator draws
the three circles on the pipe. On the right side, the last phase where the object is deposited.

press the button on the arm due to the table. The robot grasped the pipe and moved toward
the human operator. In phase two, the operator had to draw three circles around the pipe,
in correspondence of three marked dots, see Fig. 4.15. Drawing circles is representative of
possible manual processing on the object. The three semicircles on the upper part of the pipe
can be drawn starting from the object configuration at the beginning of phase ii. To complete
the circles, the object has to be rotated by roughly 180 degrees to show what previously was
the bottom part and allow the operator to finish the circle drawing. The operator had to open
the CoGripper using one button on the interface and reposition the pipe close to the palm to
activate the self-closing procedure and thus complete the pipe rotation.

Once the three circles were completed, the participant pressed one button on the interface
and activated the next phase. In phase three, the robot arm waited 10 seconds in the initial
position to allow the paint to dry and then moved toward the final deposit position. Once
the robot reached the final position, the operator opened the CoGripper using the interface.
Screenshots of the three phases are reported in Fig. 4.14. In Fig. 4.15, we report two interesting
particulars of the task execution. On the left side, it is reported the configuration of the CoGrip-
per fingers used for grasping the pipe. This orientation of the fingers allows to grasp relatively
small diameter pipes and was easily achievable thanks to the reconfiguration capabilities of the
CoGripper. On the center, we report the operator’s hand while performing the second phase.
When the interface is worn as a ring, it is possible to activate the gripper keeping the object
grasped. The position of the button on the ring can be easily accessible with the thumb and
leave the possibility to keep the object with the remaining part of the hand.

Each task was repeated five times. We evaluated the time to complete all the three phases
for the two proposed scenarios, ring-worn interface, and buttons at the end-effector. Results
are reported in Fig. 4.16. The task was completed with an average time of 57.8 s and 66.4 s
using the ring and the button at the end-effector, respectively. A paired T-test analysis revealed
a statistically significant difference (p < 0.01) between the average time needed to complete
the task using the ring interface and the button at the end-effector interface.

4.2.4 Discussion

Bilateral haptic collaboration is a novel concept that indicates the possibility of bidirectional
communication between the human and robot through the sense of touch. In this work, this
concept is introduced considering a collaborative grasping system that consists of a collaborative



Fig. 4.15 Particulars of the collaborative task. On the left side, how the object is grasped using
the reconfigurability of the fingers. On the center, the hand of the human operator together with
the ring interface is shown. On the right hand side, the pipe before (up) and after (down) the
operator drawing.
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Fig. 4.16 Completion time. The blue column represents the average time needed when using
the ring interface, whereas the red column represents the average time used to complete the
task using the button interface at the end-effector.

gripper and a ring-shaped interface. We do believe there is a broad class of cooperative tasks
that may benefit from the proposed system. For instance, the wearability of the interface allows
to hold the object with both hands during hand over, a feature that may result important for long
objects or fragile objects as it was showed in Sec. 4.2.3. The feedback of the grasp tightness is
intuitively important when fragile objects are manipulated. However, as we demonstrated in
Sec. 4.2.3, information about the grasp tightness reduces the time to fulfill a handover task and
reduce also the necessary torque. Using less torque, and in general, more efficient control of
the motor torque is beneficial beyond the manipulation of the fragile object. A reduction of
torque results also in a reduction of battery consumption that may be an important issue when
using the CoGripper with passive supports since only batteries are used as a power supply.



The use of the interface as a means for acknowledging gripper status has been also very
positively evaluated by the participants as demonstrated by the high value of the SUS. The
need for awareness in human-robot interaction is a well know concept in the literature [151].
Solutions based on visual or acoustic signals [152, 153] may not be the preferable solutions in
industrial scenarios where auditory and visual modalities might be not available to accomplish
a task since the human is focusing his view on finding and picking objects or may be impaired
due to personal protective equipment, e.g., a worker wearing noise canceling headphones. Our
proposed solution resulted in efficient, simple, and intuitive to use. The possibility of feedback
continuous signals as the grasp tightness measured while grasping and also discrete events such
as the reaching of a torque threshold is a unique feature of the proposed vibrotactile ring.

Observing users testing our system, we also collected interesting information about the
limitations of the current setup. For instance, some users needed to look at the interface before
pressing the correct button (left or right). Although this may be solved after a period of training,
this distraction may reduce the effectiveness of the system. Two female participants with
relatively small hands needed additional foam parts to better fit the ring at the index finger.
In the long term, the interface could be directly integrated into a glove to reduce possible fit
and wearing problems. At the moment, if a gripper reconfiguration is needed, the user has to
leave the object, re-arrange the finger orientation and then take again the object and perform the
handover. If finger reconfiguration could be directly controlled with the ring interface acting on
dedicated motors on the CoGripper there would not be any necessity to leave the object.

It is also worth observing that the evaluation of the effectiveness of the communication
between robots and humans is still at the beginning and no standard guidelines are available
at the moment. Different cooperative tasks may present different results, as well as different
working conditions, which may influence the reliability of tactile feedback. However, we do
believe that the results reported in this work are the first step toward the study of a possible
bilateral communication in cooperative tasks where haptics may play a central role.

In the proposed application to collaborative tasks, the possibility of sending haptic signals
to the operator could also be exploited to optimize productivity. As an example, the operator
could use machine working time (e.g., in the proposed experiment the time need for the paint
to dry) to perform another task. When needed, the operator could be alerted with a vibrotactile
signal to come back closer to the robot arm. Using tactile signals, it is not necessary to have
eye contact with the robot arm, and thus the operator could concentrate on the parallel task.
Moreover, wearing the interface reduces the total movements of the operator that can control
open/close motion just using the thumb as shown in the completion time reduction reported in
Sec. 4.2.3.

4.2.5 Conclusions

This work introduces the concept of bilateral haptic collaboration. A novel system including
a CoGripper having a sonar sensor to detect the proximity of the object and a new remote
ring-shaped interface embedded with a vibrotactile motor are presented as a testing system
for a user study involving ten subjects. This work sheds light on the importance of bilateral
communication between the worker and the collaborative robot. We carried out three different



user studies emphasizing the importance of haptic feedback during human-robot collaboration.
The user is provided with continuous as well as discrete vibration feedback pertaining to the
gripping force and state of the gripper respectively. This novel interface is a first step towards
bridging the communication gap between humans and robots.

The proposed model of human-robot communication could be exploited by the robotic
community to investigate the role of the human and the role of the robot in hybrid dyads. For
instance, it will be possible to focus on the way the human can communicate his/her intention
to the robot. As an example, it will be possible to study for which tasks it is preferable to
explicitly declare an intention to the robot using the switch button and for which tasks it is
better that the robot implicitly understands the human intention by using the sonar sensor.

Currently, we are evaluating different kinds of acknowledgment that can be of great impor-
tance in a working scenario. Another important feature that we are embedding in the interface
is a design of tactile buttons with haptic cues, e.g. different sizes, different roughness etc., for
better user recognition. As future work, we are planning to make the re-configuration of the
gripper automatic providing the user with ease to reconfigure the gripper using the same remote
ring interface.



4.3 Soft Hands with Embodied Constraints: The Soft Scoop-
Gripper

The design of robotic grippers requires the accomplishment of several contrasting requirements.
Research in under actuated soft hands is a lively topic, with several potentialities and challenges.
Soft hands are simple, robust, and able of adapting to the uncertain environment and operative
conditions, how ever, their intrinsic compliance and underactuation reduce control capabilities
and precision. Recent studies attempted to compensate this limitation by wisely exploiting
environmental constraints and considering them as supports to accomplish the task rather than
an obstacle to avoid. The development of grasp primitives taking into account environment
features led to interesting and encouraging results. In this work, we propose to embed on the
hand the positive aspects of studies on environmental constraints exploitation. We present a
modular under actuated soft hand in which we added a scoop as a feature of the palm, which
simplifies object grasping. The scoop allows to grasp objects in narrow spaces, augments
the possible contact areas, allows to obtain more robust grasps, with lower forces. The work
illustrates the main design principles, a prototype, and experimental results

4.3.1 Introduction

This work proposes a novel design of a robotic hand with two soft fingers and a flat surface
(Fig. 4.17). The concept is much deeper than it appears. The main idea behind is a novel
approach to the design of soft hands which includes not only the soft fingers but also the
constraints, such as flat surfaces. In soft manipulation, robotic hands are compliant to adapt to
the shape of the object to grasp [4, 25, 26]. Soft hands are largely underactuated and do not
usually have enough dexterity to execute a precision grasp. Most of the grasps are of power
grasp type [19] and the grasp planner is enriched with the exploitation of the environmental
constraints to adjust the object position and then grasp it [154]. The environment, such as a
planar surface, represents a constraint able to reduce the uncertainties that can be exploited
by the robotic hand [155]. This concept is in contrast with classic grasp planning for rigid
hands where the environment is treated as a disturbance to avoid. Such enabling constraints
are typically considered as part of the environment and to the best of our knowledge, no one
proposed to include a constraint, such as a planar surface, into the design of the gripper to grasp
an object in combination with the soft fingers. Embodying the constraint in the design of the
hand is novel and allows the design of primitives of soft manipulation that are independent of
the environmental constraints, at least to a certain extent, since the constraint is available and
does not need to be detected in the environment.

The idea is described in Fig. 4.18. On the left, a robotic hand pushes the sphere on the
flat surface to constraint it to the corner and then grasp it. On the right, the robotic gripper is
designed to embed the constraint in the design of the hand. In this case, the robot hand does
not need to exploit the environmental constraints that are already in the design of the hand.
Of course, this is one of the many possible primitives that can be designed on a soft hand
embodying the constraints.
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Fig. 4.18 The main idea of soft hands with embodied constratins.

Regarding dexterous in-hand manipulation, one might observe that one of the limitations
of including constraints such as a planar surface, might reduce the dexterous manipulation of
the robotic hand. This is certainly true, but it is not a limitation in soft robotics. Soft hands
are mainly designed to firmly grasp an object more than implementing a dexterous in-hand
manipulation [156]. One of the main issues of soft hands, as designed up to now, is that the
enabling environmental constraints not always are reachable or detectable by the grasp planning
system making difficult to exploit the primitives of grasping developed for soft hands [157].

In this work, we propose to include the environment by design in the robotic hand. The
constraint is embedded in the robotic hand. The Soft ScoopGripper is composed of two soft
modular fingers actuated by a single tendon through a differential system, similarly to the
fingers designed for the gripper proposed in [158]. Flexible joints connect rigid links so to build
a deformable structure able to adapt to the shape of the grasped object. The scoop, representing
the constraint, is connected through a flexible hinge to the hand palm. This allows to easily
adapt the scoop orientation to the surface where it slides. The soft hinge also allows actuating
the scoop to move toward the fingers increasing grasp stability as it will be better explained
in Sec. 4.3.2. The solution proposed with the Soft Scoop Gripper may outperform classical
soft grippers when dealing with uncertain contacts, complex shape, grasping flat object without
exploiting edges or flip motion, soft deformable objects, objects that can be damaged, and
slippery objects.



4.3.2 Design guidelines for soft hands embedding constraints

This section provides details about the design guidelines of the Soft ScoopGripper. The CAD
model of the gripper is shown in Fig. 4.19, whereas the 3D printed prototype is reported in
Fig. 4.17. The device consists of two modular fingers and a scoop connected to the gripper
wrist by a flexible hinge. Each module of the fingers consists of a rigid part 3D printed using
ASA material (Acrylonitrile Styrene Acrylate, Stratasys, USA) and a flexible part 3D printed in
thermoplastic polyurethane (Lulzbot, USA). Polyurethane is used for flexible parts considering
the high elongation property of this material allowing repeated movement and impact without
wear and cracking proving also an excellent vibration reduction. Table 4.7 summarises the
main technical features and material/geometric parameters of the ScoopGripper. The rigid and
flexible parts of each module are connected by sliding the thermoplastic polyurethane part in
the ASA part. This approach enables an easy assembling process by eliminating the use of any
kind of fastener or passive elements to link modules. The rigid parts contain holes to allow
the passage of a cable (polyethylene Dyneema fiber, Japan) that provides the tendon driven
actuation. The actuation of the device is achieved by using two actuators and four tendons
running in parallel, each pair of tendons connected to one actuator with two tendons running
through the modular fingers and two running through the scoop.

The actuators used are two Dynamixel MX-28T (Robotis, South Korea), each having
a maximum torque of 3.1 Nm and a maximum angular speed of 684 deg/s. An Arbotix-
M controller (Robotis, South Korea) is used to control the actuators of the ScoopGripper.
This control solution for Dynamixel motors incorporates an AVR microcontroller, a socket
for a XBee wireless radio, and the motor driver. Each actuator is linked to a differential
mechanism [139] to control the motion of both fingers as the bending of the scoop. The
differential mechanism plays an important role in the adaptation of fingers’ configurations to
the specific geometric features of the grasped object. It works in a way that if one of the fingers
comes in contact with the object, the other finger can continue its flexion motion. Tendon
cables run through the fingers and are attached on one side to the fingertips and on the other
to the differential mechanism which in turn is connected with a pulley rigidly attached to the
actuator shaft. The actuation of motors results in the winding of the tendon cable on the pulley
reducing the length of the wire and producing the closure/flexion of connected fingers. The
opening/extension of the fingers and the scoop is achieved thanks to elastic force stored in the
flexible parts of the modules.

The two fingers are connected to the palm of the grippers through a dovetail joint that allows
complete rotation of the fingers about their axis (perpendicular to the wrist). This feature can
be exploited to reconfigure finger orientation according to the object to be grasped. Fig. 4.20
shows possible configurations of the fingers. In the rest of the section, we will explain how the
scoop and the finger flexion trajectory can be designed in a soft hand embedding a constraint.

4.3.2.1 Design of the scoop

Hand palm in robotics is an important element since it is the base on which the fingers are
connected, but is not often studied from the functional point of view. Typically its main role
is to host fingers’ actuators and transmission elements and to be the mechanical interface
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Fig. 4.19 The Soft Scoop Gripper: An underactuated tendon-driven gripper with two flexible
fingers composed of six soft-rigid modules each and a scoop. Modules can be assembled
with different stiffness values at flexible joint level, obtained through changing 3D-printer
parameters during manufacturing.

that connects the hand to the wrist of the robotic hand. Nevertheless, hand palm can provide
additional contacts with grasped objects, contributing to overall grasp stability. A clever
design of a hand palm could improve hand dexterity and manipulation capabilities. The main
difference of the proposed hand with respect to the existing ones is that we integrated the palm
with an element, the scoop, that enhance its grasping capabilities.

The scoop is connected to the palm through a joint at his base, so we can reduce its thickness
towards the tip to the minimum necessary to realize it and to resist structural solicitation.

According to the modular approach that we have followed in the design of underactuated
compliant hands [126], we can connect the scoop to the palm in three different ways. The
first one consists of a fixed connection, that locks the scoop on the palm. This connection is
the stiffest and more robust and is suitable when the hand has to lift weight objects, or when
precise positioning is necessary. In the second solution, the scoop is connected to the palm with
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Fig. 4.21 Lateral view of the scoop and main geometrical parameters.

a compliant joint similar to the one used to build the finger joints. In this case, the scoop has a
rotational degree of freedom with respect to the palm, that is not actuated, so its position with
respect to the palm is not fixed and depends on the external forces acting on it. This solution
reduces the stiffness of the scoop but increases its adaptability to uncertain situations. Finally,
it is possible to actuate the passive joint connecting the scoop to the palm with a motor and a
tendon system, in this way its configuration can be adapted to improve grasp capabilities.

In this work, we assumed for the scoop a linear extruded profile whose section is sketched
in Fig. 4.21. The thin end allows the scoop to access narrow spaces, for example, the small
backlash between adjacent objects packed in a box. The part of the scoop close to the tip is
flat so that it constitutes an additional surface providing support and additional contacts to the
grasped object. In Fig. 4.21, we indicated with Ly the length of the flat part. Its definition
depends on the dimension and the weight of the objects that have to be grasped.

If the scoop is maintained horizontal, in quasistatic conditions it can hold in equilibrium any
object without the use of the other fingers if the vertical direction through the object center of
mass is within the scoop profile. In this configuration, hand fingers are not necessary to maintain
the grasp (Fig. 4.22a). The hand can move the object without applying supplementary internal
grasp forces [159], and this is an advantage when manipulating fragile or highly deformable
objects that could be damaged by the application of locally high forces. Furthermore, hand
fingers, not necessary to maintain the grasp in this situation, could be potentially used to realize



Table 4.7 Technical features of the Soft ScoopGripper

Technical Features

Weight (including motors) | 500 g

Max. actuator torque 31Nm @ 12V

Max. current 28A @12V

Continuous operating time | 3.5 h @stall torque
Dimension of the wrist 130 mm x105 mm x 85 mm
Dimension of a finger 144 mm x20 mm x 15 mm
Dimension of the scoop 101 mm x70 mm

Material Parameters Flexible Part | Stiff Part
Modulus of elasticity (E) 15.2 MPa 29 MPa
Shore Hardness 85A 80D
Density 1200 kg/m> 1070 kg/m?
Geometric Parameters

width 20 mm 20 mm
length 17.5 mm 23 mm
height 2.5 mm 15 mm

(a) (b)

Finger
SR

(c) (d

Fig. 4.22 How the scoop helps the hand to grasp and manipulate an object. (a) The scoop can
hold the object when the vertical direction passing through its center of mass is included in
the flat surface of the scoop. (b) The fingers can be used to reposition the object on the scoop
surface. (c) The curved surface of the scoop can be used to reorient the object in the hand. (d)
If the object center of mass falls outside the flat surface, the grasp can be maintained if the
fingers provide support, by applying a force on the object.
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Fig. 4.23 When a force is applied to the scoop, the flexible joint undergoes to a deformation.
Fy, 74 are the equivalent bending force and torque evaluated at point A, and 6 indicates the
corresponding rotation.

in-hand manipulation of the object more safely and robustly (Fig. 4.22b). Scoop thickness
increases close to the connection with the palm and its profile becomes curved. In this case,
the object can be easily and safely rotated within the hand. The maximum rotation that can be
obtained depends on object dimension and geometry (Fig. 4.22c). When the object center of
mass falls outside the scoop (Fig. 4.22d) the grasp can be still maintained by applying a force
with the fingers.

The thickness of the scoop in the flat hand has to be defined so to resist the external loads
and accidental impacts. It is also influenced by the manufacturing technique that we use to
produce it. We realised our prototype with ASA material, ' with L =60 mm, L. = 38.5 mm,
H. =40 mm, t = 2mm. Printing direction was set perpendicular to the lower flat surface. In
this condition, the scoop can resist a load on its tip up to 100 N.

When the scoop is connected to the palm with an elastic joint, the application of a load on
the scoop causes a rotation, that can be evaluated as
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where Fj and 74 are the force and torque at the point A of the loads applied on the scoop, E; is
the Young’s modulus of flexible joint material, TPU, I is the moment of inertia of joint cross
section, and / its length. If the load on the scoop is not centred, the joint will have a torsional
deformation. Indicating with 7, 4 the equivalent torsion evaluated in A, the corresponding
torsional deformation can be evaluated as
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where [, is the polar moment of inertia of joint cross section and G is the shear modulus.

4.3.2.2 Design of the finger flexion motion

The two fingers of the ScoopGripper have been designed so to adapt to the different shapes
of grasped objects. Such adaptability is obtained thanks to the flexible joints and the tendon

Young’s modulus, E = 2.6 GPa, elongation at break 6%, shear modulus G = 0.8 GPa, ultimate tensile strength,
oyrs = 55 MPa.



driven actuation. Flexible joints and the modular structure of the ScoopGripper also allow to
design the flexion trajectory of the finger. In fact, differentiating the stiffness of the soft joints,
and in particular the stiffness ratio between two consecutive joints it is possible to reproduce
the desired fingertip trajectory while closing the fingers. Given a certain desired trajectory, we
need a procedure to compute the stiffness values of the joints so that, once the tendon is pulled
to close the finger, the fingertip reproduces such course. In the following, we report the main
equations of this procedure. More details can be found in [126]. Choosing a suitable movement
for finger flexion is important both to ensure that the objects can be correctly grasped together
with the scoop and to constrain object motion to favor the sliding of the scoop under the object
itself.

Let us consider the gripper with two fingers and with n, joints, actuated by a series of n,
tendons. For the sake of simplicity, we model the soft joints as revolute joints, considering
other possible deformations negligible with respect to a rotation axis, so that the variable g;
describing the i-th displacement is a rotation. A complete three-dimensional analysis of flexible
joint deformation has been recently presented in [160]. We define the vector containing hand
joint rotations as q = [q1, -, qnq]T € R"4, whereas d € R™ represents tendon displacements. The
equation

d =Mq, 4.3)

relates tendon displacements t to hand joint configuration . M € R"™*" is a transformation
matrix independent from hand posture and defined by the size of finger pulleys and by the
topology of tendon routing [123].

The hand joint torques T € R" and the vector containing tendons’ pulling forces f € R™
can be computed with the dual static relationship

T=M'f, (4.4)

by applying the principle of virtual work to the gripper. If the fingers are moving without
interacting with external surfaces or objects and no external forces are applied on them, the
following relationship between gripper status and joints torques can be set

T+K,Aq =0, 4.5)

where K, € R"*" is joint stiffness matrix, symmetric and positive definite, and Aq indicates a
variation of the configuration w.r.t. a reference rest position of the gripper qo, i.e., AQ = q — qo.
We assume qq = 0 for the sake of simplicity.

If the joints are independent, matrix K, is diagonal and Eq. (4.5) can be rewritten as

7+Tk, =0, (4.6)

where I' € R"¢*" is defined as m = diag(q), while k, € R" is a vector collecting joint stiffness.
The system can be solved taking into account eq. (4.4) as

k, =T, 'T"f,. 4.7)



The solution of the system contains the values of the stiffness for the flexible joints that
allows to obtain a given configuration ¢, of the gripper when a force f, is applied through the
tendons. The vector k,; can be normalized to obtain a base for the subspace of possible stiffness
combinations that can be used to track the desired trajectory. The trajectory shape depends on
the stiffness ratios between two consequent joints, rather than on their actual value. However,
to obtain a complete trajectory, we need to evaluate a sequence of configurations that lead to a
sequence of k, values. We demonstrated in [126] that for several closing trajectories, the values
in k, have little fluctuation in the sequence necessary to complete the flexion motion. This
allows to consider an average value for k; with a reduced error on the trajectory tracking. We
then leverage the possibility of tuning finger joint stiffness values exploiting the potentialities of
3D printing. It is possible to use, for instance, thermoplastic polyurethane (TPU) as a material
for realizing the flexible joints. Once a geometry for the joints is defined, it is possible to
regulate their stiffness values by selecting the percentage of infill density. This parameter
affects primarily material density, but also its mechanical properties. Infill density can be
regulated during the extrusion process in 3D printers using the standard technique of Fusion
Deposition Modelling (FDM). Mechanical properties for the TPU can be found in [161].

4.3.3 Experiments
4.3.3.1 Experimental setup
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Fig. 4.24 Simulation to design the flexion trajectory of the gripper’s fingers.

In this section, we report the experimental results that we obtained with the Soft ScoopGripper
prototype. The fingers have six modules which allow a sufficient length to reach the scoop.
We have designed using the Syngrasp toolbox [63] a suitable trajectory for the finger flexion,
Fig. 4.24. The idea was to have a trajectory that could push big objects toward the scoop and
push small objects toward the palm by sliding on the scoop. The resulting ratio vector rv € R>
between the joints computed as in reported in Sec. 4.3.2.2 is rv = [0.840.83 1.15211].

To fully exploit the gripper capabilities, we designed a handle and we move the gripper
manually to achieve a grasp, see the top-left figure in Fig. 4.26. The handle embeds also the
control interface of the gripper that is realized with two pushbuttons so to guarantee easy use.



However, the ScoopGripper can also be installed on a robot arm and wireless controlled using
the XBee module installed on the gripper control circuit. The handle consists of two parts, a
connector plate for the assembly with ScoopGripper and a two button interface to implement
the control scheme. It is 3D printed in ASA material. Fig. 4.25 represents the Finite State
Machine (FSM) for the control scheme of the device. The handle contains two pushbuttons,
where one button is used to control the flexion and extension of the modular finger and the
second one is used to control the bending of the scoop. This finite state machine is duplicated
for the fingers and the scoop. A single press of a button activates the event “el” which initiates
the “flexion” of the fingers, as soon as the fingers come in contact with the object flexion is
stopped and the fingers enter a new state “contact/torque control”. In this mode, we can regulate
the torque/force exerted on the grasped object by continuously pressing the button. Another
single activation will again start the “flexion” of the fingers/scoop unless it reaches the state
of “fully flexed”. The fingers or the scoop can be open/extended by a double activation of the
button in any of the states of the finger/scoop. The extension of the finger/scoop can be stopped
upon a single activation during extension.

TORQUE
MODE

el=0One Activation
e2=Two Activations
e3=Full Extension/Flexion

Fig. 4.25 Finite State Machine for Soft ScoopGripper control
4.3.3.2 Grasping of different objects

We performed a series of grasping with the device assembled as reported in Sec. 4.3.3.1. The
main goal of these experiments is to show the potentialities and versatility of the gripper. In



particular, we selected objects with different shapes, weights, and stiffness. Some of the objects
are included in the YCB object set [83]. The obtained grasps are reported in Fig. 4.26. The
approach direction and all the grasping phases have been controlled by the user handling the
gripper. For the grasp of smaller objects, i.e. the banana, the lemon, and the apple, also the
scoop is bent so to increase the grasp robustness. For bigger objects, i.e. the coffee machine,
the jug, and the box, the scoop is left in its straight position. Note that for the jug and the box
the fingers have been rotated so to close parallel to the scoop. This is an important feature of
the ScoopGripper that also allows to grasp objects with a cylindrical symmetry without rotating
the whole gripper and sliding the scoop under the objects. Two examples are reported in the
last row of Fig. 4.26.

4.3.3.3 Comparison of grip force needed for a grasp

The scoop can also help to improve the robustness of the grasp reducing the force that the finger
needs to exert on the object. Consider the ball grasped on the top-left side of Fig. 4.27. The
fingers are only used to cage the ball with the help of the scoop and of the gripper palm. In the
bottom-left of Fig. 4.27, the ball is only grasped using the two fingers as it usually happens in
classic two-finger grippers. We evaluated the grasp tightness by measuring the torque exerted
by the servomotor in these two different cases. We performed 10 time the two different grasps
asking the operator to stop closing the finger when it was possible to lift the object. After that,
the operator should place the object in a target point 50 cm on the right with respect to the
initial grasp position so to test the robustness of the grasp. For the case of the ball grasped with
the help of the scoop, the average measured torque for the motor was 0.90 Nm with a standard
deviation of 0.21 Nm. When the ball was grasped only by the fingers (basically the gripper was
rotated of 180 degrees), the average torque measured at the motor was 2.08 Nm with a standard
deviation of 0.15 Nm, which is more than double of that required using the scoop. This feature
may be very important when handling fragile objects such as fruit or vegetable that may be
damaged by an excessive force exerted in a reduced area. We repeated the experiment also with
soft dice, see the right side of Fig. 4.27. In this case, the average exerted torque was 1.05 Nm
with a standard deviation of 0.25 Nm, whereas when the dice was grasped only by the fingers
the average torque measured at the motor was 2.25 Nm with a standard deviation of 0.27 Nm,



Fig. 4.26 Different objects grasped with the ScoopGripper. Starting from the top left: a toy
coffee machine, a jug, a lemon, a box with toy cubes, a banana, and an apple. Note that the
object has very different shapes and weights. For the case of the jug, the box of cubes, the
water bottle, and the glass cleaner bottle the scoop is slid under the bottom and the fingers
closed in parallel to the scoop.



Fig. 4.27 Grasps exploiting the scoop and grasps only with the fingers.

4.3.3.4 Strategies to achieve the grasp exploiting the scoop

Fig. 4.28 Possible strategy to grasp a book form a pile exploiting the scoop.

This experiment aimed to show how the Soft Scoop gripper can be used in a situation where
simple grippers would fail or would require a complex manipulation strategy to achieve a stable
grasp. Consider, for instance, the case reported in Fig. 4.28-a. The goal is to grasp the first
book from a pile. We asked ten subjects to try to grasp the book using the ScoopGripper. All
the subjects were able to grasp the book. Fig. 4.28 represents the most used strategy (7 out
of 10 subjects). In Fig. 4.28-a the scoop is placed between two books. The fingers are then
closed so to reach the book, Fig. 4.28-b. Later, the finger closure is used to help the scoop slide
underneath the book, Fig. 4.28-c. Finally, the fingers’ torque is increased, and also the scoop is
bent toward the fingers so to increase grasp robustness, Fig. 4.28-d. Another observed strategy
consisted of first pushing the scoop below the book and then activate the fingers. However,
this approach resulted in a bit slower since the book tended to move forward together with the
SCoO0p.



4.3.4 Conclusion

In this work, we presented a novel soft gripper that embeds a flat surface able to scoop objects.
We demonstrate that in several grasping problems, the presence of the scoop allows to reduce
the squeezing force required to grasp increasing the grasp robustness. The idea of embedding
a scoop may open to the study of a novel generation of soft-rigid gripper that brings the
idea of environmental constraints exploitation inside the device. This mainly means that the
capability of soft grippers, and more in general of soft hands, to comply with the environment
to achieve stable grasps using a reduced set of control inputs may be fully exploited also when
the constraint is not available. The Soft ScoopGripper itself contains environmental constrain.
Advantages of this solution may be: i) large contact area, ii) compensate uncertainties in
contact, iii) lower grip force necessary to maintain the grasp, and iv) the possibility to achieve
grasp not possible from the top, due to object dimensions or position in the environment.

Currently, we are focusing on the design of more advanced scoops that may help increase
grasp robustness. We are also working on exploiting the ScoopGripper as an end-effector of a
robotic arm for autonomous grasp planning.

Muhammad
Zubair Igbal
30.08.2021
23:25:19

GMT+01:00



4.4 The Mag-Gripper: A Soft-Rigid Gripper Augmented
with an Electromagnet to Precisely Handle Clothes

This work introduces Mag-Gripper , a novel robotic gripper specifically designed for au-
tonomous clothing manipulation. It is capable of improving grasp repeatability and precision,
compensating uncertainties in the target grasping locations. We propose to approach the au-
tonomous clothing manipulation challenge by involving a suitable magnetic force. For this
reason, Mag-Gripper is equipped with an electromagnet capable of interacting with small metal
parts properly placed on the garment to be grasped. Electromagnet exploitation is not a novelty
in literature, but our design innovation consists of embedding the electromagnet in the structure
of a jaw gripper. In so doing, we revisit a classic end-effector type, corresponding to the
simplest representation of a hand capable of opposability, allowing easily controllable devices
to perform grasps similar to the human pinch grasp. Mag-Gripper can find applications either
in Research labs investigating Machine Learning-based clothing manipulation techniques either
in companies having to manage a large number of returns, either in home setting scenarios.

4.4.1 Introduction
4.4.1.1 Motivations

Continuously evolving robot generations are spreading out in factories and home settings as
service robots. Today, small robots embedding some intelligent skills are taking the first steps
in dwelling our homes, and in the next future, a much wider diffusion is expected, both as
assistants for housework and physically impaired people. The capability of interacting in a
dynamic environment requiring fine sensory perception and dexterity will play a fundamental
role since robots will be expected to perform some tasks autonomously (at least partially).
Adapting robots to perform tasks requiring complex dexterity (e.g., to manipulate deformable
objects) poses new challenges. In particular, deformable objects cannot be grasped according
to classic grasp planning methods [162], and their manipulation strategy strongly depends on
the object configuration. Clothes are extremely deformable objects, whom configuration is
significantly affected by the trajectory performed by the handling arm. Therefore, clothes are
challenging because of their difficult perceivability and manipulation, due to the potentially
infinite configurations they can assume. To bring clothes in the desired configuration, the
sequence of the intermediate movements is paramount: Each sub-movement, along with the
points where the cloth is grasped, causes a cloth configuration. Due to the deformable nature,
relatively small changes in the grasping points location can produce a significant change in
the final configuration assumed by the grasped garment. This variation of configuration can
influence the outcome of the task, potentially causing a failure. On the contrary, grasping the
garment in proper locations leads to a fast and effective task accomplishment, as shown in the
video reported in [163] by a popular garments producer. As such, properly designed assistant
robots could be able to fold our garments in the near future. To this aim, we propose a novel
approach to the problem, exploiting both grippers and garments specifically designed to allow
autonomous manipulation by robots. In the following, we detail the rationale and specifications
of Mag-Gripper , a novel type of jaw gripper augmented with an electromagnet. Small metal
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Fig. 4.29 Mag-Gripper : a novel gripper to manipulate clothes

parts embedded in the garment as ornamental or brand elements are involved in the attractive
gripper-clothing approach. Our long-term vision involves cooperation between researchers
in robotics and garments producers, so to realize clothes that can be easily manipulated by
our gripper. In the meanwhile, Mag-Gripper features an immediate field of application in the
robotic community: It is meant to be a support tool for the research in Machine Learning-based
garment manipulation, where high repeatability in grasp location is required during the

4.4.1.2 Previous Work on Cloth Manipulation

In the last decade, research on autonomous cloth manipulation has received a great boost. This
task can be decomposed into two sub-tasks: unfolding and folding. The former being aimed
at bringing the cloth from a random configuration to a known one (usually corresponding to
have the garment lying flat on a table), while the latter is aimed to accomplish the required
manipulation starting from that known configuration. Typically, the cloth pose is not known
a priori and a perception system is needed. Regarding the unfolding task, the most popular
approach consists of re-grasping the object until the target configuration is reached. In [164], a
geometric approach is proposed, consisting of identifying two grasping points on the garment
outline capable of generating a half-folded cloth configuration, to which shape analysis tech-
niques are applied to estimate the novel re-grasping points. In [165], a 2D perception and a
Markov Hidden Model are used. In [166], 3D perception and fiducial markers located on the
garment are used to compute a mesh of the object, and a Support Vector Machine is employed
to implement a greedy policy for the next grasping point estimation. In [167], a data-driven
approach joint with Random and Hough forests is used for garment recognition and to estimate
the grasping points in a probabilistic planning framework taking into account uncertainties
related to the estimation process. In [168], a simulation environment is used to compare the
synthetic data in it with a reconstructed mesh of the physical garment to grasp, and mapping
the re-grasping points on the synthetic mesh to the physical garment. The main difficulties



encountered in the above-cited works are: i) the time required to accomplish the task; ii) the
uncertainties on the estimate of the final grasping point; iii) the risk of losing the object during
multiple re-grasping. In a more recent work [169], a hierarchical structure of Convolutional
Neural Networks is used to recognize the garment category and grasp it directly in two points,
avoiding multiple grasps and decreasing the required completion time.

Regarding the folding task, early works proposed geometric approaches [170] relying
on the gravity-based folding: in [171], the cloth is assumed to be representable as a simple
polygon, and the task is accomplished by moving a portion of the garment over another one,
having a segment termed g-fold as separation line. Following this approach, in [172] the
garment-polygon matching was improved, and in [173] the garment flexibility taken into
account. In [174], a complete pipeline from picking up a garment to folding it exploiting the
g-folds 1s presented. More recent works arise from the synergy between Machine Learning and
Robotics, relying on Deep Learning, Learning from Demonstration (LfD), and Reinforcement
Learning. In those works, the robot is taught to learn the folding task by means of a set of
demonstrations provided by a human operator. In [175], a deep convolutional autoencoder
joint with a deep time delay neural network is used to process data acquired via teleoperation.
In [176], an LD with Deep P-Network is used to learn a T-shirt folding. In [177], Dynamic
Motion Primitives are exploited with LfD and RL. When dealing with Machine Learning
techniques, it is well-known that to achieve a good learning process (i.e., good generalization
capabilities), a large and consistent dataset has to be provided to the machine. In particular,
when a given cloth manipulation task has to be learned by means of human demonstrations,
the multiple demonstrations have to start all with the same initial garment configuration [177].
To this aim, grasping the cloth always in the same points is fundamental, since clothes are
extremely deformable objects and relatively small changes in the grasping points can cause
significant errors in the initial configuration. This is why in [177] the gripper maintains contact
with the garment during the entire learning process.

4.4.1.3 Previous Work on Grippers for Cloth Manipulation

In [178], a taxonomy of the grippers that have been used in works on deformable object
manipulation is presented. As highlighted in the work, usually those grippers are not specifically
thought for interacting with clothes, which are extremely deformable objects. Indeed, the
most commonly used tools are the parallel-jaw grippers, whose surface tips are supposed to
contact the object have a rectangular shape. The gripper can then interact with the object
by taking the longer or the shorter rectangle side parallel to the table on which the cloth
lies, depending on the desired closing motion. Multi-fingered hands (such as those used for
instance in [179]) allow to exploit in a more complex way the abduction motion and can allow
a more dexterous manipulation (e.g., to identify the boundary of clothes [180]). Few hands
are designed to establish specific interactions with clothes: in [181], force sensors are placed
on the tips to perform garment classification according to the material roughness. In [182],
an underactuated three-fingered hand capable of generating human-like grasping movements
exploiting environmental constraints [183] is presented. However, when these tools are used
to manipulate clothes, the grasping task is mainly performed by sliding on the table surface
and enclosing a portion of the garment between the jaws. This approach: i) restricts the cloth



manipulation to occur on a tabletop; ii) requires that enough portion of the fabric is constrained
between the tips to avoid undesired slippage. However, i) cloth manipulation can be performed
also in the air [166, 177], and this is important also in the light of the growing need for assistive
robotic tools; ii) grasping by sliding the fabric on the table surface introduces unpredictable
variations in the configuration taken by the garment after the grasp has occurred. This is due to
the fact that the portion of the tissue actually constrained by the tips is the consequence of the
interaction between the garment, the robot, and the environment, and the related changes are
difficult to face for vision-based Machine Learning techniques.

4.4.1.4 Contribution

In this work, we want to suggest a novel approach to the execution of autonomous clothing
manipulation, by exploiting the presence of an attractive magnetic force established between
the gripper and the garment. As a suitable tool, we present Mag-Gripper , an augmented jaw
gripper embedding an electromagnet. As it will become clear in the following, this design
choice allows to achieve a repeatable extended point-like grasp: Since the location where
clothing is grasped causes its configuration after the grasp has occurred, having a repeatable
grasping capability results in having repeatable clothing configuration. Hence, Mag-Gripper
wants to be a possible solution to cope with the issues mentioned in Sec. 4.4.1.2 and 4.4.1.3. To
the best of our knowledge, no grippers exploiting the magnetic force so far have been exploited
for clothing manipulation. Moreover, the difference with commercially available grippers
exploiting the presence of a magnet [184] is that we want to exploit the magnetic force only to
establish the contact between the gripper and the garment, whereas the presence of a permanent
magnet would need an opposite magnetic field to allow the object detachment any time the
grasp has to be released. After the extended point-like grasp has occurred, the magnetic force
is no more needed: the electromagnet is deactivated to avoid overheating and secure grasp
maintenance is achieved by exploiting the gripper jaws.

In our approach, the garment has to embed a metallic part. During data acquisition for
Machine Learning-based approaches, these parts can be easily inserted by researchers in
the desired locations to meet grasp precision requirements. However, the implementation
of autonomous garment manipulation applications for the general public will be possible
only by establishing a synergy between companies and researchers, and such synergy will
be encapsulated in novel clothing production lines specifically thought to allow autonomous
manipulation. These novel garments will have the needed metal parts embedded as ornamental
or brand elements, such as buttons and small plates.

4.4.2 The Mag-Gripper

Mag-Gripper has been designed to be lightweight, modular, and with a limited encumbrance.
The prototype has been designed via CAD and realized with additive manufacturing techniques
(the material used is ABS M30), which allowed small production costs and short production
time. The gripper is similar to a jaw gripper, but the novelty we propose consists in having
realized an augmented jaw



gripper: in its central part, there is an electromagnet mounted on the top of a linear actuator.
By activating the electromagnet, a magnetic field is generated, which causes a magnetic force
attracting the metal part attached to the cloth. Due to the attractive motion of the metal part, a
collision between the end-effector and the cloth occurs and is detected by a small resistive force
sensor (FSR), which is located near the electromagnet. The contact is deemed to be occurred
when the force measured by the sensor exceeds a given threshold, triggering the closing motion
of the jaws. The proposed gripper exploits the advantages of both the electromagnet and
the parallel-jaws: the former allows to grasp the cloth at the desired point, while the latter
allows secure grasp maintenance during the cloth manipulation. In other words, the uncertainty
brought by the soft fingertips of the jaws are tamed by the action of the electromagnet.

4.4.2.1 Components

The Mag-Gripper is an augmented jaw gripper, a sketch of which is shown in Fig. 4.30a. In the
gripper central part, between the jaws, there is a linear actuator (PQ12-30-12-P by Actuonix), at
the top of which an electromagnet (KS0320 by Keyestudio) is mounted. Thanks to a set of pin
joints and connecting links, the motion of the actuator allow both to approach the electromagnet
to the cloth, and to open/close the jaws. Thus, the proposed gripper has one degree of actuation,
which allows the gripper to be lightweight (181 g, including all the electronics) and with the
limited encumbrance, taking into account the considerations in [178]. The closed structure
width is 9 cm. The maximum opening size of the jaws is 13 cm. When the jaws are at the
maximum opening distance allowed by design, the most prominent part is the electromagnet
and the distance between the electromagnet and the base is 15.3 cm. When the jaws are
completely closed, the most prominent part is given by the jaw tips, and the distance between
the tips and the base (bottom plate in Fig. 4.30a) is 15.5 cm. The circular base has a 5 cm
diameter, and the links connecting the two circular surfaces enclosing the electronics are 5 cm
long. To have a robust structure, the gripper base, the jaws, and the locations assigned to the
actuator and the electromagnet are 3D-printed in ABS. Conversely, the jaw-tips are hollow and
realized in TPU, to ensure a more compliant interaction with the cloth. The tips are designed
with grooves (see Fig. 4.30b) to increase the friction during contact with the objects, thus
reducing undesired slippage.

The gripper microcontroller is an Arduino Pro Mini with an ATmega328P (running at
16MHz, 5V input voltage). Gripper control is achieved via position control, by exploiting the
actuator feedback position and the polarity inversion through the L293B motor drive. The
electromagnet is activated or deactivated through a logic input (H/L), which is a function of the
actuator position and sensor measurements (see also Sec. II-B). The gripper receives commands
through a Bluetooth connection (RN42 module by Microchip) and its working voltage is 12 V.

4.4.2.2 Working principle

In Mag-Gripper , the electromagnet plays a fundamental role during the approach to the
object, while the jaws allow secure grasp maintenance. As soon as the central cart moves, two
orthogonal motions are generated: the first one, along the direction of the actuator, corresponds
to the electromagnet approaching direction, the second one lies on the plane orthogonal to that
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Fig. 4.30 Sketches of the Mag-Gripper . (a) isometric view. (b) zoom on the jaw tips which
are slided at the end of the fingertip; notice the grooves and the hollow structure, where the
grooves provide friction to avoid slippage.

direction, and corresponds to the motion of the jaws. To avoid unwanted collisions between
the jaws and the object during the approaching phase, and collisions between the jaws and the
electromagnet, three working configurations have been defined: pre-grasping, grasping and
release. The working configuration can be seen as a function named conf of three independent
variables: ae, which stands for activation of the electromagnet, sr, i.e., sensor reading, and at
1.e., translation of the actuator,

pre — grasping
confl(ae,sr,at) = < grasping

release

As mentioned in Sec. 4.4.2.1, during the pre-grasping phase, the distance between the jaws
is the maximum allowed and the electromagnet is the most prominent part of the gripper. This
allows the electromagnet to approach the cloth without collisions between the cloth and the
jaws. This configuration is reached as soon as the electromagnet is activated, the force sensor
starts sending the measured values and the motion of the linear actuator has not yet started.
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Fig. 4.31 Mag-Gripper working configurations. During the pre-grasping, the electromagnet
slot is the most prominent part of the structure, to allow the attractive motion of the metal plate
without undesired collisions between the jaws and the cloth.

After the gripper has entered the pre-grasping phase, the actuator starts translating to approach
the object. The contact is considered to have occurred when the force sensor measures the
exceedance of a given threshold. This allows the gripper to enter in the grasping configuration:
the jaws close and the electromagnet is deactivated (no more needed). The motion of the linear
actuator is prevented through a position control until the release command is sent and the
gripper enters in the release configuration: the electromagnet is still deactivated, the sensor
readings are discarded and the linear actuator is commanded to move so to allow an opening
distance between the jaws equal to one half of the maximum allowed (see Fig. 4.31). Notice
that the jaws closing motion relies on the force sensor measurements. This is why, in principle,
Mag-Gripper can work also without the electromagnet (see also Sec. 4.4.3.3).

4.4.2.3 Finite Element Modelling

Finite Element Analysis and Dynamic Analysis of the gripper have been carried out using
COMSOL Multiphysics Software. A boundary load of 18 N (Linear Actuator maximum force)
was applied in the y-axis direction. The gripper was cut in half to simplify the geometry and
the symmetric constraint was applied to compute the solution. Tetrahedron elements were used
for meshing. A mesh convergence test was also carried out based on maximum element size,
which suggested that when element size is between 0.00180 m to 0.00375 m the results are
almost similar. Hence, a maximum element size of 0.00218 m was selected. The result of FEM
is depicted in Fig: 4.32. The maximum stress experienced is 5.29 MPa and it is exerted on the
link between finger and piston, showing it as the most vulnerable part. For the case of dynamic
analysis, a constant force of 18 N was applied and the corresponding velocity and acceleration
plots of the jaw tip are shown in Fig. 4.33.
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Fig. 4.32 FEM: (a) Stress Von Mises (MPa), (b) Maximum Displacement (mm).
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Fig. 4.33 Dynamic analysis: (a) Velocity and (b) Acceleration plot of the jaw tip (F = 18 N).

4.4.3 Experiments

We propose Mag-Gripper as a tool for autonomous manipulation of clothes, by exploiting the
presence of a small metal part on the garments. Grasping the object in the desired points is
the first condition to be met to achieve the required manipulation. Experiments with a Sawyer
collaborative robotic arm (by Rethink Robotics) were performed to test the actual capabilities of
the proposed gripper. To this aim, we investigated: i) how the performance is related to the size
of the metal plate and the cloth weight; ii) which is the role played by the electromagnet on the
configuration taken by the cloth after the grasp has occurred; iii) how to compensate possible



uncertainties on the estimate of the grasping points. For the sake of simplicity, we assumed
the desired location of the grasping point to be fixed on the garment (i.e., on a shoulder), and
a fiducial marker located in that position had been used to retrieve an estimate of the desired
pose with respect to the robot base. The cloth was located on a tabletop and an overhead
camera (ASUS Xtion) was used during the marker detection phase. The trajectory planning
was implemented in the Movelt framework 2, and it was decomposed in three different steps: i)
g0 4 cm over the estimated location; ii) go down until the contact between the gripper and the
metal part has been detected; and iii) lift the garment for 20 cm.

Communication between the devices (robot, gripper, PC) run via ROS (Robot Operating
System). In the following, five different sets of experiments are described. For the sake of
simplicity, the gripper orientation was fixed to have a not occluded view of the scene from our
desk. However, it can be chosen arbitrarily. Unless otherwise stated, the garment to grasp was
the T-shirt included in the YCB dataset [185], and the square metal plate had a side of 1.8 cm.

4.4.3.1 Dependency on the metal plate dimensions

By means of this set of experiments, we investigated two aspects related to the metal plate size:
i) how the number of successful grasps changes by varying the plate dimensions and ii) the
repeatability of the grasp execution. Regarding the former issue, we termed successful a detected
grasp occurred in correspondence of the metal plate and maintained without appreciable changes
during the lifting phase. Regarding the second investigated aspect, we meant to have a measure
of repeatability by estimating the area of the garment contacted by the electromagnet when
multiple grasp attempts were performed with the same target. To have this measure, we covered
that extremity with a thin rubber layer and put a thin layer of tempera colors on it. During
the contact with the metal plate, the color is laid down on the plate, leaving a mark of the
executed trial. After 10 grasp attempts, we estimated the radius of a circumference containing
all the color marks on the plate by measuring the distance between the two furthest points
with a caliper. After each trial, the rubber was cleaned to avoid a dry color layer which would
have reduced the magnetic force. The usage of the thin wet tempera color layer did not reduce
appreciably the attraction up to 0.5 cm of distance between the plate and the electromagnet.
Three different metal plates were used. They had a squared shape with a side of 1.0 cm, 1.8
cm, and 2.5 cm, respectively. Results are reported in Table 4.8. Notice that in the bimanual
clothing manipulation presented in [165], a grasp configuration is termed successful if both the
left and the right grasp occurred within 5 cm from the estimated most likely grasps.

4.4.3.2 Dependency on the cloth weight

To have an insight on how the performance of Mag-Gripper is influenced by the cloth weight,
4 different garments were used to be autonomously grasped 5 times: the YCB T-shirt, a mid-
season pullover, an old bib, and a terry guest towel. Objects weight and thickness are reported
in Table 4.9. Besides the number of successful attempts, we report also the mean distance that
was required between the electromagnet and the garment to allow the magnetic force to cause
the desired attractive motion of the cloth towards the electromagnet.

Zhttps://moveit.ros.org/
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Table 4.8 Number of successful grasps on the YCB T-shirt and radius of the estimated contacting
area between end-effector and plate when the grasping attempts are repeated 10 times. Results
are related to the size of the metal plate.

Square side Success radius [mm]

1.0cm 8/10 15.1
1.8 cm 9/10 21.2
2.5 cm 9/10 24.5

Table 4.9 Objects used to have an insight on how the Mag-Gripper performance is related to
the weight and thickness of the objects. The number of successful grasp attempts and required
distance between the electromagnet and the plate is reported. The metal plate with a side of 1.8
cm was exploited.

Object  Weight Thickness Successes Distance

T-shirt 125 g 0.4 mm 5/5 6 mm
Pullover 266 g 0.7 mm 5/5 5 mm
Bib 43 ¢g 1.3 mm 5/5 3 mm
Towel 148 g 2.5 mm 4/5 2 mm

4.4.3.3 Dependency on the electromagnet (gripper opening size)

Using these kinds of experiments, we investigated which is the role played by the electromagnet
on the configuration taken by the cloth when the grasp has already occurred. To this aim, we
compared the area involved in the grasp with and without the exploitation of the electromagnet.
In other words, we performed 10 attempts providing the garment with the metal plate (E
experiments) and then more than 10 attempts after removing it (WE experiments). In both sets
of experiments, the gripper closing motion started when the contact between the gripper and
the cloth had been detected by the force sensor. In both, the set of experiments, a thin layer of
tempera colors was added on the jaw-tips to mark the areas involved in the grasp execution. In
Fig. 4.34, the green marks correspond to the areas contacted without exploiting the presence of
the electromagnet, while the blue colored marks are the areas of interaction when the grasp
execution relies on the force of attraction between the gripper and the cloth. In the first case,
the distance between the corresponding centers of the marks is about 10 cm (avg), while in the
second case the same distance is about 5 cm (avg).



Fig. 4.34 Estimate of the fabric portion involved in the grasp, with and without the electromagnet
exploitation (blue and green marks, respectively). A smaller portion produces fewer wrinkles,
increasing the grasp precision.

When the metal part is lifted by the electromagnet, the portion of the fabric involved in the
grasp is smaller than the one involved without the electromagnet exploitation. This reduces the
possibility of wrinkling the fabric, increasing the grasp precision and repeatability.

4.4.3.4 Target uncertainties compensation

When dealing with vision-based grasp planning, it is common to have to cope with pose errors
due to the camera calibration process. Usually, several transformations are needed to retrieve
the desired grasping point in the reference system used for the trajectory planning. This causes
the propagation of the estimation error. To this aim, we introduced by purpose an error of 1
cm on the x and y coordinates of the estimated grasping point, and 10 grasping attempts were
performed. During 7 grasps trials the electromagnet was still capable of attracting the cloth.
However, in 3 out of these experiments, the force sensor did not detect the occurred contact,
since it had happened in a lateral location not involving the sensor (the sensor radius is about 3
mm).

4.4.3.5 Common small objects with metal parts

This set of experiments was aimed at testing the Mag-Gripper capability in grasping small
objects different from clothes. Two small boxes, a comb, hair barrettes, and paper clips have
been used. On the top of the boxes and the comb handle the squared metal plate with a side
1 cm (used also in Section 4.4.3.1) was located. The other objects were already provided of
metal parts. The heavier object (box) weighed 25 g. The size of the objects spanned between



0.1 cm x 4.5 cm (paper clip) and 4.5 cm x 6.5 cm (box). An overall of 12 grasp attempts has
been performed, achieving a success rate of 100%.

4.4.4 Discussion
4.4.4.1 On the dependency on metal plate dimensions

This set of experiments was aimed at investigating the role played by the metal plate size in the
grasp execution. In all the failures, the contact between plate and electromagnet occurred but
was not detected by the force sensor, since it occurred in a location not involving the sensor.
Hence, the garment lifting phase was not triggered and the robot remained stuck. In respect to
the estimate of the actual contacting area between the end-effector and the plate, as it can be
foreseen, the larger is the plate, the larger is the contacting area. That area could be represented
as a circle enclosing the plate, since the contact between the plate and the electromagnet can
occur everywhere on the plate, as long as there is a superposition of the two surfaces. The
location variability is due to the manual collocation of the marker on the plate, but also errors
related to the camera calibration.

Interestingly, one successful grasp related to the plate with a side of 1 cm allows further
consideration. During that attempt, contact between the end-effector and plate occurred.
However, suddenly the plate fell before the electromagnet deactivation. The magnetic force
generated was capable of re-establishing the contact in time and the gripper successfully lifted
the T-shirt. This suggests that by properly managing the electromagnet deactivation time,
Mag-Gripper could be used to cope with the possibility of losing contact with the object, ending
up in a successful grasp.

4.4.4.2 On the dependency on the cloth weight

Experiments aimed at having insights on how much the Mag-Gripper performance relies on
the cloth weight revealed that the thickness of the garment is more relevant than the overall
object weight. As it can be noticed by looking at the fourth column of Table 4.9, the thicker
the garment is, the smaller the distance required to attract the metal part is. This is because
changing the thickness results in varying the local mass the electromagnet has to attract. If the
local mass increases, the electromagnet needs to be closer to the plate to cause the attractive
motion of the metal part.

These results suggest that the electromagnet should be chosen either to grasp specific
clothes or in a conservative manner, by considering a set of interesting objects and ensuring
to be capable of grasping the thicker one. However, this gives us the possibility to remark
that the choice should be context-related: in some cases, an unnecessary strong magnetic field
can introduce some disturbances in other devices which are present in the robot workspace.
Moreover, we want to stress the importance of having an attractive motion between the
gripper and the cloth without the need of getting in contact with the environment to grasp the
garment. This capability allows an intrinsically safer robot-environment interaction, besides
the possibility of performing aerial grasps [186].



(a) WE experiments (b) E experiments

Fig. 4.35 Grasps performed with and without electromagnet exploitation, left and right subfig-
ures, respectively. The electromagnet exploitation allows a more repeatable cloth configuration,
without wrinkles.

4.4.4.3 On the dependency on the electromagnet (gripper opening size)

Regarding this set of experiments, as it can be seen in Fig. 4.34 when the grasp execution relies
on the presence of the electromagnet (E experiments), the distance between the jaws during
the grasp is smaller than the case where the electromagnet is not exploited (WE experiments).
This is because the closing motion of the gripper starts as soon as the contact between the
end-effector and the cloth is detected. However, in the WE experiments, the gripper needs to
reach the table before detecting the occurred contact. As a consequence, when the jaws start
closing, the distance between the jaws is close to the maximum allowed (13 cm by design). On
the other hand, in the E experiments, the magnetic force attracts the plate before the gripper
reaches the table, and the cloth takes a somehow conic shape. This is the reason why the
distance between the jaws is smaller in the E experiments than in the WE experiments.

Moreover, a qualitative consideration should be done. As it can be seen in Fig. 4.35,
when the WE experiments are performed, the part of the cloth located between the jaws is
significantly crinkled. This is due to the fact that the grasp is executed by sliding the jaws on
the table. The contact points between cloth and jaws do not change and the minimum distance
between these points (i.e., the distance without considering the wrinkles) is gradually smaller
and smaller, but there is still a portion of fabric constrained to lie between the jaws.

If the aim is to grasp the cloth in the desired location, so to let the cloth assume a configura-
tion that is easy to manage with vision-based Machine Learning techniques, the exploitation
of the electromagnet seems to be a good way to proceed. Indeed, the conic-like shape taken
by the cloth after the grasping allows to achieve a sort of pinch grasp, which results in a less
disturbing configuration of the points located near the actual grasping point. This sort of
extended point-like grasp allows a more predictable configuration of the cloth, which is a high
deformable object with potentially infinite ways of deforming.



Fig. 4.36 Example of possible motion pattern (in red) for a blind grasp: it spans a small
area (delimited with the dashed line) around the estimated grasping point to cope with pose
estimation errors.

4.4.4.4 On the target uncertainties compensation

The artificial introduction of uncertainties in the estimate of the grasping point pose was aimed
at investigating to what extent the exploitation of the magnetic force can allow grasping the
object in the target location, thus realizing a compensation of the position estimation error.
Disturbances of 1 cm acting simultaneously along the x and y coordinates result in a noised
goal location actually about 1.4 cm far from the desired point. The fact that 7 grasps over 10
allowed the electromagnet to attract the plate is encouraging (with respect to a target error of
1.4 cm), yet not exciting.

However, the presence of the electromagnet suggests the possibility of performing a sort of
partially-blind grasp. A blind grasp is meant to be a strategy to be applied when the vision
system is not particularly reliable. According to this strategy, the robot is first commanded
to reach the estimated grasping point and, if the contact between the object and the gripper
is not detected, the robot starts following a predefined pattern inside a square of the known
side, similar to the one shown in Fig. 4.36. The basic idea is to span a small area around
the estimated grasping point to exploit the magnetic attraction to cope with pose estimation
errors due to a non-ideal vision system calibration. This motion pattern corresponds to a planar
motion occurring at a given height with respect to the metal plate, so it can allow to successfully
compensate uncertainties on the xy plane. However, the success of blind grasping is highly
dependent on the distance between electromagnet and garment. That distance, in turn, depends
on the thickness of the cloth. To get a more generalized planning strategy, further investigations
are needed. Notice also that if the plate dimensions are not sufficiently small and the attraction
occurs near the borders, the grasp might be unstable.

In principle, the blind grasp could be taken to extremes to perform a totally-blind grasp,
when the vision system is not present at all and a minimal a priori knowledge of the environment
is given (i.e., size and pose of the table where the cloth is located).



4.4.4.5 On common small objects with metal parts

This set of experiments was aimed at having insights on the Mag-Gripper capabilities of
grasping objects different from clothes. We proposed Mag-Gripper as a tool for service robots
suitable in home settings or assistive robotics. In this respect, it could be useful to have a
robot capable of grasping small objects of common usage. In particular, we considered objects
(i.e., comb, hair barrettes, and paper clips) difficult to grasp either with a parallel-jaw gripper
either with a more complex robotic hand, usually needing environment exploitation [183].
The challenging nature of these objects relies on the fact that they are flat and thin. The
electromagnet was capable of generating a visually appreciable attractive motion, that allowed
the grasps without the end-effector needed to reach the tabletop. As a note, we want to point
out that the metal part located on the object could be small and lightweight, depending on the
object: in a hair barrette, it consists of a spring of length 5 mm.

4.4.5 Conclusions

In this work, we have proposed Mag-Gripper , a novel augmented jaw gripper designed for
autonomous clothes manipulation. The only working assumption is to deal with garments
provided with small metal parts. Mag-Gripper is equipped with an electromagnet: The electro-
magnet is exploited to establish an extended point-like contact with the garment, while the jaws
allow secure grasp maintenance during the manipulative motion. Experiments performed with
a collaborative robotic arm showed that the exploitation of the magnetic force allows to perform
a repeatable grasp execution and to compensate vision-related planar uncertainties on the
estimated pose of the target grasping point. Moreover, the extended point-like contact caused
by the electromagnet allows to perform grasp without unnecessary wrinkles, achieving clothing
configurations more suitable to vision-based Machine Learning techniques for autonomous
manipulation. Future work will focus on testing the gripper in robotic setups for bimanual
autonomous clothes manipulation. Moreover, the proposed blind grasp strategy will be further
investigated, as a method to be applied when the vision system is not sufficiently reliable.
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4.5 Grasping with the SoftPad, a soft sensorized surface for
exploiting environmental constraints with rigid grippers

A common trend in robotic manipulation is to build compliant hands that can exploit environ-
mental constraints to perform robust grasps. However, in large-scale industrial applications,
end-effectors are mostly rigid. How can we exploit environmental constraints using rigid
industrial grippers? We propose to add compliance to the environment, thanks to a soft modular
pneumatic surface: the SoftPad. Pressure sensors connected to its modules allow to estimate the
object pose and center of mass and to detect the contact between the gripper and the SoftPad
during a grasping task. A new grasp strategy that exploits such information for top-grasping
objects, without using cameras or force sensors, is presented. It was tested with objects having
a wide range of sizes, shapes, and weights. The SoftPad design can easily be adapted to the set
of objects that are used in a certain application.

4.5.1 Introduction

The field of soft robotics has greatly changed researchers’ perspective on robotic grasping,
introducing new hands and grippers [187] that allow grasping and manipulation strategies that
were inconceivable with rigid hands. Differently from classical rigid robotic hands, soft hands
can safely interact with constraints present in the environment [188]. Thus, grasp planning
with soft hands does not rely on exact models and precise positioning of contact points, but
aims at using the direct physical interaction with the environment to constrain and grab the
object (Fig. 4.37-(left)) [189, 190]. This is not possible with rigid grippers (Fig. 4.37-(center)).
Rigid robots, however, still have important features that are difficult to obtain with soft robots,
such as the precision and repeatability of movements, as well as the possibility of having
accurate measurements through sensors. The different features of soft and rigid hands make
them suitable for distinct applications. Soft hands are more used in collaborative and assistive
robotics [191], while industrial picking still relies mainly on rigid grippers [192].

In this work, we propose a novel solution to take advantage of the strengths of both soft and
rigid robotics approaches. We propose to use rigid robotic grippers while adding compliance
to the surface laying beneath the objects to be grasped (Fig. 4.37-(right)). In other terms, we
shift the focus from the gripper to the environment. This is achieved by introducing a grasping
strategy that exploits the SoftPad, a matrix of silicone pneumatic modules connected to pressure
sensors that, when placed beneath an object, can be used to detect object pose, shape, and center
of mass based on pressure variations. Given the estimated center of mass, a planner computes
the center and the direction of the grasp that can be used by a robotic gripper to pick the object
up. Thanks to the SoftPad, grasps can be performed without the need of a camera to locate the
object and without prior knowledge on its mass distribution or its shape. Besides, the gripper
can safely interact with the soft surface, coping with uncertainties on the object pose and
achieving more robust grasps thanks to environmental constraints exploitation strategies [188].
Our approach goes beyond classical vision-based object detection strategies [193, 194], as it
allows to estimate the center of mass of the object, not only its pose and shape. Besides, there



Fig. 4.37 Soft hands, like the RBO Hand 2 [196], can easily interact with rigid surfaces for
grasping objects (left), rigid grippers, instead, cannot safely exploit the environment (center).
We propose a soft sensorized surface (right) that allows rigid grippers to exploit the environment
to pick objects up and provides a grasp planner with information on object pose and weight
distribution.

is no need to add force sensors to the robot [195, 189], as the sensorized modules can detect
the contact between the gripper and the SoftPad.

Previous work showed that pneumatic devices can effectively be used for force and pressure
sensing. In [197], for example, pneumatic chambers are used to detect obstacles with a robotic
cleaner, whereas in [198, 199] pneumatic cushions are used to measure forces exchanged
between a human and a robotic system in two different scenarios. More recently, pneumatic
sensors were developed for manipulation [200] and for robotic surgery [201]. All previously
presented works focus on adding softness and sensing capabilities to robotic devices themselves.
Here we show that pneumatic sensing is a viable solution to create compliant and sensorized
inclusions to instrument the environment for facilitating grasping tasks with rigid grippers.

In principle, combining an elastomeric layer with an array of tactile sensors could lead to
a device comparable to the SoftPad. Nonetheless, we have preferred the pneumatic solution,
which has several advantages with respect to other technologies. First, the size (width, length,
and thickness) of pneumatic modules is completely customizable. This feature is shared
with other sensing technologies like soft sensors based on liquid metals or pressure sensitive
conductive sheets (e.g., Velostat). However, their use still presents some challenges. In liquid
metals sensors, none of the patterning methods is yet high-throughput, the interface between
soft and hard materials within the device is still an issue, and studies should be performed on
the effect of the oxide presence [202]. Using conductive sheets, common problems include the
large crosstalk between adjacent cells and low accuracy [203].

Moreover, we chose to rely on pneumatic technology because it allows to create soft devices
that can be used both as sensors and as actuators [204]. In our case, for example, the possibility
of inflating more or less the pneumatic chambers is fundamental, as it allows to adapt the
stiffness of the modules to support and sense objects with different weights. This would not
be possible by simply placing a matrix of tactile sensors under a soft passive layer. In [205],
soft actuation and soft sensing are combined for body pressure sensing but are obtained with



different technologies. Another advantage of using pneumatic systems is that the electronics
can be delocalized [201], ensuring a high-temperature resistant and washable device in the
work-space.

The work is organized as follows. The SoftPad design is described in Section 4.5.2, where
also a comparison between the real device and its Finite Element model (FEM) is carried out.
Section 4.5.5 introduces the grasp planning algorithm taking advantage of the pressure readings
from the SoftPad which is then tested with several experiments in Section 4.5.8.

4.5.2 The SoftPad

In this section, the SoftPad structure and its manufacturing processes are described. Then, a
FEM simulation framework to study the device behavior is introduced. Here we will focus
on the specific SoftPad that was built to test the grasping strategy described in Section 4.5.5
and that is shown in Fig. 4.38a, but the device features (size, material, stiffness, efc.) can be
customized depending on the specific application.
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Fig. 4.38 (a) SoftPad and Pneumaticbox used in the experiments. (b) 3D printed mold and grid
structure for building the SoftPad. (c) Complete process flow to develop a SoftPad.

4.5.3 Device description

The proposed device consists of a 2 X 3 matrix of pneumatic modules. Each module is
45 x 45 mm, with a total height of 10 mm, of which 1.5 mm constitute the inflation layer.
The overall size of the SoftPad is 165 x 115 x 10 mm. The size of the module can be chosen
according to the required spatial resolution and to the size of the objects. Smaller objects, for
instance, require smaller modules to well detect their shape. For developing the SoftPad, we
followed similar guidelines as that described in [206]. The process starts by designing a mold
consisting of a base and a grid both realized in ABS material, as shown in Fig. 4.38b. The
material used for the SoftPad is the EcoFlex silicone with a shore hardness of 00-30°.

The Ecoflex silicone is a platinum-catalyzed silicone that is versatile and easy to use. It
comes in two parts: A and B. The optimal mixing ratio (weight or volume) to achieve a smooth
and well cured elastomer is A/B = 1. The molding process is shown in Fig. 4.38c. The first

3https://www.smooth-on.com/tb/files/ECOFLEX_SERIES_TB.pdf
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layer, which serves as a base for the SoftPad, is cast with silicone as per the predefined height.
Once the filling is completed, the elastomer is left to cure for 4-5 hours. The next step is to
divide the structure into a number of small squares (which will serve as soft modules) by using
the grid part. To define a pneumatic channel in each square, a 45 x 45 mm piece of acetate is
placed on top of the first layer. The purpose of acetate is to allow the silicone elastomer to flow
around it without adhering, establishing an inner channel. Lastly, the second layer of silicone
is cast on top of the acetate and the mold is filled as per the required height, 1.5 mm in our
case. Again, the second layer has to cure for 4-5 hours. To avoid bubble formation, the two
parts must be mixed and stirred very thoroughly for at least 3 minutes, and the curing phase
must occur in a heating chamber. The height difference between the base and the upper layer
of the SoftPad enables the modules to be very soft on the top and considerably rigid on the
other side, hence, minimizing the downward inflation. To further reduce downward inflation
and enable smooth upward inflation, a sheet of neoprene was embedded inside the base layer.
High strength silicone tubes SPX-60 FB Versilon were placed in each module by inserting
them through a small hole made with pointed end tweezers at the level of the acetate. Liquid
silicone was put around the circumference of the tubes to avoid air leaks.

The tubing was connected to the Pneumaticbox, which was used to control the inflation
and deflation of the modules. The Pneumaticbox is a control system developed to enable fast,
real-time control of pneumatic systems. It can provide up to eight independently controlled
channels, each equipped with two discrete valves for inflation and deflation, and a differential
pressure sensor. All sensors and valves are connected to a BeagleBone Black embedded
computer which is the main processing unit for the Pneumaticbox.

4.5.4 FEM simulation

A Finite Element Method (FEM) simulation has been set up to analyze the main structural
properties of the SoftPad. Comsol Multiphysics® software was used for the simulations.

For the sake of clarity, only one pneumatic module was considered. The geometrical model
of the SoftPad consists of a mesh with 5106 tetrahedral elements. A surface pressure loading
p is applied to the lower surface of the pneumatic module, while its external boundaries are
blocked with a fixed constraint.

We assumed a hyperelastic material, nearly incompressible with quadratic volumetric
strain energy [207]. Since the main properties of the material vary in a wide range and the
manufacturing process may be affected by some uncertainties, the first set of simulations were
realized to identify material properties (Young’s modulus, Shear Modulus, Poisson’s ratio, bulk
modulus, and mass density). In these simulations, a constant pressure value varying from 0.5
to 2.8 kPa was applied and the overall displacement in the center of the pneumatic module was
evaluated. Pressure values varying in the same range were applied to the real SoftPad and the
corresponding physical deformation was measured. Results are shown in Fig. 4.39a. In the
same figure, also the results obtained by applying an external force in the center of the module,
with different force magnitude values, are reported. The indicated minimum and maximum
pressure values were chosen by observing the SoftPad behavior, as explained in Section 4.5.8.
Other simulations were conducted to study how the sensitive area of a module changes with
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Fig. 4.39 FEM model of the SoftPad. (a) Height of a module as a function of inflating pressure,
comparison between simulation results (continuous curves) and experimental measurements
(green dots). (b) Deformation (in m) of the module for different inflating pressures (1 kPa,
2.5 kPa), and an external load F = 0.5 N applied in the center. (c) Equivalent mean stiffness of
a module as a function of inflating pressure: simulation results for different external forces.

respect to the inflating pressure. The sensitive area of a module approximately corresponds to
the 3D surface of a spherical cap with a square basis having side /.

For the analyzed configuration, / varies from ~ 20 mm for low pressures (0.5 kPa) to
~ 45 mm for higher pressures (2.8 kPa). Fig. 4.39b shows the module deformation (in m)
obtained for two different inflating pressures (p = 1 and p = 2.5 kPa) when simulating the
application of an external normal force F' = 0.5 N in a central circular area with radius » =5 mm.
Note that the deformation around the borders is limited.

The second set of simulations was carried out to estimate the mean equivalent stiffness in
the vertical direction of each pneumatic module. To this aim, a vertical force was applied on a
circular area with a radius r = 1 cm in the center of the module, with an equivalent resulting
magnitude F = {0.2,0.5,0.8} N. We measured the corresponding deformation of the module,
for different inflating pressure values, and compared the displacement in the vertical direction
of the module center /;,,4 with the value obtained without external forces, /i f.... We, therefore,
evaluated the equivalent stiffness as k = F /(hfyee — hjoaq). Obtained results are reported in
Fig. 4.39¢c. For low force values, k increases as p increases, as expected, while for high force
and/or low pressure, the overall module deformation caused by force application is such that
the upper silicone layer contacts the lower one and the corresponding stiffness is therefore
higher. A decrease in the equivalent stiffness as the applied force magnitude increases can be
furthermore observed.

From the sensing point of view, varying the inflating pressure allows to change the measure-
ment range and sensitivity of the device. For high inflating pressures, for example, modules are
less sensitive to external deformations, because they are stiffer, but they can resist higher forces
and thus detect heavy objects without collapsing.

4.5.5 Grasping with the SoftPad

This Section describes a grasping strategy that allows a rigid gripper to perform top-grasps of
objects placed over the SoftPad. Pressure readings coming from the SoftPad are used in the



grasp planning phase to estimate the pose and the center of mass of the object to be grasped,
and during grasp execution to detect the contact between the robotic gripper and the SoftPad.
In both phases, the algorithm is based on the evaluation of the pressure increments AP; in each
module i.

4.5.6 Grasp planning

When an object is placed on the SoftPad we assume that there is a contact between the object
and the modules in which we detect an increment of pressure with respect to the initial inflating
value higher than a threshold #,,.

Note that when a variation of pressure occurs in a module, it is not possible to

estimate the exact location of the object over the module itself from the sole pressure
measurement. For the same pressure variation, there could be a lighter object covering the
whole module surface or a heavier object covering a smaller portion of it: since the only
information we rely on is given by pressure measurements, we cannot distinguish these two
cases. Thus, the size of the module should be chosen on the basis of the size of the objects
that have to be grasped in a certain application. If the objects are too small and cover just one
module, most of the benefits of using the SoftPad would be lost.

The outcomes of the grasp planning phase are the center and direction of the grasp for
a rigid parallel-jaw gripper. To compute them, first all the modules are inflated to the same
pressure, to ensure that they all reach the same height, and then the center of mass of the object
is computed.

4.5.6.1 Initial inflating procedure

Before starting to use the SoftPad, it should be inflated to a desired initial pressure. By
changing the value of the inflating pressure it is possible to change the compliance of the
SoftPad according to the set of objects that must be grasped. A highly compliant SoftPad
detects lighter objects that generate variations of pressure which would not be detected by
more rigid modules. For heavy objects, modules inflated at a low pressure would collapse,
hence, it is preferable to use considerably higher inflating pressures (see the simulation results
in Fig. 4.39a: for high force magnitudes and low pressure values, the pad crashes on the lower
layer and its height drops to zero).

To guarantee the proper functioning of the algorithm and the repeatability of the experiments,
it is important that each module is inflated at the same initial inner pressure. This ensures that
the heights of the six modules are the same, and thus the object is not tilted when placed on the
SoftPad.

If before the placement of the object the pressure in one or more modules differs from the
selected initial pressure of a value greater than a certain tolerance 7,4, an automatic procedure
will inflate/deflate it accordingly. Tolerance should be chosen as a compromise between
accuracy and length of the adjustment phase. After the adjustment procedure is finished, the
current pressure of each module is measured and saved as a reference value. Then, an object
can be placed over the SoftPad and its center of mass can be evaluated starting from the new
pressure readings, as explained in the following.



4.5.6.2 Estimation of the center of mass

We consider the object as a discrete system composed of as many masses as the number of
modules in contact with the object, each of them placed in the center of the corresponding
module (see Fig. 4.40a). The center of mass of the object is estimated by computing a weighted
average of the variations of pressure AP, i =1,...,N, where N is the number of modules in
contact with the object.

The resulting point is called Pressure-based center of mass, or PCOM, and is computed as:

L (aPx) I (ARy)

YV AP , YPCOM = vV AP, (4.8)

XPCOM =

Considering the reference frame shown in Fig. 4.40a, x and y range in a discrete set of
values: x; = {0.5,1.5,2.5} and y; = {0.5,1.5}.

Note that, from these assumptions, the two objects in Fig. 4.40b have the same PCOM,
even if they have different shapes. In Fig. 4.40b-(3), module 1 is only partially covered by the
object, and this information is taken into account thanks to the fact that most of the pressure
variation is sensed in module 4, as the object is shifted towards it. In Fig. 4.40b-(4), the object
is equally placed over the two modules but has a mass distribution that generates a higher
pressure variation in module 4.

4.5.6.3 Computation of center and direction of grasp

To identify the grasp, two parameters are required: a point on the object over which the gripper’s
center should be aligned (center of grasp or COG) and an angle 0 identifying the orientation of
the gripper (direction of grasp). Angle 0 ranges from —7 /4 to 7/2, considering that it is equal
to O when the direction of grasp is parallel to the SoftPad x-axis.

As a first step, the planner counts the number N of modules touched by the object. If the N
modules are not adjacent (not even in diagonal), the algorithm assumes that there are at least
two objects on the SoftPad, since bridge-shaped objects are not taken into account. In this case,
the algorithm treats them separately, to grasp them in sequence. Depending on the value of
N, COG and 0 are evaluated with different procedures. The SoftPad that we designed has six
modules, this is why in the following we describe six different cases. However, the described
computations can easily be extended to more modules, as more complex cases can be treated,
with some adjustments, as simpler cases.

e N = 1. The COG corresponds to the center of the module, e.g., (0.5, 1.5) for module 1.
The direction of the grasp can be chosen by default, e.g., 0 = 0. Note that the 1-module object
is a limit case of our algorithm, because, as we wrote at the beginning of this section, we cannot
retrieve information about its shape.

e N = 2. The algorithm detects if the object is horizontal, vertical, or diagonal. As shown in
Fig. 4.40c, the COG corresponds to the PCOM, which is always on the major axis of the object
(dashed red line). The direction of the grasp is perpendicular to the major axis. For example,
if the object is vertical, @ = 0 and PCOM have the same x of the center of the two modules,
while the y depends on the weight distribution of the object.
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Fig. 4.40 Illustration of the working principles of the SoftPad based grasp planning strategy,
from simpler to more complex cases. Note that while in (a) and (b) different shades of pink are
used to denote different AP to let the user familiarize with the PCOM computation, this detail
is omitted in other figures for the sake of clarity.
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Fig. 4.41 Diagram of the grasp planning algorithm that outputs center and direction of grasp.

The red arrow shows the starting point. Pink squares represent if-statements. Dotted lines

indicate that one case can be simplified and treated as if it involves a lower number of modules.



e N = 3. As shown in Fig. 4.40d-(1), if the object is horizontal, the COG corresponds
to the PCOM and the direction of the grasp is vertical (6 = x/2). If the three modules are
in a “1” configuration as in Fig. 4.40d-(2)(3)(4), the COG may not coincide with the PCOM.
Since we are considering a discrete system of masses, when they are not aligned, the PCOM
can also fall outside of the involved modules. The COG, instead, has to be on the axis of one
module belonging to the object to allow the gripper to grasp the object. Let us call corner
module the one in the middle, side modules the other two, and bisector the line starting from
the outer corner of the corner module and dividing the object in two equal parts (Fig. 4.40d-(2)).
Since the exact shape around the corner is not known, it is safer to grasp along one of the two
side modules rather than on the corner module. If the PCOM is in one of the side modules or
outside of the object, it is projected on the axis of the side module itself (Fig. 4.40d-(2)) or
of the nearest one (evaluated with respect to the bisector) (Fig. 4.40d-(3)). If PCOM falls on
the corner module, as in Fig. 4.40d-(4), the position of the COG is obtained by projecting the
PCOM on the closest axis of the corner module and then shifting it towards the center of the
nearest side module. A safety margin c; is thus added either to the x (Fig. 4.40d-(4)) or to the y
of the PCOM. This safety shift is important since our algorithm does not give any information
on the shape of the corner of the object. In our experiments we used ¢y = 0.2.

The direction of the grasp is the direction of the projection on the axis.

Similar reasoning applies for cases like those shown in Fig. 4.40d-(5)(6), where it is difficult
to do assumptions on the object shape along the diagonal parts. In these cases, the bisector is
considered vertical and the direction of the grasp can be either 6 = 0 or 6 = £%, depending on
the direction of projection of the PCOM. When the projection of the PCOM falls on the axis of
the corner module, as in Fig. 4.40d-(6), it is preferable to move the COG to the nearest corner
of the side module.

e N =4. A limit case is an object occupying a square of 2 x 2 modules. This case, similarly
to the 1-module case, is treated choosing the direction of the grasp by default, while the COG
is the center of the square. In all other cases, to simplify the algorithm and make it as scalable
as possible, we do not consider one of the modules at the extremities and treat the object as it is
3-modules. The module which is not taken into account is the one whose center is the farthest
from the PCOM (see Fig. 4.40e), i.e., the one which affects less the PCOM position. In this
way, central modules (2 and 5 in the Fig. 4.40a) are never removed and the original shape is
changed only far from the COG so that a safe grasp is always achieved. Taking Fig. 4.40e-(1)
as an example, after re-shaping the object as it is a 3-modules object it appears as a rectangle.
If the gripper tried to grasp it from module 1, it would hit the portion of the object in module 4.
However, since the removed module is always far from the PCOM and thus is the COG, this
will never happen.

e N = 5. The grasping strategy depends on the position of the module that is not touched
by the object. When modules are in a horseshoe, if the PCOM falls in the central modules 2
or 5 (as in Fig. 4.40f-(1)) the safest grasp is obtained projecting the COG to the axis of the
central module covered by the object, because the weight of the object is well-balanced on
the x-axis. If the PCOM falls anywhere else, for the sake of simplicity and scalability all the
cases can be reduced to a 3-modules object case. If PCOM is on the left of the vertical bisector
(xpcom < 1.5) modules 3 and 6 are removed (Fig. 4.40f-(2)), otherwise 1 and 4.



When modules occupy a 2 x 2 square plus a single module, if the PCOM falls in the square,
the direction of the grasp is vertical (60 = 7/2), xcoc = xpcom, and ycoc = 1. Otherwise, the
COG is obtained by the projection of the PCOM onto the axis of the single module (Fig. 4.40f-
).

e N = 6. The COG corresponds to the projection of the PCOM on the major axis

of the SoftPad, and the direction of the grasp is vertical (60 = 7 /2).

The complexity of the algorithm would increase with the number of modules. Thus, for
N > 6, the idea is always to evaluate only the area around the PCOM, leading back the problem
to simpler cases. Fig. 4.41 summarizes the main steps of the grasp planning strategy. Note that
the COG computed as in this section is expressed in a reference frame where a unit corresponds
to the side of a module (Fig. 4.40a). In this way, all computations can be generalized to SoftPads
with modules of any size.

4.5.7 Grasp execution

After multiplying the components of the COG by the length and width of the SoftPad, the
obtained COG and 6 are sent to a robot arm equipped with a rigid gripper, that moves toward
the desired grasping pose over the object. Once it reaches the computed grasping pose, the
gripper starts moving down towards the SoftPad. The advantage of having a soft surface
underneath the objects is that we do not need to precisely control the vertical motion of the
manipulator, since the fingers can safely touch the SoftPad and slide over it, after caging the
object. As soon as the pressure in the SoftPad due to the contact with the gripper overcomes a
threshold 7,, the arm is stopped and the gripper is closed to grasp the object.

The actual amount of sliding motion performed by the gripper fingers depends on object
size and gripper opening. If, for example, the object to be grasped has a larger height than
fingers’ length, the gripper will start closing as soon as its center touches the object, as also in
this case a variation of pressure is sensed by the SoftPad. If the object, instead, is not as tall
as the fingers and does not cover the whole area of the module in the direction of grasp, as in
Fig. 4.37-(right), there is free space between the object and the jaws. The gripper will thus
cage the object and start closing after touching the SoftPad, performing a surface-constrained
grasp [188].

4.5.8 Experiments

The grasp planning strategy described in Section 4.5.5 was tested for 13 different objects,
covering most of the cases that the algorithm can account for. To perform the planned grasps,
we used a Sawyer collaborative robot arm equipped with a parallel jaw gripper with 9.5 cm long
fingers. Depending on the object to be grasped, the gripper was mounted in three different ways,
achieving a maximum width of {10,6,4} cm respectively, and a corresponding minimum width
of {4,2,0} cm. During the experiments, the grasp execution was implemented as described in
Section 4.5.7: the gripper was automatically positioned and oriented over the object according
to the center and direction of grasp outputted by the grasp planner, and then closed on the
object as soon as the pressure threshold 7, was overcome. The SoftPad inflation and reading,



Fig. 4.42 (a) Simple object (weight=38 g) laying on two modules: planned grasp (COG =
(0.5,0.96), 6 = 0). (b) Two objects that have a similar plan: the one on the left because it is
shifted towards module 1 (COG = (0.5,1.18,0), 6 = 0), the one on the right (54 g) because it
is heavier in correspondence to module 1 (COG = (0.5,1.21), 6 = 0).

the robot controller, and the information exchange between the SoftPad and the robot were
implemented in ROS [208].

At the beginning of each experimental session, the SoftPad was inflated to achieve a pressure
of 1.1kPa in each module, corresponding to a height of 9 mm. We observed that the range of
possible inflating pressures goes from 0.5 to 2.8 kPa. For lower values, the SoftPad is almost
deflated and the evaluation of the variation of pressure in each module is not feasible. For
higher values, modules become too stiff and their shape is such that the object cannot be stably
placed over them. For the initial pressure, we chose an intermediate value in this range.

In the experiments, the threshold for the grasp planner was chosen so that it was possible
to detect one Lego Duplo piece (12.6 g, 42 x 31 x 31 mm): 7, =0.05kPa. In general, this
threshold should be selected based on the lightest item in the set of objects that need to be
manipulated. The threshold for the initial phase of pressure adjustment was chosen as 7,4; =
0.03 kPa, whereas the threshold for the detection of the contact between the gripper and the
SoftPad was t, = 0.09 kPa. Note that 7, must be chosen to accurately avoid any false positive
due to oscillations of measurements, which during the contact detection would lead to close in
advance the gripper. The value of 7, can be greater than 7,, because the impact of a rigid gripper
moving towards the SoftPad is easier to detect, as it produces larger pressure variations. Raw
pressure measurements from the Pneumaticbox were filtered using a running average filter of
10 samples. Two experiments are presented, one shows the detailed functioning of the grasp
planning strategy, the other illustrates that the devised algorithm works for a variety of objects.

Experiment 1: Working principles of the grasping strategy

The functioning of the grasp planning strategy based on SoftPad readings is shown considering
an object composed of three Lego Duplo pieces. Fig. 4.42a illustrates the planned grasp,
whereas Fig. 4.43 reports pressure values for each module during the grasp execution phases:
the initial adjustment of the internal pressure of the modules, the detection of the object, and
the detection of the contact with the robot.

As depicted in Fig. 4.40b, there are cases in which the planned grasp is similar for two
different objects (cf. Section 4.5.5). Fig. 4.42b shows an example of this situation involving
2 adjacent modules. An object shifted towards module 1 and another object with the base
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Fig. 4.43 Simple object laying on two modules: measured pressures during the grasping task.
Having reliable data for the initial reference pressures and the pressures recorded after placing
the object over the SoftPad is fundamental. Thus, after the pressure adjustments phase and
at the beginning of the grasp planning phase, pressure values are read 10 times and the mean
values are computed for each module.

centered between modules 1 and 2, but heavier in correspondence to module 1, are grasped
similarly. The SoftPad not only detects objects’ features but was primarily built for obtaining a
safe gripper/environment interaction. Fig. 4.44 shows an experiment demonstrating that this
aspect can also help to robustly grasp objects that cannot be picked up when laying on a rigid
surface.

Experiment 2: SoftPad aided grasping of a variety of objects

We chose 11 different objects to show the potentialities of the grasp planning algorithm based
on the SoftPad pressure readings. During the experimental trials, the robot approached the
object with a velocity of 0.05 m/s, and each object was grasped and held for 15 s at a velocity
of 0.05 m/s. For each object, we performed 5 trials. The planned center and direction of grasp
obtained in one representative trial are depicted in Fig. 4.45 and reported in Table 4.10, where
also objects’ weights and success rate are listed.

Objects 1, 2, 3, and 6 are symmetric and with homogeneous weight, thus they were grasped
from the middle. For objects 4 and 5, and for the charger, the center of the grasp is placed
closer to the heaviest part of the object. The cylinder was filled with a heavy small part on one
side, that is why the grasp center is not placed exactly in the middle of it. For the banana and
the toy, the algorithm worked as in the case of 3-modules objects (Fig. 4.40d), while the limes
were considered a 4-modules object (Fig. 4.40¢).



object 5 object 6

cylinder charger

banana limes

Fig. 4.45 Objects used in Experiment 2. The black rectangles indicate the planned position of
the fingertips of the gripper.

Three failures were experienced. Two (object 5, charger) were due to a missing contact
detection because the gripper touched the non-sensitive line between modules. The cylinder
was not grasped in one case because the COG was not successfully detected, even if the angle
of grasp was correct. These two issues could be easily overcome using a gripper with thicker
tips and larger maximum width, respectively.

4.5.9 Conclusions

In this paper, we propose to exploit soft inclusions in the environment to perform robust grasps
with rigid grippers. This is achieved through a grasping strategy that uses a sensorized soft
layer, called SoftPad, to estimate object pose, shape, and center of mass. The great advantage of
using the SoftPad with respect to having a vision system is the possibility to estimate the weight
distribution. Besides, the same device can be employed to sense the contact between the gripper



Table 4.10 Weight, representative planned grasp, and success rate for the objects in Fig. 4.45.
The banana and the Lego Duplo pieces are taken from the YCB Dataset [209].

Object  Weight (g)  Planned grasp  Success rate
(xcoG,ycoG, 0)

object 1 23.8 (2.5,1,0) 5/5
object2 253  (1.04,0.96,7/4) 5/5
object3  44.4 (1.5,1.5,7/2) 5/5
object 4 52 (0.5,1.2,0) 5/5
object5 649  (1.36,1.5,7/2) 4/5
object 6 122 (1.55,0.5,7/2) 5/5
banana 59.8 (1,1,—m/4) 5/5
toy 131.6 (2,1,—m/4) 5/5
limes 187 (1.5,0.8,0) 5/5
cylinder  88.9 (1.14,1,7/2) 4/5
charger 312.3 (1.16,1,7/2) 4/5

and the SoftPad, thus performing the role that is usually left to force sensors placed on the
hand fingertips or at the robot arm wrist. The grasp plan computation is based on assumptions
that might not be valid for all objects, but, on the one hand, the possibility of sliding over the
SoftPad solves possible uncertainties on the object pose, and, on the other hand, the SoftPad
parameters (thresholds, inflating pressure) and physical characteristics (size, shape, material)
can be changed depending on the application. The SoftPad concept is a first step towards
the instrumentation of the environment with soft inclusions for exploiting extrinsic, adaptable
compliance during grasping and manipulation tasks performed by rigid grippers. A similar
device could be, for example, integrated inside a conveyor belt in a factory, or even placed over
more complex surfaces thanks to its intrinsic compliance. In future work, we target to improve
the grasping algorithm in terms of scalability and to investigate how to adapt the compliance of
the SoftPad to ensure a safe and stable impact even in case of high robot velocities. We will
also advance the simulation framework, to achieve a platform for the iterative design of the
SoftPad.
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Chapter 5

Conclusions

In the present era, we see a lot of conventional assistive application devices as well as devices
for industrial application like manipulating objects, performing grasp operations, pick and
place operations, etc. This thesis presents my contribution to the design and development of
devices for rehabilitation and industrial applications. It is a collection of all of the work I
carried out during my Ph.D. degree at the University of Siena. The main focus of this research
was the development of devices that can be useful for rehabilitation purposes and the design of
industrial grippers that can be used for grasping and manipulation operations. All devices have
guiding principles that involve safety, ergonomics, and user comfort.

The thesis presented in Chapter 1 an introduction to the design of the device and developed.
It depicted a literature review about rigid and soft devices being used. Explaining the structure
of the thesis and different devices developed that are being used for research. The main
challenge is the design of the robotics devices to fulfill the ergonomics in the case of mainly
assistive devices and functional requirements for both assistive and industrial devices.

Chapter Chapter 2 has presented the modeling principles used for the design of these
devices. It emphasizes the principle that we use to model the soft and rigid parts of the device
for example in the case of Dual Sixth Finger, which is composed of soft and rigid links.
Similarly, the modeling principle that we use for the model of Finray Sixth Finger. As Soft and
Rigid parts are the most important parts since it forms a finger structure, modeling principle
is very important to predict effectively the trajectory of the finger before realization using 3D
Printer. In the case of soft rigid links, after devising the model, the model testing is also carried
out on a physical prototype. Two fingers gripper is used to validate the model, different grasp
operations are also performed with the gripper. Similarly, for the case of the Finray Mechanism
model, model validation is carried out by comparison between the manufactured model of the
finray finger and carrying out Finite Element Analysis. Later, a device is also developed to
carry out different activities of daily livings.

Chapter 3 has presented the design and development of three assistive / rehabilitation
devices. The first device introduced is a Multiple wearable robotic extra fingers device, that
composed of two fingers, made up of soft and rigid links. The fingers can be rotated in different
orientations thanks to the dovetail mechanism installed at the base of each finger. Each finger
consists of seven soft and seven rigid links, where each soft and rigid link forms a module.
A differential mechanism is also installed at the forehand part which allows a firm grasp of



the object we intend to pick and place. The device aims to facilitate the people with stroke,
who have limited or no function of their hand. This device acts as an assistive device that
helps the stroke patient to carry out different activities of daily life with ease and comfort,
without being dependent on any other member of family or friends. Similarly, the second
device introduced in this chapter is another assistive/rehabilitation device. It is another robotic
finger device based on the effect of FinRay. The device is realized with ABS material with ribs
made up of metallic pins. The device uses a linear actuator to provide flexion and extension
of the finger. It is controlled by EMG based Interface that recognizes the signals by the up
and down movement of frontalis muscles. It is very lightweight and provides enough force
for firm grasping and manipulation of the objects. The third device introduced in this chapter
is the Hand/Wrist Exoskeleton for Rehabilitation and Training. This is a device developed
for patients/people who suffer from wrist and hand impairments. These people have limited
movement of wrist and hands, and, need sessions from physiotherapists for rehabilitation. The
device aims to make life easy for these people, by providing them with a solution that they can
use at home to carry out rehabilitation/training exercises. The device consists of a mechanism
to carry out different exercises for wrist movement and an exoskeleton for the hand to carry
out individual finger exercises or complete hand exercises. Another valuable advantage of this
device is the recording of the movement, it can record the rehabilitation/training exercises done
by physiotherapists and later the patient can replay those exercises without the need of going to
a physiotherapist again and again.

Chapter 4 describes different devices for Industrial applications. It describes five devices
where four are related to industrial soft grippers and one is the soft environment that can be
used with a rigid gripper. The first device introduced in this chapter is a Wireless Cooperative
Gripper for safe Human Robot Interaction. This is an industrial gripper composed of four
fingers each made up of soft rigid links. The device has been designed by following the
guidelines of Intrinsic safety and adaptability, ease of reconfigurability, portability, and ease of
interface. The developed device is easily reconfigurable since each finger contains a dovetail
mechanism installed at the base, which allows the user to reorient all the fingers as per the
desired grasp or the shape of the object. The gripper is fully portable and can be installed on a
mobile robot platform or passive arm support. It is a stand-alone solution. A simple two-button
interface is used to control the flexion and extension of the gripper’s fingers. Another device
introduced in this chapter is Bilateral Haptic Collaboration for Human Robot Cooperative
Tasks, It is a wearable interface for bilateral haptic cooperation. It is a ring-shaped two-button
interface. It provides the control for the Co-Gripper as well as vibrotactile feedback to the
user. The user wears the device on the index finger. A study has been carried out to evaluate
the effectiveness of feedback in carrying out grasping and re-grasping operations. Soft hands
are simple, robust, and able of adapting to uncertain environments and operative conditions,
however, their intrinsic compliance and underactuation reduce control capabilities and precision.
To avoid this issue, a soft hand with an embedded environment in the form of a scoop has been
added. Which simplifies object grasping. This allows grasping objects in narrow spaces as
well. The device has been named The Soft Scoop Gripper. Clothes manipulation is always
tricky and involves a lot of precision and accuracy. Often the robot or the end effectors don’t
succeed to grasp and manipulate the objects correctly. To cater for this problem a new device



Mag Gripper, which is a Soft Rigid Gripper Augmented with an Electromagnet to precisely
handle clothes. It is embedded with an electromagnet and a two jaw gripper. The electromagnet
attracts the metal piece embedded in the clothing and the two jaw gripper always provides a
stable grasp. Thanks to this technique clothes are always grasped from the specified location
and always with a stable grasp which is quite helpful for the robot. Although soft grippers are
getting more and more popular still many industries are using rigid grippers for grasping and
manipulation. Often the rigid gripper comes in contact with the environment where they have
to pick the object which causes damage. Grasping with rigid grippers is also no easy because
every time the user has to be precisely accurate.
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Appendix A
Appendix

A.1 Nomenclature

In the following, the expressions for the adjoint representation (€ R%*) of the Lie group SE(3)

are given.
R 0;, * R UR
Ady(X) = ( 2R >,Adg(X): ( 0. R )
_ (kW 053 _( kW gV
adgn(X) = ( 7 k@ >’ad3"(x) = ( 055 Ko )

A.2 Kinematics

We firstly introduce the kinematics of a clutched soft body and then we include a rigid body
clamped and analyse how it alters the formulation.

Soft Body A single soft body element, indicated with i index of a multi-body soft-rigid
structure is modelled as a Cosserat beam undergoing constant deformation [43]. According to
the Cosserat beam theory, the configuration of a deformable body with respect to the spatial
frame at a certain time is defined as a curve

gi(-): X—g(X)= ( (lff' ‘;" ) € SE(3),

where X € [0, L] is the material abscissa parameter (with L the length of the soft articulation),
R; € SO(3) is the orientation matrix and u; € R is the position vector.

The strain state of the soft arm &;(+) : X — &,(X) is defined as the infinitesimal displacement
between two consecutive points in the configuration space. The components of this field are
specified as

£ = ( (l;(} F())i ) 63)"§i:(kiTaPiT)T€R6,
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where p;(X) € R? represents the linear strains of the soft body and k;(X) € R3 the angular
strains, while the hat"and the tilde “represent the isomorphisms between twist vector represen-
tation and matrix representation of the Lie algebras se(3) and so(3) respectively.

Under the constant strain assumption, we can express the configuration as a function of
strain, using the matrix exponential method, which gives:

gi(X) =", (A1)

where we have considered g;(0) = I4, i.e., we let the spatial frame to be coincident with the
frame at the base of the soft body. The exponential law can be analitically calculated as in [39]:

~ ~ 1 =2
K =L+ XG4 7 (1—cos (X)) §;

' (A2)

1 . £
+§(x9,~—s1n(X9i))éi’
i

where 67 = k! k;.

In the classical Cosserat beam theory the strain twist &; could take any value in the six
dimensional Lie algebra se(3) (as long as physical constrains as material non-penetrability are
met). However, it is useful to consider constrained strain state (&i € m; C se(3)), which can be

the result of mechanical properties (directional stiffness of materials) or modeling assumptions
(constant curvature models). Thus, we define

E,=Big;+E&,, (A3)

where é ;1s a given twist which allows to model for fixed yet non zero strains, e.g. inextensibility,
and the columns of B; € R®*” form a basis for the screw system m;. The screw system of

motion is given by m; = span{B;, & i} while the number of DoF n; is determined by the
dimension of the equivalent joint vector g; € R™. For example if we restrict the soft articulation
to inextensible bending and torsional motions for all the modules of the finger, n; = n =2 and

we have T
100000
Bi= _(001000> (A4

E,=E=(000100), (A.5)

where the body frames considered to define the configuration are defined as shown in Fig. 2.1.

Soft-Rigid finger The configuration of a body in a soft-rigid structure is given by the con-
catenation of the rigid motion between the adjacent frames in the chain that connects the base
frame to the body frame. Considering a modular structure, let us define g;, and g;,; the fixed
rigid transformations between the tip frame of the soft body i, the phalanx’s body frame and
base frame of the soft body j respectively. Then, the configuration g; of the phalanx of the

7" module with respect to the spatial frame, is given by g, i, =81(L)81p82 - 8;(L)g j, Which,
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introducing eq. (A.1), becomes

8sj, = 18,840 'enggjb . (A.6)

The configuration of a generic cross section of the soft joint of the j module identified by X,
is given by

8;(X) = 81,8 'gbjexéj - (A7)

It is worth to observe that, eq. (A.6), and (A.7) represent the PoE formula [40] for a soft-
rigid structure and allow to obtain the configuration of any body and cross section of the system
from the knowledge of the joint variables g only.

A.3 Differential Kinematics

The velocity twist 1 ; of a body j in a multi-body system is given by the time evolution of the
configuration g ;. Without loss of generality, let us consider a soft body j in this section. With
respect to the body frame, the velocity twist is obtained by

n;(X) =g,;'98,;/9t = 8, &; - (A.8)

The component of this field are specified as ) ; = <WJT,VJT) € R®, where v i(X) e R? and

w;i(X) e RR? are respectively the linear and angular velocity of the cross section X at a given
instant of time. R

The time derivative of a single transformation e € can be evaluated by Hausdorff formula
for the derivatives in Lie groups [210], which states

- X o~ o~ ~
iexé = (/ eséée_sgds> Xé (A.9)
Jt 0

Now, introducing (A.7) in (A.8), writing the result in the adjoint representation and using
(A.3), we obtain

.ZAdgi.l.gj \Tg,Bg; = Z ISid; (A.10)

where Ty (X) = fé( ¢%ids represents the tangent operator of the exponential map [39]. The
index i of (A.10) run over all the bodies in the chain and the quantities related to i in the
series is evaluated at L for i # j and X when i = j. Finally, making use of the joint vector

q=[q] - q}] " € R2V (where, N is the total number of modules.) we obtain the differential
kinematics equation of the system in the form

n,x)=J;q. (A.11)
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which defines the geometric Jacobian of body j, J;(X) = /8178 Oy -] € RO*2N whose
components /S;(X) € R®*? are as for equation (A.10). Considering the consecutive rigid
phalanges of the same j'* module, equation (A.10) becomes

I
N, = Z 8:q;=Jpq (A.12)
i=1

where the only difference with 1) ;(L) is represented by the fixed rigid transformation g j, i.e.,
Jj, = Ad;j}g] ;(L). In particular, for the tip phalanx j < N.
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