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Abstract

n the pharmaceutics and drug research fields, the term “repurposing “refers to the
I practice of testing the effects of an already assessed drug and its molecules on patho-
logies different from the one for which the medicine was created. Sometimes, repurposing
allows researchers to discover new ways to treat serious pathologies and diseases. For
example, thalidomide, initially marketed as a sedative, was later found to be effective
in treating multiple myeloma, a type of cancer. Similarly, AZT (Zidovudine), originally
developed as a cancer drug, became the first approved treatment for HIV/AIDS.

Additionally, technologies can also be repurposed. FExtended Realities and their
graphic engines, typically used for producing video games, are now being utilized in
medicine to visualize 3D models of organs, in factories for training and instructing work-
ers, and in communication to render the body language of companions through avatars,
among other applications.

In this thesis, the repurposing of haptic technologies will be discussed, drawing from
a study of state-of-the-art haptics and notable examples of reusing tactile displays for
various applications. Devices for rendering the sense of touch provided by interaction
with virtual objects will be presented for their potential applications in enhancing the
user experience of metaverses. Tactile displays for kinesthetic and cutaneous stimulation
are designed and redesigned to tailor rehabilitation and manual treatment of trauma and
chronic pain in human extremities. Finally, a completely innovative use of haptic methods
and technologies is proposed as a tool to investigate new therapies for cancer inhibition
based on mechanobiology theories. Here, the role of ad-hoc soft haptic technologies as
instruments to dissect the relationship between the low recurrence of cancer in the cardiac
muscle and the mechanical load of a heartbeat is investigated.

All these new application fields will be presented and categorized based on their level of
novelty, progressing from haptic technologies enriching metaverse-mediated dialogs with
humans and surroundings to the exploration of new treatments for superficial tumors,
such as melanoma or breast cancer, based on mimicking the heart pulse on the skin. This
work aims to expand the application fields of haptics toward new frontiers of digitality
and reality.
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Part 1

Introduction to Haptics






Introduction to Haptics

Touch was never meant to be a luzury. It is a basic
human need. It is an action that validates life and gives
hope to both the receiver and the giver

Anais Nin

aptics, derived from the Greek word “haptesthai,” meaning “to touch," is a mul-
H tidisciplinary field that explores the sense of touch and its interaction with tech-
nology. Unlike common user interfaces that exploit visual and auditory sensory channels,
haptics focuses on enhancing human-computer interaction through the sense of touch.
This study field a wide range of technologies and applications that enable users to per-
ceive and manipulate virtual or remote objects as if they were physically present.
Haptic technology leverages tactile sensations to provide users with a more immers-
ive and realistic experience for various applications, including virtual reality, gaming,
medicine, robotics, and communication devices. The aim of this research field consists
of augmenting human perception of the remote and digital world and creating a sense
of presence and engagement by delivering feedback through the sense of touch, allowing
users to feel textures, forces, vibrations, and other tactile cues. In recent years, haptics
has seen significant advancements, driven by innovations in sensor technologies, actuat-
ors, complaints materials, and haptic algorithms. The integration of haptic feedback in
consumer electronics, such as smartphones and game controllers, has become increasingly
prevalent, contributing to a more intuitive and engaging user experience. This intro-
duction sets the stage for discussing the human perception of tactile cues (Chapter 1),
technological solutions to provide haptic stimuli (Chapter 2), and their usage (Chapter
3). While these chapters do not aim to present an exhaustive review of all the subjects
explored in this thesis, they offer a brief overview of the current state of technologies,
approaches, and concepts that will be further examined in the subsequent parts.



Chapter 1

Sense of Touch

The sense of touch empowers us with the
ability to discern various properties of ob-
jects, such as temperature, texture, shape,
mass distribution, friction, hardness, vis-
coelasticity, and many more. This percep-
tion is facilitated through physical contact
between human skin and the object un-
der consideration. Without the sense of
touch, our understanding and interaction
with the physical world would be greatly
limited. It plays a crucial role in our daily
activities, allowing us to navigate our en-
vironment, manipulate objects, and com-
municate with others through gestures.
Furthermore, our sense of touch extends
beyond the static properties of objects. It
allows us to comprehend not only their dy-
namic aspects but also interactions with
them, such as inertia or gravitational ef-
fects [1]. Hence, the sense of touch serves

Figure 1.1: Touch consists of perceiving the
environment using skin-provided sensations.

as a vital interface with our surroundings.
Individuals deprived of this sense find it challenging to perform manipulative tasks, even
something as simple as picking up and placing objects. The sense of touch is also closely
linked to our emotional well-being. Studies have shown that touch can elicit strong emo-
tional responses and have a profound impact on our feelings of connection, trust, and
affection. For example, a comforting hug can provide solace during times of distress,
while a gentle touch on the arm can communicate support and empathy. An outline of
the sense of touch, our perception of tactile stimuli, and the involved body parts in haptic
sensation are presented in the following chapter.

1.1 Haptic Sensing
Distinct from the other four human senses, touch does not rely on a localized sensory

organ; instead, it functions as a distributed phenomenon processed by the skin, the body’s
largest organ, which constitutes about 15% of the total body weight in adult humans [2].
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Figure 1.2: Anatomy of human skin both glabrous and hairy. The most superficial layer
of the skin is the epidermis, followed by the dermis, and then the hypodermis. Also
depicted in this figure is a specialized skin structure: the hair follicle.

The skin covers the entire external surface, with an approximate area of 1.5-2.0 square
meters and a thickness of 2-3 millimeters. Due to its widespread distribution and the
complexity of its nature, treating a tactile signal as a well-defined quantity, similar to
visual and auditory signals, proves challenging. The intricate functioning of touch makes
it difficult to replicate accurately in scientific or engineering tasks [3]. Any active or
passive contact between the skin and an object or the environment results in a collection
of information, including temperature, pain, and pressure, which allows the brain to
explore and understand the world around us.
As shown in Fig. 1.2, skin is organized in three layers, from top to bottom:

Epidermis, made of dead skin cells, which provides a waterproof barrier and creates

human skin tone;
Dermis, containing nerve endings, hair follicles, sweat glands, sebaceous glands,

and touch receptors with the function to sustain and support the epidermis by
diffusing nutrients to it and replacing the skin cells that are shed off the upper layer

of the epidermis;
Hypodermis, consisting of adipose and connective tissue. It mainly acts as an

insulator and helps regulate body temperature. It also acts as a cushion to protect

underlying tissue from damage.
The sense of touch is based on a vast network of nerve endings and touch receptors

in the skin, responsible for all the sensations felt by humans (cold, hot, smooth, rough,
pressure, tickle, itch, pain, vibrations). This complex system is known as the somato-
sensory system. However, the cells that make up the skin tissues are also involved in
haptic sensing. The cells are equipped with mechano-, thermo-, and piezo-sensors on
their membrane, capable of acquiring and interpreting tactile information from the extra-
cellular medium and other cells. A practical example of haptic sensation mediated by skin
cells is the cold sensation perceived when a menthol-based ointment is applied to the skin:
in this case, the cold perception is triggered by the cells, whose thermo-sensor, namely
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transient receptor potential ion channel subfamily M (melastatin) member 8 (TRPMS), is
affected by the menthol molecule contained in the ointment, which acts as an antagonist
to that cellular sensor.

1.1.1 Somatosensory System Receptors

The somatosensory system comprises four main types of receptors:

Mechanoreceptors which respond to various mechanical stimuli, including light
brush, stretch, vibration, and noxious pressure; thermoreceptors, responsible for per-
ceiving sensations related to the temperature of objects; Nociceptors, that detect pain
caused by mechanical stimuli (cut or scrape), thermal stimuli (burn), or chemical stimuli
(poison from an insect sting) that may damage the skin and other tissues; and proprio-
ceptors that return the sense the relative position between different parts of the body
and the surrounding environment.

However, the distribution of these receptors in the body is not uniform, with the
most sensitive areas being the face, the back of the neck, the chest, the upper arm, the
fingers, the soles of the feet, and the legs. In addition, the deep of somatotopic sensors
depends also on the type of these, in fact, the mechanoreceptors are distributed in different
levels of the skin, while the thermal ones are most distributed in the dermis with higher
concentration in the face and ears.

Over three million pain receptors are distributed throughout the body completely
differently the proprioceptors are located in strategic positions such as tendons, muscles,
and joint capsules, detecting changes in muscle length and skin tension. In Fig. 1.3 the
inequality among the proportions of touch sensors represented in the brain is visually
depicted using the representation of cortical homunculus.

In accordance with the scope of this thesis, a brief focus will be given to mechanore-
ceptors.

Mechanoreceptors

Mechanoreceptors transmit signals in the form of a stream of voltage pulses, with the
amplitude represented as pulse density [3]. When stimulated, a mechanoreceptor trig-
gers action potentials at an elevated frequency, with higher stimulus strength resulting
in a higher frequency. As the cell adapts to the stimulus, the pulse frequency subsides
to its normal rate [4]. Traditionally distinguished based on the types of stimulation to
which they respond, the size of their receptive fields, and their rates of adaptation [5],
each mechanoreceptor comprises a primary afferent neuron and its sensory endings. So-
matosensory neurons are grouped into low-threshold mechanoreceptors (LTMRs), which
respond to benign pressure, and high-threshold mechanoreceptors (HTMRs), which re-
spond to harmful mechanical stimulation. Associated nerve fibers are classified as Ag,
A¢§, or C fibers based on their action potential conduction velocities. C fibers are unmy-
elinated with the slowest conduction velocities (about 2 m/s), while A§ and AS fibers are
lightly and heavily myelinated, exhibiting intermediate (about 12 m/s) and rapid (about
20 m/s) conduction velocities, respectively [6]. HTMRs and LTMRs are further classified
as slowly or rapidly adapting based on their rates of adaptation to sustained mechanical
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1 —Lower lip
55 § —Teeth, gums,and jow

Figure 1.3: The Cortical Homunculus presents a distorted representation of the human
body, originating from a neurological “map" that illustrates the distribution and pro-
portions of brain regions responsible for motor and sensory functions related to various
body parts. Nerve fibers transmitting somatosensory data from across the body converge
in different regions of the parietal lobe within the cerebral cortex, forming a map that
represents the body’s sensory input.

indentation. Rapidly adapting (RA) receptors sense the initiation and cessation of con-
tact with an object but not the continuation and duration of skin indentation. Slowly
adapting (SA) receptors continue firing during constant mechanical stimuli.

Moreover, based on their receptive field structure, mechanoreceptors are further clas-
sified into type I (small) with a receptive field diameter of about 2-8 mm and distinct
borders, type II (medium) with a larger receptive field and diffuse borders, and also type
IIT and IV, with the largest and smallest receptive fields, respectively [7]. Four sens-
ory endings in glabrous skin specifically perceive indentations and vibrations: Meissner’s
corpuscles, Merkel cells, Ruffini endings, and Pacinian corpuscles.

Morphological observations, including receptive field characteristics, adaptive proper-
ties to stepwise indentation, and frequency response to sinusoidal vibration, have associ-
ated different sensing characteristics with these receptors:

Meissner’s corpuscles are ovoid structures in the dermis of glabrous skin, most
sensitive to vibrations in the 20-40 Hz range. Found on the fingertips, they are
typically associated with rapidly adapting type I receptors [8].

Merkel cells are located in the deepest layer of the epidermis of glabrous skin, and
they register pressure. Associated with slowly adapting type I afferent fibers, their
density is estimated at 80 mm? [9].

Ruffini endings have a spindle-like shape, these are located in the deepest part
of the dermis of both hairy and glabrous skin, responding to pressure and sensitive
to pressure variations. Typically, they are associated with rapidly adapting type II
receptors [10].
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Figure 1.4: Mechanoreceptors comprise a diverse class of nervous endings capable of col-
lecting a wide range of sensory inputs. Different sensations are registered by distinct
receptor types, which vary in anatomy, position within the skin, and other physical fea-
tures.

Pacinian corpuscles are multi-layered structures, onion-shaped, deep within the
dermis and subcutaneous fat layer of both hairy and glabrous skin. Most sensitive
to vibrations in the 200-550 Hz range and associated with slowly adapting type II
receptors [11].

More details about corpuscles and endings is visually reported in Fig. 1.4.

1.1.2 Cellular Receptors

As aforementioned, haptic sensing is also powered by the direct interaction of human cells
with the environment. In fact, human cells exploit specialized mechanosensors, including
proteins and protein complexes, to discern external mechanical signals. These mechano-
sensors are typically situated on the membrane interfaces between cells and between the
cell and its environment. Upon detection of mechanical stimuli, a mechanosensor triggers
mechanotransduction pathways, converting mechanical signals into biochemical cues that
affect and alter various cellular processes, such as gene expression [12, 13, 14], signaling
cascades [15, 16, 17], cytoskeletal rearrangement [18, 19], or apoptosis [20, 21]. Several
cell organelles and proteins play the role of mechanosensor: the ion channels detect
mechanical stimuli that force the opening of membrane gates, the adhesion complexes
perceive external forces because they mediate the mechanical connections between cells
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Figure 1.5: Three general models of SAC enabling are proposed: (a) In the “bilayer
model,” the tension applied (red arrow) in the lipid bilayer itself is directly responsible
for channel gating; (b) In the “tether model,” the force is transmitted to the channel
via proteins located in the extracellular matrix, the cytoskeleton, or both. Tensions are
conveyed by these accessory proteins to induce the channel opening. (c) In the “secondary
signal model,” the channel activation depends on a distant mechanical-sensitive protein
generating a diffusible second messenger.

and the extracellular matrix (ECM), and the cilia proteins and microtubules sense
mechanical cues and fluid flow due to their flexible structure.

Ion Channel

Ton channels are proteins that allow the preferential passage of ions through the cell
membrane. The opening or closing of an ion channel gate is related to a signal measured
between the inside and outside of the cell, which varies over time. This signal is the
so-called action potential, which is generated precisely thanks to the entry and escape of
ions like sodium (Na™), potassium (K¥), calcium (Ca?*) and magnesium (Mg?")[22, 23].
One relevant class of mechanosensitive ion channels consists of piezo-channels, particu-
larly Piezol and Piezo2, which play a central role in translating mechanical forces into
electrical and biochemical signals. These large transmembrane proteins have a complex,
trimeric structure with multiple transmembrane domains and a central pore region|[24].
Mechanically induced deformations in the cell membrane activate Piezo channels, leading
to changes in membrane potential and intracellular calcium levels [25].

Similarly, stretch-activated channels (SAC) respond to mechanical stretching of the cell
membrane. Deformation of the membrane causes these channels to change conformation,
allowing ions to pass through and triggering the mechanotransduction pathway. SACs
are capable of measuring three different models of interaction: ¢) the bilateral interaction,
which occurs when both gates of an ion channel are directly subjected to a force, the
i1) tethered interaction when the ion channel gate is open due the combined effect of
a mono-directional force and the inertial response of the cytoskeletal structure, i) the
secondary signal model, in which to be triggered are near mechanoreceptors that trigger
the ion channel to open. All of these are visually depicted in Fig. 1.5.
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Figure 1.6: Example of catch-bonding on integrin conformations: The schematics of ECM-
bound integrin in extended-closed conformation. Once the extended-closed conformation
of integrin attaches to intracellular talin, a membrane-parallel force is exerted on the
tail, providing a lateral pulling of the 3 tail, the transmembrane 5 helix change orientation
with respect to the a helix.

Figure 1.7: Primary cilia cells sense flow and control cell proliferation. The deflection of
the primary cilium caused by flow within the nephron tubule is detected by PC1 (orange)
and PC2 (red), two trans-membrane proteins. Flow induces Ca?* flow. In the absence of
flow, Ca?* influx is reduced and the tail of PC1 is cleaved, triggering a bio-transcription.

Adhesion Complexes

Adhesion Complexes or Cell Adhesion Molecules (CAMs) consist of proteins like integrins,
cadherins, selectins, and immunoglobulin that mediate cell adhesion, i.e., the ability of
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cells to stick to one another or to various surfaces, such as ECM, or foreign particles[26].
Integrins and cadherins filaments are capable of measuring external mechanical cues being
subjective to a catch bond mechanism[27, 28] that strengthen them when a force is directly
applied: mechanical tension induces detectable structural changes in these molecules
triggering a mechanotransduction pathway, as represented in Fig. 1.6.

Cilia, and Microtubules

Cilia are slender, hair-like protrusions found on the surface of many cell types, while
microtubules are structural components of the cytoskeleton. Both are involved in the
cell’s mechanosensing process:

Cilia: When mechanical stimuli, such as fluid flow or touch, exert force on cilia,
it induces bending or deflection. This mechanical deformation is detected by spe-
cialized proteins located at the ciliary base, including polycystins (PC) and other
mechanosensitive transient ion channels [29]. Its functioning is visually depicted in
Fig. 1.7.

Microtubules: CeCertain microtubule-associated proteins (MAPs) can undergo
conformational changes or alterations in their interactions with other cellular com-
ponents in response to mechanical stimuli. For example, the motor protein dynein,
which moves along microtubules, can be activated by mechanical forces, leading to
changes in microtubule dynamics or cellular movement [30, 31, 32].

Additionally, microtubules themselves can deform or buckle in response to mechanical
stress, transmitting mechanical signals to the cell interior.

1.2 Haptics Perception

All information provided by cutaneous mechanoreceptors, muscles, articulation, and skin
consisting cells is successively interpreted, selected, and organized thanks to a process
called haptic perception [33, 34].

The sense of touch is commonly defined as a multidimensional system consisting of
two main kinds of perception: the cutaneous and kinesthetic ones[35]. Cutaneous per-
ception elaborates the stimuli sensed by the skin’s mechanoreceptors, and vice versa kin-
esthetic perception relates to understanding the position and movement of limbs through
proprioceptor sense, where “proprioception” denotes awareness of movement originating
from the body itself (muscles, tendons, and articulations)[36]. In accordance with the
proprioception definition given by physiologist Sherrington in the early 19th century [37],
this is distinguished from exteroception (data from outside the body) and interoception
(information from internal organs). Although “kinesthesia" is often used interchangeably
with “proprioception", the former places a greater emphasis on motion. More recently,
the term “kinesthesia" has been broadly defined to include the perception of force as well
[38]. It is noticeable that kinesthetic and cutaneous perception are not entirely independ-
ent. For instance, the cutaneous skin stretching receptors play a crucial role in collecting
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information about changes in limb position and movement of some body parts like the
hands. Edin and Johansson in [39] revealed that joint and/or cutaneous anesthesia can
impact the ability to detect finger movements and perceive their position. Conversely, for
more proximal joints like the knee, receptors in the joint or skin have minimal influence
on perceived joint angles, contributing only marginally to sensory inflow [40].

Moreover, haptic perception is affected by the modality through which touch is ex-
perienced [41, 42, 43]. Typically, the touch involving exploratory movements aimed at
perceiving haptic cues is defined “active”, while “passive” touch entails the decoupling
of the subject’s movements from the stimuli display.

In the last decades, researchers have employed various psychophysical methods to
investigate human haptic perception and its limitations lighting the boundaries of our
sensory capabilities [44, 45]. A pioneer of this research field was Weber, whose systematic
investigations led to the establishment of Weber’s law, asserting that the just notice-
able difference (JND) between two stimuli, indicating the minimum change in a stim-
ulus’s magnitude that can be detected, is proportional to its magnitude [46]. Starting
from the Weber law assertion several studies has been conducted about discrimination or
identification of material properties (roughness, compliance, viscosity, friction, coldness)
[47, 48, 49, 50], spatial properties (shape, curvature, size, orientation)[51, 52, 53], limb
positions, and numerosity of items [54, 55], in case both of active and passive touch.

Most recent investigations are focused on perceptual illusions (namely “psuedo-haptics”)
within the haptic system for providing insights into the cognitive processes of haptic per-
ception and serving as a manipulation tool to enhance information display [56].



Chapter 2

Haptics Interfaces

The term “haptic interface" refers to a robotic device that mediates user interaction with
virtual environments or teleoperated remote systems. Typically, a distinction is done
according to the level of wearability (see Fig. 2.1) ! of the haptic interfaces, distinguishing
two main categories of devices: the grounded haptic interfaces and the wearable ones.

A grounded interface, as suggested by the name, is typically a robotic device fixed or
mounted to a surface. Commonly this kind of interface is capable of exerting kinesthetic
cues to the user, providing the human hand with forces and torques through handles.
Commercial haptic interfaces, such as Phantom (3D Systems, SC, USA) and Omega
(Force Dimension, CH), are two noticeable examples of desktop robots capable of accur-
ately generating a wide range of forces, primarily offering kinesthetic feedback. While
ensuring realistic interaction with virtual objects, these interfaces are not portable due
to their bulky form factor. Despite these technologies being widely used for single-point
interaction [57, 58, 59, 60], a multi-contact interaction is extremely challenging to exert.
The ground-based systems HIRO III [61] is ad-hoc designed to exert three-dimensional
forces to all five users’ fingertips, bi-contact interaction frameworks were powered by
synergistic actions of two Omega interfaces [62, 63].

Figure 2.1: From left to the right schematic representation of haptic interfaces sorted by
wearability levels: grounded haptic interfaces (on the left), an exoskeleton (in the middle),
and high wearable device (on the right)

LOxford University Press defines "wearable" as “denoting or relating to a computer or other electronic
device that is small or light enough to be worn or carried on one’s body".
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2.1 Wearable Haptic Interfaces

Portability, weight, dimensions, form factors, encumbrance, softness, and type of con-
nectivity are all proprieties that define the level of wearability of haptic interfaces [64].
To provide a comprehensive overview, the following briefly explores the most relevant
devices known today, presented in ascending order based on their level of wearability and
portability according to their form factor.

2.1.1 Exoskeletons

Exoskeletons represent a category of external structural mechanisms resembling human
body joints and links. These consist of wearable haptic interfaces capable of monitoring
and tracking the hand or limb’s position and providing them with kinesthetic stimuli by
transmitting torques to human joints [65, 66, 67]. Hand exoskeletons can also integrate
cutaneous feedback. For instance, in [68], a 3-degree-of-freedom (3-DoF) fingertip cu-
taneous device and a 1-DoF finger kinesthetic exoskeleton are combined to render both
kinesthetic and cutaneous cues to the finger pulp of a user. Exoskeletons are typically
portable, lighter, and smaller than grounded interfaces; however, they remain bulky and
cumbersome.

2.1.2 Bands

Moving beyond exoskeletons, current technologies are aimed to minimize their interference
with the wearer’s motion and consequently maximize their wearability. The highly wear-
able interface’s base is as close as feasible to the force application point. Typically, this
collocation shift reduces haptic interaction expressiveness, losing the capability to render
the kinesthetic cues, fostering the cutaneous ones [69], including skin indentation and
vibrotactile stimuli. The state-of-the-art highly wearable haptic interfaces are populated
with several devices like arm and hand bands for skin stimulation, such as those presented
in [70]. These consist of wearable devices for forearm guidance, generating independent
skin stretch stimuli at the palmar and dorsal hand sides and ulnar and radial arm sides.
In [71], the haptic expressiveness resembles integrating a 4-degrees-of-freedom (4-DoF)
hand wearable haptic device for Virtual Reality (VR) with exchangeable end-effectors to
provide a wide range of haptic sensations. Bimbo et al. in [72] exploit vibrotactile chan-
nels of human haptic sensing to enhance the user performance of teleoperating a robot in
a cluttered environment, while, in [73] and in [74] vibrating cues are used to make more
intuitive the control of robotic extra fingers or mobile robots, respectively.

2.1.3 Thimbles

Among highly wearable devices, interfaces for the fingertip, namely haptic thimbles, have
received significant attention. Examples include wearable interfaces for skin indentation
having one or more degree of freedom (e.g. , [75, 76, 77] and [78, 79], respectively),
for vibrotactile display, as [80, 81, 82, 83], and thermal rendering [84, 85]. Moreover,
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commercially available devices, such as the TouchDIVER (WeArt, IT), offer a combination
of forces, vibrations, and thermal cues.

2.2 Soft Haptic Technologies

Another way to enhance the wearability of a haptic device is to exploit the usage of soft
matters (e.g., fabric, polyester, or silicone rubber) in its design. Pneumatic pumps, new
kinds of motors, like dielectric or fluid elastomeric actuators or shape memory alloys,
deformable structures, and tendon-driven transmission systems may be used to enhance
the softness of a haptic device and consequently its wearability. Combining these tech-
nologies with compliant materials allows to creation of highly wearable devices that are
lightweight and minimally intrusive to the wearer.

For an exhaustive overview of the state of the art of soft haptics, refer to [86]. In what
follows, some examples of soft haptic interfaces are summarized. These are organized in
three clusters according with their form factor: ¢) whole hand device (gloves), i) limb-
worn bands and 44) finger-oriented interfaces (ring and thimbles).

2.2.1 Gloves

Recent advancements, including the usage of soft materials, have powered research on
exoskeletons for haptic, promoting the design of haptic gloves. Unlike conventional exo-
skeletons, gloves do not interfere with natural human movements. The research proposed
in [87] and [88] focuses on the design of wearable soft haptic gloves for force feedback using
hydraulic and shape memory alloy-based actuation, respectively. In [89] and [90], the au-
thors design and optimize an under-actuated exoskeleton called FLEXotendon Glove-III,
combining soft materials and tendon-driven actuation.

For example, cable-driven exoskeletons allow the delocalization of the actuation mech-
anism and control unit to remote areas of the wearer’s body. In a TSA-based (twisted
string actuation) wearable haptic glove presented in [91], two independent twisted string
actuators with integrated force sensors and small-size DC motors were used. The res-
ulting device, named the “ExoTen-Glove”, is capable of providing a kinematic cue of at
least 80N intensity while weighing under 400g. Conversely, [92] introduces a lightweight
and compliant haptic glove that employs tendon-drive actuation and a compliant robotic
mechanism capable of exerting high forces, with a total weight of 230g.

Inflatable structures and pneumatic actuators can be employed to control joint pos-
ture and simulate the hardness of virtual objects. Soft clutches, for example, can be
used to simulate highly stiff tactile interactions. Hinchet et al. presented an electro-
static clutch with high force density integrated into a kinesthetic glove to immobilize
finger motion upon contact with a virtual solid object [93]. Starting from a comparative
study about silicone- and fabric-based inflatable actuators, Suulker et al. in [94], demon-
strated that both can exert high forces, are lightweight, and have an extensive flexion
angle potential, however, materials like cotton makes the exoskeleton more comfortable
and user-friendly, consequently increasing wearability. In [95], the FlowGlove device is
presented, this consists of haptic devices that can render a variety of tactile sensations like



18 2. Haptics Interfaces

pressure, vibration, and temperature enabling virtual reality haptic interactions by water
flowing in the liquid bladder. For a comprehensive understanding of the state-of-the-art in
soft exoskeletons (not only for haptic applications), referring to literature review articles
presented in [96, 97, 98] is recommended.

2.2.2 Bands

Soft matter could be also used, to create haptic bands. These devices are typically made
of flexible materials such as fabric or silicone rubber and contain small vibration motors or
pneumatic actuators arranged to deliver sensations to specific body parts, such as wrists,
arms, forearms, and ankles. Pneumatic actuators are used to enable the inflations of air
chambers pressing on the user’s skin. Bellowband [99] is a noticeable example of this kind
of technology. It consists of a wristband with eight equally spaced pneumatic air chambers
that extend into the wrist, providing local pressure and vibrations. The exploitation of
polyester thermoplastic polyurethane (TPU), a printable soft elastic material reduced
drastically the weight of the device (11 g) and ensured the low encumbrance of its form
factor. Agharese et al. , in [100] proposed HapWRAP, growing wearable haptic bracelets
that grow out of a compact housing unit and provide a combination of directional and
force feedback to a user. Pneumatic actuators are also used to realize wearable haptic
sleeves. In [101], the authors exploited a linear array of air chambers to provide the
illusion of the stroking gesture, while, in [102], a soft sleeve is designed to render a wide
range of haptic sensations, including compression, skin stretch, and vibration.

Regarding textile bands and tendon-driven bracelets, works as [103, 104, 105] and
[104], exploits the length reduction and the synchronous movements of the fabric end to
induce squeezing and shearing cues on the wearer’s skin.

Shape memory alloys were involved in the design of the squeezing band, as the “Haptic-
Clench”, a haptic band presented in [106]. This provides several levels of pressure feedback
exploiting Flexinol, a commercially available Nickel-Titanium SMA with a low span that
contracts like muscles when electrically driven.

2.2.3 Thimbles and Rings

Similarly for the bands presented above, fabrics and tendons are widely exploited in
the design of finger-oriented devices. The hRing [107] is a noticeable result of this field
of research. The ring consists of a textile haptic ring designed to provide normal and
shear stimuli to the proximal phalanx of the user’s finger by means of moments and
length reduction of fabric bands. An analog design is proposed in [108] where a tendon-
driven device is realized to provide normal mechanical cues on the finger pulp of wearing
users, while, in the device proposed in [109], a silicone rubber platform indents three-
dimensionally the wearer skin. For what concern other technologies, in[110], dielectric
elastomer actuators were involved to enable a soft, thin, light and flexible haptic display
to wear on the finger pulp, while Talhan et al. in [111] and in [112] exploited pneumatic
actuation to trigger squeezing sensation on the wearer’s digits. In addition, shape memory
alloy actuators can power miniature haptic ring fingerpads such as the one presented in
[113] allowing the display of touch/pressure and shearing force fingerpads.
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Haptic Application

In the last decades, haptic technologies, in-
cluding those previously introduced, have
been exploited in a wide range of applica-
tions: tactile interfaces have been used to
enhance the immersion of a virtual exper-
ience or to increase the realism of training
simulators for industrial and medical pur-
poses, as well as to increase student en-
gagement in class attendance through mul-
timedia and multi-sensory lessons. The
applications of haptic technologies span
from the gaming and virtual reality fields
Figure 3.1: Haptics rings can be exploited to to those for medical simulation and train-
remotize the sense of touch and transmit it ing, but also this extends to the telecom-
like a audio trace. munications, robotics, and automotive in-
dustries, offering new tools for triggering
unconventional sensory channels for transmitting awareness or notification signals.
Furthermore, since the target of haptic technologies consists of activating the sense
of touch by cutaneous and kinesthetic stimulation, they can be leveraged as a valuable
supplementary, compensatory, or augmentative instrument for all patients affected by
sensory disabilities.

3.1 State of the Art

Before coming into the contribution of the present thesis, a brief overview of the most
common application fields of haptic technologies is reported here.

Gaming and Extended Reality

Maybe the most notable application of haptic technology consists of gaming. In commer-
cial gaming platforms, haptic feedback is integrated to enhance the gaming experience
by providing users with tactile sensations that correspond to in-game events. From the
subtle vibration for simulating footsteps, [114] to the force feedback replicating the res-
istance of a virtual world object making them tangible [115, 116, 117], haptic feedback
amplifies immersion [118; 119], making the gaming experience more realistic and enga-
ging. Over the years, haptic research has provided several novel interfaces integrating
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Figure 3.2: Representation and details of types of Extended Reality according with the
Reality-Virtuality continuum.

tactile cues with commonly used controllers. For instance, Aziz et al. , in [120], proposed
a handheld multimodal haptic feedback controller integrating whole hand and finger pulp
stimulation cores with tracker systems, or also in [121, 122] proposed the design of laptop
mouses haptic-enabled by electromagnet and vibromotors, respectively. Wu et al. in [123]
presented a laptop keyboard with realistic haptic feedback to provide users with a fully
immersive virtual experience.

However, gaming is only a sub-field of Extended Reality (XR) that comprises aug-
mented reality (AR), virtual reality (VR), and mixed reality (MR) (see Fig. 3.2). In the
XR domain, the physical world and its consisting objects are digitalized and mirrored
employing “digital twin world”and “digital twin objects”, respectively.

Haptic gloves [124, 125] and suits [126, 127, 128] take the VR experience a step further
by enabling users to feel the virtual environment. As users interact with digital objects or
navigate through virtual spaces, the haptic feedback transmits the sense of touch, adding
a new sensory layer to the immersive experience. A wearable haptic thimble for virtual
reality experiences is presented in [129], it conveys the sensation of touching objects
made of different materials, rendering pressure and texture stimuli through a moving
platform and a vibromotor. In [130], haptic devices with variable stiffness actuators
are presented for bimanual interaction with digital twins populating virtual realities.
For a comprehensive overview of haptic technologies tailored for virtual realities, refer to
[131, 132]. On the other hand, with regards to AR, several investigations about the haptic
role and tactile display design were conducted: Normand et al. , in [133], investigated
the effect of the visual-haptic rendering devices to address the lack of mutual visual
occlusion between virtual and real content as well as the lack of haptic sensations; in[134]
a comparison between devices differing for wearability is conducted to assess the best form
factor for AR haptic interfaces; In [135] 2-D haptic rings and 3-D thimbles are tested in
a user evaluation about haptic interface integrability with external cameras and head-
mounted display. In [136], an overview of haptic interfaces for virtual and augmented
reality is provided, introducing an identification of applicative opportunities specifically
for soft haptic devices.
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Robotics

Wearable and grounded haptic interfaces are usually involved in the bilateral force-
position teleoperation of a robot, fostering the force feedback from the robot to the
user. The operator directs and guides the robot in task completion while receiving feed-
back regarding interactions with objects and the surrounding environment [137, 138, 139].
Kinesthetic feedback plays a crucial role in enhancing the transparency of the teleopera-
tion system and amplifying users’ sense of telepresence. However, it can adversely affect
system passivity and stability. To address this issue, two alternative frameworks are pro-
posed in [140] and [141], wherein kinesthetic feedback is replaced with cutaneous cues or
combined with energy-aware control mechanisms, respectively. These frameworks aim to
ensure system stability while avoiding transparency lack.

Furthermore, haptic feedback can be leveraged for robotic awareness, wherein ’aware-
ness”’encompasses the machine’s ability to perceive, interpret, and respond to its sur-
roundings akin to human awareness. It involves transmitting changes in the robot’s
status to a human operator. Haptic cues facilitate this dialog between humans and ma-
chines [142]. According to findings presented in [143], incorporating awareness haptic
feedback enhances human performance during cooperative tasks with robots, particularly
for non-gkilled individuals. In such scenarios, awareness of the robot’s state is fostered
by equipping the human with a vibrotactile ring that transmits acknowledgment signals
during critical phases of the task. Moreover, the transmission of awareness signals can
be extended to mobile robots and drones. For instance, [144] tackles the challenge of
relieving the visual channel’s burden by utilizing the tactile sense channel to provide mul-
timodal feedback in Unmanned Ground Vehicle teleoperation. Similarly, [145] proposes
a haptic-based framework for teleoperation and awareness for rescue robots operating in
noisy environments with low visibility.

Medicine and surgery

Usually, surgeons and medical professionals can leverage tactile technologies to practice
complex procedures in a risk-free virtual environment using haptic-enabled simulators.
The outcome of the study presented in [146] demonstrates an enhancement of perform-
ance for an orthopedic surgical task when using a VR-based simulation model incorpor-
ating haptic feedback, compared to one without haptic feedback supporting the pursuit
and implementation of haptics in surgical training simulation models to enhance their
educational value. In [147], Basdogan et al. integrated commercially available haptic
devices into a training system designed to simulate minimally invasive procedures, while
in [148, 149, 150] are presented the ad-hoc design of a user interfaces capable of providing
force feedback in all the degrees of freedom (DOFs) available during endoscopic surgery.
A compressive overview of haptic-enabled simulators for medical training is presented
in [151]. All these interfaces provide realistic tactile feedback, allowing practitioners to
develop and hone their skills in a controlled setting before performing surgeries on actual
patients, both supporting expert surgeons during their mansions. Haptics in teleoperated
medical interventions enables measurement and rendering of force information to the op-
erator during tool-body interaction as stated in [152]. Gaudeni et al. in [153] presented
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a pneumatic sensing case and a haptic interface to render the forces that surgical drills
apply on the patient’s cranium. In [154], commercially available haptic interfaces are
exploited to correct anxious movements by transmitting tactile cues to the surgeon. In
[155] and [156], haptic-based controls using virtual fixtures are developed to guide the
surgeon during tasks like cutting or suturing. Moreover, tactile interfaces and the haptic
feedback provided by them are commonly leveraged to set a force-position teleoperation
framework, enhancing the experience transparency of the surgeons and increasing their
engagement concerning the task [157, 158, 159]. Finally, haptics technologies are also in-
volved in setting ad-hoc immersive virtual environments for rehabilitation, such as those
presented in [160].

Communication and Lifestyle

Smartphones and tablets utilize tactile feedback to simulate the sensation of pressing
physical buttons on the touchscreen, providing users with a more tactile and responsive
interface [161]. This technology also extends to wearable devices, such as smartwatches,
where haptic feedback enhances the user’s awareness of notifications and alerts without
the need for visual or auditory cues.

Furthermore, haptic communication has applications beyond personal devices. Re-
mote communication tools, like video conferencing platforms, can incorporate haptic feed-
back to enhance the sense of presence, transmitting gestures like head nodding [162]. This
can be particularly valuable in professional settings, enabling users to feel more connected
and engaged during virtual meetings. Additionally, in [163], the authors present a pair of
soft wearable anklets to enable people to have a 'remote social walk’. The streaming of
the gait cadence between two persons walking in different places induces the synchron-
ization of the footsteps and increases the sense of mutual presence. Moreover, haptic
technologies can be used to communicate emotions or control stress levels, as proposed
in [164, 165, 166] and [167).

Accessibility and Inclusiveness

Haptic technology plays a crucial role in creating more accessible and inclusive digital and
real experiences. For individuals with visual or auditory impairments, haptic feedback
provides an additional sensory layer for interacting with environments, objects, and other
persons. Haptic displays can convey information for users affected by visual impairments,
exploiting the Braille tactile writing system [168, 169], or render graphical representations
of data [170]. In [171] and [172], haptic gloves are proposed to foster communication
between users using the Lorm alphabet and to improve computer usage for blind persons
in a VR setting, respectively.

Haptics may also enhance the sense of direction [173, 174] and guidance [175, 176]
for blind people in structured and unstructured environments. Moreover, vibrotactile
technologies, such as those presented in [177, 178, 179], are suitable for overcoming freezing
of gait (FOG) and balancing issues in Parkinsonian patients.
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Education

The educational sector has embraced haptic technology to enrich learning experiences by
providing multi-sensory content. Biology classes, chemical studies [180], and architectural
simulations in design courses [181] have become more interesting and captivating through
the use of haptic interfaces. Students can engage with digital content in a more hands-on
manner, bridging the gap between theoretical knowledge and practical application [182].

Furthermore, haptic stimuli can be exploited to correct bad habits in daily activities,
such as continuous face-touching [183] or lifting heavy objects with unergonomic postures
[184, 185].

Automotive

The automotive industry has integrated haptic technology to enhance safety and improve
the driving experience by incorporating haptic feedback into steering wheels or seats to
alert drivers to potential dangers [186, 187, 188, 189] or ensure the safety of pedestrians
[190]. Lane departure warnings, collision alerts, and parking assistance systems utilize
haptic technologies to communicate with drivers, as presented in [191], [192], and [193],
respectively. Moreover, advancements in haptic technology contribute to the development
of autonomous vehicles. Haptic feedback assists in creating a seamless transition between
manual and autonomous driving modes, ensuring that drivers remain aware and engaged
when necessary [194, 195].

3.2 Haptic Repurposing

In the field of medicine and pharmacology, ”’describes the method of identifying novel
medical applications for existing drugs or compounds initially devised for other medical
indications. This approach utilizes the established data and safety profiles of current
molecules to explore their effectiveness in combating various health conditions or diseases,
taking precedence over creating new drug molecules [196]. A renowned instance of this
strategy is found in the application of Aspirin. Originally utilized for pain relief, Aspirin
is now also prescribed to diminish the risk of heart attacks and strokes.

Similarly, the concept of ”’is witnessed in the field of haptic technology. For instance,
a vibrating anklet, initially conceived for enhancing the social aspect of running [163], has
since been adapted for diverse uses. These applications range from facilitating rendezvous
for pedestrians [197] to directing groups of people in various environments, impacting
significantly on crowd management [163].

This thesis encapsulates three years of investigation into discovering new applications
for tactile technology. It documents the process of repeatedly refining tactile interfaces
and haptic methodologies to extend their utility across multiple fields, analogous to the
repurposing seen in pharmaceuticals. Haptic technology, initially designed for specific
uses—such as gaming, surgical assistance, or communication—has been reconceived for
groundbreaking environments like metaverses, hands-on medical therapies, and cancer
research.
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Subsequent sections of this thesis will introduce a series of studies in this realm,
organized by the degree of innovation in their application. We will explore a spectrum of
haptic technology repurposing, progressing from the conventional to the most pioneering.

o In the first part entitled “Haptics for Metaverse Experiences” will be presented
several technologies designed for virtual and extended realities but suitable also to
enhance the tactile experience of life in metaverses, summarizing technologies for
human-human physical dialog, both active and passive virtual object interaction
leveraging haptic stimuli and pseudo-haptics illusions.

e The second part of this work, namely “Haptics for Medical Treatments” is
focused on the innovative application of haptic to investigate the effects of robot-
exerted manual treatments of end-limb affected by trauma and chronic illness.

e The third part,“Haptics for Mechanobiological Research on Cancer” con-
sists of an overview of preliminary technologies designed to foster the biotechnology
research in-vitro and in-vivo about cancer proliferation in order to dissect the hy-
pothesis of mechanical inhibition of cancer proliferation.

Finally, a conclusive part collects the perspective of conducted activities and the
planned future works for each research field.
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Haptics for Metaverse Experiences

The metaverse is here, and it’s not only transforming
how we see the world but how we participate in it — from
the factory floor to the meeting room.

Satya Nadella

etaverse word is a portmanteau of the words “meta," which means beyond, and
M “universe," which refers to everything that surrounds us in the most general sense.
In its simplest definition, the metaverse is a three-dimensional virtual world where social,
cultural, and recreational activities take place as in the real world. A more complex
definition incorporates the use of Extended Reality (XR) technologies, i.e. Augmented,
Mixed and Virtual Reality, to either fully immerse or superimpose the user in a digital
environment that enhances or replaces the physical reality of its body and its surroundings
[198]. Started as a game-oriented application, today its popularity is rapidly growing
thanks to a pool of users who are getting ever more familiar with the “digital lifestyle”,
laying fertile ground for its commercialization as a broader application for work and life
[199]. The main difference between a massive life simulator video game and a metaverse
consists of the persistence of the latter, in fact, at any time users can reset their avatar
history or the whole game, while it is not allowed in a metaverse.

Thanks to the metaverse, people may share the environment and interact with each
other even if physically located in remote places, being engaged in a more immersive
experience than the one offered by standard teleconferencing tools. Indeed, video calls
can stream audiovisual content, but fail to convey the sense of presence as they lack the
transmission of in-person interaction components, including body language and physical
cooperation. In this regard, researchers are tackling the challenge of integrating the haptic
channel with the audio and video streams [200, 201, 162, 202, 203]. Their results offer
great potential also for metaverses where the user can interact with:

e Virtual objects, manipulating them and sifting their digitally-assigned physical
and geometrical proprieties, such as shape, stiffness, or viscosity;

¢ Other users, dialoguing and exchanging social gestures to show complicity or
greeting;
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e The whole surrounding environment, inspecting it using all digitalized senses
as view, hear, and in that case touch.

It has been demonstrated that collaborating with shared objects improves the qual-
ity and the efficacy of the communication [204, 205, 206, 207] and increases the sense
of presence !, co-presence 2 and social presence ? intensifying the emotions felt in the
virtual environments [212, 213, 214]. Moreover, adding the tactile layer is beneficial for
increasing the realism of the interaction, as enabling users to manipulate objects in the
shared environment shifts the participant’s role from observer to actor. In what follows
novel haptic interfaces and new methodologies tailored for virtual object discrimination
(Chapter 4) and manipulation (Chapter 5), human-human non-verbal communication
(Chapter 6) and virtual environment exploration (Chapter 7) will be presented. Each of
them is thought to foster the expressiveness of remote communication and to improve the
realism of virtual worlds, and then, all of these are efficacious tools to enhance the user
experience immersed in digital environments consisting of a metaverse.

! According to [208] and [209], it is the perceptual illusion of non-mediation in the communicative
environment and it can be considered an index of success of the metaverse

2 According to Youngblut [210], this is defined as “the subjective experience of being together with
others in a computer-generated environment, even when participants are physically situated in different
sites”

3In line with Biocca [211], the “social presence occurs when users feel that a form, behavior, or sensory
experience indicates the presence of another individual. The amount of social presence is the degree to
which a user feels access to the intelligence, intentions, and sensory impressions of another.



Chapter 4

Object Passive Interaction

The ability to estimate compliance is an
important human skill related to the tact-
ile sense. When the perception of compli-
ance is mediated by haptic devices, the in-
teraction with objects usually takes place
through active exploration from the sub-
ject. In this paper, we present a wearable
haptic device for transmitting information
about object compliance through passive
touch, meaning that stimuli are generated
by an external agent rather than by user
motion. More precisely, the dynamics de-
scribing the object indentation is repro-
duced on the user’s forearm in the form of

Figure 4.1: The wearable haptic device de-
veloped to recreate the dynamics of the in-
teraction with compliant objects. It is able
to display two different cues: force (through
squeezing effect) and displacement (through
skin-stroking effect).

decoupled cues representing applied force
and surface displacement. The develop-
ment of such a device has a twofold pur-
pose. Firstly, it allows the study of the
human capacity for processing decoupled
information to deduce object compliance. Secondly, it makes possible to convey object
compliance to someone who is not performing the object indentation. This is especially
important in contexts like telemedicine and human-robot collaboration. Users’ perception
of stiffness, force, and displacement were estimated. Then, a two-phase experiment was
carried out to compare the proposed approach with the state of the art.

4.1 Motivation

Object compliance can be defined as the amount of object deformation under a given
applied force.

When a tool or a finger indents a compliant object, the force applied and the dis-
placement generated on the object are related to the extension of the contact area. This
implies that compliance has not an absolute value, but depends on the way the object
is touched [215]. Besides, humans perceive compliance through tactile interaction and
in terms of softness and hardness, which are subjective rather than physical measures
of compliance [216]. Such indeterminacy justifies the large number of published stud-
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ies on human compliance perception, most of which concern the case of active touch,
i.e. with voluntary movement on the part of the subject [217]. In [218], subjects were
asked to squeeze a series of specimens between finger and thumb. Subjective hardness
was found to follow the psycho-physical power law and to grow as the physical hardness
raised to a power. In [219], authors found that the stiffness perception varies on an indi-
vidual level for different exploration velocities. In [220], an electro-mechanical system was
used to measure the compliance Just Noticeable Difference and to investigate the roles of
force and mechanical-work (i.e., force integrated over displacement) cues in compliance
discrimination.

Results suggested that people tend to use mechanical work cues for compliance dis-
crimination whenever such cues are available. Compliance JNDs appeared to be consid-
erably larger than force JNDs, and their values depended upon the particular experiment
used for testing. As regards the case of passive touch, i.e. when the stimuli are generated
by an external agent rather than by the user motion, few studies have been done. Despite
that, it is generally agreed that there is a difference in compliance perception between
active and passive exploration. In [216], authors report that kinesthetic information alone
is insufficient to judge the relative softness of objects with deformable surfaces in case of
active touch. Differently, the lack of kinesthetic feedback in case of passive touch deteri-
orates only slightly the discriminability compared with active touch performance gained
where both tactile and kinesthetic information are available. In [221], a neuronal spiking
model emulating the firing activity of human mechanoreceptors was adopted to deliver
haptic information about objects stiffness (i.e., the inverse of compliance) on thumb and
index fingers of a remote subject. To indent each rubber sample, the experimental pro-
tocol provided for random force and duration, while the indentation velocity was constant.
This approach enabled the remote discrimination of most of the proposed pairs of samples,
with an overall average of 74 4= 7% of correct answers.

Within this context, this paper explores the use of a wearable haptic device (see
Fig. 5.1) worn on the forearm for conveying information about objects compliance through
passive touch. More precisely, the device is meant to ¢) reproduce the dynamics describing
the object indentation in the form of decoupled cues regarding applied force and surface
displacement, ii) act as a sensory substitution system [222] in charge of presenting inform-
ation to be processed by the intrinsic sensory body system for the compliance estimation,
and i) enable the real-time representation of tactile information coming from a remote
operation context, without preventing the wearer from using the hand. The development
of such a device has a twofold purpose. On the one hand, it allows us to investigate the
human capacity for processing information provided in a very different way from how the
person would actively acquire it. In particular, we are interested in understanding whether
it is possible to deduce the compliance of an object starting from decoupled information
on force and displacement, without establishing a constant speed of the indenter. This
contributes to the body of knowledge in the human augmentation field [223] by providing
a method to convey additional information without interfering with the main receptive
channels of the human sensory system (in this case, the hand). On the other hand, our
device is a haptic interface that can be adopted in teleoperation contexts where the per-
son who has experience in the matter is not the operator. Explanatory examples are



4.2. System Owverview 31

telemedicine activities [224], where the physical exam assessment through palpation still
represents a limit. In fact, typically the patient is not able to evaluate tissues according to
their compliance, which however is fundamental in order to localize tumours and lesions
[225]. Another paradigmatic context is the industrial robotics field, where collaborative
solutions in which human workers and robots share their skills are becoming the new
frontier [226]. Supply human operators with intuitive tactile feedback can enhance their
comprehension of the current system status and facilitate intervention in dynamic and
unforeseen situations.

As a final remark, complying with wearability requirements is relevant to develop
haptic systems capable of communicating in a natural and private way with the user [64].
Specifically, we designed a device to be worn on the forearm, leaving the hands free to
interact with the surrounding. This requirement is crucial for exploiting the potential of
passive touch, i.e. the possibility of perceiving information through haptic cues regardless
of our actions.

4.2 System Overview

As introduced in the previous section, this work presents a novel approach to convey
object compliance through passive touch, based on the concept of sensory decoupling.
To recreate the dynamics of the interaction with compliant objects, two haptic cues are
needed: squeezing (displaying the force applied on the object) and skin-stroke (emulating
the indentation of the object surface).

4.2.1 Device

A novel wearable haptic interface (depicted in Fig. 4.2) was designed to implement the
envisaged sensory decoupling technique. The device is composed of two parts, one thought
to convey skin-stroking cues (Fig. 4.2), i.e. to stimulate the skin by means of a contact
point that moves linearly, and the other intended to apply squeezing cues, i.e. to exert
a force on the normal (radial) direction of the forearm (Fig. 4.2). The skin-stroking
effect is realized through a Micro Linear Actuator PQ12-30-12-P (Actuonix, Canada),
characterized by a maximum speed of 28mm/s, a stall current of 0.21A-12V, a stroke
length of 20mm, a positional repeatability of +0.1mm, and a weight of 15g. This actuator
was selected because it satisfied the requirements of being reliable, fast, and small enough
to be embedded in a wearable device. The actuator is controlled with a linear actuator
control (LAC) board (Actuonix Motion Devices Inc., USA), which receives a digital signal
drac from a PC.

The linear actuator position d;, is computed according to the duty cycle of the input
signal dpac € [0,1] as djq = dpac Mja, where M;, = 2% = 1023 is the maximum actuator
position. This results in a theoretical control resolution of 20mm/1023 ~ 0.02mm, which
is however subordinated to the resolution imposed by the mechanical characteristics of
the actuator. A length-adjustable tip with an ABS end-effector is attached at the end of
the stroke (as visible in Fig. 4.2), with a contact surface of 2cm?.
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(a) (b)

Figure 4.2: Lateral and front views of the haptic device are in (a) and (b), respectively.

This size was sufficient to stimulate the receptive field of a C-Tactile (CT) fibres unit,
whose dimension ranges from 1 to 35 mm? [227]. CT afferents are known to respond to
tactile stimuli with the specific characteristics of a gentle caress [228]. Although there is
currently no accurate method to assess the innervation density of CT afferents in human
body, there is scientific evidence that these fibres are present in the skin of the human
forearm [229]. For this reason, we designed the device with the linear actuator stimulating
the hairy skin of the user’s forearm.

The squeezing effect is obtained by means of a 5mm? wide fabric belt, whose tension is
controlled with a Dynamixel MX-28AT actuator (Robotis Inc., USA) with a stall torque
of 2.5Nm (stall current 1.4A-12V) and a weight of 72g. An USB2Dynamixel control-
ler (Robotis Inc., USA) mediates the communication between the PC and the actuator
through serial communication and TTL protocol, respectively. The ends of the belt are
attached to two pulleys, which in turn are housed on two mechanically coupled gears.
Both pairs of pulleys and gears have the same radius, which corresponds to 1.0cm and
1.2cm, respectively. When the motor drives the master gear, the torque applied on the
latter is transmitted on the slave gear, which assumes an opposite spinning direction. As
a consequence, the belt moves along the vertical axis (as depicted in Fig. 4.2) applying a
normal force on the user’s forearm. We decided to display the force in the lower part of
the forearm because of the wide distribution of Merkel nerve endings (mechanoreceptors
that provide information on mechanical pressure) in the basal layer of glabrous skin [230].

Furthermore, we applied the two stimuli at the opposite sides of the device for ensur-
ing that, from a mechanical point of view, the motion of one motor does not affect the
action of the other (a force applied to the base of the linear motor could unbalance the
device and prevent the contact between the arm and the end-effector). To cope with the
uncertainties due to the non-ideality of the mechanical system, an ATI Gamma sensor
(SI-130-10, maximum torque 10Nm, resolution 1/800Nm) was used in a preparatory ex-
periment to find the relationship mapping the digital motor torque input dgy, € [0,1023]



4.2. System Owverview 33

into generated torque values 7. This relationship can be described by a linear model as:
7 = —0.04012 + 0.00158 - dgyn (4.1)

with a negligible error in the range [0,0.1]Nm (mean RMSE = 0.0013 Nm). It follows that
digital values dgy, < 25 are not sufficient to actuate the motor and move the mechanism.
In addition, preparatory experiments revealed that a force greater than 7N is perceived as
uncomfortable by the users, therefore we decided to limit the maximum force exerted by
the Dynamixel actuator to Fj,,, = 7N. Thus, the torque range exploited by the device
is [0, Tmaz], With Tyas = 7p - Fines = 0.07TN'm, being r, = 10mm the radius of the servo
motor pulley. Following the relationship identified in Eq. (4.1), [25,69] is the range of
dayn that generates [0,0.07) Nm, which implies a resolution of 0.07Nm/44 = 0.0016 Nm.
Equivalently, the smallest force variation exerted by the device is 0.16 N, a quantity which
is lower than the average force JND (see Section 4.2.2).

To reproduce the required forces, the squeezing mechanism needs an initial calibration
procedure that brings the belt into contact with the user’s arm. This is done by winding
up the belt with a torque of 0.001Nm (i.e., day, = 26) until the contact between the arm
and the belt is detected by the motor. When this occurs, the motor is stopped and the
current motor position is saved as starting position. It is worth noticing that this value of
torque guarantees a contact between the belt and the forearm with a negligible pre-charge
effect. Controller boards and related electronic circuitry are enclosed in a external 3D
printed box and supplied by an external power source. The total weight of the device is
170g.

4.2.2 Perceptual Psychophysical Study

In order to evaluate the practical working range of the device, we performed a preliminary
campaign investigating about users’ perception of stiffness, force and displacement in
terms of JNDs. In psychophysics, a stimulus JND is the amount of change on a primary
stimulus which is just sufficient to produce a change of one sensation JND upward at that
point [231].

In particular, we assessed the JND for 4) stiffness perceived during active exploration
of virtual objects, ) squeezing force applied on the lower part of the forearm, and i)
skin-stroking displayed on the higher part of the forearm. In the first case, the goal was to
evaluate the users’ ability in discriminating object stiffness in the most natural condition,
that is with active exploration. This result was considered as the best achievable result
for the purpose of evaluating users’ performance in perceiving device-mediated stiffness.
The second and the third cases were instead needed to characterize the range of stiffness
representable with the device, which can be expressed as

Fmin Fmam
[kmina kmax] = |:a :|

Tmaz LTmin
where F,,in, and x,,;, are the force and displacement JND, respectively, while F},,,, and
Tomaz are limits imposed by the device mechanical structure.
Ten subjects (6 males and 4 females, age 22-40) took part to the preliminary campaign,
and all of them were involved in the three experiments. The experimental evaluation
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protocols followed the declaration of Helsinki. Participants were blindfolded and asked to
wear a headset providing white noise to avoid visual-audio bias in the stimuli evaluation.

Stiffness IND  An Omega.3 (Force Dimension, CH) was used to render pairs of virtual
objects with different stiffness. The reference object was displayed in the left part of the
workspace with a constant stiffness k. which was maintained throughout the experiment,
whereas the compared object was displayed in the right part of the workspace and its
stiffness k.o, was changed at each step.

Participants were asked whether there was a difference in stiffness between the two
proposed objects. In order to perceive the stiffness, they were allowed to freely touch
the virtual objects using their index fingertip as long as they needed and with the force
they preferred. An ad-hoc thimble was mounted as end-effector on the haptic interface
to facilitate the exploration. At each step, depending on the user’s answer, the stiffness
variation A computed with respect to k,.s was changed according to the one-up one-down
single descending staircase procedure[232]. More precisely,

keom () = kreg + A(n)
with

A(n)|p=0 = 0.75k,cf
An)|pzo = A(n — 1) £ 0kyey

where n = 1,2, ..., 30 was the current step, and § = 0.05 until the first reversal point of the
participant’s perception, after which the value was halved (§ = 0.025). The same proced-
ure was repeated four times, and for each trial a different value of k,..; € {50, 150, 250, 350}
N/m was selected. These values were chosen in accordance with the range of stiffness of
the human skin within the limits considered in [233]. For each participant, the stiffness
JND was evaluated as the average of the A values at the reversal points. The experiment
revealed a linear dependence between stimulus and perception with an average stiffness
JND of (0.10 & 0.04)kye -

The same comparative analysis was further repeated to evaluate the minimum stiffness
that could be perceived with the proposed setup, in order to provide a lower bound for
the validity range of the previous result. On average, the minimum perceptible stiffness
was equal to kpin = 14.8 £2.3 N/m.

Force and Displacement JNDs The minimum force and displacement perceived
with the device were evaluated with a procedure similar to the one used in the previous
experiment. Depending on the JND of interest, the device was controlled to actuate only
the squeezing effect or the skin-stroking one. Participants were asked to wear the device
on the forearm of the dominant hand (one left-handed and nine right-handed) and to
evaluate if there was a difference between the pair of proposed stimuli, i.e. F.cr and Feom,
in the first case, and z,..¢ and 2o, in the second one. The reference value was always the
first stimulus proposed and each test lasted n = 30 steps. At each step, depending on the
user’s answer, the stimulus variation A computed with respect to the reference value was
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changed according to the one-up one-down single descending staircase procedure[232]. We
defined Frcf =0 N, A(n)|p=0 =5 N and § = 0.3 N for the force case, and z,.y = Omm,
A(n)|n=0 = 20mm and é = 1 mm for the displacement case, respectively. The value of
¢ was halved after the first reversal point and the stimulus JNDs were computed as the
average A values provided at the reversal points. Results reported mean force JND of
0.87 £ 0.41 N and an average displacement JND of 1.51 + 0.45 mm.

Device Characterization Considering the boundaries identified in the previous ex-
periments and the mechanical characteristics of the actuators, we computed the practical
working range of the device. The theoretical range of stiffness representable with the
device is [45,7000] N/m.

4.3 Experimental Validation

The aim of the experimental validation was to test the effectiveness of decoupling cues
representing applied force and surface displacement to convey information about the
objects compliance.

A two-phase experiment was carried out, with each phase lasting 24 trials. A software
developed in LabVIEW (National Instruments, Texas) was used in both phases to simulate
the indentation of virtual objects, modelled as ideal springs with a control rate of 10Hz.
In each trial, participants perceived the indentation of three virtual objects through the
wearable haptic interface presented in Section 5.2, and were asked to rearrange them
according to ascending order of stiffness. At each indentation, the maximum force to apply
on the virtual spring was pseudo-randomly selected from the set {2.5,4,5.5, 7}N in order
to have six repetitions per value across 24 trials. These values were selected to span the
entire device force range and to comply with the average force JND (see Section 4.2.2). As
regards the stiffness values, we considered ky = 350 N/m, ko = 420 N/m, k3 = 525 N/m,
and k4 = 683 N/m, being

Frice
kl = )
Tmax
ki1 = ki + round((0.2 + 0.05(i — 1))k;),i = 1,2, 3. (4.2)

Notice that k; was chosen to make feasible all possible pairs of force and stiffness in
terms of displacement, while the other values were chosen with increasing percentage
increments. Despite the preliminary campaign revealed that the average stiffness JND is
(0.10 £ 0.04)kycs (see Section 4.2.2), we decided to set greater percentage increments to
account for the fact that passive touch is in general more challenging than active touch
[216, 221]. For each trial, the three indentations were presented one after the other with a
2s pause in between, and participants could ask to repeat the entire set a second time. To
ensure that each stiffness value was presented an equal number of times and reduce order-
effects, each participant tested all the combination resulting from simple dispositions of
3 elements out of 4, for a total of 24 trials per subject per phase. This experimental
protocol had a twofold aim: not to increase users’ memory load asking to memorize a
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Figure 4.3: Experimental validation results. In (a), the average number of not correctly
sorted objects stiffness is reported for the two experimental conditions. The p-value is
detailed on top of the bars. The confusion matrices for the first and second phase of the
experimental validation are depicted in (b) and (c), respectively.

hight number of objects, and to limit the probability of guessing by chance the correct
objects arrangement. A 5 minutes break was given between the twelfth and thirteenth
trial to enhance concentration and avoid distress. The order of the experiment phases
was randomized for each participant.

The perceived order of stiffness was communicated verbally to the experimenter by
indicating with A, B and C, the first, second and third displayed stimulus, respectively.
The error committed in arranging the stimuli was considered as a metric. This was
computed for each trial as half of the sum of the distances between the virtual object
position assigned by the subject and the correct one. For example, if the correct sequence
was ‘BCA’ and the subject declared ‘ABC", the error associated to the trial was 2.

Eleven subjects (7 males and 4 females, age 22-50) took part to the experiment. Each
participant was asked to wear the haptic interface on the forearm of the dominant hand
(two left-handed and nine right-handed). To avoid visual-audio evaluation of the stimuli,
participants were asked to place the arm in a box with the palm facing down and to wear
a headset providing white noise to mask the sound from the activation of the motors.
The experimental evaluation protocol followed the declaration of Helsinki, and there was
no risk of harmful effects on subjects’ health. Each participant gave written informed
consent and was able to discontinue participation at any time during experiments. The
first experimental condition was in line with the state of the art and served as benchmark
test, while the second one was focused on the approach proposed within this work.

4.3.1 Phase 1: Force (F)

In this phase, a single haptic cue was displayed to the user, i.e. the force applied on the
virtual object, therefore subjects were not informed about the surface displacement. The
indention velocity was fixed at v = 1.25cm/s. This experimental condition was shaped
to be representative of the state of the art and was instrumental for the second phase.
Indeed, most devices developed for conveying stiffness make use of constant indentation
speed, inducing users to evaluate stiffness on the basis of the integral of the force over
time, i.e. the impulse [234, 221, 235]. In other words, the greater the perceived impulse,
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the greater the stiffness of the indented object. While functional, this approach imposes
limits on how the object has to be indented, for example with constant speed.

Before the starting of the experiment, every participant was presented with a training
session consisting of three trials that were not counted for the purposes of the analysis.
In these trials, the stiffness values were pseduo-randomly selected from those exploited
for the stiffness JND evalutation, while the force applied was pseudo-randomly generated
in the range [1,7] N.

4.3.2 Phase 2: Force and Displacement (FD)

In the second phase, both the force applied on the virtual objects and the surface dis-
placements were displayed through the wearable haptic interface. For guaranteeing a
very challenging task, the indention velocity was pseudo-randomly selected from the set
{1,1.25,1.5} cm/s in order to have eight repetitions per value across 24 trials. Similarly
to the first phase, each participant was presented with a training session consisting of
three trials that were not counted for the purposes of the analysis. In these trials, the
stiffness values were pseduo-randomly selected from those exploited for the stiffness JND
evalutation, while the force applied and the indentation velocity were pseudo-randomly
generated in the ranges [1,7]N and [0.5, 1.5] cm/s, respectively.

4.3.3 Results Analysis and Discussion

A statistical analysis was conducted to assess users performance in perceiving stiffness
with the proposed sensor decoupling technique. The set of virtual objects combinations
was the same across the two phases, thus a comparison of users capacity for discriminating
stiffness using different approaches was obtained exploiting a paired sample t-test. The
average of errors committed in sorting each triplet was compared considering the two
feedback methodologies. No outliers were detected. The assumption of normality was
not violated, as assessed by Shapiro-Wilk’s test (p > 0.05). The t-test revealed that users
better distinguished object compliance when both applied force and surface displacement
were displayed (mean error per trial = 1.087 & 0.300) as opposed to the single stimulus
case (mean error per trial = 1.276 + 0.355). A statistically significant mean decrease
of 0.189 errors per triplet was observed, ¢t(23) = 4.509, p < 0.001. Results are visually
depicted in Fig. ??. For the sake of clarity and completeness, users’ answers versus correct
stiffness order for the two phases are reported in confusion matrix structures in Fig. 77
and Fig. 77.

A confusion matrix, also known as an error matrix, is a specific table layout that
allows for performance visualization. Rows of the matrix represent the right objects
positions with respect to a scale ordered by ascending stiffness, while columns represent
the ones guessed by the users. Each element of the matrix contains the occurrences of
each assignment. For instance, the value in the first row and third column reports the
amount of times that users identified k3 as k1. As a consequence, the diagonal outlines the
number of correct compliance recognitions, whereas upper and lower triangular portions
of the matrices indicate the errors. For an easier comprehension, we reported the results
expressed as the percentage among all the users. As noticeable and supported by the
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statistical analysis, the percentage of correct matches is higher in the FD case than in
the F one, i.e. users performed better when they could perceive the compliance with
both squeezing and skin-stroking cues (case FD, Fig. ??). These results are in line with
the expectations and confirm the effectiveness of the proposed approach. In both cases,
users found easier to discriminate higher stiffness rather than smaller ones, as it can be
seen from the values reported in the main diagonals. It should also be emphasized that,
moving away from the main diagonal, the extent of the errors depends on the stiffness
that have been confused. As an example, to arrange k4 in the place of k; is more serious
than confusing ks and ks considering that ky = ki + 0.95k; while k3 = ko + 0.25ko
(see Eq. (?7)). Both matrices report a percentage error that is higher in case of pairs
made of similar stiffness than in case of pairs in which the stiffness difference was more
relevant. This outcome confirms that perception through passive touch is in general
more challenging than perception by means of active exploration. Besides, providing an
enriched information on the object indentation dynamics contributes to reduce the error
even in the most challenging cases.

4.4 Conclusions

This work presents a novel wearable haptic device for object compliance discrimination
through passive touch. To date, most of the haptic devices for transmitting stiffness
exploit constant speed for object indentation, inducing users to evaluate stiffness on the
basis of the integral of the force over time. Even if functional, this strategy imposes
limits on how the object has to be indented to let the system work. Conversely, the
proposed device implements a sensory decoupling approach with the aim of recreating
the dynamics of the interaction with compliant objects. The combination of squeezing
and skin-stroking cues provides the user with information about applied force and surface
displacement, enabling the perception of objects stiffness. We described the mechanical
structure, the working principle, the sensory decoupling approach, and the control of the
proposed device. In order to evaluate users’ capacity for discriminating object compliance
through the proposed device, we conducted an experimental campaign where users wore
the haptic interface to sort different objects by their stiffness. The results show that the
envisaged sensory decoupling technique is effective to identify and sort different stiffness.
In future work, we plan to run a more extensive evaluation to assess the perceived cog-
nitive load and the ease of learning, as well as the implication of creating the sensation
on the arm, when it would usually be felt by the finger. Moreover, we aim to improve
the wearability and ergonomics of the device by reducing the size of actuators, or by
selecting more compact form-factor ones. Finally, further psychophysical studies will be
crucial to generate more informative tactile signals in order to improve the perception
of object compliance. This work represents the first attempt to recreate the interaction
with compliant objects displaying at the same time both the force applied and the sur-
face indentation. The device here presented paves the way for novel design choices and
improvements in this direction.



Chapter 5

Kinestetic Interaction by Self Contact

Figure 5.1: The user wears a head moun-
ted display and interacts with a virtual ob-
ject exploiting Self Contact. The virtual fin-
gers are in contact with the virtual object
when the user’s fingertips are in contact with
each other. The hand is tracked through a
Leap Motion placed on the table. The virtual
scene is repeated on the monitor for explan-
atory purposes only.

Despite the considerable technological pro-
gress of haptic technology in recent years,
to date there are still no wearable sys-
tems capable of providing both kinesthetic
and cutaneous feedback that are univer-
sally recognized and adopted outside the
research contexts. This is particularly
evident when dealing with virtual reality,
where the lack of truthful tactile feedback
has often been addressed by exploiting
Pseudo-Haptics methods. Being designed
to indirectly stimulate the somatosensory
system, these methods are not meant to be
integrated with haptic devices. With the
idea of providing a meeting point between
the haptic and pseudo-haptic fields, this
work proposes Self Contact: exploiting
the pseudo-haptic principles to lead the
user in generating a real kinesthetic feed-
back through the contact between his/her
fingers. Self Contact can be implemen-
ted alone or in combination with haptic
thimbles, allowing to complete the set of

tactile stimuli that is necessary for a realistic interaction with virtual objects in pick and

place operations. A step-wise validation demonstrated that the proposed approach is suit-
able for recovering the kinesthetic feedback into virtual reality, towards the development

of increasingly immersive environments.

5.1 Motivation

The impressive research carried out over the last years has led virtual reality to be re-

cognized nowadays as a powerful tool for a large variety of applications. The possibility

of creating simulated environments modelled on specific requirements has opened new
opportunities for both academic and industrial research. Anyway, despite the field of

application, the development of convincing environments faces the challenge of providing



40 5. Kinestetic Interaction by Self Contact

users with consistent sensory inputs.

Indeed, when immersed in the real world, our senses are continuously exposed to
multiple stimuli that allow us to acquire information about the environment. However,
inducing the same stimulation in virtual reality is still an open issue due to technolo-
gical limitations. While it is reasonable to assume that users have available audio-visual
displays, the same assumption cannot be extended to tactile and olfactory displays. Al-
though there exist in literature systems able to provide this kind of stimuli [236, 129],
this branch of technology is not yet mature enough for guaranteeing its interfacing with
common virtual reality systems in an effective way. Especially for what concerns the
haptic field, there are examples of technologies ranging from fully grounded [63] to fully
wearable [124], but the only form of haptic feedback that is actually exploited outside
the laboratory settings is the vibratory cue embedded in videogame controllers, which
typically fails in rendering complex contact interactions.

To overcome this limitation, alternative methods to stimulate tactile perception without
directly stimulating the somatosensory system have been studied. These methods fall
under the concept of Pseudo-Haptic Feedback [237], i.e. the use of visual feedback and
properties of human visuo-haptic perception to simulate tactile sensations in virtual en-
vironments. Following the characterization proposed in [238], the pseudo-haptic feedback
capitalizes on four factors: i) the presence of one or more visuo-haptic sensory conflicts,
it) the dominance of visual displacement over actual physical sensorimotor displacement
when perceiving spatial properties, i) the combination of haptic and visual information
resulting in a new and coherent representation of the environment, and v) the possibility
of creating haptic illusions, that is, to alter the perception of a haptic property present in
the real environment. Pseudo-haptics has been exploited in literature to simulate numer-
ous virtual objects haptic properties such as physical shape [239], friction [237], stiffness
[240], mass [241], and texture [242].

As previously stated, what these examples have in common is the manipulation of
the users’ perception through indirect stimulation of the somatosensory system. In other
words, the physical haptic stimulation presented to the users in the virtual environment
is different from the one they would perceive through physical contact with objects, but a
proper visual stimulation is able to circumvent this dissimilarity. Following this consider-
ation, it is interesting to speculate on how the user experience would change if the visual
feedback was made for triggering a real kinesthetic feedback. This approach would allow
to exploit the visual displacement to guide the user towards making and breaking contact
with real surfaces, with a consequent direct stimulation of the somatosensory system.

In this context, this work proposes the Self Contact paradigm: exploiting the Con-
trol/Display (C/D) ratio for the virtual hand joint-angle velocity, i.e. the ratio between
the human hand velocity and the virtual hand velocity, to let the user make contact
between fingers during grasping tasks (Fig. 5.1). Indeed, the underlying concept is en-
abling users to feel a real kinesthetic feedback during pick and place tasks, instead of a
simulated version of it. Furthermore, being a software-based approach, Self Contact can
be combined with additional cutaneous feedback thanks to the integration with haptic
thimbles. As a result, this novel approach offers a twofold advantage. On the one hand,
it simplifies the implementation of the kinesthetic feedback in virtual reality, towards
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more and more realistic experiences. On the other hand, it allows researchers to reduce
the encumbrance of wearable haptic technology by embedding in the devices only the
hardware needed for providing the cutaneous feedback. On the whole, this work exploits
the pseudo-haptic principles to override the user’s kinematic proprioception, while at the
same time it provides a real haptic feedback without the need of additional devices. To
the best of our knowledge, Self Contact represents the first attempt to create a joining
link between the pseudo-haptic and the haptic fields.

5.2 Self Contact paradigm

To make the user perceive a real hand kinesthetic feedback during a grasping operation,
the Self Contact paradigm exploits the C/D ratio to slow down the velocity of the virtual
hand. Then, the virtual fingers result in contact with the virtual object when the user’s
fingertips are in contact with each other, thus, the kinesthetic sensation of grabbing an
object is restored by the “self contact”. In what follows, we present the Self Contact
algorithm, while the step-wise validation that led to its implementation is provided in
Section 5.3.

As basic building block, the algorithm takes advantage of the postural synergies in-
troduced in [243].

Synergies represent a set of linear dependencies between the joint variables of the
whole hand, therefore they allow to define the hand posture through a lower number of
degrees of freedom. We exploit the synergy definition detailed in [244]. Let q(t) € R?0x1
be the vector of the hand joint-angle values at time instant ¢ as q(t) = Sz(t) + ¢,

where g, € R?°%! is the average hand posture over all datasets of joint positions g,
z € R"=*1 ig the vector of synergy variables, with n, < 15 being the exploited number of
synergies, and S € R2°%"= is the matrix of coefficients evaluated in [243].

As formalized in [245], the hand joint velocities vector ¢ is defined by the linear
mapping

G(t) = Sz(t). (5.1)

A

Starting from the joint-angle velocity § estimated by a hand tracking system, such a
relationship allows to reconstruct the current synergy value 2. Indeed, (5.1) can be
rewritten as

=251 (5.2)
where ST is the pseudoinverse of the matrix S. This set of equations can be exploited to
map the user’s hand movements in a virtual hand avatar. For the sake of simplicity and
without lack of generality, in this work the virtual hand is moved along the first postural
synergy and the user hand velocity is referred to the index PIP (Proximal InterPhalangeal)
joint-angle velocity!. The first synergy is commonly used for replicating grasp actions
[246]. In terms of formulas, this translates to choose n, = 1 and extract from S the first
column, i.e. S € R?°*! thus (5.2) can be rewritten as

sy = 22
Sprp

1Hand-closure motions are associated to positive velocities.
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where ¢p; p(t) represents the tracked joint-angle velocity, and Sprp is the first synergy
coefficient corresponding to the index PIP joint-angle. Once the value of 2(t) has been
estimated, the joint-angle velocity of the virtual hand ¢, (t) € R?2°*! is given by

Go(t) = SZ(1). (5:3)

At this point, it is possible to manipulate ¢,(t) by introducing in (5.3) a scaling factor
k(t) € R, that is
Go(t) = SZ(t)k(1).

This term is used to evaluate the C/D ratio. Indeed, considering as ¢,,,,(t) the index
PIP joint-angle of the virtual hand computed at time instant ¢, the C/D ratio can be
expressed as
qprp(t) Sprp2(t) 1
C D tio — — = — < = —
[Prate =G o® ~ Srapi k@ kD

Depending on whether the virtual object is graspable or not, i.e. if the object is between
the virtual fingers, a different k(t) is applied to the virtual hand. In the latter case, virtual
and real hand joint-angle velocities coincide, that is k(¢) = 1, while in the former case

k(1) = kaes ()m(t) + k(|dprp(6)]) (1 = m(t)

with
0 ifdv(t)>dr(t) and ij[p(t)go
Raes(1) = { 548 if dy (1) <d(t) and gprp(t) <0
7%“;:{;’;1' O it Gprp(t) > 0
1 if kaes( )>IA§(‘QPIP( )|)+\F
m(t) =4 a(t) if k(|gprp(t)]) <kaes(t) <k(|dprp(t)])+V
0 if Kaes(t )<]%(‘QPIP( t)])

~

Oé(t) _ kdes(t) — k(|qAPIP(t)D
Vi

where d.(t) = ||p:(t) — p;(t)]| is the distance between thumb (p;(¢)) and index (p;(t))
fingertips of the real hand, d,(t) = ||py, (t) —po, (t)]] is the distance between thumb (p,, (t))
and index (py,(t)) fingertips of the virtual hand, {,; is the size of the object computed
along the direction of thumb and index fingertips, k(t) = f(|Gprp(t)]) is the minimum
admissible value for k(t) given prp(t), and ¥ is the accepted mean square error. A
detailed description of the function and its selection is provided in Section 5.3.1. The
desired scaling factor kqes(t) is thought to exploit the hand-closure motion (i.e., qrr p(t) >
0) for obtaining Self Contact, and to remove the misalignment between the virtual and
the real hand during the opening phase (i.e., prp(t) < 0). The term m(t) €[0, 1] smooths
the variation of k(t) when kges(t) is at distance less than V9 from k(|Gprp(t)]), avoiding
abrupt changes of the C/D ratio.
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Figure 5.2: Maximum accepted C/D,.q1;, are reported for each subject. Average closing
gprp are reported with an asterisk, whereas average opening prp are indicated with
circles. The blue dashed curve depicts the interpolation function, while the red line
highlights the C'/ D440 lower bound.

5.3 Experimental validation

To assess the feasibility and the benefits of Self Contact, we conducted a step-wise valid-
ation by means of two research questions that have been asked and answered within this
work. In this Section, we retrace the progression of the experimental process describing
experimental protocol, setup, and results per each step. Each subject gave her/his writ-
ten 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.

A virtual environment was developed in C# for the purposes of the experimental
campaign. The user hand was tracked by means of a Leap Motion, while the virtual
scene was rendered using an Oculus Rift DK2 and Unity game engine (v. 2019.4.26).

5.3.1 Maximum acceptable C/D ratio

As a first step, we evaluated the ability of humans in discriminating slowed down move-
ments of the hand. We define as maximum acceptable C/D ratio the maximum scaling
factor applicable to the virtual hand joint-angle velocity without affecting the users’ per-
ception. The first research question is:

Does the maximum acceptable C/D ratio change according to the hand velocity assumed
by the user?

In accordance with the study undertaken in [247], during active free movements the
JND of PIP joint-angle position is about 2.5 deg, which corresponds to a displacement
JND of about 2.2mm at the fingertip of the index finger considering a standard hand[248].
As a further step, it is reasonable to assume that these values are not constant, but
that they depend on the PIP joint-angle velocity. Indeed, a small C/D ratio could be
perceptible during rapid grasping actions, while it could be considered negligible in slow
movements. This hypothesis has been verified through the following JND experiment,
which was aimed at finding the relationship between joint-angle velocity and maximum
acceptable C/D ratio. Ten subjects (7 males, 3 females, age 22-50) took part to the
experiment. Fach trial consisted in three main phases, that were repeated cyclically 50
times:
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evaluation: the participant is tasked to rhythmically open and close his/her hand five
times at constant speed following the first synergy. The rhythm is suggested by a
small indicator bar placed in the top left corner of the screen. A constant C/D;qtio
is used to scale the hand motion speed;

interview: the participant is asked about the realism of the virtual hand, i.e. “Could
you feel a difference in speed between your physical and virtual hand?” “Yes/No”;

update: the C/D,q, is updated based on the user’s response, following the staircase
progression [249] with a step size of 0.05.

For each trial, the initial C'/D,.qt;, value was pseudo-randomly selected from the set
{1,2}. Once a trial was completed, the last C'/D,qt;, was taken as JND value and a new
trial with a different motion rhythm was proposed to the user after 5 minutes of rest.
The tested range was from 0.4Hz to 1.2Hz, with an increment of 0.2Hz, for a total of 5
trials. The indicated frequency refers to a complete opening and closing movement of the
hand. Lower and higher motion rhythms were discarded after a preparatory investigation
because it is considered unnatural to follow during grasping actions. Index PIP joint-angle
velocity (jp 7p and JND of C/D,.qi, were recorded for each trial.

Results and discussion Results of the experiment are graphically reported in Fig. 5.2
We decided to calculate the average opening and closing §prp separately and then in-
terpolate their absolute value. Several mathematical models interpolating the outcomes
of the C/D,qatio JND were tested. Finally, the logarithmic model was chosen as the
most descriptive one for its lower mean square error, which is equal to ¥ = 0.004. As a
consequence, the max C'/Dyqti0 can be described as

1

max C/Dratio B —
k(lgprp|)

(5.4)

where
k(lgprpl) = Brin(lgprp|) + B2

with 81 = 0.1314 and B3 = 0.0290. The experimental results on the regression model are
consistent with the Weber—Fechner law [250], which describes the relationship between
perception and stimulus. Outcomes demonstrate that there always exists a C/D;q1i0 > 1
that can be used to scale down the virtual hand velocity without affecting the users’
perception.

Moreover, as noticeable in Fig. 5.2 and in line with the hypothesis, the maximum
acceptable C'/D;.q1;, decreases as the joint-angle velocity increases.

Anyway, to have maxz C/D,q;0 > 1 for all the considered ép; p values is not enough
for guaranteeing the algorithm feasibility. It is in fact necessary to evaluate if the values
of C/Dyqti0 that lie within this boundary are suitable to truly achieve Self Contact or if
the max C/Dyqti0 values are too strict for that purpose. To this end, an analysis of the
worst-case was performed, looking for the case in which the difference between d, (t) and
d,(t) is the smallest obtainable and it is applied during the whole grasping operation.
Starting from the real hand opened, i.e. jprp~ 4 deg corresponding to an index-thumb
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fingertips distance of about 80mm, it was experimentally assessed that the worst-case
corresponds to making a closing movement at constant joint-angle velocity ¢prp = 20
deg/s (identified as a reasonable lower bound in the preparatory phase), which implies to
get dy(t) — d,-(t) ~ 5.19cm. This measure can be associated to the worst-case maximum
width of the virtual object, meaning that in all the other cases users can exploit Self
Contact while interacting with bigger objects.

5.3.2 Self Contact evaluation

As a further step towards a complete evaluation of Self Contact, the second question is:

Is Self Contact a valid method for providing a kinesthetic feedback during the interac-
tion with virtual objects?

Ten subjects (6 males, 4 females, age 23-59) were asked to perform two-fingers (i.e., thumb
and index) pick and place grasps of a virtual cylinder with radius 1.5cm for 3 times, ex-
ploiting 4 different feedback policies aimed at informing the user about the grasping
action:

i) No Feedback (N), any type of feedback is provided to the user.

i1) Visual feedback (V), a color change of the cylinder informs the user that the object
is grasped.

it7) Haptic feedback (H), the user interacts with the object exploiting Self Contact.
iv) Visual and Haptics (VH), both visual and haptic feedback are enabled.

. Each user was involved in four trials, i.e. one per feedback modality, presented in a
pseudo-random order, for a total of 12 pick and place operations. Participants wore 3D-
printed ABS thimbles on thumb and index fingertips to reduce the cutaneous feedback
component deriving from Self Contact. Task completion time and number of failures
were used as metrics for comparing users’ performance as the type of feedback modality
changes. A failure consisted in a drop of the grasped object while moving it, while the
time counter started the first time the object was touched and ended when the object was
placed at the goal position. The object was considered grasped when both virtual index
and thumb fingertips simultaneously penetrated the surface of the cylinder by no more
than 30% of its radius, i.e. 0.45cm.

Results and discussion Results on number of failures and task completion times are
reported in Fig. 5.3.(a) and Fig. 5.3.(b), respectively.

As far as it concerns the number of failures, a preliminary analysis revealed that the
assumption of normality was violated for all the four conditions (as stated by the Shapiro-
Wilk test, p< 0.001 for all the cases). A Friedman test revealed statistically significant
differences among the four different feedback strategies. Pairwise comparisons performed
with a Bonferroni correction assessed that number of failures significantly depends on the
feedback modalities, x?(3) = 48.497,p < 0.001. Post hoc analysis revealed statistically
significant differences in number of failures from N to V (p =0.03), H (p < 0.001), and
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Figure 5.3: Experimental validation results for the four feedback modalities. The number
of failures and the task completion time are reported in (a) and (b), respectively. Results
of the users’ opinion questionnaire are in (c) for the task load and in (d) for the realism.
The p-values are reported on top of the bars.

VH (p<0.001). Similarly, statistically significant differences were found between V and
VH (p=0.014), and V compared to H (p=0.039). No statistical difference was assessed
between H and VH (p=1).

From the statistical analysis, it is evident that it is easier to correctly grasp an object
when a feedback is given rather than without feedback. What is interesting is that users
found easier to maintain the grasp when the fingertips were in contact. Indeed, the visual
feedback only informs the users about the grasp, but does not help them in maintaining
the object grasped. Conversely, having the fingertips in contact almost avoids failures in
performing the task.

A one-way repeated measures ANOVA was conducted to determine whether there
were statistically significant differences on the time in accomplishing the task over the
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four modalities. There was an outlier in the N modality that was removed without
affecting the dataset. Data were transformed using the squareroot transformation and
passed the Shapiro-Wilk normality test (p>0.05). Mauchly’s test of sphericity indicated
that the assumption of sphericity had been violated, x2(5)=29.31,p < 0.001. Therefore,
a Greenhouse-Geisser correction was applied (e=0.584). The results of the test assessed
that the feedback modality elicited statistically significant changes in completion time,
F(3.87) = 63.024,p < 0.001. Post hoc analysis with a Bonferroni adjustment revealed
that the reduction of time elapsed for completing the pick and place task was statistically
significant for all the feedback modalities.

Outcomes of the statistical analysis performed on task completion times are in line
with those discussed for the number of failures. This was an expected result considering
that the number of failures is directly related to the time taken to complete the task.
Anyway, especially for the H and VH cases, we observed that users spent most of the
time in trying to grab the object (the number of failures is very low). This is a common
bias among the cases because generally users need time to acquaint with the first-person
perspective in virtual environments. As a matter of fact, if the user receives a notification
from the environment when the grasp has taken place (i.e., the visual feedback), he/she
is faster in grasping the object compared to the case in which the visual feedback relies
only to the perspective. As in real situations, the kinesthetic feedback is meant to inform
the user of being in contact with something, which can be the virtual object or the virtual
fingertips themselves in the case of an ungraspable object.

5.3.3 Users’ feedback

At the end of each trial of the experiment detailed in Section 5.3.2, participants were
requested to fill an online questionnaire which was based on the NASA Task Load Index
(NASA-TLX) [251] and extended with a question about the realism of the interaction?.
The resulting questionnaire assesses Mental Demand (MD), Physical Demand (PD), Frus-
tration Level (FR), and Realism (RE) on a 7-point Likert scale,

considering 1 as “very low” and 7 as “very high”. Results of the survey are reported
in Tab. 5.1.

Results and discussion

Firstly, the three answers about the task load (MD, PD, FL) were analysed together. A
one-way repeated measures ANOVA was conducted to determine whether there were stat-
istically significant differences in users’ feedback considering different feedback strategies.
There were no outliers and the data were normally distributed, as assessed by Shapiro-
Wilk test (p > 0.05). The assumption of sphericity was violated, as assessed by Mauchly’s
test of sphericity (p < 0.001). Therefore, a Greenhouse-Geisser correction was applied
(e=0.661). Different feedback strategies elicited statistically significant changes in users’
rate, F'(1.98,57.53) = 65.24,p < 0.001, with average decreasing from N (5.1+1.4) to V
(3.7£1.2), H (3.0£0.8), and VH (2.94+0.9). Post hoc analysis with a Bonferroni adjust-
ment revealed that the users’ rate decrease was statistically significant from N to all the

2The survey is available at https://www3.diism.unisi.it/~lisini/questionnaires/NASARE.html
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N \% H VH
mean =+ std mean + std mean =+ std mean + std
MD 5.1 £ 1.2 3.6 + 1.3 3.3+ 0.7 3.2+ 0.7
PD 4.5 + 0.8 3.5 £ 0.9 2.7 £ 0.6 2.5+ 0.6
FR 5.8 + 1.0 3.9+ 09 3.0 £ 0.5 2.9+ 0.9
Task Load 5.1+ 1.4 3.7 £ 1.2 3.0 £ 0.8 2.9 + 0.9
Realism 3.8+ 1.4 4.2 + 1.6 5.1 + 0.8 5.2 + 0.9

Table 5.1: Mean and standard deviation (std) for the users’ opinion questionnaire.

other feedback strategies, and from V to H and VH, but not from H to VH. Results are
visually reported in Fig. 5.3.(c).

Further investigation about users’ opinion was carried out by analysing each answer
individually.

A one-way repeated measures ANOVA was used to determine differences in the MD
scores among different feedback strategies. There were no outliers and the data were
normally distributed (assessed using Shapiro-Wilk test, p > 0.05). The assumption of
sphericity was verified by Mauchly’s test, p = 0.36. The test revealed a statistically
significant differences between the four feedback conditions, F'(3,27) = 7.8,p < 0.001.
Post hoc analysis with Bonferroni adjustments revealed a significant reduction in the
perceived MD for conditions providing visual and/or haptic feedbacks (N vs V, p=0.002;
N vs H, p=0.003; N vs VH, p=0.002).

The same approach was adopted to analyse the PD dimension. Data were normally dis-
tributed (Shapiro-Wilk test, p>0.05) and without outliers. The assumption of sphericity
was not violated, as assessed by Mauchly’s test, p=0.186. The test revealed statistically
significant difference between the feedback conditions, F'(3,27)=31.0,p<0.001. Post hoc
analysis with Bonferroni adjustments revealed a significant PD reduction depending on
whether feedback is given or not (N vs V, p=0.006; N vs H, p<0.001; N vs VH, p=0.001).
A statistically significant PD reduction was observed also between V and H, and VH (V
vs H, p=0.019; V vs VH, p=0.023), whereas there was not significant difference in scores
having V or VH.

The FR dimension was also analysed by means of a one-way repeated measures AN-
OVA. Data were without outliers and passed Shapiro-Wilk test (p>0.05). The assumption
of sphericity was not violated (Mauchly’s test, p=0.281). The test assessed statistically
significant variation, F'(3,27) = 31.34,p < 0.001. Post hoc analysis with Bonferroni ad-
justments revealed that the FR reduction was significant only in giving feedback or not,
regardless its typology (N vs V, p=0.004; N vs H, p<0.001; N vs VH, p<0.001).

Finally, the last evaluation was made on users’ feedback about the realism of the
pick and place task with the four different approaches. Results are graphically reported
in Fig. 5.3.(d). Data were not normally distributed, thus a Friedman test was run to
determine if there were differences in the perceived realism. Users’ opinions were statist-
ically different using different feedback, x?(3) = 27.36,p < 0.001. Post hoc analysis was
performed with a Bonferroni correction. Statistically significant differences were found
between N (Median = 3.95) and H (Median = 5.0), p = 0.002; between H and VH
(Median=5.05), p=0.001. Additionally, the test assessed an increase of realism between
V (Median=4.05) and H, p=0.034, and between V and VH, p<0.019.
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Statistical analyses on the users’ feedback support our hypotheses and confirm the
quantitative results obtained in the second experiment. The kinesthetic feedback increases
the realism of the interaction, giving the user the perception of grasping something. Such
realism is not influenced by the presence of the visual feedback, which remarks that the
added value is given by the haptic feedback. Similarly, for what concerns the task load,
results demonstrate that receiving a feedback when grasping an object reduces the mental
demand and the frustration level, which are the lowest if haptic and visual feedback are
combined. Finally, Self Contact reduces the physical demand, which is a reasonable result
considering that the contact between fingers helps the user in preserving the position, thus
maintaining the grasping becomes easier.

5.4 Conclusion and future work

Self Contact is a novel approach that exploits pseudo-haptic principles for recovering
kinesthetic feedback in virtual reality. The benefits of this method are twofold: on the one
hand Self Contact allows to provide real kinesthetic feedback without the need for haptic
devices, on the other hand it promotes the development and the subsequent integration of
cutaneous devices, usually less bulky and more suitable for being adopted in combination
with common audio-visual displays. In addition, developing devices that leverage Self
Contact to provide kinesthetic feedback paves the way for new scientific investigations,
whose interest ranges from the mechanical design to the evaluation of the set of stimuli
to be generated to make the interaction with virtual objects as realistic as possible. The
hypotheses presented in this paper have been validated by means of a careful step-by-
step procedure, which demonstrated the feasibility of the approach and the added value
which comes with that. In conclusion, we believe that this work contributes to both
the development of haptic technologies and the understanding of the human perception,
towards an increasingly stable inclusion of the tactile layer in virtual reality applications.
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Chapter 6

Human-Human Interaction

Handshake is a gesture used worldwide for greeting and communication purposes that
is impossible in remote and forced distance contexts. In this paper, we exploited recent
results in wearable haptics for designing HANS, a novel haptic system developed for
reproducing a remote handshake between two users. It consists of two modules: the
sensing part composed of three rings developed for recording the handshake force and the
actuation part a bracelet worn on user’s palm, able to apply a pressure distribution that
simulates the handshake action. Once a couple of devices are worn by two users, each of
them has to grasp an everyday life object simulating the force that she/he would apply
to their partner’s hand, the force is recorded by the sensing rings and transmitted to
the partner’s actuation bracelet. The paper shows HANS ’s main design and integration
features, and a set of preliminary evaluation tests. Users involved in the tests found the
handshake perception reasonably realistic and their feedback on device usefulness, quality
and ease of use was overall positive.

(a) (b)

Figure 6.1: HANS concept. In (a), a real handshake. In (b), a remote handshake realised
with HANS.

6.1 Motivation

Handshake is one of the most common human gestures, used in many social contexts,
with a long history [252, 253]. Born as a way of conveying peaceful intentions, nowadays
it is still the most ubiquitous greeting around the world. It is used to introduce each
other and make agreements both in private and official contexts.Handshake and holding
hands are social and affective interactions that are very important in our interpersonal
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relationships, and were profoundly impacted by COVID-19 disruption [254, 255]. This
affective communication interruption is even more impactful in critical patients, that are
isolated and constrained to stay alone on a hospital bed, with no interaction with their
dearest. The other critical aspect to be considered is the risk of contagion of doctors,
nurses, and all the hospital operators when interacting with patients, so that any inter-
action and contact should be limited to the very fundamental operations [256]. Besides
the physical pain due to the disease, heavy psychological and emotional pains affect both
hospital patients and operators [257, 258]. At least a part of the non-physical pain can
be relief if some contacts with families and friends can be restored. Some solutions for
allowing patients to video-call their families, realised by means of autonomous mobile
robots bringing tablets over hospital wards, have been recently proposed [259].

With this work, we want to add another perception channel to such communication,
transmitting the tactile feeling of holding hands between distanced people. We propose
the realization of a haptic system able to both feel and apply the tactile pressure generated
when two people hold their hands. The system is designed to be flexible and light so that
it can be easily worn by the user and does not limit their movements.

It is therefore a bilateral haptic system for remote transmission of a cutaneous per-
ception on hand palm, generated when another hand is holding it. The system behaviour
is twofold: on one side, it works as a sensor that measures the squeezing force that one
hand applies to the other, on the other side, it can apply a pressure distribution on the
hand that wears it, reproducing the contact with another hand.

6.1.1 Related works

The human-robot handshaking has been exploited in the literature from different points of
view. The purpose of these researches was to provide to robots, for instance to humanoids,
the capability of realizing a handshake that is perceived as human-like and can convey an
affective and emotional content. A comprehensive review on the state of the art has been
recently presented in [260]. In [261], experiments with humanoid robots were conducted to
investigate how haptic interaction and facial expression convey emotions in a handshake
interaction. In [262], Beadoin et al. proposed a haptic device for reproducing a realistic
human-robot handshake. The hardware structure had an anthropomorphic structure and
its elements, in particular those of the palm, were designed to replicate human hand
compliance. The problem analysed by Vigni et al. in [263] was the role of feedback
in handshaking behaviour: open-loop and closed-loop handshake force controllers were
compared, in order to determine the importance of haptic feedback and closed-loop control
in handshaking. For the experiments, a soft underactuated anthropomorphic robot hand,
instrumented with pressure sensors, was used.

6.1.2 work contribution

Notwithstanding the researches briefly introduced herein presented fundamental results
for understanding the handshaking task both from the physical, psychological and emo-
tional points of view, the main limit of the aforementioned studies was that the devices
that were used to perceive and realize the artificial handshakes were grounded and not
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Figure 6.2: Preliminary experiment for handshake grasping force measurement: The
results of a representative trial. Blue and red lines report force measurements along the
z-axis of each sensor, while the total grasping force is depicted in yellow.

wearable. Such systems are complex and expensive to be provided to several users in
out-of-the-lab contexts. Contextually, interesting studies and solutions are spreading in
the wearable haptics field [64]. Compact and light devices have been developed not only
to render forces [69] and contacts with slanted surfaces [68] to the fingertips and to the
palm [264], but also to provide haptic feedback as a communicative social cue in a remote
conversation [162].

In this work we propose HANS, a wearable haptic system for both perceiving and
reproducing the contact between hands in a human-to-human remote handshake. The
sensing part consists in a series of rings equipped with force sensors that provide an
estimation of the squeezing force. The actuation part is realized by an active band that is
worn on the hand palm, and it is actuated through a motorized tendon-driven mechanism
that reduces the length of the band simulating the squeezing force on the palm, with a
principle similar to the h-bracelet presented in [265]. The system concept is visually
summarized in Fig. 6.1.

6.2 Design Requirements

Handshake is a task in which the hand at the same time perceives and applies a grasping
force. Therefore, a haptic system for replicating this type of stimulus has to include both
these aspects. In this study, furthermore, both these elements are designed to be rendered
in devices worn by the user. Another important aspect related to the handshake is that
the whole hand is involved both actively, i.e. as an actuator, and passively, i.e. as a
sensing system. Designing a device that in the same place contains both these elements
is technologically challenging. Moreover, to make the system as versatile as possible
to a variety of use case scenarios, sensing and actuation modules are thought as two
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independent devices, an actuation bracelet and a set of sensing rings, to let the user free
to decide whether to wear one of them or both.

As first step towards the development of HANS, we exploited the results reported in
[266] to identify the contact areas mostly involved during such gesture, that is the concave
area between the thumb and the index, the lateral part close to the little finger, the hand
palm and the inner part of proximal and intermediate phalanges. In particular, the fingers
are the elements of the hand that are in charge of applying the handshake force with their
closure, while the hand palm is mostly in charge of feeling the handshake force. On the
basis of these preliminary considerations, for the sensing part of the device, a set of rings
equipped with force sensors and worn on the proximal phalanges of the thumb, index and
middle rings were designed and developed to measure the handshake force. The number
of rings (three) was defined as a trade-off between the reliability of the measure and the
system wearability, the overall complexity and the weight.

Concerning the actuation part, a bracelet was designed to apply forces on the hand
palm. A preliminary literature review was performed to identify proper force values. The
available data are quite heterogeneous, ranging from a maximum value of 6N in [267], to
a maximum of 40N in [262], to a mean value of 67N in [266]. Besides, handshake force
is the result of a complex non-homogeneous pressure distribution and its quantification
clearly depends on the measuring setup. For this reason, to quantify the force exerted
during the interaction, we realized an ad hoc measuring setup consisting in a dummy
hand, 3D-printed in Acrylonitrile Butadiene Styrene (ABS), covered with a glove, and
sensorized with two OptoForce 3D force sensors OMD-20-SE-40N (OptoForce Ltd., Bud-
apest). These sensors are able to measure a three dimensional force with a maximum
value of 40N along the principal axis (indicated with z) with a resolution of 2.5mmN,
and 20N in the secondary directions (indicated with x and y) with 2mmN of resolution.
Since we were interested in measuring the force normal to the contact point, sensors were
mounted with the z-axis orthogonal to the surface, and only data along this axis were
acquired.

Twelve subjects (8 males and 4 females, aged 27-54, all right-handed) were involved in
a preliminary experiment. FEach session consisted of three trials, each of which included
five squeezes at five seconds time intervals. Subjects were asked to shake the dummy hand
as naturally as possible for 3 seconds. During the trial, a beep signal was used to inform
the user when to squeeze and release the handshake. Each grasping force was computed as
the sum of the forces applied on each sensor, and the mean grasping force among subjects
(calculated as the mean grasping force of fifteen squeezes for twelve subjects) resulted to
be 17.37 + 5.08 N. A representative trial is reported in Fig. 6.2.

6.3 The haptic system

HANS is composed of two independent modules: %) the sensing rings, which acquire the
contact forces to be transmitted during the remote handshake, and 4i) the actuation
bracelet, which applies the handshake force to the user. In the following, more details on
the sensing rings (Sec. 6.3.1), on the actuation bracelet (Sec. 6.3.2), on the communica-
tion protocol (Sec. 6.3.3), and on the system calibration and validation (Sec. 6.3.4) are
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Figure 6.3: HANS sensing rings. In a), the complete CAD model of the sensing device
is reported. It consists of three rings, a flexible support connecting them, and a control
box containing electronic circuitry and battery. In b), the CAD model of a single sensing
ring is detailed.

Figure 6.4: The results of the FEM structural analysis performed on a single ring simulat-
ing the force applied by the finger during the handshake. The padlocks indicate the parts
of the model in which constraints are set in the simulation, while the blue arrow indicates
the force applied with a magnitude of 10N. The transparent wireframe CAD model is the
reference model, while the coloured surface corresponds to a 1X deformation.

reported.

6.3.1 Feeling the handshake: the sensing rings

The device in charge of measuring the handshake force consists of three rings, a flexible
support connecting them, and a control box, as depicted in Fig. 6.3.

The three rings are designed to be worn on ring finger, index finger, and thumb. They
share the same design, whose CAD model is shown in Fig. 6.3. In particular, each ring
consists of four parts: a support holding the force sensor, a support for the finger, a flexible
belt, and a support for attaching the ring to the sensing device. Force sensor support, fin-
ger support and attaching support were realized in ABS using Fused Deposition Modeling
technique. To better adapt the device to the user’s specific anthropometric characteristics
and to improve user’s comfort, the flexible belt was realised using NinjaFlex Material, a
flexible thermoplastic polyurethane. This flexible material enables the user to wear the
ring easily and provides a stable grip on the proximal phalanx.
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Each ring includes an FMA MicroForce Sensor FMAMSDXX025WCSC3 (Honeywell,
North Carolina), a piezoresistive based force sensor providing a digital output proportional
to the force applied on it. This type of sensor is well known for its small size and high
accuracy. On the basis of the results obtained with the handshake force measurement
introduced in Sec. 8.2, the FMA version having a force range of 25N and an accuracy of
0.5N was chosen. Sensors are interfaced using SPI protocol with a maximum digital clock
frequency of 800kHz, and are powered with an operating voltage of 3.3V.

The finger support was designed with the specific aim of enabling the user to press
effectively on top of the force sensor. Static structural mechanics FEM (Finite Element
Method) analyses were performed in the design phase to verify that, during finger closure
in a grasping task, the sensor is properly pressed (see Fig. 6.4). The control box holds all
the electronics circuitry and the battery for standalone operation. An Arduino Pro Mini
(5V,16MHz version) is used as main control unit for receiving the force measures from the
three rings, processing them and sending the corresponding handshake force value to the
actuation bracelet. A Bluetooth RN42-i/rm module is embedded in the control box for
communication purposes, and the complete sensing device is powered up using a single
cell 3.7V Li-Ton battery.

When the sensing device is worn and turned on, the user is asked to keep the hand
open and the three rings acquire force samples at a frequency of 1kHz for 5 seconds. This
procedure is needed for calibration purposes. Indeed, the average value of these samples
is used to compute the digital value corresponding to zero force applied, i.e. to remove
a possible force bias d due to the ring positioning on the finger. After calibration, each
force value is computed as:

20

1
> ii— 6| Vi€ {1,2,3}, V) € [1,20]
J

FMA; = p; 2
where §; is the offset of the i-th FMA force sensor, v; ; is the j-th sample acquired by the
i-th force sensor, and (3; is the gain associated to the i-th FMA force sensor, calculated
as reported in Sec. 6.3.4. The force value is averaged each 20 samples to remove possible
unwanted noise. As soon as a new force value is available for all the three sensors, data
are packed and sent to the actuation bracelet.

6.3.2 Applying the handshake: the actuation bracelet

The proposed actuation bracelet consists of a flexible structure designed to wrap the palm
of the hand, and a box containing the electronics and the motors, placed on the back of
the hand (see Fig. 6.5). The hand band is composed of two parts, i.e. one reproducing
four fingers close together, and one simulating the thumb.

The external layer of the hand band is made with flexible material, namely the Flex-45
thermoplastic co-polyurethane,

while the internal layer is a combination of silicone rubbers. To reproduce on the
user’s hand the handshake contact area reported in [266], we increased the stiffness of
specific hand band parts realizing thicker finger pads.
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Figure 6.5: CAD model of HANS actuation bracelet. It consists of a flexible structure
designed to wrap the palm of the hand, and a box placed on the hand back containing the
electronics and the motors. The hand band is composed of two parts, i.e. one reproducing
four fingers close together, and one simulating the thumb.

Tendon

Then, to let the contact realized by the device be more human-like, the finger pads
were covered with silicone rubber and ethylene-vinyl acetate foam. A velcro band between
the two parts is used to fix the actuation bracelet to the user’s hand. The box on the back
of the hand was made in ABS material, and contains the hardware components of the
actuation bracelet: an Arduino Pro Mini (5V, 16MHz version), a Bluetooth RN42-i/rm
module, and three Kuman MG90S servo motors (Kuman Trade Shenzhen Co., Ltd., US).
Each servo motor has a stall torque of 25Ncm at 6V, which is sufficient for reproducing
the forces involved in a real handshake according to our initial requirements.

Furthermore, in order to transform the torque of the motor into force applied on the
hand palm, a tendon-actuated system was realized.

A tendon was connected to each contact area of the palm: the four finger pads on one
side and the flexible thumb on the opposite side. The fingers tendons were arranged in
two couples, that is index/middle and ring/little, and each couple was then connected to
one motor. The thumb tendon was directly connected to the corresponding motor.

Internal paths were designed inside the support in order to route the tendons from the
motors to the contact areas. Each motor was equipped with a pulley with radius r = 5mm
to transform the rotation 6 of the motor in displacement d of the tendon, following the
relation d = rf.

Two types of pulleys were realized, one with a single groove to pull the tendon con-
nected to the thumb, and two pulleys with double grooves to pull simultaneously each
couple of tendons connected to the fingerpads.

The actuation bracelet is powered using a single cell 3.7V Li-Ion battery, and a step
up booster is used to provide 6V to the servo motors.

Both the tightening velcro band and the length of the tendons are adjustable to let
the actuation bracelet adapts to the specific anthropometric characteristics of the user.
In particular, once the device is worn and turned on, the three motors return to their
rest position, and the length of the traction tendons can be adjusted using the additional



6.3. The haptic system 57

grooves in the pulleys.

Each motor is in charge of applying the force measured by the associated sensing ring,
that is thumb motor with thumb ring, index/middle motor with index finger ring, and
finally ring/little motor with the remaining ring. To map the force measurements received
by the sensing rings in a coherent squeezing force, we exploited the values of human hand
stiffness reported in [268]. In particular, we extrapolate from the latter work the results
regarding the hand’s regions involved in the handshake, that is ‘medial and prozimal
palm’; and ‘rest of distal palm’, respectively. Considering that hand stiffness varies at
different force intervals, hand stiffness and applied force values were interpolated to find
the set of parameters that would best approximate the elastic response of the human hand
under squeezing force. Data were fitted to a power law distribution with an adjusted R-
square of 0.79, and the displacement d of the tendon was computed as d = %, where
k(F) = aF®" is the stiffness of the hand at a given force F, and a = 0.76 and b = 0.43
are the parameters resulting from the interpolation. Taking into account that the FMA
force sensors full-scale output is 25N, the maximum tendon displacement that can be
required following the aforementioned law is d,q, = 8.2mm, which in turn corresponds
to Opmaz = d"’% =~ 100deg, i.e. a value inside the range of the servo motors.

6.3.3 Communication protocol

Data transmission system of HANS is based on Bluetooth communication for a dual pur-
pose. On one side, the latter represents a fair compromise between accelerating system
prototyping and developing wireless devices. Indeed, once the system functioning is as-
sessed, having a Bluetooth interface already embedded in the devices allows for a further
easy integration with widespread technologies (e.g., smartphones, computers) that can
enable long distance connection by means of web-based applications. On the other side,
the aim of our system is not only to transmit the handshake between people who are
in different places, but also between people who are physically close but cannot touch
each other (for instance because of hygiene rules, social distance, physical impairments).
The sensing and actuation modules communicate with each other through two Bluetooth
RN42-i/rm modules, which are suitable for sending and receiving information at a fre-
quency of 50Hz. Once the two devices are powered, the initialization phase is performed
(i.e., calibration of sensing rings, and setting the motors of the actuation bracelet in the
rest position). Then, the two Bluetooth modules pair and begin to exchange information.
During the handshake, the sensing device processes the information collected from the
three sensing rings and transmits it to the actuation bracelet. These data are used by the
actuation bracelet to control the handshake force. In particular, the communication pro-
tocol provides that the actuation device constantly requests information from the sensing
device. The latter processes data coming from the three FMA force sensors and creates
the data packet adding to the measurement a start and an end marker. The actuation
bracelet receives the data and maps them in digital values to drive the three servo motors
in such a way to apply the force read by the sensors, as described in Sec. 6.3.2.

Fig. 6.6 shows the communication scheme of the wearable haptic system for remote
handshake.



58 6. Human-Human Interaction

Pl N\ Actistion Bracslet
(e

g AtMega328 AtMega328

‘; g Microcontroller, Microcontroller,

£ ’u.

b= Kuman | ¥ [Kuman|
la \ (MG90S| [ Kuman | | MG90S.
- MG20S |
‘:Sens_[ng Ring1| |Sensing Ring2 | ) 1 l L )
\\ EI A /} Tendon - Actuated |

System | A/

Figure 6.6: Block diagram representing HANS ’s functioning.

6.3.4 System calibration and validation

A preliminary stationary structural FEM analysis on the CAD model of one of the rings
was used to verify the overall stress/deformation distribution when the force is applied by
the finger proximal phalanx during the handshake. In Fig. 6.4, the results obtained with
an applied force of 10N are reported. The analyses highlighted how the force is transmitted
through the two different elements of the ring, i.e. the finger support and the sensor
support. More in details, results show how the force is concentrated on the sensor thanks
to the designed finger support. We exploited this result to calibrate the sensing device
after the fabrication of each ring. In particular, each ring underwent three repetitions of a
calibration procedure that consisted in the application of an orthogonal decreasing force in
a range from 20N to ON. The applied and measured forces were sampled simultaneously
at 400Hz by a dual-range Vernier dynamometer (Vernier Software & Technology, US)
with accuracy of 0.05N, and by the sensor, respectively. The dynamometer was routed
normally to the sensor through a specially designed 3D-printed guide. A systematic
error between force exerted and force measured was detected for each ring. Therefore,
the calibration consisted in the evaluation and subsequent application of a multiplicative
gain 8 computed as the mean of the ratio between force applied and measured value, with
the aim to minimize the measurement error for each sensor. After calibration, the root
mean squared error between the two force profiles was 0.54N, 0.75N, and 0.45N for the
three rings, respectively. These values were found to be in line with the sensors’ accuracy.
A representative trial of the calibration procedure is shown in Fig. ?7.

As regards the actuation bracelet, both for safety reasons and for device force ana-
lysis, the device was placed on the sensorized dummy hand exploited in the preliminary
experiments (see Sec. 8.2) to measure the maximum force that can be actually exerted
by the motors. In fact, despite the maximum torque applicable by each motor is 25Ncm,
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Figure 6.7: A representative trial of the sensing ring calibration. In blue, the force
acquired by the Vernier dynamometer, in red the force values read by the FMA force
sensor, while in yellow the FMA force sensor measurement corrected with the gain factor.
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Figure 6.8: HANS actuation bracelet validation: the grasping force acquired in a rep-
resentative trial. Blue and red lines report force measurements along the z-axis of each
dummy hand’s sensor, while the total grasping force is depicted in yellow. Each motor is
driven until the stall is reached, as it can be seen looking at the distinctive noisy profile
presented by the sensors measurements at10N.

a non-ideal mechanical coupling and the presence of friction between device components
can lead to an ineffective force application. A profile covering the range of motion of the
servo motors was simulated with Matlab and sent to the actuation bracelet via Bluetooth
communication, with a sample rate of 50Hz. The device was temporarily programmed to
drive the motors to rotate as required by the simulated profile, with the aim of reaching
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the motors stall. The experiment consisted of a total of fifteen squeezes held for three
seconds at 5 seconds time intervals. The mean force among the squeezes was 20.11N with
a standard deviation of 0.57N, i.e. a reasonable value considering the average grasping
squeeze computed in Sec. 8.2. The grasping force acquired in a representative trial is
reported in Fig. 6.7.

6.4 User studies

In this section, an investigation about users’ opinion of the wearable haptic system for
remote handshake is presented.

Twelve participants (6 males and 6 females, aged 24-59, all right-handed) took part
in the experimental campaign. Each subject gave her/his written informed consent to
participate and was able to discontinue participation at any time during experiments.
The experimental evaluation protocol followed the declaration of Helsinki, and there was
no risk of harmful effects on subjects’ health.

Each participant was asked to shake hands with one of the two investigators of their
choice. The designated investigator showed the participant how to wear the actuation
bracelet and the sensing rings by wearing them himself, and then asked the participant
to do the same. The participant, then, wore the complete haptic system for remote hand-
shaking. Each user performed three remote handshakes with the experimenter exploiting
the wearable haptic system, with a rest period of 2 minutes in between. For each of the
three handshakes, the experimenter grabbed a different object randomly chosen between
the 3D-printed model of the human hand exploited for the preliminary experiments (see
Sec. 8.2), a tennis ball, and a bottle. These three objects were chosen because of their
increasing level of abstraction from the human hand and their diffusion in domestic and
office environments, to verify the feasibility of transmitting an handshake by grabbing
common and different objects. Therefore,each participant was asked whether he/she
perceived differences between the three handshakes, and then was asked to complete a
survey. The evaluation questionnaire developed to collect users’ opinions and feedback
was defined by elaborating the Technology Assessment Model [269, 270]. In particular,
the survey was divided into three topics: %) perceived usefulness (Us), ) characteristics
of the equipment (Eq), and i) perceived ease of use (Ea). Each topic consisted of four
to six sentences for a total of 15 statements, reported in Tab. 6.1. The judgements were
expressed in the form of a Mean Opinion Score (MOS), a standardize policy to evaluate
the Quality of Experience according to [271]. The user opinion scale ranged from 0 to
5, where 0 indicates “Strongly Disagree', and 5 means “Strongly Agree". We denote with
s, j|k the score assigned to the j-th sentence of the i-th topic (i € {Us, Eq, Fa}) by the
k-th participant.

6.4.1 Results

The first result obtained is that no user found differences between the handshakes per-
formed by the experimenter grabbing the three different objects. All the handshakes were
perceived similar to the previous and/or to the subsequent ones.
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Table 6.1: Survey statements arranged by topic of investigation.

Perceived usefulness

Us.1 | I think using the device is an effective way to feel the
handshake with a distant friend/relative.

Us.2 | T would feel embarrassed to wear the device in my
everyday life.

Us.3 | I find that the tactile information provided by

the handshake device are insightful.

Us.4 | I find human-like the handshake perception.

Us.5 | I find pleasant the handshake perception

provided by the device.

Us.6 | I found that the device is useful.

Quality of equipment

Eq.1 | I feel safe while wearing the device.

Eq.2 | I was concerned that the device is not

securely attached to me.

Eq.3 | T would be able to perform my daily tasks as usual
while wearing the device.

Eq.4 | I find the device comfortable.

Ease of use

Ea.1 | I find the device easy to use.

Ea.2 | I was able to wear the device easily without help
from another person.

Ea.3 | I was able to remove the device easily without help
from another person.

Ea.4 | I was able to put the device on in a

reasonable amount of time.

Ea.5 | I have the knowledge necessary to use the device.

The results collected by means of the survey qualitatively demonstrated a widespread
favourable opinion in every field of investigation. For the purposes of quantification and
mathematical analysis of the results, the complement to 5-value of the score assigned by
each participant to the declarations Us.2 and Eq.2 was executed, i.e. syg.ok =5 — Sys.2(k
and sgg.o)k = 5 — Sgg.2)k Yk € [1,12]. The reason is that Us.2 and Eq.2 are the only ones
among all sentences with a negative meaning.

The scores assigned by each user to each sentence are graphically shown in Fig. 6.8
for each survey section, while the histograms of the scores assigned for each question and
grouped by topic have been reported in Fig. 6.9 for the sake of clarity and completeness.
The average user’s opinion per topic of investigation was defined as the average of the
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Figure 6.9: The scores equivalent to the users’ opinions about each sentence are reported
from right to left for perceived usefulness, equipment characteristics, and ease of use,
respectively. The user opinion scale ranges from 0 to 5, where 0 indicates “Strongly
Disagree”, and 5 means “Strongly Agree”. The users’ average score is depicted in black
for each topic.

scores assigned to each statement of the same topic, that is

N
1 J
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where N; is the number of sentences used to investigate the topic j. Accordingly, we
defined a general opinion score (GOS) §; for the i-th topic as the average on the users of

the 5;);, values, i.e.
12

- 1 _ .
55 = Ir) zk:sﬂk Vj e {Us, Eq, Ea}

The general opinion score regarding the perceived utility was 5y5 = 4.31+0.31, while the
characteristics of equipments have achieved a GOS equal to Sg, = 4.27 + 0.22. Finally,
the results of the survey have reported that users were extremely satisfied about the ease
of use, with a value of GOS equal to 55, = 4.87 4= 0.29.

A further investigation into the symmetry of the distribution of the scores assigned to
the statements showed that average Spqx and Sg,x were usually less than their median
and mode. The skewness values u; were equal to pgq = —0.55, and ugp, = —2.39 for
equipment characteristics and ease of use, respectively. For the sake of completeness,
we report also the skewness value of perceived usefulness equal to puys = 0.006(= 0). In
other words, it is possible to assert that a sample of the population considered system
usefulness, equipment characteristics and simplicity of the device in a range between
“Good" and “Excellent", with a slight tendency towards a more positive opinion.

6.5 Conclusion and future work

This work presented HANS, a novel wearable haptic system for exchanging remote human-
to-human handshakes. Despite handshakes are commonly recognized as an important
social behaviour between two people [272], to date there are still no wearable devices
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Figure 6.10: The occurrence of the same opinions expressed as a numerical score are
reported from top to bottom in the form of histograms for each sentence for the three
survey topics.

able to measure and convey this body language at a distance. Here we introduced a pair
of wearable devices, namely the sensing and actuation part of HANS, whose design was
defined following requirements based on specific handshake properties, such as contact
area and contact force. We described the system mechanical structure, the system func-
tioning, and the overall validation process. An experimental campaign was conducted
to assess users’ opinions about the system. Results show that HANS allows to perceive
and transmit a human-like handshake using common daily-life objects. All users asserted
that the device is easy to use and to wear. Furthermore, a user with reduced mobility
of the upper limbs was invited to try HANS after the experimental campaign. He was
enthusiastic about the device, since HANS allowed him to perform the social protocol of
the handshake without experiencing strain and feeling uncomfortable.

To conclude, this work represents the first attempt to introduce in people’s life a
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wearable device for exchanging handshakes at a distance. In future work, we plan to
extend the usage of our system by integrating HANS with common social platforms
for combining tactile interaction with visual and auditory cues. In addition, we will
investigate about psychological and emotive impact of HANS on life of people with arm
diseases.



Chapter 7

Open Hand Interaction

This Chapter describes the design, pro-

totyping steps, and validation of a novel

haptic device for cutaneous stimulus of

hand palm. This part of the hand is fun-

damental in several grasping and manip-

ulation tasks, but is still less exploited

in haptics applications than other parts

of the hand, as for instance the finger-

tips. The proposed device has a parallel

(a) (b) tendon-based mechanical structure and

is actuated by three motors positioned

Figure 7.1: HapticPalm prototype worn by a on the hand back. The device is able to

user. (a) Lateral view showing the end effector. apply both normal and tangential forces

(b) Top view showing the actuators and elec- and to render the contact with surfaces

tronic components on the hand back. with different slopes. The end-effector

can be easily changed to simulate the

contact with different surface curvatures. The design is inspired by a smaller device pre-

viously developed for the fingertips, however, in the device presented in this paper, there

are significant differences due to the wider size, the different form-factor and structure of

hand palm. The hand palm represents the support for the fingers and is connected to the

arm through the wrist. The device has to be developed taking into account fingers’ and

wrist’s motions, and this requirement constrains the number of actuators and the features

of the transmission system. The larger size of the palm and the higher forces challenge

the device from the structural point of view. Since tendons can apply only tensile forces,

a spring-based support has been developed to keep the end-effector separated from the

palm when the device is not actuated or when the force to be rendered is null. The work

presents the main design guidelines and the main features of the proposed device. A

prototype has been realized for the preliminary tests and an application scenario with a
VR environment is introduced.

7.1 Motivations

Nowadays technology is increasingly present in our everyday lives, and among the emer-
ging technologies those oriented to the reproduction of tactile, kinesthetic and skin sensa-
tions are getting interest in several application fields. These technologies allow enriching
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the sensory experience of humans, for instance in virtual environments, in augmented
or mixed-reality applications and/or during teleoperation tasks. Recent studies available
in literature confirm that the use of tactile technologies not only increases the involve-
ment of users in teleoperation tasks but also increases their accuracy and performance,
[273, 274]. Interesting applications of haptic technologies are also present in telemedi-
cine and in tele-rehabilitation, these applications have become particularly significant in
since the beginning of the past year, when the pandemic situation required solutions for
guaranteeing social distance and human/human physical contacts.

The hand is one of the primary interfaces connecting humans and the surrounding
environment, and it is also one of the main targets of haptics technology development.
Most of the haptic devices for tactile stimuli are located on the fingers or on the wrist,
while fewer are developed specifically for the palm [64], although Klatzky and Lederman’s
studies demonstrated that the hand-closing task depends on haptic information in the
palm [275]. Haptic devices developed for the hand palm can be broadly divided in two
types: the grounded ones, having a base external to the user’s body and connected to
a fixed base and the wearable ones. Concerning grounded devices, for instance, in [276]
the authors presented a device that can change the shape of the surface in contact with
the hand using vertical motions of some pistons, while in [277] an array of actuators
returns vibrotactile stimuli on users’ palm. In [278] a grounded planar device returns
haptic stimuli and several sensations on users’ palms, the ultrasound technology allows
to provide stimuli on hand that is detached from the surface of the device, so that the
hand is free to move in a wider workspace.

The research in this topic is increasingly oriented towards wearable devices to free
completely the users and their workspace. To date, wearability is a fundamental require-
ment for haptic devices, and in this context the trade-off between the extension of the
area of the palm that can be stimulated, and the number of actuators used is almost
inevitable [279].

In this work we present a haptic wearable device for rendering forces in the palm that
attempt to find a trade-off between the aforementioned requirements. The state-of-the-
art devices are mostly based on localized and fixed contact points on the palm. Among
these, there are two main typologies of devices: devices based on vibrotactile actuations,
and devices using mechanical actuation. The last ones usually employ tightening bands
reproducing only a normal pressure on the palm, as presented in [280]. However, this
kind of technology allows the user to feel a limited and predetermined type of sensations.

Similarly in [281] Minamizawa et al. present a band with mobile contact surface on
the palm, while Achibet et al. in [282] show a passive device composed by an elastic band
to return distance hand/body by haptic feedback.

In [283] and in [284] two haptics gloves with several mechanical active points are de-
signed and developed: the first uses small rigid links, while the second is tendon actuated.
The limit of these devices is the high number of actuators needed to reproduce haptic stim-
uli in an extended area as the human palm, for this reason the authors of [171, 285, 286]
choose vibrotactile matrices in contact with the palm to reduce the cluttered of mech-
anical actuators, reducing, however, the similarity between the desired stimulus and the
transmitted one. A combination of mechanical stimuli and vibrotactile stimuli is shown
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Name Type of actuation Contact area Electronics
Ghostglove [280, 281] sqeezing band fixed and extended on board
Achibet et al [282] passive elastic band fixed and pont-like -

Son et al. [283] 4 pressure points fixed and point-like on arm
Son et al. [284] 10 pressure points fixed and point-like  delocalized
tendon drive
Gollner et al. [171] 35 vibrating motors fixed and point-like on arm
Martinez et al. [285] 6 vibrating motors fixed and point-like  delocalized
Borja et al. [286] 5 vibrating motors fixed and point-like on arm
Haptic pivot [287] mobile vibrating mass fixed and extended on arm
Zubrycki et al. [289] 10 pneumatic pad fixed and extended  delocalized
Weatavix [290] mobile mass fixed and extended on arm
Deltatouch [291, 292] 3D Mobile platform  mobile and point-like delocalized
HapticPalm — 3D Mobile platform mobile on board

tendon drive and interchangable

Table 7.1: Comparison between the proposed haptic device (indicated as HaptiPalm, last
row) and other solutions available in the literature.

by Kovacs et al. in [287] where a mobile mass comes in touch with palm in case of col-
lision between a hand avatar and the surrounding environment in virtual reality, while
pneumatic solutions are presented by Kajimoto et al. in [288] and by Zubrycki and by
Grzegorz in [289).

The authors in [290] present a wearable haptic interface for natural manipulation of
tangible objects in Virtual Reality that render contact force using a sensorized mobile
mass grounded on wrist. Haptic devices with mobile and orientable contact area such as
those presented by Trinitatova et al. in [291] and in [292] are closer to what we propose
in this work for what concerns the design, however in this work we want to investigate
the possibility of reducing the footprint in the palm and the overall mechanical load on
the hand through the use of cables for the transmission of forces.

In order to summarize and clarify the solutions available in the literature, Table 7.1
shows the details of the implementation and electronics of the devices mentioned above
and of the device presented in this work.

The device presented in this work is able to stimulate a large area of the palm with
a limited number of actuators (three), therefore assuring a good wearability. In order
to achieve these objectives a parallel mechanism has been designed in which the mobile
platform (end-effector) has interchangeable contact interfaces. The various contact in-
terfaces, having different shapes, can be easily connected and disconnected to/from the
device to reproduce a tactile sensation more similar to the desired stimulus in different
tasks. Inspired from a family of wearable devices that we developed for fingertip stimula-
tion [293, 68], the mobile platform has a "Y" shape and it is actuated by three servomotors
positioned on the back of the hand by means of tendons, allowing the transmission motion.
Notwithstanding the kinematic structure of the device presents some similarities with the
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Figure 7.2: Primary hand movements due to the biomechanical structure of the carpus:
palmarflexion/dorsiflexion (left) and radial abduction/ulnar adduction (right).

devices previously presented for the fingertips, the solicitation of hand palm presents sev-
eral different challenges, due to the different size, kinematic structure, form factor, force
level. In order to provide to the user the possibility to easily wear the device and avoid the
continuous contact with the palm, we added an elastic element at the base of the platform.
The tendons and the springs allow us to reproduce the cutaneous stimulus both in static
and dynamic conditions. The use of three actuators furthermore allows reproducing both
normal and tangential components of the contact force (necessary for simulating shear
forces), and the contact with virtual/remote surfaces with different orientations (that can
be used for instance for reproducing the contact with variable curvature surfaces).

The wearable haptic device for hand palm stimulation is shown in Figure 7.1. In
particular in this work we will: ) describe the haptic device for hand palm stimulation
based on tendons, designed taking into account the physical/anatomical features of the
palm; i4) present the design of interchangeable modules for simulations of different types of
contact; i4¢) detail the mechanical, mechatronics and manufacturing aspects of the device,
including finite element method (FEM) analysis, hardware and control description; iv)
present a working prototype of the device with some preliminary applications.

7.2 Biomechanics and perceptive receptor of palm

The design of the wearable haptic device started from the analysis of the hand palm:
its biomechanical structure and the features of the stimuli to be rendered define the
requirements and the constraints. From an anatomical point of view, the palm of the
hand is the ventral (or anterior) region of the hand, the one to which the fingers converge
when punching. The back of the hand, on the other side, is the posterior region of the
hand, located from the opposite side of the palm. The bones of the palm can be divided
into carp bones and metacarpal bones. The metacarpus is the set of five long bones that
connect the carpus to the phalanges, they are numbered from 1 to 5 starting from the
thumb to the little finger. The carpus consists of eight short bones spread over two rows,
the proximal and the distal row, and connects the radio with the metacarpus.

The proximal row is composed by scaphoid, lunate, triquetrum and pisiform bones,
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while the distal row is defined by trapezium, trapezoid capitate and hamate bones. The
biomechanical structure of palm bones, muscles and ligaments allows the radial abduction,
the ulnar adduction, the palmar flexion/dorsiflexion and combined movement, all depicted
in Figure 7.2. According to [294] the palmar flexion is the flexion of the wrist towards the
palm and ventral side of forearm, while the dorsifierion is the hyperextension of the wrist
joint, towards the dorsal side of forearm, radial abduction is a motion that pulls a structure
or part away from the midline of wrist and ulnar adduction is a motion that pulls the hand
structure toward the midline of wrist. Other two principal motions are provided by the
biomechanical structure of palm: the opposition and apposition of thumb. In apposition
the side part of thumb is in touch with other fingers, while the pulp side of thumb distal is
in contact with fingertips of other digits during opposition [295]. The contact surface of the
developed haptic device has been dimensioned and placed according with biomechanics
of palm, avoiding cluttering of palm and the reduction of carpus mobility. The mobile
platform should not constrain and limit any motion described above, it should be placed
under metacarpal bone situ and extended from upper bound of first row of carpal bone to
transverse metacarpal ligament. The articulation of the bones of the carpus constitutes on
the handheld side a cavity called the carpal tunnel. The carpal tunnel develops flywheel
on the wrist and is crossed by the superficial and deep flexor muscles of the fingers and the
long flexor of the thumb. The median nerve also runs through the carpal tunnel, its palmar
branches, called digital cutaneous branches or cutaneous digital nerves, are distributed to
the palmar skin up to the first three fingers (thumb, index finger and middle). The palm,
like the fingertips, is one of the densest regions of the human body of mechanoreceptors.
Then channel of haptic stimulus transmission is the same for fingertips and palm. However
biomechanics of palm is more complex than finger one, the geometry, anatomic constrains
and mechanical compliance [296] are different, the increased extension of the device is the
cause of greater structural fragility, while the forces to render on palm are higher and,
consequently, the structural stress on device is greater, too.

7.3 Haptic stimulus of hand palm: design principles
and modeling

The proposed device is able to both push the end-effector towards the palm and to differ-
entiate applied force direction and contact location and orientation, ensuring robustness,
ergonomics and low weight. To achieve these requirements, the end-effector is passively
supported by a spring connected to a C-shape structure fixed on one side on hand back.
The end-effector is then moved by three tendons actuated by three motors positioned on
hand back.

Both the part fixed on hand back and the active end-effector have a Y-shape, whose
vertices are connected by three tendons actuated by three motors. This structure allows
to apply a wide set of movements to the end-effector and to interact with most of the
palm surface.

In the following we will introduce a simplified mathematical model that relates the
force applied to hand palm to the forces applied by the motors to the tendons.
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Figure 7.3: Main points and coordinate frames for the analysis of the wearable haptic
device.

The problem of cable driven parallel mechanisms is an interesting topic studied by
several researchers in robotics context. Using cables and tendons to transmit movements
allows designers and engineers to obtain compact and small-size devices, reducing the
weight and inertial effects of mechanical components.

The solution of the direct geometric-static problem of three cable-driven parallel ro-
bots by interval analysis is presented in [297], while the case of direct geometric-static
analysis of an underconstrained 4-cables parallel robot is presented in [298]. In [299] the
differential kinematics is studied for calibration, system investigation, and force based
forward kinematics. Moreover, the dynamic modeling of cable driven parallel robots for a
fully-constrained planner case is investigated in [300] and for an underconstrained spatial
case is presented in [301].

Solving the forward kinematics problem means finding the relationship between lengths
of the cables and posture of the moving platform, this information is important for the
device control, but it is not easy to be solved in parallel mechanisms. On the other hand,

the inverse kinematics problem evaluates the lengths of the cables corresponding to a
given platform posture.

Static analysis defines the relationship between cable tensions and wrench exchanged
with the palm.

To describe the device as a cable driven parallel robot, two coordinate frames are
defined. The first one A = {O4,u;,us, us} is fixed on the device body on the hand back,
while the second one B = {Op, vy, Vs, vs} is fixed on the mobile platform in contact with
hand palm, as shown in Fig. 7.3.

In the following, to simplify the notation, if quantities are expressed in A frame,
superscript A is omitted.
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On the device body we define three connection points Aj, As, Az, representing the
points where the tendons pass through in the device fixed part; assuming they define an
equilateral triangle, their coordinates are:

T T T
a; = |:\/_§guv%70] az = [ffi(ﬁiu’%’o} az = [@70’0} (71)

where d,, is the upper triangle side length. The wires are connected to the mobile plat-

form in three points Bi, Ba, B3, defining an equilateral triangle with center Op, their
coordinates in B frame are:

T T
by = [, 4.0] bf =[S 40 bf =]

T
Y30 0,0] (7.2)

where, d; is the length side of lower triangular plate, while their coordinates in A reference
frame are indicated as:
by = [z1,y1,21] T, b2 = [22,¥2, 22] T, b3 = [23,y3, 23] T,

and vary according to the platform motion. The coordinates of Op point, expressed in A
frame, are defined by the vector og = [z, v, 2]T.

Let us define a rotation matrix R(n) = R.(¢)Ry(0)R (1) representing the orientation

T

of B frame w.r.t. A frame. We indicate with n = [w7 0, qS] a vector containing roll, pitch,
and yaw angles, respectively.

7.3.1 Inverse Kinematics

The inverse kinematic problem consists in finding the values of cable lengths /; for a given
position op and orientation R.

The geometric constraints of the parallel structure relates the length of the cables to
the norm of the geometric vectors connecting B; to 4;, i.e.,

||bt - aZ|| = li 1= 1,2,3 (73)

where [; is the length of cable ¢, that can be controlled by the motors. The coordinates
of the mobile platform connection points can be evaluated as

b;=o0p+Rb? i=1,23 (7.4)

By substituting (7.4) in the cable constraint relationship (7.3), we can easily evaluate I;
as a function of op and R.

7.3.2 Statics

In stationary conditions, the sum of the forces and torques (wrench) applied to the plat-
form through the wires is balanced by the forces and torques (wrench) due to the physical
contact with the finger pad as follows:

3
S fitfo, +£.=0 (7.5a)
=1
3
ZTi +Top +Ts =0 (7.5b)

i=1



72 7. Open Hand Interaction

we indicate with f; € R3 the forces applied by the cables, with 7; € R3 the corresponding
momentum, with fo,, € R? the reaction force applied by the hand palm to the platform,
with f; € R? the force due to spring deformation, with 7o, € R? the reaction torque
and with 75 € R3 the torque due to spring deformation, both expressed w.r.t. Op point.
Expanding the equilibrium equations (7.5) we get:

3
ZpiUfi +f, +f=0 (7.6a)
i=1
3
> pibi X g + Top +7s =0 (7.6b)

i=1

where p; is the tension cable ¢, and uy, is the unit vector representing the cable direction,

and can be evaluated as:
- bl —a;

i 7 (7.7)
From (7.6), and (7.7), we can express (7.5) in the matrix form:
P1
ur, uy, us, fo, +f.]
b1 X ugy b2 X uf, b3 X Uf3:| P2 + |:T°B + T4 =0 (78)

(a well-known as geometric-statics equation of cable driven parallel robots [297]).

7.4 Design and Analysis

The device presented in this work is the result of a trade-off between wearability, weight
and resistance to mechanical stress. The symmetrical geometry of the supports on the
back of the hand back and under the palm allows a homogeneous distribution of the forces
applied by the motors and transmitted through tendons. One of the drawbacks of tendon
actuated devices is that the end-effector has to be always in contact with the hand and
the tendons have to be stretched. To overcome this issue and allow the device to activate
and deactivate the contact with the palm, the end-effector is connected to a C-shape,
fixed element by means of an elastic element.

In the following we describe with more details the device from the design point of
view, the interchangeable end-effector’s modules that are in contact with the palm, and
we show some results of a structural mechanical analysis.

7.4.1 HapticPalm

The device has a parallel structure and consists of two main parts, one on the back of the
hand, and the other below the palm defined as the end-effector of the device.

The part on the hand back consists of a mechanical support for the force actu-
ation/transmission system, the microcontroller and the power supply (indicated with
A in Figure 7.4). Three tendons are routed in three paths extruded from the support,
arranged at 120 deg from each other in order to achieve an equilateral "Y-shape". The
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Figure 7.4: Exploded CAD view of the device. The end-effector of the device is composed
of the components indicated with (C), (I), (D). (H) indicates the end-effector’s module
while the “Y-shape” platform is indicated with (A) and the pulleys are indicated with
(B). (E), (F) and (G) are the elements that realize the link between the two platforms.
(J1) and (Jg) are the two joints that allow to rotate the end-effector.

tendons transmit the forces applied by the motors, through the pulleys, from the back
of the hand to the device’s end-effector (B) and therefore to the hand palm. This type
of actuation has an easy wearability and avoids the problems present in parallel mechan-
isms based on rigid links, that have higher weight, and lower flexibility /adaptability and
requires suitable procedures to be adapted to different users and needs [302].

The end-effector is composed of two platforms (D) and (C). The first is connected to
the actuation system through the tendons, the second is connected directly to the part
on the back by means of a "C" shaped rigid link (E). The two platforms are connected by
an elastic element (a spring, I) that allows the tip-palm disconnection when no contacts
and forces have to be applied. The connection points between tendons and the platform
have a "Y-shape" structure similar to the support on the back of the hand. A magnetic
"T-shape" interlocking is designed on the first platform, allowing to easy interchange the
different end-effectors’ modules (H) realized to reproduce different types of cutaneous
stimuli.

The rigid link connecting the two main parts (G, F, E) has an adjustable telescopic
height to adapt the device dimension to the needs of users with different anthropometric
dimension of the hand, and can be rotated through two revolute joints (J1, J2), with the
aim to ensure the ergonomics for several users and allow them to temporary move away
the end-effector from the palm without remove the device.

7.4.2 Modules

As mentioned before the end-effector modules of the device are manually interchangeable.
They are fixed to the device by means of a "T-shape" interlocking system. The modules
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Figure 7.5: CAD models of the end-effector’ modules. H; indicate the spherical modules
with different radii of curvature while Hy and Hj3 are respectively the dot-shaped module
and the plane-shaped module.

can be connected/ disconnected easily to the end-effector platform thanks to the "T-
shape" path and are fixed by a magnet inserted in each module. The magnets allow
the modules to position themselves exactly in the center of the "Y-Shape" platform and
to keep them fixed during the force rendering. In order to transmit the sensation of
touching objects and surfaces that are interesting in haptics applications. three different
end-effector modules have been created. The basic idea is to let the user feeling common
shapes such as spheres, corners, edges and flat surface. In this work we have created
a spherical modul with the aim to reproduce the curved surfaces (H1, in Figure 7.5), a
dot-shaped module and a plane-shaped module in order to reproduce the contact with
edges and flat shapes respectively (H2, H3).

7.4.3 FEM Analysis

Even if the basic structure of the device is similar to the one developed for the fingertip
for instance in [293], the larger dimensions and the magnitude of the applied forces are
more challenging from the mechanical point of view. A structural stationary FEM ana-
lysis was carried out for evaluating the overall stress/deformation of the device in three
different loading cases representing typical operative conditions. Three of them analyze
the behavior of the device when a set of forces defined according to the model described
in Section 7.3.2 are applied, while the fourth investigate the response of the device when
the skin elasticity is saturated, i.e. when the end-effector is fixed. The analysis was per-
formed with the 3D-CAD/CAE software, Fusion360 (Autodesk Inc.,US). The materials of
the components used in these cases are ABS for all the components of the device except
for the spring, realized in steel.

The behavior of the device was analyzed when the forces indicated with blue arrows
in Figure 7.6 are applied on the three vertices of both platforms. A fixed constraint was
set on the bottom part of the back hand’s platform to simulate the contact with the
hand. Six forces are applied to the fixed and mobile "Y" vertices, the directions of the
forces are selected to simulate tendons’ actions. Their magnitudes are chosen according
to the overall interaction force direction to be simulated. Figure 7.6 shows the results of
FEM analysis for the three-axis directions. All the subfigures on the top side report the
results in terms of displacements while the subfigures on the bottom side show the results
in terms of deformations. In Figure 7.6A and Figure 7.6D the results of the analysis
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(a) (b) (c)

(d) (e) ®

Figure 7.6: Results of the FEM structural analysis. The blue arrows indicate the forces
applied in the simulations, the wireframe transparent CAD model represents the unde-
formed model, while a 1X deformation of the device is represented in the colored sur-
faces. (a) the displacements when a force with only z-component is applied, (b) and (c)
show respectively the results of the displacements when a force with z-component and
x-component or y-component is applied, subfigures (d), (e) and (f) on the right side report
the results of the deformation for the same loading cases.

corresponding to an overall force acting along z direction are reported. In this case the
forces’ magnitudes are the same for all the simulated tendons and equal to 1 N. Concerning
the corresponding displacement, Figure 7.6D shows that, as expected, it occurs mainly
along the "z" axis. Figure 7.6B and Figure 7.6E show the results of the simulation of
an overall force with components along z and y direction. For this simulation we have
symmetrically modified four forces, by reducing their module to 0.5 N. In Figure 7.6C and
Figure 7.6F finally we reported the results when an equivalent force with components
along = and z directions is applied. As in the previous case, the forces have been modified
symmetrically. Finally we verified the response of the device when the skin elasticity is
saturated, to check the resistance of the platform on the back of the hand. The forces
applied in this case are all with the same direction and intensity, i.e. 5N while the fixed
constrains are two, one on the end-effector’s module and the other on the bottom part
of the back hand’s platform (Figure 7.7). In general, results from the FEM analysis
shows that the mechanical structure of the device can resist to the forces that are applied
in haptics applications. The results of FEM analysis also show that, as expected, the
main critical points of the structure are represented by the rigid link and the base of the
spring. Moreover the choice of the spring is very another critical aspect to be considered
to guarantee a suitable level of robustness and functionality of the device.



76 7. Open Hand Interaction

(a) (b)

Figure 7.7: Results of the FEM analysis for the platform of the back of the hand under the
action of an overall 15 N force (5N for each side of the “Y-shape”). Blue arrows indicate the
forces applied while the transparent wireframe CAD model, is the reference undeformed
model, while the colored surface corresponds to a 1X deformation of the haptic palm
device. Subfigure (a) shows the displacement of the platform and the Subfigure (b)
reports the deformation of the platform.

(a) (b) (c)

Figure 7.8: Prototype of the device presented in this work. In (a) shows the device
hardware components. (b) report the "naked" device worn by a user. The figure (c)
shows the final prototype worn by the user together with the different modules.

7.5 Prototype, hardware and components, control and
application

Figure 7.8 shows the first prototype of the developed device for hand palm haptics stimu-
lation. All the structural components are manufactured using an FDM (Fused Deposition
Modeling) process with ABS material, except for the elastic element that is a standard
off shelf steel spring.

For the transmission of forces, three MG-90S microserves were used (M; in Figure
7.8B), powered by a 5V battery (P). Each of them has a stall torque of 20 Nem. For the
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Technical specifics
Weight 89.92¢g
Dimensions L x I x (h &+ Ah) 104 x 81 x (97 £ 0.7)mm
Degrees of freedom 3
Microprocessor ATmega328
Clock speed of microcontroller 16MHz
Computer interface Serial COM
Input Voltage 5.0V
Battery life ~ 5h
Maximum speed 9.5%
Maximum resisting force 60.0NV
Maximum theoretical force on palm 29.5N
Minimum theoretical force on palm 0.81N
Maximum recall force 30.5N
Maximum contact surface ~ 7.06cm?
cost ~ $50

Table 7.2: Haptic palm device prototype main harware/software details and techincal
specifications. The dimensions of device are measured without the glove, the value of Ah
is equal the capability to extend and shorten the rigid link F respect G link.

control and data processing part, we used the Elegoo Nano V34 microcontroller (ELE-
GOO Inc.,CHN), (L), while the transmission with the virtual environment was carried
out using serial communication. As previously introduced, the rendering of the force on
the hand palm uses a tendon-based transmission. The tendons are anchored on one side
to the pulleys of the motors fixed on the "Y-Shape" platform (A) of the back of the hand,
on the other side to the "Y-arranged' connectors of the end-effector. The minimum size
of each tendon is defined by the length of the thread needed, when it is under tension,
to connect the platform of the end-effector to the" Y-shape' platform on the back of the
hand. In order to adjust this length, the pulleys have been designed with an external part
allowing to wrap the excess amount of tendon. A first version of the pulleys is shown in
the CAD model (B in Figure 7.4) while an updated version is shown in the prototype in
Figure 7.8B (B).

Figure 7.8C shows the first prototype worn by a user. From the first users’ feedback
we realized that the "naked" device was not easy and intuitive to wear it due to the
uncertainties on the orientation caused by the symmetrical shape of the device. Then
with the aim to avoid this ambiguity in the orientation and to help/guide the user’s hand
between the tendons when wearing the device, the device was embedded in a glove with a
properly shaped hole in the center of the palm allowing the contact with the end-effector
(Figure 7.8D).

As mentioned before, an elastic element was used in order to passively support the
end-effector when it is not in contact with the palm. One side the spring should be
enough stiff to keep the end-effector in an upright position even when the tendons are
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Figure 7.9: Assessment of HapticPalm forces. (a) Results of force profile chase. (b)
Characterization function of the device: red curve represents the device’s real behavior,
generated by interpolating the force measures means points at each step of 10N in the
range [0, 50]N while in blue the theoretical behaviour obtained exploiting the formula-
tion described in 7.3.2. The horizontal blue line corresponding to 28N, the maximum
theoretical force while the black vertical line is the threshold between the linear zone and

nonlinear zone of the real device characterization function.

not actuated. On the other side, the spring should be enough soft to avoid an overload
to the motor, that should spend a part of their torque to apply the required haptic force
and a part to deform the spring, as highlighted in Section 7.3.2. To meet this trade-off,
we adopted a spring with a stiffness coefficient equal to 6.7 N/mm. Moreover, we decided
to use a short spring, with a length of 7 mm, to keep the end-effector’s size as compact
as possible and with this choice, in the prototype, we observed a symmetric behavior of
the spring both along the axial and radial directions.

Table 7.2 summarizes the main characteristics of the developed prototype. The max-
imum and minimum theoretical forces that can be applied on palm are evaluated according
to the model presented in Section 7.3.2.

7.5.1 Experimental Force validation

The experimental force validation of the device consisted into a repeated recording of
predefined forces exerted by the device and collected by high precision ATI force sensor
Nano25 (ATT Industrial Automation Inc., US).

A user wears the HapticPalm with an ATI sensor inserted between the end effector
plate module (H3) and the hand palm using a textile pocket. The haptic device perform a
step-wise force profile. For the sake of simplicity and without lack of generality direction of
the resultant applied force is along the palm normal direction, each other force component
value may be evaluated trivially from the trigonometric relationship between normal forces
and oblique ones. The range of force is [0, 50]N with 10N steps.
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The force measure was repeated 10 times and recorded in textual format. The results
of one of the repetitions is depicted in Figure 7.9. The collection of all measure by ATI
sensor were used to realize a lookup table of effective forces performed by HapticPalm
and it is compared with the theoretical forces evaluated starting from statics formulation
presented in 7.3.2. The Figure 7.9 reported the interpolating results of measure and
the aforementioned theoretical evolution. According with the preliminary observation of
achieved data, we tested several formulations of logistic function to interpolate curves for
the force measures. The best interpolating curve was a an offset and scaled hyperbolic
tangent function expressed as:

3
Fy = a+ 8 tanh (’yZnﬁi>
i=1
With o = 27.46, 8 = —0.77, and v = 0.044, while n, indicates the normal force com-
ponent due the tensions of i-th tendon.

In a range from 0 N to 25 N, the achieved force has a quite linear trend and the mean
error committed on theoretical evaluation is equal to 0.87+0.22N. Moreover in saturation
zone the mean error accepted in stationary condition respect the theoretical limit value
equal to 3.14 + 0.95N. The steady state error in the saturation zone is approximately
equal to 10% of the theoretical threshold, the resulting error, although not negligible, is
to be understood as inclusive of the uncertainties on the dynamic mass-spring-friction
model of the hand of the current user affecting the o and k parameters, that actually are
chosen such that k£ = 500N/m and o ~ 0, according to [233]. In addition the structural
compliance of y-arranged guides for routing the tendons when the elasticity of the skin
of the palm is saturated is an other source of errors in force saturation zone.

7.6 Usability Assessment

Given the device design specifications and functionality, usability was defined as a result
of {) realism, i) interchangeability of modules H;, iii) carpal cluttering, and ) general
opinions about wearability. In order to collect an estimate for each of the four parameters,
an experimentation campaign was conducted through user studies. Ten participants (4
females and 6 males) were therefore involved in the trial, all of them were right-handed,
aged between 25-39 years. Each subject gave her/his written informed consent to par-
ticipate 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. The experiments were carried out a virtual
environment, shown in Figure 7.10, that consisted of three geometrically regular virtual
objects (a cylinder, a cone, and a half sphere). A virtual hand avatar equipped with
a three-axial force sensor in the palm (Figure 7.10) interacted with the objects, guided
by the user’s hand wearing the device. The haptic interaction between virtual objects
and hand avatar is modeled similarly to the contact with a 3-DoF virtual spring and the
rendered force is evaluated from the hand identation in the object according to a isotropic
Hookonian model.
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Figure 7.10: Virtual scene elements (a) consists into the three touchable object: the cone,
the cylinder and the half sphere, and the virtual hand. (b)hand avatar details: hand
(red), force sensor (green), contact area (blue).

The virtual environment was developed in CoppeliaSim v4.2 (Coppelia Robotics, Ltd.,
CHE), the interaction physics was solved by Bullet 2.78 physic engine with a simulation
step of 10ms. The human hand movements were tracked with a LeapMotion controller
(Ultraleap, Inc., US), and mapped into motions of human hand avatar, the participant
observed the scene wearing an head mounted Display (HMD) to hide to the user view the
modules currently instrumented. The communication between tracker system and virtual
environment was provided by the Robotics Operating System (ROS). A experimental
protocol was designed for the usability validation testing, composed of 14 steps:

S.0 Participant wears the HMD and s/he gets acquainted with tracker system and vir-
tual scene;

S.1 The experimenter explain the protocol to the participant;
S.2 The participant wears the HapticPalm;
S.3 The experimenter chooses an EE-module on table and connects it;
S.4 The experimenter shows how to test the carpus cluttering state;
S.5 The participant mimes the experimenter to the best of her/his possibility;
S.6 The experimenter records the mobility score.
S.7 The participant interacts with one of three objects;
S.8 The experimenter submits the realism survey to the participant;
S.9 Experimenter and participant repeat S.8 and S.9 for each object in the scene;
S.10 Participant detaches the EE-module from device and put it in a box;
S.11 Experimenter and participant repeat all step since S.3, until all EE-modules are in
the box;
S.12 Experimenter submits the surveys about interchangeability and records the parti-
cipant statement;
S.13 Experimenter submits the surveys about general opinion to the participant and
records the participant statement.
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7.6.1 Cluttering testing (S.4-S.6)

At the beginning of each experiments the participants verified their residual carpal mo-
bility as to verify the cluttering state of the palm. Wearing the current EE-module, they
performed the Kapandji test for the mobility of the metacarpal carpal joint that, accord-
ing to [303], consists in reaching with the thumb, in order, ten predefined sites: i) Radial
side of the proximal phalanx of the index finger; ) Radial side of the middle phalanx of
the index finger; i) Tip of the index finger; sv) Tip of the middle finger; v) Tip of the
ring finger; vi) Tip of the little finger; vii) Distal interphalangeal joint crease of the little
finger; #iz) Proximal interphalangeal joint crease of the little finger; i) Metacarpophalan-
geal joint crease of the little finger: z) Distal palmar crease. The test stopped at the first
unreachable site and returns a score equal to the number of sites successfully reached.

7.6.2 Realism investigation (S.7-S.9)

In accordance with the device features, the realism investigation was based on the hypo-
thesis that the more the surfaces with which one interacts and the surfaces of the tactors
are similar the greater is the perceived realism. During the virtual object interaction users
were not able to see their hand and know the module connected to the device that was
changed after all three objects were inspected. In order to investigate this hypothesis,
all the users were asked to inspect the 3 tangible virtual objects in sequence. At each
single identification for 9 nine total identifications the participant was asked to express
the perceived realism measured by mean opinion score (MOS) on a scale of 5 where 1
means "bad" while 5 "excellent". The MOS is a standardize policy to evaluate the quality
of Experience according to [271].

7.6.3 Interchangeability Evaluation (S.12)

At the end of the experiment, each user was asked to evaluate the perceived load during
the fulfillment of the task of changing the EE-modules. We used the two stages NASA
task load index (NASA TLx) to measure the task load ([304, 251]). The questionnaire
collects six factors, i) Mental Demand (MD), i7) Physical Demand (PD), iii) Temporal
Demand (TD), iv) Performance (PR), v) Effort (EF) and vi) Frustration (FR), through
the following questions:

MD :“How mentally demanding was the task?"

PD :“How physically demanding was the task?"

TD :“How hurried or rushed was the pace of the task?"

PR :“How successful were you in accomplishing what you were asked to do?"
EF :“How hard did you have to work to accomplish your level of performance?”
FR :“How insecure, discouraged, irritated, stressed, and annoyed were you?"

Each of the six questions has a scale of 7 levels, considering 1 as “very low” and 7 as
“very high” | except for the performance opinions where the scale is reversed (1 as “very
high” and 7 as “very low”). Questions are reported in what follows: All load factors were
pair-wised compared and the most relevant was chosen from time to time.
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Index ‘ Questions

Emotion (e)

el I feel worried and embarrassed.
e2 1 feel tense.
e3 I would wear the device if it was invisible
Attachment (a)
al feel the device on the body.
a2 I feel the device moving.
a3 I was not able to move as usual.
a4 I have difficult in putting on the device.
Harm (h)
hl ‘ The attached device causes me some kind of harm.

Perceived change (pc)
pcl I feel more bulky.
pc2 I feel change in the way people look at me.

Movement (m)

ml ‘ The device obstructs my movements.

Anxiety (an)

anl I do not feel secure with the device
an2 I feel that I do not have the device properly attached.
an3 1 feel that the device is not working properly.

Table 7.3: Questions for the CRSs evaluation.

7.6.4  General opinion survey (S.13)

Furthermore, the completion of the experiment was followed by the compilation of a
survey based on the Comfort rating scales presented (CRSs) in [305] Through the CRSs
questionns, reported in Table 7.3, we tryed to obtain a comprehensive assessment of the
comfort in the use of the device by measuring 4) Emotion (e) i) Attachment (a)iii) Harm
(h), iv) Perceived change (pc), v) Movement (m), and vi) Anxiety (an).

In particular, the harm is the physical sensation of conveying pain, and the move-
ment is the awareness of modification to posture or movement due to direct impedance
or inhibition by the device. The perceived change is the non-harmful indirect physical
sensation making the wearer feel different overall with perceptions such as being awkward
or uncoordinated, may result in making conscious compensations to movement or actions.

The CRSs uses for each questions a 21-point scale, from 0 to 20, anchored at each end
with the labels "low" and "high",To calculate the average CRS score the scale of e3 was
mirrored, making the e3 score homogeneous with all the other comfort values, where the
lowest the value the better in terms of wearability.
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Figure 7.11: In (a) the perceived realism matrix, on principal diagonal are reported the
results of most similar couple of virtual contact surface and modules.In (b) the evaluation
of the participants’ experience detaching and attaching the EE modules through NASA
TLx in the form of a 7-point Likert scale.

7.6.5 Results and Discussion

First of all we analyzed the data about realism to asses our hypothesis about correlation
between modularity and perceived realism. For the sake of clarity and completeness, the
average users’ opinions about realism are arranged into a 3 X 3 heat-map that compared
touched objects versus end-effector modules. Although the average opinion score is gen-
erally above the Poor threshold, a clear increase is noticeable in correspondence with
the largest diagonal of the heat-map in which the average perceived realism values are
reported in correspondence with similarity between tactile modules and touched surfaces.

This result is consistent with the initial assumption that perceived realism grows as the
similarity between real and virtual surfaces in contact with the palm grows, consequently
the design of a haptic device in the palm must foresee, as in the case of the HapticPalm,
a strategy of adaptation of the contact areas coherently with the virtual surfaces with
which the user is called to interact to ensure the fidelity of the experience.

A possible strategy is therefore the interchangeability of the touch sensors, which
must however avoid increasing the load of the user’s task and / or making his experience
temporally more expensive and emotionally more frustrating. In this regard, the analysis
of the additional load due to the connection and disconnection of the modules using the
NASA TLx questionnaire confirmed the adoptability of this strategy, demonstrating that
the total additional load is less than 20%. As can be seen in Figure 7.11, the factors
that most increase the total load of the task are the time requirement, which is inevitable
given the need to interrupt the main task to replace the touch sensor, and the effort
which instead is to be considered a time factor decreasing and inversely proportional to
the experience gained by the user.

Furthermore, it was verified that the device did not significantly encumbered the palm,
the Kapandji test, the results of which are reported in Figure 7.12, demonstrates that the
average residual mobility with the device worn varies between 79% in case it is connected
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Figure 7.12: Results of Kapandji test for the three EE modules H; (half sphere), Ho
(flat), H3 (cone), the dashed lines correspond to individual participant’s result, while the
continuous black one is the mean score.

the EE-module Hy up to 85% with the other two modules.

The general opinions collected by CRSs survey are graphically reported for each ques-
tions in Figure 7.13. Generally the emotion load of experience is equal to 0,940, 85 while
the attachment, mobility and perceived change are equal to 1,25 +£2,41, 0,1 £ 0,1, and
0,9+ 1,8, respectively. The harm is usually equal to 1,2 £ 0,17 and the score of anxiety
is 0,3£0,2. It’s worth to notice that the attachment parameter is not very significant for
the nature of the device itself whose purpose is to generate contact perception and must
therefore be perceptible on the body.

7.6.6 An example of VR application

We have created a virtual reality scenario to demonstrate the functionality of the device
in the case of different extended contacts. The scenario was developed in CoppeliaSim
(Coppelia Robotics AG.,CHE) and it is a replica of a common office station. In the
simulated environment, it is possible to interact with a series of objects on a desk and
with the desk itself, in detail, each object is designed to test a specific haptic device
end-effector. The module H2 is suitable for the exploration of laptop frames (Figure
7.14B), circular module H1 is intended for the interaction with the paperweight (Figure
7.14A), while the modules H3 and H4 are suitable for interacting with the desk plane
and stacked books (Figure 7.14C and Figure 7.14D). Interaction with these objects is
possible through a hand avatar sensorized in the palm and controllable by LeapMotion
controller (Ultraleap.inc, US), a camera hand tracker system. As a further development
of this work, an IMU-based tracking system will be integrated with the haptic device
[306]. The forces, estimated by the triaxial virtual sensor, are the result of collisions with
the dynamic model of the hand and objects, the collision forces are processed through
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Figure 7.13: Evaluation of the participant’s complete experience through CRSs Scores in
the form of a 5-point Likert scale for each survey question.

Bullet 2.78 physical engine. The contact forces are then transmitted to the device during
navigation, it is also possible to generate on-demand signal by from a recorded force profile
from a previous exploration. The device and the virtual environment communicate via
serial port.!

7.7 Conclusions

This work introduces a wearable haptic device for hand palm cutaneous stimulation, suit-
able to render the forces generated from palm/environment interactions in a virtual reality
environment. As discussed in the initial part of the manuscript, due to the biomechan-
ical structure and constraints of the palm and the need of wearability, the design of this
device prototype is the result of different requirements including limited dimensions and

A video demonstration is available at the following link: ht-
tps://drive.google.com/file/d/15YgSfVR1ygY16Do9ImY 12Ms9qyvuKcaSI/view?usp=sharing
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Figure 7.14: The testing virtual scenario is composed of a rack and a plant in vase in
background and a office station in the foreground. The interaction is provided by the red
hand avatar of and the objects in foreground are chosen to use all modules: paperweight
for H1 module, cover of book and surface of desk for H3 module and desk, laptop and
book peaks for H2 module.

weight and capability to reproduce contact interactions and force components in a large
surface as the palm. Ideally, the device should be very light, should not over constrain the
hand, should not encumber palm, should apply forces suitable for accurately reproducing
desired haptic simulations. The work proposes a tendon driven solution with a passive
element that allows to disconnect the end-effector from the palm in absence of force to
render.

The starting idea is a parallel tendon-driven mechanism actuated by three motors on
the hand back. In the first part of the study the mechanism has been studied from the
theoretical point of view by means of a simplified mathematical model. Then the idea has
been detailed and an CAD model of the device has been realized, and a FEM analysis has
been conducted to simulate the behavior of device in case of skin elasticity saturation.
A first prototype of the device has been realized and some preliminary functional tests
have been conducted. Three servomotors actuate the tendons and transmit symmetrically
force from a “Y-shape” platform to an end-effector platform with a “Y-arrangement” of
connection points. Several modules have been designed and 3D-printed to extend set of
the reproducible surface sensations. The design of modules allows the easy connection
and disconnection by means of a “T-shape” socket and a magnetic clip. According to
the first experiences of the users in virtual environment and their opinions, the device
was positioned and fixed on a shaped glove to guide the hand when wearing the device
without covering the palm.

The subsequent study was performed to validate the performance and asses the us-
ability of the Haptic Palm, a device providing a three dimensional force feedback to
hand palm during experiences in virtual reality. According with the presentend results,
the HapticPalm satisfied the usability criteria of realism, mobility, interchangeability and
users’ acceptance, using different standardized survey protocols (MOS, Likert scale), ques-
tionnaires (NASA TLx, CRSs) and tests (Kapandji mobility test). The results of realism
investigation corroborate, also, our hypothesis that for a large contact surface as the
palm the realism increase as higher is the similarity between virtual surface and tactile
interfaces, while the interchangeability test asses that the modularity is a valid possible
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solution to increase the similarity between real and virtual surfaces, avoiding the intro-
duction of additional load to the virtual exploration task. In addition in our preliminary
work we calculated the theoretical force and the maximum normal forces that can be
applied by the device to a generic mean model of human hand skin in static condition;
in this work we have experimentally validated them. The parametric uncertainties on
human hand skin stiffness and damping and the deformation of back hand support gen-
erate a mean error of 10% in saturation zone of the HapticPalm. In future developments
of this work we will realize a full tendon driven design. The employment of antagonistic
tendons will avoid the need of the elastic component at the base of modules, recovering
the reduction of force/torque generated by motor that actually is less over to 50% respect
with the exert-able by motors. We will test this novel device comparing it with the actual
HapticPalm for VR experience and its medical version proposed in [307]. Moreover we
will conduct a study on the Just Notable Differences on modulus curvature to define the
minimum number of modules for a realistic interaction.
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Haptics for Medical Treatments
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Haptics for Medical Treatments

I believe that this demonstration of the feasibility of a
completely safe remotely performed surgical procedure -
and notably the first trans-Atlantic operation - ushers in
the third revolution we’ve seen in the field of surgery in
the past ten years

Jacques Marescaux

edicine and medical research have always been committed to exploring new tools
M and protocols to improve patients’ health conditions and enhance healthcare pro-
fessionals’ performance. Every year, new technologies, drugs, and surgical instruments
are introduced to the market to advance the quality of available therapies. Interestingly,
even technologies originally developed for other purposes have proven to play an effective
role in health care.

An excellent example is virtual reality, which was initially associated with the world
of gaming. However, it has become a tool for immersive and detailed visualization of a
patient’s body [308, 309]. This technology is used for training surgeons on specific oper-
ations aimed at particular patients [310, 311]. Similarly, Computer-Aided Design (CAD)
models, Finite Element Method (FEM) simulation, and Metabolic Pathway Modeling
(MPM), widely used in the industry for the design, simulation of mechanical parts, and
simulation of the cell life cycle, are now used to create virtual atlases of patients’ organs,
which facilitate intervention planning [312, 313].

As already discussed in Part I Chapter 3.2, haptics have also contributed to this
process of reorientation of technologies. Exoskeletons, initially designed to increase work
performance and for kinesthetic feedback [314, 67], have become rehabilitation tools [315,
316]; Devices for remote tactile communication, such as those presented in [163], can be
used to guide people with visual impairment [176], or even for natural pace recovery in
Parkinson’s patients[177]; Technologies for tactile sensing and stimulation are re-purposed
to set frameworks of tele-medicine[317]. Today, some of the most innovative applications
of tactile devices for medical purposes are:

« Rehabilitation by exoskeleton, the same devices presented in Part I Chapter
2.1, used for kinesthetic rendering of digital interaction and remote display, may
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be used to empower individuals with mobility impairments to experience a sense of
touch, enhancing their control and coordination, and make their rehab task more
engaging and captivating.

e Pain Management and Manual Treatment Haptic feedback is also emerging
as a valuable tool in pain management and sensory analgesic treatment. Combining
virtual reality environments with haptic sensations, allows patients to be distrac-
ted from the perceived pain. furthermore, specific haptic devices stimulate sensory
pathways, promoting neural recovery and reintegration, providing an analgesic ac-
tion of the painful limb similar to a manual treatment 2 (MT).

In the current part, some examples of these medical re-purposed haptic devices will be
exposed. Chapter 8 and Chapter 10 will detail the design, prototyping, and validation of
two novel devices: a gear-based exoskeleton for hand rehabilitation and a haptic pad for
the treatment of chronic pain syndromes of the limb ends, respectively. On the other hand,
Chapter 9 resumes the repurposing process and testing of the haptic devices proposed in
Part II Chapter 7, tailoring this to exert MTs for hand diseases.

2Manual treatment refers to therapeutic interventions or procedures that involve the use of hands
or physical touch by a healthcare professional to diagnose, prevent, or treat various physical conditions.
Manual treatment techniques are often applied by practitioners such as physical therapists, chiropractors,
osteopaths, massage therapists, and other healthcare professionals who use their hands to manipulate
muscles, joints, and soft tissues.
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Chapter 8

Rehabilitative Hand Exoskeleton
with Gear-based Compliant Fingers

Figure 8.1: Prototype of the exoskeleton
worn by the user during the compatibility
test with optical MoCap system.

Exoskeletons and more in general
wearable mechatronic devices represent a
promising opportunity for rehabilitation
and assistance to people presenting tem-
porary and/or permanent diseases. How-
ever, there are still some limits in the dif-
fusion of robotic technologies for neuro-
rehabilitation, notwithstanding their tech-
nological developments and evidence of
clinical effectiveness. One of the main
bottlenecks that constrain the complexity,
weight, and costs of exoskeletons is repres-
ented by the actuators. This problem is
particularly evident in devices designed for
the upper limb, and in particular for the
hand, in which dimension limits and kin-
ematics complexity are particularly chal-

lenging. This work presents the design and prototyping of a hand finger exoskeleton.
In particular, we focus on the design of a gear-based differential mechanism aimed at
coupling the motion of two adjacent fingers and limiting the complexity and costs of the
system. The exoskeleton is able to actuate flexion/extension motion of the fingers and to

apply bi-directional forces, i.e. it is able to both open and close the fingers. The kinematic
structure of the finger actuation system has the peculiarity to present 3 DoFs when the
exoskeleton is not worn and 1 DoF when it is worn, allowing better adaptability and
higher wearability. The design of the gear-based differential is inspired by the mechanism
widely employed in the automotive field, it allows to actuate two fingers with one actuator

only, keeping their movements independent.
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8.1 Motivation

Nowadays, the innovation in the rehabilitation processes and in assistive supports is
guided by a twofold thrust. First, the overall social impact of chronic diseases related
to the musculoskeletal and nervous system is becoming relevant, because the mean age
of the population is increasing, thanks to a better quality of life. Indeed, recent stat-
istics published by the World Health Organisation (WHO) shows that nearly one billion
people worldwide are suffering due to the musculoskeletal and neurological diseases [318].
According to such statistics [319], in 2019, people were living more than 6 years longer
than in 2000, but on average, only 5 of those additional years were lived in good health.
Second, the spreading of technology in everyone’s everyday life is becoming an important
tool for preserving and guaranteeing a high-quality life also in the presence of tempor-
ary and/or permanent diseases. Technology advancements in the medical and assistive
field constitute an important resource for people with disabilities, helping them in mov-
ing, performing manual tasks, communication and learning, providing autonomy in their
Activities of Daily Living (ADLs), and globally in the whole process of integration. In-
novations in technology are progressively changing the rehabilitation environment. The
robot-mediated therapies is an emerging and promising field that incorporates robotics
with neuroscience and rehabilitation to define new systems for supporting individuals
with neurological diseases [320, 321, 322].

With the COVID-19 pandemic, that dramatically modified our habits, the request of
innovative technological resources for rehabilitation have been significantly improved in
order to be delivered remotely [323]. Therefore, in the immediate future, telerehabilit-
ation could further spread and become more common, even necessary. Moreover, there
are evident advantages in distance rehabilitation, whether synchronous (real-time) or
asynchronous (store-and-forward). In fact, the availability of tools for autonomously
performing physiotherapy exercises increases their intensity and efficiency, provides sup-
plementary information about results and progress, reduces physiotherapists’ efforts and
the need of their physical presence during exercise sessions, and encourages autonomy
and independence in people with disabilities. The research in this field is still in progress
but suggests some health benefits in the use of exoskeletons in rehabilitation and assistive
tasks, including improvements in gait function, body composition, aerobic capacity, bone
density, and quality of life [324].

Concerning the hand, finger flexion and extension exercises, according to the disease
of the subject, have an important effect on the recovery [325]. More in general, the
execution of repetitive movements of the hand and the wrist with a controllable intensity,
is an important part of the rehabilitation process [326]. In this context, we focus on the
upper limbs and in particular on the hand and wrist. They play an important role in
all ADLs and therefore significant research effort is focused on developing exoskeletons
devices designed to retrain these parts of the human body [327, 328, 329]. The aim
of hand exoskeletons is to emulate the physical effort of the therapist by producing the
same movements able to maintain the physical abilities of the patient. Nonetheless, the
presence of the physiotherapist is usually required and covers a supervisor role. The use
of hand exoskeletons can be beneficial, as it requires a smaller workforce, allows a more
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lasting and more intense therapy, reduce the need of long physical contacts and close
personal distance between the therapist and the patient.

There are different types of hand exoskeletons, that have been developed on the basis
of different criteria, i.e., size, weight, degrees of freedom (DoF), flexibility, wearability,
modularity and actuation mechanism [330, 331, 332]. In [333, 334, 335, 336] the research-
ers focused on exoskeleton for the wrist. Hand exoskeleton design is a still open and
challenging engineering and research topic, since the human hand has a quite complex kin-
ematic structure. Broadly speaking, a fully actuated solution would require an actuator
for each DoF, so, in theory, we would need four actuators for each actuated finger [314].
Rahman et al. [337] present a fifteen degrees of freedom (DoFs) hand exoskeleton, based
on compliant mechanisms, that flex and extend the fingers by using bilateral movement
training. In [338] a hand exoskeleton for rehabilitation purposes due to injuries is shown.
It is actuated by using a Bowden cable setup driven by DC motors and it can be adjusted
to various hand sizes thanks to the rack and pinion slide mechanism. The same cable
mechanisms is used by Randazzo et al. [339] and by Marconi et al. [340]. In [341] the
authors present a glove-type exoskeleton that actuates three fingers (excluding the little
finger) and the thumb by using tendon cables routed in a glove while a different design
approach are exploited for the hand exoskeletons based on rigid mechanical structure.
This kind of devices use motors directly connected to the structure, that transmit the
motion to the required joints. The most popular devices in this area are the ones based on
remote center of rotation [342], four-bar linkage mechanisms [343], base-to-distal devices
with mechanical links connected in series [344], and matched axis mechanical structure
[345].

In this work we present the design and characterization of a modular hand finger
exoskeleton, in which the number of actuators has been reduced by exploiting a gear-
based miniaturized differential mechanism, in order to limit the weight, complexity and
costs. One of the advantages of this kind of mechanism is that it is contained in a small
box, while other solutions, such as tendon-based mechanisms, need a larger structure that
could be uncomfortable for the user [346]. The developed hand exoskeleton is shown in
Fig. 8.1. It is able to both flex and extend two adjacent fingers in an independent way,
with an actuator only. If one of the coupled fingers finds an obstacle in its movement, the
other one can still continue its motion. The second contribution presented in this work is
an improvement of the mechanical transmission between the actuators and the phalanges,
with respect to the hand exoskeleton previously developed and summarized in [347], that
is a part of a wider modular system that also includes the wrist. The device has been
designed to be adopted in rehabilitation and tele-rehabilitation applications and to be
used by the patient both in collaboration with the therapist or autonomously. Concerning
the design and prototyping of the differential mechanism for the coupling two adjacent
finger modules, in particular, the work summarizes: (i) the mechanical, mechatronics
and manufacturing aspects of the mechanism, including its structural analysis, hardware
and control description; (ii) evaluate and compare the proposed solution with respect the
previous ones [347], from the the actuation point of view; (iii) present a working prototype
and its functional testing in operative conditions.
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Figure 8.2: Schematic representation of the human hand 20 DoF model implemented in
SynGrasp. A The hand in the reference open position. B Actuation of the first synergy
for the index and middle flexion/extension motions.

8.2 Background and design requirements

8.2.1 Kinematic constraints: summary of human hand kinemat-
ics

The human hand has a quite complex kinematic structure, whose skeleton is composed
of 27 bones, that can be divided in long bones and short bones. The carpus consists of
eight short bones while the remaining 19 long bones constitute the metacarpus, the four
fingers and the thumb. The bones lay the structural foundation for a complex mechanism
with several DoFs (Degrees of Freedom). In [348] a 25 DoFs model of the human hand is
presented, while in [349] the presented model has 30 DoFs. For the sake of simplicity in this
work we refer to a simplified kinematic hand structure, in which we consider the carpus as
unique rigid body while each finger as a planar kinematic chain, with two revolute joints
in proximal interpahalngeal joint (PIP) and distal interphalangeal joint (DIP) and 2D
hings in metacarpal joint (MCP). The thumb presents a different kinematics structure:
a complete model of the the thumb has two DoFs in the trapeziometacarpal joint (TC),
two in the metacarpophalangeal joint, and one in the interphalangeal joint (IP). However,
given the reduced range of motion of abduction-adduction movement of thumb the model
can be reduced to a 4 DoFs structure. Therefore, the reference hand model used in this
work has 20 DoFs [350, 351].

The definition of the so-called postural synergies, result of the psychophysics research
presented in [243] by Santello et al, has been exploited also in robotics to manage the com-
plexity of actuation systems. In this work we used such definition in exoskeleton design,
to reduce the number of actuated DoFs without compromising grip and manipulation
capabilities of the hand. Postural synergies can be modelled as a mean for coordinating
the large number of degrees of freedom of the human hand, expressed with the joint vari-
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ables q € "¢, with a reduced number of variables z € R", with n, << ng. Synergy
constraint is typically expressed in terms of velocity as [350]:

q=Sz (8.1)

where S € R™¢*"= is the so-called synergy matriz, ¢ € K™ is a vector containing joint
angular velocities and z represents synergy velocities. Columns of the synergy matrix
S describes the so-called postural synergies. Postural synergies have been evaluated in
[243] by processing a set of virtual grasp postures by means of the Principal Component
Analysis. A set of users were asked to shape their hands imagining to grasp an object from
a quite large set (N = 57), the corresponding postures were recorded using a CyberGlove
system and the PCA was then applied to the obtained data. Results demonstrated that
more than the 80% of the variance can be represented by the first 2 principal components,
suggesting that, out of the 25 DoFs of a human hand, only two or three combinations
can be used to shape the hand for basic grasps used in everyday life. This simplification
principle has been investigated in the design of underactuated robotic hands [352].

In [353, 350] the postural synergies defined in [243] were adapted to the mathematical
model of a human hand that was referred in those work as paradigmatic hand. The
proposed model had 20 DoF, each finger had 4 DoF. Since the data in [243] were captured
with a 15 DoFs CyberGlove system, the obtained synergy matrix S dimensions were
20 x 15. Such synergy matrix is available in SynGrasp Toolbox [351] or can be evaluated
with the data available in [354].

Other studies available in the literature shows that the complexity of human hand
kinematics can be simplified considering joint coordination. For instance, Cobos et al. in
[355] showed that the interphalangeal distal joint of each finger moves with motion equal
to and equal to a fixed fraction of the interphalangeal proximal joint.

The concept of postural synergies has been exploited also in this work in the design of
the hand exoskeleton, to reduce the number of actuators. In particular, each module of
exoskeleton has been designed to flex and extend two fingers so that in each finger joint
rotation angles are coordinated according to the first postural synergy defined in [243],
available in the data-set presented in [354].

In accordance with the above mentioned studies, the kinematic structure of the thumb
is significantly different from the other fingers ones and it has not been exploited in this
work. Furthermore, the device developed in this work is aimed at supporting the user
in flexion/extension motion of the fingers, while adduction/abduction movements are not
actuated. Consequently, the design of the exoskeleton modules will be synergy-based
according to the following relationship:

Qi = S1,i%1, (8.2)

qm = Sl,mél,m (83)

Where q; € ®2 and q,, € %2 are the velocity vectors relative to MCP (MetaCarpo-
Interphalangeal) and PIP (Proximal-Interphalangeal) flexion/extension joints of index
and middle fingers, respectively. S1; € %2, S1,, € R? are extracted from S matrix, in
particular S; ; contains the elements of the 1-st column (first synergy), 6-th and 7-th rows
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(MCP and PIP joints of the index finger), while S, contains the elements of the 1-st
column, 10-th and 11-th rows (MCP and PIP joints of the middle finger) [353, 350]. 21
and %1 ,,, are the synergy velocities for the index and middle fingers, respectively. If each
finger is independently actuated, Z;; and 2 ,, are independent, while, if the fingers are
coupled by means of a differential mechanism, the following relationship between synergy

velocities can be set: . .
214+ Z1,m

2
in which Z; represents the synergy velocity actuated by the motor. Fig. 8.2 reports the
Syngrasp simplified graphical representation of the human hand 20 DoF model in the
reference open configuration and with the activation of the first postural synergy for the

2 =

(8.4)

index and middle flexion motions.

8.2.2 Independent and coupled actuation of fingers

Several actuating methods, active and passive, have been developed and implemented for
hand exoskeletons. Among the active actuation methods, the most popular way of actu-
ating hand exoskeletons is the one that exploits electric motors, i.e DC motors, brushless
DC (BLDC) motors, servo motors and linear actuators [331]. Linear actuators are pre-
ferred in some applications because they can apply bi-directional forces and therefore can
push or pull the mechanical linkage system to flex or extend the fingers [347]. Linear ac-
tuators that can be employed in this type of applications have quite small dimensions, so
that one actuator per finger can be used. This kind of actuation has multiple advantages
such as the possibility of making the exoskeleton’s fingers independent, allowing a precise
control in finger movements.

Linear actuators have a finite stroke, that limits the finger range of motion (ROM):
the stroke that the actuator can realise is related to the ROM of the finger by means
of exoskeleton kinematics relationships [314]. The linear actuator and the sizes of the
linkages in the articulated transmission system have to be defined to allow the patient
to fully flex and extend the finger, and this requirement could lead to a solution that is
bulky and difficult to wear.

In this context, the miniaturized differential mechanism presented in this work allows
to couple the actuation of two adjacent fingers, allowing to decrease the number of actu-
ators, reducing the weight and the complexity of the system, and improving wearability.
The differential mechanism does not rigidly connect the fingers, but maintains them in-
dependent, so if one of the two branches of the differential is blocked, the other one can
still move. It’s worth noticing that blocking one of the finger, the range of motion of the
other finger is doubled. With the same mechanical linkage system used to flex and extend
the finger, by using the differential mechanism finger ROM can be increased with respect
to the one that can be obtained, without the differential mechanism, limited by actuator
stroke.

Differential mechanisms are quite common in robotics, and in particular in robotic
hands and fingers [356]. Planetary gear solutions have been presented for example in
[357, 358, 359]. In tendon based systems, moving pulley differential mechanisms can be
used [360]. In [359] a differential system based on gears is used for a novel architecture
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of robotic hand and the properties of differential mechanisms arranged in cascade via
parallel or serial connections is studied. In [361], an underactuated anthropomorphic
gripper for prosthetic applications is presented, in which a mechanical lever inside the
palm allowed to extend the grasping capabilities and improve the force transmission ratio
of the gripper. This mechanism was further developed in [362], in which the differential
mechanism included a set of locking buttons allowing the user to stop the motion of each
finger.

8.2.3 Summary of the main exoskeleton requirements

The design of the exoskeleton was performed in close collaboration with a potential user,
that continuously followed the development. The main requirements that guided the
design of the exoskeleton for hand finger actuation, defined in accordance with the user,
are reported in the following.

e Wearability: the exoskeleton should be easily worn by the user, possibly without
the need of external assistance.

¢ Encumbrance: the encumbrance of the exoskeleton should be as contained as
possible, the bottom surface of the fingers should not be constrained, to allow the
user to grasp and manipulate objects.

e Number of actuated DoF': for each couple of adjacent fingers (e.g. index/middle,
ring/little), only one actuator is employed, the motion of MCP, PIP and DIP of each
finger should therefore be coupled by the mechanical structure of the exoskeleton
transmission system, while the two fingers should be coupled through a differential
system.

« Type of motion: the exoskeleton will actuate the flexion/extension motion of each
finger only. The flexion/extension range for the MCP joint is [0 — 90] deg.

¢ Maximum force: the developed exoskeleton will be able to apply a maximum
equivalent force at the fingertip of 20 N both in flexion and extension.

8.3 Design and modeling

On the basis of the requirements described in Section 8.2, we designed and modeled the
exoskeleton structure using the software Autodesk Fusion 360. The device is designed to
ensure that the movements of the exoskeleton match the human hand ones and do not
constrain or overload hand joints.

8.3.1 Differential mechanism

As previously introduced, a gear based differential mechanism is used to couple the motion
between two adjacent fingers. The CAD model of the differential mechanism is shown
in Fig. ??7. The size of the gear-based differential is reduced as much as possible, and



8.3. Design and modeling 99

Figure 8.3: A Exploded CAD view of the differential mechanism. (A) differential mech-
anism cover box; (I) support for the linear actuator and for the differential mechanism
parts. The differential mechanism is composed of: two satellite gears (B), two gears
meshed with the shafts (D), two differential’s branches (G,F), a rack (H), and two spur
gears (E) meshed with two crowns (C). B Assembled differential mechanism.

the resulting dimensions are a trade-off between wearability, weight, motion smoothness,
mechanical resistance and easy of manufacturing with FDM (Fused Deposition Modelling)
and SLA (Stereo-Lithography) technologies available in our laboratory. The gear-based
differential mechanism is actuated by one linear actuator only, fully contained in the
mechanism box.

The differential mechanism is an epicyclic gear with 2 DoFs, composed of two main
parts:

o The differential gearing consists of four bevel gears, i.e. two satellites (indicated
with B in Fig. ??A) gears and two gears joined to the shafts (D), that transmit the
motion to the fingers of the exoskeleton by using the differential’s branches (G,F).

o The carrier is actuated by a rack (H), which is powered by a linear actuator placed
in a support base pocket (I). It contains two sites where the satellite gears of the
differential gearing are mounted.

The carrier is designed to allow the connection between the differential box and the
linear actuator. It is symmetrical and presents two spur gears on the side (E), joined to
the crown (C in Fig. ??7A). The differential box contains the epicyclic gear. We choose a
symmetric structure, in order to homogeneously distribute forces and torques, ensuring
mechanical stability.

When the actuator is retracted, the hand is in the rest configuration (extended) pose.
Instead, when the actuator is extended, it moves the rack, which is connected to the
differential box, that is free to rotate. If no obstacle is encountered in the movement, the
satellites of the differential mechanism do not rotate with respect to their own axes, so the
shafts rotate jointly with the crown, with the same angular velocity. The transmission
gears, that are keyed on the shafts, actuate the two terminal racks, connected to the
fingers, allowing the flexion of the hand according to exoskeleton kinematics. If one finger
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Figure 8.4: A new finger’s module socket. B previous version of finger’s module.

finds an obstacle, the adjacent finger keeps moving with a double velocity, according with
the relation that describes the differential mechanism, that is:
Wy — We wp + wp

Tl’r:7:—1:>wc:
W] — We 2

(8.5)

where 77, is the transmission ratio of the differential mechanism, according with the
Willis equation, w, and w; are respectively the angular velocities of the right shaft and
the left shaft, w. is the angular velocity of the carrier. Since the transmission ratio in
a rack and pinion system is constant, the above relationship can be easily expressed as
a function of linear actuator stroke s and differential output strokes for the index and
middle fingers, indicated with s; and s,,, as follows:
o= Bt om (8.6)
2
In this way the device can move two adjacent fingers with an actuator only and a power
source, with the advantage of keeping independent the motion of fingers.

8.3.2 Finger actuation

As introduced in Section 8.2, user’s comfort is an important requirement when we deal
with wearable devices, especially if designed for rehabilitation. For this reason, the design
of finger support is performed to increase the adaptability and wearability. The user
should be able to wear/unwear the device easily and reasonably quickly, and the structure
has to be easy adaptable to users with slightly different anthropometric measures.

It’s worth to notice that the developed transmission system is underactuated when it
is worn on the finger, i.e. the kinematic structure is "closed" by the finger, this feature
allows a better wearability and a better adaptability to user’s specific finger dimensions
[347].

The finger module was previously presented and was developed to satisfy the above
mentioned wearability and kinematic requirements. In the design proposed in this work,
further improvements to the finger module have been implemented. In particular, the
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Figure 8.5: A CAD model of the previous version of the exoskeleton worn on the hand.
B CAD model of the proposed exoskeleton worn on the hand.

new version of the sockets, shown in Fig. 8.3 A, with respect to the version in Fig. 8.3 B
allows to easy assembly /disassembly the finger modules to/from the actuator/differential
without using any tool. The complete CAD model including the modules for the fingers
and the differential mechanism is shown in Fig. 8.4. In particular, 8.4A shows the solution
previously introduced in [347], in which each finger is independently actuated, while 8.4B
shows an upgrade of that version that further simplify the assembly/deassembly of the
device and further improve adaptability and wearability, in which fingers are coupled by
two differentials and only two actuators are needed.

The mechanical transmission between differential outputs and finger phalanges has
been developed to implement the concept of postural synergies, introduced by the neur-
oscientific studies summarized in the previous section. In particular, the position and
dimension of the exoskeleton linkages have been defined to reproduce the first postural
synergy on each finger. At the same time, the differential mechanism allows to main-
tain the fingers independent. 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 inde-
pendently moved.

The finger actuation system has been developed so that, when actuated, the flex-
ion/extension motion follows, with a suitable approximation, the first postural synergy,
as previously introduced. A kinematic analysis was therefore carried out to show how
the trajectory of the exoskeleton matches with the human one [363, 364]. The simplified
kinematic scheme of the transmission is represented in Fig. 8.5 A. From the kinematics
point of view, the finger actuation mechanism is composed of 5 rigid links: the actuator
(a), represented by two rigid bodies, links 1 and 2, actuating the intermediate phalanx,
and link 3 actuating the proximal phalanx. It’s worth to notice that the element (a) rep-
resents the linear actuator for the device in which each finger is independently actuated,
and the differential output when the fingers are coupled. The rigid bodies are connected
by 5 revolute (R) joints and a prismatic (P) joint (the actuator, not represented in the
scheme), resulting to have 3 DoF. When the exoskeleton is worn on the finger, the finger
kinematics structure closes the mechanism. The resulting kinematic chain has 7 bodies
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Figure 8.6: Kinematic scheme of the finger actuation system. A Kinematic scheme. The
system is composed of an actuator (a), two links for intermediate phalange actuation,
connected to the finger in correspondence with the DIP joint (elements 1 and 2), and a
link for proximal phalanx actuation, connected to the finger in correspondence of the PIP
joint. Red links represent the simplified f2-DoF finger structure. B Kinematic simulation.
Thin lines represent the reference initial configuration, thick continuous lines represent the
final close configuration, red dashed curves represent PIP and DIP point trajectories. C
Results of kinematics analysis relative to the index finger module. Upper diagram: MPC
and PIP joint rotation angles, ¢1 ; and g2 ; as a function of input (actuator or differential)
stroke, indicated with z. Lower diagram: ratio between joint rotation angles, g2 ;/q1; as
a function of z, compared with the value obtained from the first postural synergy defined
in [243].

(the above introduced links and finger proximal and intermediate phalanges), connected

by 9 R-joints and 1 P-joint, with 1 residual DoF. A straightforward kinematic analysis

allows to estimate finger motion as a function of the stroke applied by the element (a).
Fig. 8.5 B shows system initial (thin lines) and final (thick lines), and PIP and DIP
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Figure 8.7: Multibody simulation of the finger exoskeleton worn on the index finger,
performed to verify that during closure motion, exoskeleton elements do not interfere
with the finger.

point trajectories. Fig. Fig. 8.5 C reports in the upper diagram the variation of index
MPC and PIP angles, indicated with ¢;; and ¢ ;, respectively, as a function of element
(a) stroke, indicated with s, while in the lower diagram the ratio qz,;/q1,;. It’s interesting
to notice that both ¢; ; and go ; varies almost linearly with respect to s, and that therefore
the ratio ¢a,;/¢1,; is almost constant. Such a ratio is very close to the value that can be
obtained as 7 = S1 7/S1,6 (reported as a red horizontal line in the diagram). This result
confirms that the exoskeleton finger actuation couples the MPC and PIP joints so that
the finger follows the first postural synergy when its closure motion is guided by the
exoskeleton.

Similar results can be obtained for the middle finger, From the above mentioned
results, it is possible to directly correlate by means of a linear relationship the synergy
inputs for the single fingers z1 ; 21,m to differential output strokes s;, s,,, i.e. it is possible
to find four coefficients, a;, b;, @y, bm, such that

s; = a;z1,; + by, (8.7)

Sm = AmZ1,m + bma

and, finally, the input stroke provided by the linear actuator is related to s; and s,, by
the differential relationship introduced in eq. (8.6).

Future improvements of this work will be devoted to analyse the sensitivity of these
results with respect to model uncertainties and user’s personal anthropometric paramet-
ers. Such studies will consider not only finger movements but also other more complex
and coordinated tasks, e.g. grasping. For this purpose, other types of simulation tools
will be considered, as for instance the one proposed in [365].

The shape of the links have been designed to avoid interference with the finger during
closure motion. Once the mechanism elements have been designed by means of a 3D CAD,
a simple multibody configuration analysis was performed to verify that during the closure
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Figure 8.8: Models of the index module used for FEM analyses. In all the subfigures the
finger’s support is made with ABS while the ring is composed by soft plastic material.
A CAD model of the old index finer module solution, where the mechanism and the
linear actuator’s support are made in ABS. B is showing the CAD models of the new
index finger module solution, where the finger mechanism and the differential mechanism
support are made in aluminum. Blue arrows represent the applied forces while the area
signed with a white padlock indicates the costrained parts.

motion the links do not interfere with subject phalanges. The results of this analysis is
reported in Fig. 8.6, in which the finger in the final closed configuration and the PIP and
DIP point trajectories are reported.

8.3.3 Structural Analysis

In this section we summarize the results of a set of basic structural analyses aimed at
evaluating the structural resistance of the device and to select the materials to be used
in the manufacturing phase. The structural analysis has been carried out on the finger
actuation structure and on the differential mechanism components. Both the exoskeleton
structures previously introduced have been considered.

The materials that have been considered for the mechanical structure of the finger and
for the differential components were ABS, aluminum and steel. For the actuator and the
differential mechanism support ABS has been considered. Finger supports for phalanges
have been realised with ABS, while soft plastic has been used for the rings connecting
the phalanges to the device. The studies have been realised with FEM analysis using
3D-CAD/CAE Autodesk® Fusion 360 software.

Finger actuation structure

The two exoskeleton solutions previously introduced can be used with the same linear
actuator or with the differential, they only differ in the mechanical structure that allows
to assembly /deassembly the module, then for all analysis we neglected the linear actuator
and we focused on the mechanical structure study only.

To make a comparison under similar conditions, we investigated the module designed
for the index finger for both the solutions. The analysis was conducted considering differ-
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Figure 8.9: Results of the FEM structural analyses. Equivalent Von Mises stress dis-
tributions when a 20N magnitude force is applied on the distal part. The first row of
subfigures reports the results for the previous finger module solution, when the materials
used for the finger’s links are ABS (A), aluminum ( B) and steel (C). Subfigures D, E
and F report the results for the new finger module solution when the materials used for
the finger’s mechanism are ABS, aluminum and steel, respectively.

Force ABS Aluminum Steel
Finger Module Von Mises Displ. Von Mises Displ. Von Mises Displ.
N (MPa) (mm) (MPa) (mm) (MPa) (mm)
Old 20 387.00 63.02 214.50 4.29 215.70 2.87
Old -20 486.20 86.95 267.40 5.60 269.10 3.67
New 20 397.70 46.04 255.10 1.88 288.90 0.70
New -20 763.8 74.14 369.50 3.16 429.40 1.28

Table 8.1: Synthesis of the FEM analysis results in terms of stress and displacement with
20N of applied force magnitude.

ent configurations, varying from the completely open to the completely closed one. The
most critical loading condition corresponds to the completely open configuration. For the
sake of conciseness, only the results relative to that configuration have been reported. In
Fig. 8.7, the two finger actuation structure with two of the three materials previously
defined are shown. The figure also shows the points where the forces are applied and the
constrained parts by using a blue arrow and a white padlock, respectively. Forces are ap-
plied to the extremity of the structure as this part is considered to be the area involved the
most in the hand rehabilitation process, aimed at reproducing the physiotherapist’s force
during finger flexion/extension exercise. The magnitude of the applied force is 20N both
when the force points upward Fig. 8.7A, and when the force point downward (Fig. 8.7B).
The materials considered are ABS, steel and aluminum.

A subset of the performed simulations are shown in the Fig. 8.8 and 8.9 while Table 8.1
lists the main results of all analysis. It’s worth to observe that the maximum stress that
can be sustained by a standard ABS is up to 60M Pa and none of the models gives a
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Figure 8.10: Results of the FEM structural analyses for the new (A,B) and old (C) index
finger module in terms of displacements. The applied force has a magnitude of 20 N in
all the cases, while the materials for the finger’s mechanism used is ABS in A, aluminum
in B and steel in C.

compatible result with this constraint by applying a force of magnitude 20N. The results
show that none of the two solutions can be realized with this material unless the forces
we want to apply are reduced or the structure is modified (increasing the thickness and
therefore realising a more bulky device). Regarding steel, the resistance coefficient is
much higher, up to 500M Pa. In this case, the results show that in both the solutions
have the maximum Von Mises equivalent stress is lower than that limit. Using aluminum,
which has a maximum yield stress slightly lower than the steel, the maximum equivalent
Von Mises stress values are compatible with material properties. However, since the two
materials have different Young’s modules, namely 210G Pa for the steel and 75G Pa for
the aluminum, the maximum displacements are different, even if their values are still
limited. On the basis of these analysis, aluminum results the best material, among the
analysed ones, for the structural parts of the exoskeleton.

Differential mechanism

We have studied the two main assembled parts that compose the differential, i.e. the
differential gearing and the carrier , to verify the overall stress and deformation level and
define the best solution in terms of materials to be used for the realization of the proposed
differential mechanism. In Fig. 8.10 the two main parts of the differential mechanism with
three different combinations of materials are shown. The padlock indicates the parts of
the model in which constraints are set, while the blue arrows indicate the forces that are
applied. In all the structural analyses, the magnitude and direction of the applied forces
are evaluated by analysing the statics of the whole device when a force with magnitude
20N is applied on the finger. For the carrier, Fig. 8.10A, the force is applied on the point
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Figure 8.11: CAD model of the differential mechanism main parts used for FEM analyses.
Blue arrows represent the applied forces while the area signed with a white padlock
indicates the constrained parts for the structural analyses. Subfigure A shows the carrier
made in ABS material while the other two subfigures show the differential gearing made
in aluminum B and steel C.

in which the actuator connects to the rack and the constrained parts are inside the crown
wheel. In order to study the critical points for the differential gears, forces and constraint
are applied as shown in Fig. 8.10B and 8.10C, In particular, the constraints are applied
to the satellite gears bases while the forces are applied to create a torque on the shafts.

In Fig. 8.11 simulation results are reported in terms of equivalent Von Mises stress,
considering different materials. It can be observed that in all cases the FEM analyses
return acceptable Von Mises equivalent stress values. All results are under the maximum
stress value of the analysed materials. In this case, therefore, ABS could be a good solution
because of its lightness, but on the other hand this material presents some drawbacks in
terms of wear and friction, which reduces the effectiveness. Also in this case aluminum
results to be the best solutions as it is lighter and more flexible than steel.

Table 8.2 summarizes the weights of both finger module solutions and the two main
parts that compose the proposed differential mechanism, based on the material used.
Form this table and from the above presented results the outcome is that the best solution,
in terms of materials is aluminum for the structural elements of the proposed device.

8.4 Prototype

This section presents the exoskeleton prototypes developed with the finger structures and
the differential mechanism previously described. The exoskeleton is developed to be worn
on the back of the hand, facilitating the user in flexion and extension motions.

Even if from the analyses presented in the previous section it results that the optimal
choice for the material composing structural parts is aluminum, in this phase of the
development the first prototype was realised in ABS using manufacturing techniques
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Figure 8.12: Results of the FEM structural analyses on the differential, equivalent Von
Mises stress distributions. The first row of subfigures reports the results, for the carrier,
of the FEM analysis when the materials used are ABS (A - max. Von Mises 19.76MPa),
aluminum (B - max. Von Mises 20.24MPa) and steel (C - max. Von Mises 20.48MPa).
Subfigures D, E and F report the results for the differential gearing when the materials
are ABS (max. Von Mises 2.38MPa), aluminum (max. Von Mises 2.39MPa) and steel
(max. Von Mises 2.41MPa).

ABS Steel Aluminum

weight (g) weight (g)  weight (g)
Finger module 43.91 99.97 57.45
Differential 1.74 12.88 4.43
Carrier 9.07 67.13 23.09
Total 54.72 179.98 84.97

Table 8.2: Weights of the main parts of the exoskeleton.

which are commonly available.

In particular, FDM technique (Fused Deposition Modelling) was used to manufacture
all the components. For the design and development of the exoskeleton we followed a
specific procedure, as outlined in [366], that can be briefly summarized in: CAD modeling
with Autodesk Fusion 360, conversion of the CAD model to STL, tranfer the STL file to
the 3D-Printer. For the physical realization we used the 3D-printer Stratasys F123. The
mechanical components were printed using the software GrabCAD Print. Components
indicated with B, C, D, E, G, H in Fig.?? were printed with a slicing height of 0.18 mm,
while the other components, which did not need a high surface precision, were printed
with a slicing height of 0.25 mm.

The device, is actuated by a linear actuator, that is sited between fingers, blocked
in a pocket. The employed linear actuator is the Actuonix PQ-12. This actuator has a
low weight, a stroke of 20mm, that can exert a force suitable to allow the user to apply
a maximum equivalent force at the fingertip of 20N both in flexion and extension. The
force is generated by a DC motor that is connected with a worm gear, which makes the
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Technical Features

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

Table 8.3: Main Characteristics of the Actuonix PQ-12 linear actuator.

motion of the shaft possible. The main features of the linear actuator are summarized in
Table 8.3. To control the motion of the linear actuator and to validate the prototype an
Arduino Uno is used. Actuator position is controlled according to the scheme presented
in Fig. 8.12 B. For a given desired posture, expressed in terms of index and middle joint
rotation angles qq.s, an inverse kinematic procedure similar to the one presented in [244]
is used to estimate the corresponding synergy value z4es, that is furthermore converted in
actuator desired stroke sg.s. A standard PID controller is then used to control the linear
actuator. Control and electronics components are worn on the forearm with an armband
as shown in Fig. 8.12. The device communicates via Bluetooth with a PC graphical user
interface, that allows to manage and monitor exoskeleton motions [333].

Moreover, the hand exoskeleton is a module of a more complex device, which is de-
signed for helping people with injuries of the upper limb [333]. This device includes a
module specially designed for the rehabilitation of the wrist, that involves the implement-
ation of a transmission based on tendons to actuate the wrist motions. It is made of
thermoplastic material, such to be adapted to user’s specific needs.

8.4.1 Experimental Validation

The prototypes of the exoskeleton presented in this work has been tested and compared
with its previous versions. Six subjects aged 24-30 years, 4 males and 2 females, wore
a CyberGlove3 (CyberGlove Systems.inc, US), a commercial hand tracking system with
22 joint angle sensors, and then they wore the previous version of exoskeleton described
in [347], as shown in Fig. 8.12 and with each of these they completed 5 opening and
closing repetitions. They repeated the task wearing the new exoskeleton and in addition,
each participant completed a further cycle of five openings and closings with one side of
differential mechanism mechanically blocked by the experimenter. Each subject took part
in the entire experimental validation, gave her /his written informed consent to participate,
and was able to interrupt participation at any time during experiments. The experiment
protocols followed the declaration of Helsinki, and there was no risk of harmful effects on
subjects’ health.

Through the CyberGlove3 the joint values of the metacarpal and the proximal of the
index and the middle of each participant were recorded. The range of the movement
performed with the two versions of the exoskeleton was then evaluated as the absolute
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Figure 8.13: Experimental setup for the validation phases using the CyberGlove3. Sub-
figure A shows two previous finger modules while subfigure B shows the proposed device,
both worn by the user.

difference of the mean values of each valley with the mean values of each peak immediately
following.

The experimental results show that the new exoskeleton in free conditions extends
the range of motion of the wearing hand by about 10% and just under 100% in the case
of one side of the differential mechanism has been mechanically blocked. It has been
observed that the metacarpal joints make a movement wider than 14,0246.84% with
the free differential mechanism and 90.02+8.34% with the blocked mechanism, while the
proximal joints extend their mobility by 13.21+6,67 % in the first case and 69,61+27.03%
in the other. One of the experimental trials is reported in Fig. 8.13.

8.4.2 Using the device with commercial tracking system

Further tests were conducted to demonstrate the usability of the proposed exoskeleton
with a widely diffused and affordable commercial optical tracking systems. This aspect
is important to let the device to be used in real rehabilitation contexts beyond research
laboratories, in which sophisticated tracking system can not be adopted due to high costs
and complexity. Specifically, the possibility of using the exoskeleton with the LeapMotion
Controller (UltraLeap.inc, US) was tested as is shown in Fig. 8.14. The metrics used to
evaluate if the device can be used with this type of connection system is the number of
average disconnections during a bimanual task: results obtained with and without the
exoskeleton were compared.

Six subjects aged between 24 and 30 years, 3 males and 3 females, participated in the
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Figure 8.14: Joint rotation angles of the (A) metacarpo-phalangeal (MCP) and (B) prox-
imal interphalangeal (PIP) joint of the middle finger recorded by the CyberGlove during
a single repetition of the physiotherapy task. Blue curve represents joint angle obtained
with the exoskeleton equipped with the differential mechanism, red curve represents the
rotation of the same joint when the other finger is blocked, black curve represents joint
rotation obtained with the previous version of the exoskeleton.

experimentation campaign, they were asked to complete three test cycle composed of five
opening and closing movements performed simultaneously with both hands, the left one
without exoskeleton while the right one assisted by the exoskeleton. Also for this other
experimental campaign, each subject took part in the entire experimental validation, gave
her/his written informed consent to participate, and was able to interrupt the participa-
tion at any time during experiments. The experiment protocols followed the declaration
of Helsinki, and there was no risk of harmful effects on subjects health.

In particular, the subjects involved in the experiments were volunteer collaborators
of our laboratory, with extensive experience in testing new wearable devices. General
precautions and safety measures were implemented as far as possible to prevent risks for
all the people involved in device development, including (i) supervision of all experiments
with the developed devices by at least one technically skilled supervisor that is able to
interrupt the device function immediately in case of technical dysfunction or discomfort
of the subjects; (ii) software tools to detect malfunction and automatically inactivate the
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Figure 8.15: Use of the proposed exoskeleton with the LeapMotion Controller. First
synergy activation value z estimated during the acquisition of the LeapMotion Controller
during a the physiotherapy task. The dotted rectangles highlight the time interval in
which the tracking system loose the hand in the frame.

devices if necessary; (iii) physical measures to detach the participants from the devices in
case contact forces exceed a certain limit. Subjects involved in the project were not be
exposed to unnecessary risk. Additional safety procedures were applied to comply with
the COVID-19 pandemic-related issues. No personal data relative to the subjects were
collected during the tests.

The movements were constantly acquired through LeapMotion and mapped joint-to-
joint in the movements of two virtual hand avatars on the screen placed in front of the
participants.

The number of hand-lost for both hands and the status of the Tracking system during
the experimentation were recorded and the obtained results and reported in Table 8.4.

The results show an inevitable difference in the number of hand-lost between the
free hand and the hand assisted by the exoskeleton, the free hand is always tracked
better or equally than the hand assisted by the exoskeleton. The average number of
hand-lost in a time interval of about 60s is equal to 1.44+1.19 for the assisted hand
and 0.7840.88 for the free hand. However, as can be seen from the graph shown in
Fig. 8.14 B, the number of disconnections of the assisted hand and the duration of the
same with respect to the length of the task is overall not excessive. These results allow
to assert that the the tracking system and the assistive exoskeleton can be jointly used in
rehabilitation exercises. The outcome of these tests, therefore, allows us to conclude that
the physiotherapy exercises performed with the presented exoskeleton can be recorded
and remotely monitored through commercial systems with low economic impact and wide
diffusion.

8.5 Conclusions

In this work we presented an actuation system for a hand finger exoskeleton in which the
motion of two adjacent fingers is coupled by a differential mechanism. The developed gear-
based differential mechanism homogeneously distributes actuator’s force, while keeping
independent the motion of the coupled fingers, so that if one of them is blocked because
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Table 8.4: Number of times the hand assisted by the exoskeleton was lost by the LeapMo-
tion Controller tracking system for each individual trial depending on the quality of
brightness and cleanliness of the sensor reported by the diagnostics software: “G” means
good, “B” bad.

in contact with an obstacle, the other one is still able to move.

The reduction of the number of actuators is a significant advance for the device that
is lighter, less complex, and with a lower energy consumption, therefore with a longer
battery life cycle. In addition the updated transmission system allows to obtain a range
of motion of the phalanges about 10% wider than the previous version, with the same
actuator stroke. The device has also been tested in terms of compatibility with a simple
and widely used tracking system with low economic impact, such as the LeapMotion
Controller to demonstrate that with the presented version of the exoskeleton it is not only
possible to carry out physiotherapy tasks but also to record and monitor them remotely,
thus allowing to expand the rehabilitation possibilities and opportunities for patients,
doctors and physiotherapists. The compatibility with widely diffused tracking systems
also allows to increase the acceptance of physiotherapy allowing patients to interact with
virtual worlds and scenarios making the therapy an interactive, playful and/or competitive
act with themselves or with digital avatars and artificial intelligence.

The first impressions received from the user involved in the design phase turn out
to be positive and optimistic, he considered the device lighter and more practical with
respect to other devices as well as he considered natural the movement and. Overall the
device was evaluated as comfortable both for wearability and functionality. A still open
challenge is represented by the mechanical resistance, it has been verified from numerical
simulations that ABS is not a suitable solution for the most involved components, in terms
of maximum stress and friction, however this type of material has been employed in the
first prototyping phase because manufacturing technologies for this material are widely
available. Future developments of this study will include the realisation of prototypes
with higher resistance materials (e.g. aluminum).
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Chapter 9
Haptic Palm Redesign For Manual Therapy

In this chapter we present the redesign of HapticPalm, the wearable device based on a
3-DoF parallel robotic structure presented in Chapter 7, to make this suitable to exert
manual treatment of specific hand diseases. The work focuses in particular on the design
of the contact interfaces between the device end effector and the palm, that have to
simulate the interaction with different surfaces.

9.1 DMotivations

The use of robots or robotic devices in rehabilitation is rapidly increasing: as stated by
Mordor Intelligence, rehabilitation robots market is expected to register a compounded
annual growth rate of about 26% over the 2021 — 2026 period. The motivations of such
an increasing trend are manifold. Medical rehabilitation required by people suffering
from injuries are often complex, long-term, with psychological and physical dimensions,
and outcomes are difficult to guarantee. Robot rehabilitation therapy can deliver high-
intensity training, without the need of a continuous physical interaction with physiother-
apists. However, one of the main concerns for the implementation of the rehabilitation
is usually the cost and the technical complexity of the robotic devices. In this work we
focus on hand rehabilitation.

Our primary tactile interactions with the world around us are provided thanks to our
hands. According to Klatzky and Lederman tactile feelings in the palm impact hand-
closing interactions [275]. Unfortunately, traumas, fractures, sprains, tissue pathologies,
and illnesses that cause persistent pains or syndromes occurs frequently in the hand.
Usually, hand issues can be treated by following two main different paths: conservative
clinical therapy or, in severe cases, surgical treatment. Conservative clinical therapy
basically consists in patient education to pain control, desensitization therapy, gradual
exercises to increase the strength and flexibility of the affected hand and manual treatment
( joint mobilizations, rhythmic stimulation, and force applications) . According to [367,
368], MT can reduce discomfort and enhance hand functionality while the preliminary
studies presented by researchers in [369, 370, 371] assessed that MT has analgesic effects
and can activates enzymatic anti-oxidative system, reducing the oxidative stress, which
is responsible of an inflammatory event cascade, and alleviating the pain.

Nowadays different haptic technologies are combined with Virtual reality environ-
ments, games and robots for rehabilitation purposes [372, 373, 374]. Research in the
haptic field for hand rehabilitation has produced practical tools and specific therapy for
hand joint, ligament, skin issues and pain. In [375] by using a multi-finger device, Ferre
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(a)

Figure 9.1: In (a) the HapticPalm redesigned to exert manual treatment. The palm part
changed respect the version presented in Chapter 6 are red-circled and also magnified in

(b)

et al., created a haptic framework that collects and replicates manual therapy techniques
while Bouri et al. in [376] presents an innovative haptic device able to activate hand joint
reproducing the MT for hemiplegic children rehabilitation.

In this chapter we present the improvements and the applicability of HapticPalm,
the wearable haptic device based on a three-DoF parallel robotic structure, previously
introduced in Part I Chapter 7 for rehabilitation application in virtual scenario as a mo-
tivational tool for people with hand pain/impairments. The system and the new wearable
haptic device is shown in Fig. 10.1. In particular in this work we will: i) briefly describe
the HapticPalm for hand palm stimulation based on tendons; ii) introduce the new im-
proved version of HapticPalm end-effector and the design of new interchangeable modules
able to provide compliant and vibrating stimulation on hand palm as it is suggested in
[377, 378] iii) detail the new device parts from a mechanical and manufacturing point of
view, including finite element method (FEM) and modal analysis, hardware and control
description; v) present a working prototype of the device with a preliminary VR scenario.

9.2 Device Redesign for Manual Treatment

While The upper part of HapticPalm doesn’t change, its end-effector has been redesigned:
o a “wave”shaped compliant link, inspired by [379], supports the modules,
« three elements for easy connection/disconnection of the tendons are included into

the design,
e an autonomous interchanging mechanism of modules is added.

The resulting design of the medical version of HapticPalm is appreciable in Fig. 9.1). The
first is connected directly to the part on the back by means of a “C”shaped rigid link
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Figure 9.2: Modules of the new HapticPalm. M1 the plane-shaped module, M2 and M3
the spherical modules.

previously described while the remaining parts are connected to the actuation system
through the tendons. With respect to the version presented in [264] the compliant mech-
anism allows the tip-palm disconnection when no contacts and forces have to be rendered
on the palm. The connection points between tendons and the HapticPalm end-effector
components have a triangular structure made up of three links with a ad hoc locking
system for the cables (highlighted by the green circles in Fig. 9.1). The new end-effector
consists of a shaft, directly connected to a micro servo, which is able to rotate to change
module, since it hosts three different shafts on which different modules are connected.
The modules are arranged in such a way to have a different contact shapes when a rota-
tion of 65°, clockwise or counter-clockwise, of the micro-servo is applied, covering totally
a range of 130°.

The new modules are very easily interchangeable, since they present just a hole in
the bottom part, allowing to assemble/disassemble them without the use of any tool. In
this way we maintained the old characteristic of the HapticPalm end-effector, i.e. the
interchangeability of the modules (see Fig. 9.1), while the mobile element allows to feel
different stimuli on the palm without the need of manual intervention. Three contact
modules were realized (Fig. 9.2): a plane-shaped one (M1) that slightly modified with
respect to the previous version, to introduce special edge reproducing the contact with
edges and flat shapes respectively; two spherical modules with different curvature radii
(M2 and M3) reproducing curved surfaces/corners and providing to the user different
kind of pressure cues on the palm. The literature reports that pressure associated with
vibrations provides different benefits depending on the select frequency. In particular,
in a range of frequencies between (50 - 400) Hz the following benefits can be observed:
muscle relaxation occurs at 50 Hz, spasticity is inhibited at 100 Hz, pain is relieved at
200 Hz, and muscles are trained up to 300 Hz [378]. HapticPalm end-effector has been
therefore designed to to house a vibromotor, needed to provide vibrations to the palm
corresponding to the above mentioned clinical requirements.

9.3 Structural analyses

The wearability and manufacturing constraints that guided the design process lead to
a structure that could undergo to relatively high stationary and dynamic solicitations.
In order to evaluate the mechanical resistance and the vibration characteristic of the
mechanical structure of the device a set of Finite Element Analyses were carried out. The
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(a) (b) (c)

Figure 9.3: Results of the FEM structural analysis. The blue arrows indicate the forces
applied in the simulations, corresponding to tendons. Equivalent stress values obtained
when (a) a pure normal force, aligned with z-axis, (b) a force with components along y
and z, and (c) a force with components along x and z, are applied to the palm

software that we used for this purpose is AutoDesk Fusion 360. We started with a static
structural analysis and then we evaluated the response of the device to the vibrations
induced by the vibromotor when vibration cues are applied.

9.3.1 Stationary Structural Analysis

The aim of the FEM analysis is to evaluate the stress response of the end-effector when
it is constrained and/or loaded in different ways, reproducing the application of a specific
pressure on the hand palm. The considered materials for the static structural analysis is
ABS. The forces are applied in the three areas where the tendons are connected, in order
to simulate their tension when they act on the end-effector. The constrain is applied at
the top of the connection site of the end-effector (lower-left part of see Fig. ?7?7). The
analyzed loading cases are:

Case 1 Three forces with the same magnitude F are applied along the z-axis (Fig. 77?).
Case 2 The tendon along the y-axis is exerting a force with magnitude F', while the other

two with exert forces with magnitude F/2. This load configuration represent the
case in which the device exerts a feedback force on the left/right part of the hand
palm (Fig. 77?).

Case 3 The tendon along the x-axis pulls the end-effector with F' force, while the tensions
on the other two tendons are F'/2. This time the configuration represents the case
in which we want to move the end-effector on the upper/lower part of the hand

(Fig. 77).
Results relative to the numerical simulations in which F' = 1N are reported in Fig. ?7. It

is evident that the most stressed zone of the end-effector in each case is in correspondence
of the compliant wave link.

9.3.2 Modal Analysis

Since in this version of the end-effector a vibromotor was installed, we carried out a modal
analysis that is coherent with the vibration frequencies that can be reproduced with it
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(a) (b) (c)

Figure 9.4: Results of the modal analysis. (a)110Hz (b) 215Hz (c) 375Hz

by taking into account the frequencies useful for physical benefits already described. We
searched 8 modes of vibration in the frequency range of (50-400) Hz. We brief report
three results of them Fig. 9.3, interesting in particular the end-effector. It is evidenced
that in that cases Fig. 9.3 and Fig. 9.3, i.e. respectively 110 Hz and 215 Hz, the vibration
is transmitted to the palm in a good way, especially in the first case.

9.4 Prototype

The prototype of the HapticPalm device for rehabilitation propose in virtual scenario
is shown in Fig. 10.1. All structural components are produced using an FDM (Fused
Deposition Modeling) technique with ABS material. Three MG-90S microservos with a
5V battery are employed to transmit forces to the HapticPalm end-effector. They have
a 0.20 Nm stall torque. The Elegoo Nano V34 microcontroller (ELEGOO Inc.,CHN), is
employed for the control and data processing part while serial communication was used
for transmission with the virtual environment.

As stated before, a 3-DoF, tendon-based, parallel transmission is used to produce the
force on the hand palm. The cables are attached to the “Y-arranged”links of the end-
effector on one side and on the other to the pulleys of the motors, located on the platform
worn of the back of the hand. The thread length required to link the end-effector to the
platform on the back of the hand when it is under tension determines the minimum size
of each tendon. The pulleys contain an external part that enables the extra tendon to be
wrapped in order to modify the cables length to adapt the device to different user hand
sizes.

Moreover, the device is embedded in a glove with a suitably designed hole in the center
of the palm allowing the direct contact with the end-effector. The glove is employed to
avoid uncertainty in orientation and to assist or guide the user’s hand between the tendons
when wearing the device. The end-effector houses a BMS-303 Micro-Servo and a Micro
612 coreless vibration-motor in order to change the module in contact with the hand
palm and to allow the user to have vibrations on the palm according to the previously
mentioned clinical requirements. Finally the end-effector is passively supported by the
3D-printed compliant “wave”shaped link, as previously introduced, that allows to detach
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the end-effector from the palm when no contact rendering is needed.

9.4.1 VR Application

To use the device exploiting the different types of contacts, we have developed a virtual
reality scenario. The scenario was created in Unity, graphic engine, and each of the
objects can interact with in the simulated environment. The two objects are made to test
the end-effector modules. Specifically, the cube is for testing the M1 and M3 modules,
while the sphere for M2 module. In particular, as soon as the user positions the avatar
hand over one of the objects, with the HapticPalm worn, the appropriate module will
be automatically selected. As soon as the avatar hand moves towards the object and
virtually touches it, the user will start feeling the interaction through the device. It is
also possible to activate the vibration during the interaction by selecting the check box
highlighted. In this way, the device can be used both for enriching the navigation is VR
environment through haptic feedback on the palm, and for making the physiotherapy
exercises more interactive and therefore enhancing the rehabilitation process.

9.5 Conclusion and future works

We presented an upgrade in the design of HapticPalm, a wearable robotic device for hand
palm. The new end-effector design was improved taking into account the opinion of users
that tested the previous device. The new interchangeable modules and the replacement
of the spring with a wave-joint shaped link improved wearability and easy of use. In the
future, we plan to carry out a comparison between the previous version of the device and
the current one in terms of exertable force, usability and immersivity of VR experience.
In fact, the introduced vibromotor, allows the user to have a more immersive experience
in VR, distracting, in this way, the user from the pain on the hand in case of rehabilitation
use. Future improvements will be focused on the optimization of the general structure of
the device, to reduce its dimension and therefore to improve its usability and adaptability.
A more immersive virtual environment will be created, with new objects and a more user
friendly GUI, and a set of user studies will be realized.
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Chapter 10
Haptic Pad for CRPS-I Treatments

The aim of this chapter is to present
HAPP, a new haptic portable device, de-
signed to help patients suffering of Com-
plex Regional Pain Syndrome type-1 dis-
ease, and more in general to investigate
the effects of manual therapy for chronic
pain illness of the carpus and metacarpus,
by mimicking traditional mechanical and
rhythmic stimuli characteristics of MTs.
Its structure consists of a plate oriented by
revolute-prismatic-spherical joints, with a
rack-pinion mechanism that actuates the
end-effector, stimulating the user’s hand

Figure 10.1: HAPP prototype testing in palm. We provide details about the device,

front of its graphic interfaces. such as the mechanical design, the math-

ematical model and a graphical user inter-
face. Preliminary studies in order to eval-
uate the device force exerted at the user’s palm were carried out.

10.1 Motivation

the CRPS-I is a chronic painful syndrome consisting of several alterations of perceived
sensation as allodynia (pains for normally elicit pain stimulus), hyperalgesia (abnormal
increase of sensitivity to pain), edema (the build-up of fluid in the body’s tissue), vasomo-
tor/sudomotor deregulation and tissue trophism modification. These symptoms spread
from distal regions of the affected hand/arm to the opposite limb [380, 381, 382, 383].
Traditional clinical therapy for CRPS-I consists in patient education to pain management,
desensitization therapy, manual therapy (MT) and progressive exercises to improve the
strength and flexibility of the affected hand [384, 385, 386].

[387]. Regarding the effects on CRPS-I, the manual therapy allows to alleviate pains
and improve hand functionality, according with [367, 368]. The literature about CRPS
treatment with MT is still poor of information about pathophysiology of this syndrome.
According with preliminary in-vivo investigation, presented in [381, 369, 370], this ther-
apy has analgesic effects in mice, allowing the activation of inhibitors of neuroreceptors
(adenosine, opioid, and cannabinoid).
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(a) (b) (c)

Figure 10.2: HAPP main features. (a), external CAD model. (b) and internal CAD
model. (¢) CAD model for the FMA sensor housing.

10.1.1 Related works

Haptic technologies are widely used in pre-clinical investigation and then in therapy. For
example, it has been shown in [388] that the use of haptic technologies can simplify the
transition of children with autism spectrum disorder during occupational therapies. In
[179], the authors corroborated the feasibility hypothesis of a mechanical therapy for
cardiovascular autonomic control in Parkinson’s disease.

Research in the field of haptics has often provided clinical tools for the rehabilitation
and specific treatment for joint, ligament and skin issues of hands. As reported in [389]
by Choukou et al., different haptic technologies combined with robots ([372, 390, 391]),
virtual reality environments and games ([392, 393, 374]) or both ([394, 373]) have been
involved for the rehabilitation of the paretic upper limb of stroke patients. Bouri et al.
in [376] presented an innovative haptic device designed specifically for the rehabilitation
of hemiplegic children, which activates their hand joints, similarly to MT. In [395] and
[396], the authors investigated about new haptic technologies to overall problems with
handwriting or drawing due to graphomotor issues; they designed technologies and the
protocol for the assessment and therapy for eye-hand coordination. Ferre et al., as re-
ported in [375], realized a haptic framework that captures and mimics manual therapy
techniques using a multifinger device.

In this work, we present HAPP(see Fig. 10.1), a haptic device for preclinical investig-
ation on correlation between CRPS-I symptoms reduction and MT, and also for clinical
treatment of CRPS-I and other diseases of carpus and metacarpus, by mimicking tradi-
tional mechanical and rhythmic stimulations proper of manual treatments. The haptic
device design presented in Sec. 10.2 consists in parallel kinematic structure with 3-Degrees
of Freedom (DoFs) that planarly moves and orients its interchangeable end-effector under
the hand palm of the patient and provide locally a different mechanical stimulation ac-
cording with needs and interests of the researcher; in the current version of the prototype,
we designed an end-effector that exerts controlled force, which stimulates predefined con-
tact area of the hand palm. A silicone rubber pad is inserted between patient palm and
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(a) (b) (c)

Figure 10.3: CAD model of the top part with different sizes, i.e. large (a), medium (b)
and samll (c).

end-effector. This material was chosen to allow the sterilization of the device; however,
since the presence of silicone alters the effects of the forces provided to patient, theoretical
study and tests for actual device force are reported in Sec. 10.4. Conclusion and future
studies are reported in Sec. 10.6.

10.2 Device Description

In this section, we will detail the design and the hardware components used for HAPP.
The CAD model of the device is shown in Fig. 10.3: all its components were printed in Ac-
rylonitrile Butadiene Styrene (ABS) using FDM (Fused Deposition Modeling) technique.
It is made up of two main parts: a fixed one, called bottom part and an interchangeable
one, called top part. The bottom part consists of the housing for the electronic part,
the actuation module, and a circular plate that contains the end effector of the device,
respectively B, H; and C in Fig. 10.2. The top part is in contact with the user’s hand
palm and it is designed in such a way to be easily assembled with the support base (A
in Fig. 10.2) by making a twisting motion.

The device allows the interchangeability of different structures that support the human
hand. Indeed, in order to adapt the device to the needs of users with different anthro-
pometric dimension of the hand, the top part structure has been made in different sizes,
i.e. small, medium, and large (see Fig. 10.3,10.3,10.3). Part C of the device constitute
the end-effector of the device. This circular plate contains the housing for a servomotor,
which is used to actuate the rack-pinion mechanism. The servomotor used is a Kuman
MG90S (Kuman Trade Shenzhen Co., Ltd., US) with a stall torque of 25 Ncm at 6V.
The shaft allows HAPPto exert the desired force on defined areas of the device that lie
on the top part. With the aim to allow different types of stimuli at user’s palm the shaft
head has been made interchangeable.

In Fig. 10.2 the CAD model of the force sensor embodiment is shown. The sensor used
is the FMA MicroForce Sensor FMAMSDXX025WCSC3 (Honeywell, North Carolina), a
piezoresistive based force sensor that provides a digital output proportional to the force
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applied on it. The FMA version with a force range of 25N and an accuracy of 0.5N was
chosen and it is interfaced using SPI protocol. It has a maximum digital clock frequency
of 800kHz and it is powered with an operating voltage of 3.3V. Furthermore, part C
of the device plays a fundamental role in the orientation of the end-effector, since its
lower part contains the spherical-shaped housings, which constitute the spherical joints
between the actuation module H; and the part C. These spherical housings are arranged
in a particular shape, i.e. they are Y-shaped and consequently also the actuators are
arranged in the same way. The actuators used are the Actuonix PQI12-P, which have
a maximum stroke of 20 mm and exert a maximum force of 45N. The characteristics of
these linear actuators are summarized in Tab. 10.1. Three actuators are used to move and
orient the plate C, which is connected to them through a rigid-spherical link, indicated
with P. Furthermore, the linear actuators are not positioned vertically with respect to
the plate but are inclined by 45° each with the aim to ensure device stability, structural
robustness and compactness. The device configuration is controlled with Arduino Nano
3.0.

In order to avoid direct contact of the shaft with the user’s palm, the top part of the
device is made up of two parts, i.e. F1 and F2. They allow the insertion of a material
S, which is soft to the touch and capable of being sterilized whenever the device is used.
F1 is connected to the bottom part of the device, while F2 is fixed to F1. The material
inserted between these two parts is made of silicone rubber. The cylindrical elastic pad
is realized by molding and curing for four hours bi-component silicone rubber Eco-flex
00-30 (Smooth-On, inc. US) with platinum catalyst. The platinum catalyst allows the
containment of the hardness of the silicone in a range of [0 — 30] on the Shore A scale
(ASTM D-412). The mold is fabricated by 3D-printing in ABS and coated with a mold
releaser, the Easy Release 200 (Mann Release Technologies, inc. US), to ease extract the
pad after the cure phase. The chemical properties of this silicone rubber, as we said, allow
the sterilization of the pad that is in contact with the patient’s palm both with chemical
agent 70% ethanol (CH3CH20H) cleaning reagent and autoclaving, since the silicone
rubber hold its elastic proprieties up to 230°C, while the normal autoclaving temperature
is about 180°C.

10.3 Mathematical model

10.3.1 Configuration analysis

From the kinematics point of view, HAPPis a 3-RPS (Revolute-Prismatic-Spherical), 3-
DoF (Degrees of Freedom) parallel mechanism. Let us indicate with B;, i = 1,2,3 the
centers of the spherical joints on the end effector C, with O; the center of the circle
passing through them, and with b its radius.

Let us also indicate with S7 = (O1,z1,y1,21) a reference frame in which the x4
axis is parallel to 01—31> , z1 is orthogonal to the plane defined by the B; points, and
y1 is consequently defined. We assume that B; points form an equilateral triangle, the
coordinates of each vertex B;, expressed in the S; reference frame are collected in the

three-dimensional vectors bj = [b;,, b;,, b;,]".
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Table 10.1: Main characteristics of the PQ12-P linear actuator

Technical Features

Mass 15g

Max. Force (lifted) 45 N

Stroke 20 mm
Feedback Potentiometer | 5 k{2

Stall Current 550 mA @ 6V
Max Duty Cycle 20 %

Max Speed (no load) 15 mm/s

Each leg is composed of two links: the first is connected to the fixed base trough a
revolute joint, the second one is connected to the end effector through a spherical joint.
The links are connected to each other through a prismatic joint. Let us indicate with u;
the unit vector identifying, for each leg, the direction of the revolute joint axes. We can
then define the plane 7; passing through B; and perpendicular to u;. The revolute joint
axes intersect this plane in A; points

On the bottom part, we define Og as the center of the circle passing through A;, and
with a its radius. Let Sp = (Oo,z,y, 2) be a reference frame on the bottom part, with
origin in Oy, z axis parallel to the OgA; vector, z axis orthogonal to the plane defined by
A; points, and y consequently defined. Also in this case we assume that A; points define
a equilateral triangle.

The end effector will move w.r.t. the bottom part according to the displacement im-
posed by the linear actuators and to the kinematic constraints imposed by the mechanical
structure. In particular the motion of each leg is plane, i.e. B; points move on the planes
previously introduced ;.

Indicating with i, j«, k«, * = x,y, 2, the unit vectors components corresponding to
the axes x1, y1, and z1, respectively, expressed w.r.t. Sy, we can define the corresponding
rotation matrix R between S; and Sy. The coordinates of B; w.r.t. Sy, collected in the
three dimensional-vectors b; = [b; 4, b; 4, bi)z]T, can be evaluated as

b; = p + Rb;, (10.1)

where p = [p1,p2,p3]T is the three dimensional vector containing the coordinates of Oy
w.r.t. Sp.

Since B; move on the three fixed planes 7;, the following constraint equations hold

1 1

bl’y = 07 b2,z = ﬁbQ’y, bg’z = _%b&y. (102)

Eq. (10.2) introduces three constraints that limit the generic six—dimensional motion of the
mobile platform. In particular, since three independent costraints have been introduced,
the mobile platform has three DoF.

The position and orientation of the end effector can be defined by the position and ori-
entation of O; w.r.t. Sp, described through its coordinates p = [ps,py,p.]* and Roll(a)—
Pitch(B3)-Yaw(¢) angles ¢ = [a, B, #]*, respectively. Since the platform has 3 DoF, we can
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Figure 10.4: HAPP kinematic scheme and and workspace evaluation (cyan solid). The
workspace is represented as the set of possible positions that R point can assume, con-
sidering actuators’ strokes and device kinematic constraints.

select three of these six variables and evaluate the remaining ones. A convenient choice
for the independent variables includes the displacement in the z direction, p,, and the
roll (a) and pitch (3) angles. Let us collect those variables in the vector & = [p., «, 5]T.
Recalling the rotation matrix expression as a function of RPY angles,

and the constraints in eq. (10.2), we can evaluate the other variables as

sin (3 sin
= t [t 10.3
¢ = arctan (cosﬁ—i—cosa) (103)
b
Ps =3 (cos ¢ cos f — sin ¢ sin S sina — cos ¢ cos ) , (10.4)
py = —bsin ¢ cos . (10.5)

To complete the preliminary analysis of the mechanism, let us analyse the position of the
pin on the mobile platform, represented by point R. Its coordinates in S; frame are:

r' =10,0,h]", (10.6)

using the above mentioned relationships, it is possible to evaluate its coordinates with
respect to Sy frame.

Finally, using the relationships in eq. (10.3),(10.4), and (10.5) it’s possible to express
pin position as a function of the independent variables, i.e. r(€).
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Table 10.2: Joint extensions and relative orientation angles of end-effector to reach the
four selected points for maximum net force distribution reconstruction.

Point | pg1(mm) pga(mm) pus(mm) | a (deg) B (deg)
1 20.0 0.0 20.0 -50.0 50.0
2 20.0 0.0 0.0 0.0 50.0
3 0.0 10.0 20.0 -25.6 25.6
4 20.0 20.0 20.0 0.0 0.0

10.3.2 Inverse kinematics

In the inverse kinematics problem, the independent variables £ = [p., , 3]T are defined,
and we want to evaluate the corresponding displacements q = [q1, q2, ¢3]T of the linear
actuators.

For a given &, eq. (10.3), (10.4), and (10.5) allow to define the vector p and the
rotation matrix R, completing the representation of the mobile platform configuration.
Then, from eq. (10.1), it is possible to evaluate the coordinates of B; w.r.t. Sp. The
actuator displacements ¢; can be then evaluated as

¢ = si — lo, (10.7)

where s; = |b; — a;| and [y is the actuator length in its reference configuration.

The above described relationships have been used to evaluate the device workspace,
i.e. the set of positions that point R can reach, given device kinematic structure and
actuator stroke. The obtained workspace, calculated by means of a Matlab script, is
shown in Fig. 10.4.

To evaluate the force executable by HAPPon patient palm, a theoretical study and
an experimental investigation were carried out. The net theoretical force f,, on the palm
depends on the end-effector orientation angles o and J respect normal vector of the
silicone rubber plane (in this evaluation, yaw angle ¢ has been neglected, since its value
is limited in all the considered configurations).

£, (t) = |fy] cos(a) cos(p), (10.8)

where |f,| is modulus of the normal force in bottom part reference frame evaluated as
effect of the end-effector indentation in silicone rubber pad:

Iy —1
Ify| = 211 L2 E,

with % is the material deformation (I; and ls are the thins of pad before and after
indentation), pg g is the radius of the end-effector contact area, and E is the approximated
Young modulus of neo-Hookean material, evaluated starting from its hardness on Shore
A scale 04, according to conversion function presented in [397]:

logio(E) = 0.02350 4 — 0.6403.
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Figure 10.5: In (a), the theoretical net force distribution through HAPP silicon pad
depending on EE orientation angles a and 8, in (b) the experimentally estimated net
forces reconstructed for symmetry and interpolation by means of repeated force measures
in four notable points (circled blue dots).

In accordance with eq. (10.8), the theoretical maximum forces is function of the end-
effector orientation angles (Fig. 10.5) that can be evaluated starting from pin position:

T T
a = arctan <Z> , and 3 = arctan (Z> .
Ty e

10.4 Force Evaluation

On other hand several tests on four discrete points on pad were carried out to evaluate
the real HAPPmaximum forces. The tests investigated force on four discretized points,
reported in Tab. 10.2 and shown in Fig 10.5, inside a quarter of pad circumference, the
results are extendable to complete pad for central symmetry of its geometry. The tests
consisted of N end-effector indentation repetitions to apply the maximum forces on the
hand of a user, with N = 10. The force values are collected by a high-precision ATI
force sensor (ATT Industrial Automation Inc., US), placed between pad and human hand
by means of glove pocket. Only one subject was involved into force testing, he gave his
written informed consent to participate, and was able to discontinue participation at any
time during experiments. The experiment protocols followed the declaration of Helsinki,
and there was no risk of harmful effects on subjects’ health. Data were acquired at
frequency of 1kHz. Each pressure peaks were maintained and suspended for a time equal
to 6t = 8.0s. The recorded forces }'(t) are analysed to extrapolate information about the
net forces applied by HAPP, }'n, as:

1 N |(n+1)édt (n+2)dt
D IR (G D D {()
2Nt
n=0| t=ndt t=(n+1)dt

To reconstruct the force distribution pad surface was conducted a interpolation on collec-
ted data, between several mathematical interpolating 3D functions we choose a Thin-plane
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Table 10.3: ID signals and their values sent from graphic user interface to microcontroller
for HAPP setting, regulation, actuation, and control.

Reference signal ‘ ID Values
Stimualtion type s [s,0]
Anthropometric dimensions | d  [L, M, 5]
Stimulation 1 v [0— 255
Stimulation 2 f [0—255]
Desired position p [1-9

spline model with a goodness of fit equal to R? = 0.97. The experimental results, graphic-
ally reported in Fig. 10.5 shown a general reduced maximum forces respect the theoretical
estimation, in addition the tests shown that the user over 10 N started to detach the hand
from the pad.

10.5 Demonstrative scenario

HAPPwas designed so that researchers and doctors can set up and control the device
by using their laptop, in particular they can choose the desired position, force and other
stimulus references as well as initial information about the discrete anthropometric di-
mensions that are then sent to the device via USB cable. For this purpose, the operator
has a graphical user interface (GUI) that allows the easy setting of the stimuli through
percentage bars and the placement of the piston in one of the nine discrete areas on the pa-
tient’s palm (See Fig. 10.6). The graphical interface is easily expandable and is extremely
modular, allowing the user to modify and increase the contact areas on the request of
the researcher and integrate future end-effector modules for further kind of stimulation.
The serial connection between laptop and device allows the exchange of data forward and
potentially backward allowing the user to view the data provided by the device, such as
the force measured by the force sensor, and record them for a retrospective investigation.
The communication protocol is optimized to ensure good responsiveness, the references
are transmitted forward only if these are modified by the user, the data sent is composed
of two bytes, the first carries a modified reference ID and the second carries the value
within a range as reported in Tab. 10.3. Fig. 10.7 shows the positions that HAPP can
reach by using the before presented GUI.

10.6 Conclusion

In this work we presented HAPP, a haptic device for preclinical investigation of the mech-
anical therapy effects for pathologies/diseases of the hand, such as the complex regional
pain syndrome type-I and stroke, and also for the systematic and remote control of the
manual therapy exercises by exploiting its graphical user interface. In particular, with
this work, we introduced the concept, detailed the mechanical design, and the mathem-
atical model used, with preliminary studies, in order to evaluate the device force exerted
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Figure 10.6: Graphical User Interface for HAPP.

Figure 10.7: From left to right, the nine discrete positions reached by the haptic device.

at the user’s palm. The device uses a parallel 3-DoF structure position and orient its
end-effector under the patient’s hand palm and provide local force stimulation. HAPP’s
end-effector is interchangeable and in this work, a solution to exert the desired force
in predefined areas of the user’s palm was presented. Despite HAPP is in prototyping
phase, it received positive opinions from experts of the rehabilitation field, which consider
HAPPa promising device for mechanical therapy of the hand. Future works of this study
will investigate the integration and control of the vibration stimulus on defined areas of
the hand. Also, instead of controlling the device in position, we plan to implement a PID
controller.

The CAD model of a proof of concept was designed. Its design is a trade-off between
compactness, functionality, portability and capability of satisfying the initial require-
ments. The graphical user interface was arranged in advance with a bar that allows to
set the vibration intensity. Other future works will include structural analysis, design
optimization and studies on a control law that takes into account the force, vibration
and additional stimulation to be transmitted to the user’s palm. Moreover, a detailed
comparison with other devices present in the literature will be done and integration with
virtual reality environment systems for gaming, clinical propose, and human studies on
device usability will be investigated.
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Part 1V

Haptics for Mechanobiological
Research on Cancer
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Haptics for Mechanobiological
Research on Cancer

Many of us who conduct biomedical research do so with
what could be described as a religious fervor. This would
not have come as a surprise to Mary Lasker. She once
told a reporter, “I am opposed to heart attacks and
cancer the way one is opposed to sin.” Amen.

Gregg L. Semenza

ancer poses a significant threat globally, ranking as the second leading cause of death
worldwide and imposing physical, emotional, and financial burdens on individuals,
families, communities, and health systems .

Every day, 1500 lives are lost due to cancer-related deaths [398]. Local recurrence of
cancer represents a significant unmet need, as it often precedes the metastatic dissemina-
tion of the disease that negatively impacts both long-term survival and the quality of life of
patients [399, 400]. Commonly, cancer can attack any part of the human body. However,
the heart is rarely affected by cancer. While it could be intuitive that cardiomyocyte-
derived tumors are rare due to their low proliferative potential [401], it is less clear why
other cell types that reside in the heart and can replicate are also rarely affected by
cancer. Primary tumors of the myocardium are extremely uncommon, with a reported
prevalence of around 0.0017% [402]. Additionally, cardiac metastases are also uncommon
despite the heart being one of the most vascularized organs and blood constantly flowing
through it. Metastasis to the heart often affects the pericardium or great vessels, and
not the myocardium [403]. In addition, cancer cells ectopically implanted into the heart
form small tumors, which are not vascularized, indicating that the cardiac environment
disfavors the growth of both endothelial and cancer cells. However, mechanical unload-
ing of the heart, as happens in patients implanted with a Left ventricular-assisted device
(LVAD), results in cardiomyocyte (CM) division and cancer proliferations [404].

For these reasons, one of the most mesmerizing theories that may explain the inhib-
ition of cell growth in the heart is based on the mechano-sensing capability of certain

Lsource: [www.who.int/health-topics/cancer](http://www.who.int/health-topics/cancer)
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cells, such as tumor cells, which activate signaling pathways when they perceive external
forces. These pathways may lead to a metabolic stop or apoptosis [405, 406] of cells.
Mechanobiology? has already demonstrated oncogenesis and cellular Mechanics
are related, in fact:

e Changes in tissue stiffness and density are major drivers of tumor progression and
are often exploited in cancer diagnosis by both palpation and imaging [407, 408].

e Mechanical properties (stiffness, elasticity) of the extracellular matrix affect cancer
cell growth [409, 410].

However, the role of heartbeat (its pressure or strain) in the inhibition of cancer progres-
sion is still unknown, despite this may be exploited for a new kind of cancer therapy.

Current treatments are plagued with severe side effects and primarily rely on systemic
therapy for metastatic disease, at a stage when a long-term cure is rarely achievable.
These commonly consist of chemotherapy, radiotherapy, and more recently immunother-
apy and targeted therapies. For many years, chemotherapy was the standard treatment
for surgical cancer removal, but it has had limited success due to its off-target toxicity
and the development of drug-resistant cancer cells. On the other hand, the combination
of immunotherapy and targeted therapy (i.e. impacting only on cancer cells [411, 412]),
has shown promising results in clinical trials for various types of cancer when used alone
or in combination with traditional drugs[413], but not all patients respond and they can
cause significant toxicity, particularly to the cardiovascular system[414]. Therefore, there
is still a need for effective solutions to control local cancer recurrence and dissemina-
tion, as there are currently no available options for this. Mechanobiological treatments
of cancer could face all challenges regarding local recurrences, exploiting a haptic-based
non-invasive treatment of superficial tissues affected by tumors like melanoma.

In this contest, haptic interfaces become an essential tool to shed light on cancer bio-
logical mechanisms triggered by a mechanical load of the heart and, consequently, design
new treatments for local recurrences. Furthermore, confirmation of this mechanobiolo-
gical hypothesis would open a new and wide field of application for haptics involving it
in the mechanobiological treatment of superficial tumors, such as melanoma and breast
cancer. Additionally, existing haptic technologies could easily be re-purposed from tools
for mixed reality and traditional medical protocols to devices for preventing tumor recur-
rences and freezing the clinical condition of a temporarily inoperable patient affected by
cancer.

In what follows, two soft tactile interfaces for in-vitro e in-vivo mechanobiological
investigations are proposed. The first is designed to replicate the dynamics of heart-
beats on cultured cells (Chapter 11), while the latter consists of a soft anklet that
provides a rhythmic mechanical cue on the limb of small animal models affected by tumors
(Chapter 12).

2Mechanobiology is an emerging field of science at the interface of biology, engineering, and physics.
It investigates how physical forces and changes in the mechanical properties of cells and tissues affect
their life, contributing to development, cell differentiation, physiology, and disease
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Chapter 11
Heart beat Simulation In-Vitro Model

Mechanical stress plays a vital role in the
regulation of several cellular processes. To
reduce uncertainties in observations, bio-
logical research on cells is usually con-
ducted in-vitro, i.e. on cells grown in
highly-controlled lab environments. Al-
though several devices able to reproduce
proper stimuli on cells have been re-
cently proposed, still there are several
open challenges. Heart cells, for example,
require millimetric wells to survive and
grow in-vitro. Size of the culture wells
for medium-throughput screening, integ-
rability requirements with laboratory tech-

niques, and biocompatibility with living
Figure 11.1: The prototype of the proposed

; ) ) ; organisms make the development of suit-
device, used in a imaging procedure.

able end-effectors complex.

In this work, we present RobHeart, a
modular soft robot with deformable end-effectors, fabricated by layering and molding bi-
component silicone rubber, and specifically designed to seed and 3D stress heart cells (see
Fig. 12.1).

11.1 Motivation

Mechanical stimulation of cells, indeed, alters their growth, proliferation and differenti-
ation [415, 416, 417, 418]. In the human body, the heart is exposed to one of the highest
mechanical stress [419]: Increased mechanical load halts regenerative properties even after
birth [420], while cardiac unloading promotes heart cells proliferation and regeneration
[421].

Yet, the mechanisms by which mechanical stimulations affect the proliferation of car-
diac cells remain largely unknown. This is mainly due to the lack of suitable in-vitro and
ez-vivo devices to reproduce the multiple mechanical stimuli acting on a living heart.

The development of devices to mimic the mechanical stimuli exerted in-vivo on cardiac
cells is highly needed to define the molecular players controlling the proliferative potential
of the heart in both physiological and pathological conditions.
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Figure 11.2: RobHeart end-effector design and functioning: the end-effector consists of
three parts, a stem (in light yellow) housing the air transmission system (in dotted white),
an air chamber (in light blue) and a membrane (in yellow) with a flat surface to foster
adhesion and equal redistribution of the cells (red). The cells are seeded on the membrane
and, once adhered, the end-effector is immersed in growth medium (in pink) inside the well
(in gray). A continuous cycle of inflation and deflation generates variations in pressure
and volume of the membrane, stressing the cells. Pressure variation and cycle rate are
chosen to mime a beating heart.

However, the medium-throughput screening (MTS) technique, that is usually exploited
for this investigation, needs seeding sites smaller than two centimeters. On the other hand,
most of the available technologies have sizes that are not compatible with standard labor-
atory glassware for research on cardiac cells. Hence, to pursue an effective stimulation
millimetric devices have to be designed.

Research on applying mechanical stress to cells focused on mechanisms for monoaxial,
biaxial, equibiaxal or three-axial stimuli [422, 423, 424] to exert tractions, compressions
or sliding.

Several works propose pneumatic systems and Dielectric Elastomeric Actuators that
exploit air chambers and piezoelectric effects to provide mechanical stress on cells grown in
standard laboratory glassware. Dielectric elastomer actuators (DEA) and Micro Electro-
Mechanical Systems (MEMS) are widely used as stimulators, since they can be mini-
aturized and parallelized. Moreover, they are compatible with interfaces for mono-layer
culture of cells[425].

In [426, 427, 428, 429] several DEA- and MEMS-based devices are presented. The
scalability to dimension suitable for heart cells is challenging and presents several tech-
nological issues on fabrication repeatability and instability phenomena[430].

Pneumatic devices are a valid alternative to DEA- and MEMS-based systems, allowing
quick and simple development. Moreover, the air flow, as power supply, is intrinsically
safer for the cells than the electrical signals required for MEMS and DEA devices, and do
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not require wires and electronic components that get easily rusted in a humid environment
(as the one of the incubator), contaminating the medium and the cellular culture. Some
DEA devices as [431] could be used to study also the of mechano-electric coupling in cells.
An extensive overview of devices can be found in [429]]. In all the pneumatic systems, one
or more air chambers are used to deform elastic membranes, and different arrangements
of the chambers generate tangential, normal or radial stretches. In [432], the authors
presented a radial stimulator for a 90 mm Petri dish performing mechanical stimulation by
means of an air chamber located underneath, while the same stimulation was provided by
a circular air chamber with adiameter larger than 10mm in[433]. Mono-axial stimulation
by linear strains are realized in [434] using antagonist air chambers under a squared
membrane. Commercially available pneumatically-driven devices, as Flexcell (Flexcelling
inc., US) and the STB series of StrexCell (STREX Inc. JP) consist of proprietary wells
actuated lineraly or radiarly by a electromechanical systems. However, all the mentioned
devices are not compatible with standard multi-well plates and thus with MTS.

11.1.1 Contributions

In this work, leveraging our expertise in soft robotics and pneumatic systems

RobHeart consists of two main components: a soft end-effector (EE, shown in Fig. 11.2),
and a pneumatic actuation system (shown in Fig. 11.5). The working principle is pictori-
ally described in Fig. 11.2: The actuation inflates and deflates the soft and elastic EE air
chamber, deforming its upper membrane, where cardiac cells grow and firmly adhere. In
this way, the 3D mechanical stress leading to superficial and volumetric deformation of
the membrane can be directly transmitted to the living organisms.

To meet dimensional requirements of MTS, the elastomeric membrane is integrated
with the air chamber, creating an extremely compact deformable end-effector. The air
flows from the actuation source to the soft EE by means of a transmission system con-
sisting of tubes, connectors and splitters. Such a transmission system is designed to be
easily scalable to multiple cellular cultures.

The design and fabrication of elastic and miniaturized EEs are the main challenges of
this work, considering that the system has to mimic a living heart with a pressure up to
120mmHg and a cycle frequency between 1Hz and 1.5Hz. In addition, EEs have to satisfy
requirements for cell manipulation concerning biocompatibility, optical transparency, and
compliance to standard protocols on sterilization, immersion in the culture medium, and
incubation, and to solve issues concerning scalability and uniform reproducibility.

Details on the RobHeart design, fabrication, validation and preliminary tests with
cells are presented in Sec. 77, 11.2, 11.3, and 11.4, respectively.

11.2 Materials and Methods

In this section, we describe the design of the RobHeart components: Sec.?? details the
end-effectors, while Sec.11.1.2 the pneumatic actuation system.



11.2. Materials and Methods 137

Figure 11.3: The design of the millimetric soft end-effector with its symmetry axis and
the principal planes (first and second sagittal and transverse).

Table 11.1: FEA deformation related to probes. Results are expressed in millimeters
(mm). In the case of lateral constraints, the values of probes py and ps are null hence
they are omitted.

Free EEs Constrained EEs

P, p1 P2 P3 p1
ox oy 0z ox oy 0z or  dy 6z | dx oy 0z
16 3e7® le™® 046 3e® 0.05 0.13 0.05 3e° 0.13|3e® 4e® 0.13
32 4e7™0% 2¢7% 0.92 6e® 0.09 026 0.09 6e° 0.26 | 6e % 4e % 0.29
64 | 3e® 3e® 1.81 86 019 055 0.19 8% 055|1le”® 3e® 053
128 || 3e7® 3e™® 366 3e % 0.39 1.05 0.39 3e * 1.05| 2% 3e7* 1.13

11.2.1 Design of EEs

Each end-effector, as shown in Fig. 11.3, consists of two cylinders of 9mm diameter, fused
together and realized in highly deformable elastic material. A 8mm high basal cylinder
constitutes the stem, and a thinner cylinder plays the role of a deformable membrane
thick 2mm. A spherical cavity, placed between the two elastic cylinders, realizes an air
chamber.

The planar geometry of the membrane in deflated condition allows to seed homogen-
eously the heart cells on the EEs, while the chamber’s spherical geometry was designed
to reduce undesirable superficial asymmetry in inflated end-effectors.

A flat-headed needle is inserted in the stem and is in charge of introducing air from
the actuation system to the air chamber.

Finite Element Analysis

Finite Element Analysis: A finite element analysis (FEA) was conducted to qualitatively
and quantitatively inspect the deformations when increasing the pressure in the air cham-
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(a) (b)

Figure 11.4: Results of the FEA with pressure equal to 16kPa, 32kPa, 64kPa, and 128kPa
(from left to right). Blue dots mark the constrained surfaces. In (a) we show the results
in case of “constrained EEs”, while in (b) the results for “free EEs”. Silicon rubber with
Young modulus equal to 250 MPa was chosen for the material.

ber. More specifically, we wanted to observe the effects of the surface deformation in two
particular conditions: i) EEs laterally constrained by the glass well (“constrained EEs”),
and 77) EEs free to expand (“free EEs”).

In the conducted analysis, the 3D-CAD/CAE Solid Edge® (Design Simulation Tech-
nologies, Inc.) software was used.

Stem and membrane of the end-effectors were assumed to be made of silicone mater-
ial with elastic modulus chosen according to the experimental values of [435] based on
theoretical results in [397].

All deformation analyses were carried out by constraining the base of the end-effectors
and applying inside the air chamber four different pressures Py=16kPa (= 120mmHg),
P,=32kPa, P3=64kPa, P,=128kPa.

The analysis was conducted by inspecting the differential values of the position of
three FEA probes placed on the upper surface of the membrane. The first probe p; is
placed at the intersection of the upper surface of the membrane with the symmetry axis
of the end effector, while probes ps and p3 are placed at the intersection between the edge
of the same membrane surface and the first sagittal plane and the second sagittal plane,
respectively. The differential values of the probe positions are reported in Table 11.1.

In the case of “free EEs”, as shown in Fig. 11.4, a deformation of the membrane is
observed, as expected. However, the analysis also revealed a strangulation of the stem
that contributes to the overall longitudinal deformation. Such a deformation is symmetric
with respect to the EEs symmetry axis, therefore torsional phenomena are not generated
after the inflation. On the other hand, in the “constrained EEs”, at the same pressure, a
lower longitudinal deformation and a zero radial deformation occur. In other words, the
stem is not deformed either axially or radially (see Fig. 11.4).

11.2.2  Design of Actuation System

As shown in Fig. 11.5, the actuation system was designed according to approaches for
rapid prototyping and laboratory replication. It consists of a multi-perforated plate (C)
housing a linear actuator (B) and a commercial syringe (A) through appropriate supports.
The connectors (G) fix the linear actuator, while the stopper (F) prevents the actuator
from performing pitch movements that would lead to losing the contact with the syringe.
Supports (D) and (H) hold and constrain the syringe system (shirt, plunger and tip).
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Figure 11.5: An exploded CAD view of the pneumatic actuation system. The syringe is
indicated with (A), the linear actuator with (B), while (C) is the multi-holes base of the
device. (D) connects the syringe with the base, (E) interlocks actuator with plunger, (F)
and (G) hold the motor, and (H) avoids the motion of syringe shirt.

The plunger of the syringe system is propelled by means of the servo-motor, thanks
to the one Degree of Freedom connector (E), designed for rigid connection, and for trans-
mitting the motion from the actuator to the plunger, accommodating their relative move-
ments.

The tip of the syringe is used as an interface between the actuation system and the
EE flat-head needle. The air flows from the syringe tip to the needle, passing through a
modular transmission system consisting of tubes, connectors and splitters, as shown in
Fig. 11.2. The high modularity of the transmission system allows to easily and intuitively
create an air recirculation network for exploiting several EEs in parallel.

A relevant issue is that the lengths, the widths of the pipes, as well as the number of
branches, alter the behavior of the system, and change the pressure and deformation of
EEs. In fact, in the hypothesis of air as perfect gas and according with Boyle law, we can
write:

poVo = pV
where pg and V; denote the system’s pressure and volume in deflated condition of the
plunger, respectively, and p and V are the pressure and volume in inflated condition. The

pressure variation dp in the system depends on the volume variation §V° but also on the
volume Vj:

poVo = (po + 6p)(Vo — V)
The relationship between volume and plunger motion Js is

opVp 1
0s = —
po + 0primw

where 74 is the internal radius of the syringe. However, the volume of the system in
deflated condition Vj} is equal to the volume of the air into the syringe summed up with
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the air volume in tubes and connectors (which are not neglectables). Hence:

Ip(sorim + Zﬁl vi+ il )
5s — > (11.1)
’l”s’ﬁ(po + 5p)

where v; is the volume of each of the M connectors, v; is the volume of the i-th tube and
N is the number of tubes used in the transmission system.
The topology of transmission impacts on the EEs internal pressure, and this alteration
reflects on their deformation according to the Young law:
ol
p0—|—6p:El— (11.2)
0
where E is the Young modulus of the end-effector material, while [y and 6§l are the EE
length and linear deformation. Including Eq. 11.1 in the Young law (Eq. 11.2), it is
possible to derive the expression of deformation as a function of the transmission system
components:

M N
lopo (507'?71' + ijl Ui+ Z/Z'>

ol =
E (sorgﬂ' + E;Vil v; + vazl v; + r?wso)

11.3 RobHeart Fabrication

In this section, we will detail the fabrication procedure to realize a prototype of the
proposed device.

11.3.1 Fabrication of EEs

The EEs are realized by pouring two layers of bi-component silicone rubber Ecoflex 00-30
(Smooth-On, inc. US). The chosen silicone rubber has a hardness 30 on the Shore 00
scale (ASTM D-412), and a translucent color.

During fabrication, the silicone was poured in subsequent steps into interlocking molds,
fabricated in Acrylonitrile butadiene styrene (ABS) and exploited the Fused Deposition
Modeling (FDM) technique.

The insertion of a tin sphere of radius 2mm between the membrane and the stem
allows creating the air chamber. The tin sphere is the result of melting the raw material
into an ABS mold, while a plate equipped with pins of diameter 1.5mm generates, during
the stem care, a vertical guide for the flat-headed needle.

Needles with a tip having a diameter equal to 1.8mm and length of 10mm were chosen
for inflating the EEs.

Each end-effector was equipped with a very thin silicone crown. This crown allows
the EEs to adhere firmly to the well walls.

All molds have been sprayed with a mold release agent, the Easy Release 200 (Mann
Release Technologies, inc. US), for quick and agile extraction of the fabricated soft EEs.

The manufacturing process is sequential, but highly parallelizable, alternating phases
of silicone casting with phases of care and insertion. All care sub-phases took place at a
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controlled temperature fixed to 23°C. The entire manufacturing cycle takes about 7Thours
and consists of four phases: ) membrane casting and care; i7) realization and introduction
of the insert; %) molding and care of the stem; iv) extraction of the silicone body and
insertion of the needle-like connector. Details on EE molding are provided in Fig. 11.6.

Sterilization and Coating Procedure: Each end-effector has to undergo a three-step
sterilization procedure and a subsequent coating treatment fostering the adhesion of the
cardiac cells on the deformable membrane.

The end-effectors sterilization procedure consists in a manual removal of macroscopic
corpuscles by means of adhesive work, followed by a soaking in 70% ethanol (CH3 CHyOH)
cleaning reagent for 900s. Then, to remove residual ethanol from the membrane, the EEs
are washed with the Phosphate-Buffered Saline solution (PBS), a water-based salt solution
commonly used in biological research.

Then, the membrane is coated with an adhesive glycoprotein, the fibronectin in solu-
tion with gelatin, a heterogeneous mixture of water soluble proteins present in collagen.
The coating procedure is aimed at ensuring the attachment of cells on the membrane and
requires a waiting time of 2 hours to be efficacious.

11.4 RobHeart Characterization

In this section, we will detail mathematical relations characterizing RobHeart components,
and we will discuss experimental tests conducted to validate the retrieved mathematical
models.

11.4.1 Characterization of the actuation system

First of all, the actuation system was validated by retrieving the experimental map
between pressure and plunger displacement, and comparing this map with the theor-
etical profile related to Eq. 11.1. The pressure sensing and recording system consists
of a pressure sensor MPX2200GP (Differential Pressure Range: 200kPa) connected to a
micro-controller, and a differential amplification circuit realized with an AD623AN op-
amp.

Fifteen trials were performed by applying pressures in the range of [0, 200]kPa and
measuring the corresponding plunger displacements. Experimental data were interpol-
ated, by parameterizing Eq. 11.1 and treating it as a fitting model:

op
0s =«
po + 6p

(11.3)

Table 11.2: Recorded internal pressure of EEs just before the break point, expressed in
kiloPascal (kPa).

| 0, 02 03 04 05, 06, 07, 08, 09, 10, 1l,

Db H 190.8 182.7 198.6 196.8 191.1 202.2 186.1 1945 193.5 196.7 196.5
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Figure 11.6: Fabrication steps of soft inflatable end-effectors. Step 1: The membrane
mold is coated with released agents. Step 2: 1.27g of mixed bi-component silicon rubber
is versed into the mold and cared for 3h at 23°C. Step 3: we insert the 3D printed guide
for the tin ball centering the sphere. Removed the tin ball guide, the mold for the stem
is stacked on the previous one and 4.1g of rubber is poured (Step 4). Step 5: The pinned
plane is placed on the stem mold to generate the needle guide. A last cure phase of 4h is
performed, before the needle insertion.

Table 11.3: Mean torsional angles (rad) w.r.t. first sagittal and transverse planes.

IDEE | 01 02 03 04 05 06 07 08 09 10 11

80, 0.02 0.02 0.011 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.02
60 0.02 0.02 0.03 0.02 001 001 002 001 002 0.02 0.02

where pg is the atmospheric pressure (py =101.3kPa).

As it can be noticed in Fig. 11.7, the experimental curve fits the data with a quality
factor equal to R2 = 0.986 and deviates from the theoretical profile at most 0.41mm. The
parameter a evaluated by data fitting is equal to & = 31.83, while the theoretical value,
estimated using transmission system specs (see Sec. 11.2), is oy = 32.45 with and error
equal to Aa = ||& — o] = 0.62 (= 1.9% of ay).
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Figure 11.7: Plunger Pressure-Displacement curves: the red one is the fitting curve of
experimental data, the blue one is the theoretical curve obtained from Boyle law and
prototype specs. Interpolation quality factor R? is reported.
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Figure 11.8: Example of EE behavior when increasing pressure is applied by moving the
syringe plunger. The black vertical line cuts the plane in two parts, the behavior of
unbroken EE is contained in the left half-plane, while in the right part there are data
collected after the outbreak. The circle marks the blowing-up event.

11.4.2 Characterization of EEs

End-effectors breaking point, asymmetry and the deformability were evaluated by ana-
lyzing images acquired by a vision system composed of two cameras full HD 1MP with
a frame rate equal to 30fps. The cameras were placed orthogonally to each other, one
with the image plane parallel to the EE transverse plane, while the other was oriented to
capture the projection of end-effector on the first sagittal plane. The image acquisition
process took place in a brightness-controlled environment.

In each frame, the EEs were distinguished from the environment by performing region-
based segmentation technique, and leading to a binary image with two regions: the first
one R; is composed of the pixels p(X,Y) containing a part of an EE, p(X,Y) € ®; —
p(X,Y) =1, and the remaining region ®; is such that (X,Y) = 0.

We performed experiments using twenty-two EEs, the first eleven were involved in the
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Figure 11.9: In (a) the binary image of the sagittal plane (left) and the transverse plane
(right) are visually depicted, snapped in four pressure conditions: 19kPa, 48kPa, 90kPa,
and 178kPa (from bottom to top). In (b) and (c) we show membrane Pressure-Volume
and Pressure-Surface experimental data. The percentile standard deviation (stdy,) of EEs
behaviors with respect to the mean (shown in black) is reported.

investigation of breaking limit pressure, while the remaining were involved in ¢) EE sym-
metry analysis, #) uniformity analysis among the fabricated EEs, and 4i¢) characterization
of EEs in the pressure-volume and pressure-membrane surface maps.

The first three moments of the image were calculated from the null order to the
second-order to retrieve a numerical estimate of the projected surfaces, the position of
the centroids, and the angle of torsions, respectively, according with image interpretation
theory in [436].

The process of EE inflation is achieved by means of several back and forth movements
of the syringe plunger, and when an EE breaks for excessive pressure, it does not emit
audible sounds. Moreover, the subsequent deflation occurs slowly, and is really hard to
detect by eye. Hence, we devised a method to estimate the breaking pressure by looking
at the EE superficial deformation. The transverse and sagittal surfaces were estimated
as normalization on the deflated state of the zero-order moment of the image:

ZX,YE%i p(X’ Y)
ZX,YGﬁRi p(X, Y)) |5p:0

The information about the projected surface deformation was used to estimate the
breaking point of the EEs on the surface-plunger displacement plane. The pressure of
break is evaluated by retrieving, according to Eq. 77, the measured plunger displacement
corresponding to the maximum sagittal deformation before depression line, as shown in
Fig. 11.8. All eleven “x”-labeled of the twenty-two fabricated EEs were used to estimate

Si(p) = ( Soji with Vi € {s,t};

the pressure breaking point: values are reported in Tab. 11.2, and the average result is
equal to pprear =195.1246.54kPa.

Concerning the actual symmetry of an EE, we computed torsional angles possibly
arisen after the complete inflation. 6 and 6; denote such angles in the sagittal and
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Figure 11.10: 3D maps of the pressure, the actuation motion and the volume or the
surface of EEs in (a) and (b), respectively.

transverse planes, respectively. Symmetrical deformations (hence, no torsional angles)
were expected according to the results of the FEAs presented in Sec. 77.

201,10

1
0; = - arctan | ——————
2 H2,00i — H0,2[i

> with Vi € {s,t}

where (3 0[s, po,2); are direct centered moments of the image projected on i-th plane and
f1,1); is mixed centered moment on the same plane:

Piki = Y (X —%)/ (Y —7,)* with Vi € {s,1};
X, YeER;

where (Zs,7,) and (T¢,7,) are the centroid coordinates of the end-effectors’ image projec-
tion on the sagittal and transverse plane, estimated as:

z = ZX,Y@Ri X 7. = ZX,YQRi Y
ZX,Y@?,_- p(X,Y)" 7 Zx,y@m p(X,Y)

To retrieve the desired estimates, we applied different pressures in the range [0,

180]kPa, corresponding to ds equal to 0.5mm, 1.0mm, 1.5mm and 2.0mm according to the
experimental profile (see Sec. 11.3.1). The values of the mean variations of the angles with
respect to the EE orientation in the deflated state, computed as 66; = [|6; — (6;]sp=0)||, are
reported in Table 11.3. The maximum angle of torsion is very small, equal to 0.024rad,
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hence, it is possible to neglect torsional and asymmetric effects on the EEs, as expected
by the FEAs.

The absence of significant asymmetry allowed to estimate the volume of the EEs
as rotation of the sagittal surface about the normal axis at the center of the circular

transverse Surface: .
2 S,
Ver =2 [ 5.0V coxtoyan
0

Starting from the estimate of the volume variation:

Ver = Ver(p) — (Vee(p)lsp=0),

we estimated the surface of the membrane, under the hypothesis that the deformation
generated by dp is geometrically approximated by the surface of a prolate semi-ellipsoid:

Sp) = (S;(f) + R/ n()> +(S@)lspm0)

with

£ = arccos M
WS(SVEE(p)

Results about volume and contact area (Fig. 11.9) return information on the reprodu-
cibility of the manufacturing process. Thanks to the conducted analysis, indeed, we were
able to estimate that the average dissimilarity among the manufactured EEs is about +£2%
of the expected average behavior. Hence, we can assert that the fabricated EEs have a
uniformity value of 97.99% and 97.59% concerning the volume and surface deformations,
respectively.

Moreover, the analysis provides an estimate of the volumetric and superficial deform-
abilities, that were evaluated as the best interpolating functions given the pressure. We
obtained that the best interpolation for both volume and surface trends follows an expo-
nential law:

Vep = 621.12¢709567 4 290.71¢~0-0277P

S = 27.56e"0145P 4+ 369.96¢000%P

The accuracy for volume-pressure and the surface-pressure interpolating curves are equal
to R? = 0.973 and R? = 0.957, respectively. Within the safety margins, the soft EEs are
able to increase the volume of the end-effector up to a maximum of 87.4% of the initial
volume, while the membrane surface can be expanded up to a maximum of 83.8% with
respect to the surface of the deflated end-effector. Such values refer to the average trends
of the batch, shown in Fig. 11.10.

11.5 Tests with living cells

RobHeart is meant to be a device for in-vitro cell seeding and stimulation. Hence, we
conducted a preliminary test to verify the appropriateness of the proposed device. We
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Figure 11.11: Cell imaging by Leica DM IL LED microscope (Leica Microsystems GmbH):
10x and 20x magnification. The last three frames show a deformation sequence of the
cellular culture (green) achieved by inflating EEs. 6Se(p) = 0%, Sy (p) = 15%, and
0Sy (p) = 30%, (from left to right).The black strips are empty regions caused by texture
transfer from the 3D printed mold to the silicone membrane. The larger the deformation,
the larger the black regions, the cells are more distant from each other, and change their
shape.

used adult cardiac muscle cell line HL-1 from mice to populate the surface of the end-
effector membranes, with approximately 100.000 fibroblast per end-effector. The seeding
lasted 2 hours. After that, RobHeart EEs have been transferred into a 12-well plate filled
with basal medium Dulbecco’s Modified Eagle Medium (DMEM) with high values of
glucose (CgH1206), adding the 10% fetal bovine serum (FBS) and a mixture of penicillin
G and streptomycin (Pen-Strep, C39HgiNgO16S).

After 48 hours since seeding, a preliminary observation by fluorescence microscopy
showed that the cells successfully adhered firmly to the surface of the EEs membrane, and
that the deformation of the membrane, within the physiological limits, did not generate
a cell detachment, but only a deformation, as it can be seen in Fig. 11.11.

11.6 Conclusion

In this work, we presented RobHeart, a novel soft robot to provide superficial and volu-
metric mechanical stimulation of cardiac cells. We detailed design and fabrication steps to
satisfy the heart cell culture and medium-throughput screening requirements mentioned
in Sec. 11.1.1.

Tests conducted on the actuation system and its end-effectors allowed to retrieve 3D
laws mapping the actuation signal, the generated heart-like pressure and the superficial /-
volumetric deformations. Moreover, results on experimental validation of end-effectors
showed that the devised fabrication protocol allows uniform reproducibility. We also
verified the limit condition of deformability before the EE break, which is higher than
the deformation condition bearable before heart cells die (= 30%), and preliminary tests
were conducted on HL-1 cells grown on the top of RobHeart end-effectors to verify the
appropriateness of the system.

Future work will focus on retrieving meaningful actuation patterns to investigate how
the mechanical dynamics of the cardiac cycle acts on the heart cells. Pressure planning
techniques will be integrated with visual servoing methods in a closed loop approach.
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Chapter 12
Tibialis Stimulation of Cancer-Affected Mice

Novel medical treatments require not only
theoretical feasibility demonstration ex-
ploiting cellular models but also in vivo
testing, evaluating the impact of the ther-
apy in living organisms.
However, despite existing devices for
simulating stimuli for cellular experiment-
ation within in-vitro environments, a con-
spicuous lack persists in devices to perform
mechanobiological investigations using an-
Figure 12.1: The prototype of the anklets imal models. Hence, our present work pro-
used for an experimental trial. poses a novel soft robotic device designed

to exert low-frequency pressure and tensile
stress on cancer cells implanted within the limbs of murine models. Using this device,
we will investigate the feasibility of a prospective mechanotherapy for superficial cancer
inhibition. The softness of the proposed wearable vet robot not only ensures the safety of
the mice subjected to experimental trials but also distributes efficaciously the provided
stimuli on the intricate anatomical contours of the animal’s limb. To ensure the murine
model’s safety, collocate the actuation system, and parallelize the trials, we have imple-
mented an air-based power supply mechanism, regulated by external switching signals
to modulate applied tensile deformation. In addition to the presentation of our device’s
design and testing, we will summarize the findings gleaned from the first experiments
conducted employing the aforesaid devices.

12.1 Motivation

One of the most significant challenges in dissecting the hypotheses stated at the beginning
of Part III lies in the shortage of technologies capable of effectively stimulating cancerous
tissues and cancer cells, particularly within living environments. While there are indeed
devices designed for mechanically stimulating in vitro cultured cells as ones presented in
Chapter 11, the exploration of tissue stimulation technologies in animal models has, to
the best of our knowledge, been inadequately explored. Existing wearable technologies
for animal use have primarily focused on veterinary [437, 438], or guidance [439], applic-
ations, predominantly tailored for medium and large animals. Remarkably, the design
of haptic technologies for stimulating small laboratory animals, such as guinea pigs or
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other mouse models commonly involved in medical and biological research, has remained
largely unexplored.

To conduct haptic-enabled mechano-biological investigations exploiting small animal
models, a new class of vet devices should be devised. These should be compact, effortlessly
wearable around the rodent’s limbs, and, most importantly, ensure the animal’s safety to
prevent any inadvertent harm or fatality during experimental procedures. Additionally,
the interface between the device and the rodent must be biocompatible and non-toxic,
accommodating the rodent’s anatomical shapes.

12.1.1 Contributions

To address the stated requirements, the device here proposed consists of four soft anklets
responsible for actively applying mechanical stress to the rodent’s body, and a syringe-
based pneumatic box that enables and controls the inflation of these. The stimulation
reference is based on deformation exerted on the limb of the rodent, consequently, the
control loop of the pneumatic box is closed on linear displacement of the syringe piston.
Moreover, the pneumatic box is decentralized with respect to the anklets, to be compliant
with a dynamic environment, such as an animal house of a biological research center. A
network of pipes connects the actuation box with the anklets. The components of the
device are chosen to exert a periodic stimulation with low frequency, akin to the mech-
anical load imposed by a human heartbeat, in alignment with the preliminary scientific
evidence of our hypothesis. This work contributes to the haptic and mechanobiological
research in the following ways:

Innovative Soft Wearable Robotic Device Design and Development: This
device was engineered to facilitate mechanical stimulation within murine models, pav-
ing the way for several mechanobiological investigations, including the dissection of our
hypothesis about cancer inhibition.

Protocol testing and Hypothesis Investigation: The vision of this work involved
not only the realization of a functional prototype of the device but also the design of
usage protocol. These were then put to the test, yielding valuable empirical data that
bolsters the scientific foundation underpinning our hypothesis. Specifically, we aimed to
substantiate the feasibility of mechanotherapy as a potent approach for impeding tumor
proliferation.

12.2 Materials and Methods

In this section, we exploit the results of our work consisting of the design of the haptic
interface and the outcome of the first tested experimental protocol.

12.2.1 Stimulation Device

In what follows, the tactile device consisting of parts is detailed.
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(a) (b)

Figure 12.2: In (a) and (b), the isometric and exploded view of anklet. The transparent
parts consist of the silcone rubber cube, the red one is the inflatable region of this. The
white case wrapping the inflatable region is realized in TPU to be tied around the limb
of mice while the black one is the plastic rigid case.
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Figure 12.3: The visual outcome of EcoFlex 00-30 (Hardness 30 Shore 00) FEM simu-
lation. The simulation is conducted with an input pressure in the hollow cavity of the
anklet equal to 190 kPa. The material is model is exploited by Ogden formulation using
the parameters proposed in [440].

Soft Anklets The anklet design, as shown in Fig. 12.2.a consists of a deformable
and inflatable hollow cube exerting pressure against the rodent’s limb and a soft/rigid
case wrapping it and fostering its wearability and attachment with the animal. The
inflatable part of the device is realized from successive layers of deformable bi-component
silicone rubber. The component measures 4 mm x 4 mm x 7 mm, to match the average
dimensions of a guinea pig’s extended tibial bone. The hollow inside the component has
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(a) (b)

Figure 12.4: The pneumatic box and the control unit consisting the actuation system, in
(a) and (b), respectively.

a cylindrical geometry and dimensions equal to 10 mm in length and 2 mm in diameter.
It is asymmetrically positioned concerning the component’s sagittal plane (as depicted in
Fig. 12.2.b) with a distance of respect to the nearest face of the component equal to 2
mm, this arrangement ensures that the internal pressure escalation within the chamber
prompts a deformation directed quite exclusively in one orientation. The material used
to craft the components is a silicone rubber with hardness equal to 30 Shore 00, this is
chosen, after several simulations conducted by FEM (see Fig. 12.3), to better simulate
the ventricular wall dynamics.

The external socket is designed to encase the inflatable components, ensuring direct
contact with the animal tissue. The socket envelopes the mouse limb and channels the
stimulus directly toward the cancerous tissue providing a rigid constraint to deformation
in the opposite direction. In practice, as the air chamber inflates along the path of
least thickness and encounters the opposing rigid constraint, it projects a uniform and
structurally robust region of the silicone rubber parallelepiped towards the murine limb.
In addition, the soft/rigid case is instrumented with a soft belt fabricated using TPU
material, to easily tighten the anklets around the mice limbs.

The airflow in and out of the air chamber is provided by the actuation system to which
anklets are connected through pipes culminating with flat-head needles. A unidirectional
valve, normally open in the deflation direction, is parallel to the inflatable component
thanks to a bifurcation point along the pipe. This allows the long usage of anklets to
recover the losses of air because of small leakage at the interface between the inflatable
component and the needle.

Actuation System  The actuation system encompasses the integrated system com-
prising actuators, controls, and sensors for the effectors. This consists of two main parts
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a pneumatic box (PB) and a control unit (CU).

The core of the pneumatic box consists of an ad-hoc designed 2x 2 syringe pump matrix
activated by one only linear actuator. Referring to the Fig. 12.4.a, the linear actuator,
normally extended, is directly interconnected with the sliding syringe air-chambers by
means of connector A, while the pistons are grounded by B and C stoppers. The latter is
constrained to the bottom part of the device composed of the external base of these (D)
and the cover of the motor driver. The linear movements of the actuators are controlled
thanks to an encoder instrumenting it and a PID controller. The resulting sliding of
syringe cases along the pistons enables precise air injection and assumption towards and
from the anklets. The whole pneumatic box is closed in a three-component case, internally
coated with a phono-absorbent sponge to reduce the acoustic pollution of the functioning
device.

On the other hand, the CU consists of an open-source microcontroller board, outfitted
with a liquid crystal display and physical knobs for visualizing and intuitively adjusting
both the frequency and intensity of the reference signal, respectively. The LCD offers to
biological researchers a user-friendly graphic interface (GUI) for setting the stimulation
and monitoring the device’s operational status. All CU components are wrapped within
an ABS case. The power supply plug of the CU is hidden by a compliant socket to avoid
hardware damage due to liquid infiltration, while the interface with the pneumatic box is
provided by a mag-safe connector to allow the fast disconnection and consequently stop
the pneumatic box in case of emergencies such as animal injuries. The case of CU(see
Fig. 12.4.b) is realized in ABS material by 3-D printing procedure.

12.2.2 Stimulation Protocol

A prototype of the presented device is realized by exploiting a fast prototype proced-
ure to conduct some pioneering experiments about the cancer response to mechanical
stimulation.

At the current stage of our research, the following investigations were aimed %) to test
its efficacy on laboratory mice and ) to delve into the hypothesis of inhibiting tumor
proliferation through mechanical stimulation. Two mice are involved in the experimental
campaign. In both tibialis anterior mice, 100k LG Cells were injected on the first day.
In the following two days, one limb of each rodent is pieced two times per day. The
stimulation sessions lasted 2 hours.

The stimulation is provided by the left hind mouse limb instrumented with the devised
anklet, into which an identical quantity. This approach provided us with a control limb
on the left, devoid of any stimulation, and a treated limb on the right. The mechanical
stimulation reference for this study case consisted of a square wave, pulsating at a fre-
quency of 1.00 Hz and boasting an amplitude of 30%. At the end of day 2, the tissue
harvesting is conducted.

In the days following tissue harvesting, a staining protocol of the obtained biological
material was conducted:

e The nuclei of the live cells contained in the tissue samples were identified using a
marker per nucleus, 4’,6-diamidin-2-phenyl (DAPI);
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Figure 12.5: The results obtained from fluorescent microscopy analysis of two selected
tissue slices, one from the control limb (C) and the other from the affected limb (A),
showed cancer cells colored in green while reproducing, and living cells were marked in
red and blue, respectively. The proportion of green area with or without a red marker
was assessed to determine the percentage of replicating cancer cells. These values were
compared statistically to establish a significant difference between samples C and A.

Figure 12.6: A representative imaging outcome of metastases and circulating cancer cell
in a slice of mice lung.

o Cancer cells have been labeled with a green phosphorescent protein (GFP)

e The activity of cell proliferation has been immortalized through the absorption of 5-
Ethynyl-2 -deoxyuridine (EdU), a marker of DNA synthesis in cell culture detecting
cells undergone DNA synthesis

12.3 Results

Through fluorescence microscopy images and a region of interest (ROI) analysis, it was
possible to quantify the percentage of replicating cancer cells as a percentile ratio of the
EdU contained in areas marked with GFP. As noticeable in representative tissue slides
reported in Fig. 12.5, a significant decrease in the proliferative capacity of tumor cells in
the limb subjected to mechanical stimulation occurred. The right limb, the unstimulated
one, exhibited a 60% proliferation rate among the tumor cells, while the treated limb
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displayed a 40% proliferation rate.

In addition, a whole-body analysis was conducted to verify the absence of flowing
cancer cells and metastases. To do this, we evaluate the levels of GFP in several organs
through green ROI identification in the slices of mice’s organs. This supplementary ana-
lysis failed to yield any evidence of tumor cells. Please refer to Fig. 12.6 for a visual
representation of the results of the lung analysis, which is theoretically the primary site
for any potential accumulation of the tumor cells employed in our study. Then, outcomes
dispelled cancer vascularization effects and the dispersion of cells within the organism due
to tissue compression.

These promising preliminary findings spurred us to embark on further tests, expand-
ing our cohort to include a greater number of animal models. For instance, a parallel
experimental test was executed involving four rodents, all subjected to a sinusoidal mech-
anical signal pulsing at a frequency of 0.5 Hz and showcasing an amplitude of 50%. The
treatment protocol is the same as aforementioned and the outcomes remain coherent with
the previous ones.
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Conclusions

Computing is not about computers anymore.
It is about living

Nicholas Negroponte

At the conclusion of this document, it is appropriate to provide a comprehensive
summary of the principal results and findings obtained from the documented scientific
inquiry. The dissertation moved from basic principles to more complex practical uses. At
its core, the primary focus of this document is to describe the outcomes achieved during
our extensive research over the last three years. Our research has covered a wide range
of topics including haptics, metaverses, medical treatments, and mechanobiology. As we
bring this document to an epilogue, it is useful to summarize the acquired knowledge and
look beyond it. The conclusions drawn from this document serve as a springboard for
further investigations and exploration, providing a foundation upon which future research
can be conducted. It is important to reflect on the implications of these findings and
consider their potential impact on related fields.
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Chapter 13

Final Remarks

In this thesis, three years of research about haptic display were resumed, mostly the fo-
cus on soft technologies. Starting with an overview of the human sense of touch and its
significance in various fields, a detailed exploration of the state-of-the-art haptics techno-
logies, including their advancements and limitations, and finally, an examination of their
application across different industries with real-world examples, several new devices and
methodologies were presented according to their application fields. The idea of repurpos-
ing haptic technology was introduced to expand the range of tactile display applications,
drawing a comparison to the pharmaceutical process of repurposing drugs for different
uses.

Pushing the boundaries of virtual and extended realities several new devices, proposed
in Part I “Haptics for Metaverse Experiences”, were presented as potential tools to en-
hance also a digital life in metaverses. Chapter 4 described a multi-channel display that
combines a skin stretcher and textile-based wrist squeezer for rendering the stiffness of
digital or remote objects in case of passive interaction with these. The conducted study
demonstrates not only the efficacy of the proposed technology but also the feasibility of
transmitting complex information like the stiffness decoupling the consisting signals and
rendering each of them using a proper haptic cue. In Chapter 5 a novel approach based
on the integration of haptics and pseudo-haptics methods was achieved to return kines-
thesia on the user’s hand interacting with digital objects: an imperceptible scaling of the
movements of virtual hand concerning real ones allows that self-contact of the user finger
pulp meanwhile the virtual digit touch the virtual object. Chapters 6 and 7 meticulously
detailed the design and testing of two tendon-driven tactile interfaces, tailored to facilit-
ate gestural communication between remote individuals and facilitate exploration within
virtual environments, respectively.

In the pursuit of expanding the repertoire of medical applications for haptic technolo-
gies, Part II titled “Haptics for Medical Treatments”dissected three distinct technologies.
These included an exoskeleton engineered to support hand rehabilitation tasks under re-
mote supervision, leveraging a differential mechanism to ensure compliance. Additionally,
portable pads with silicone rubber surfaces and a redesigned version of the tendon-driven
display proposed in Chapter 7 were harnessed to administer manual treatments for trauma
and syndromes like CRPS-I.

Venturing beyond the medical application, a repurposing of haptic is proposed in Part
IIT “Haptics for Mechanobiological Research on Cancer”to foster the biological research
of new therapeutic tools for fighting tumors. Starting from the scientific evidence about
oncogenesis and mechanics correlation and rarity of cardiac cancer, two soft inflatable
devices are developed to dissect the hypothesis that the rhythmic force cues, that the
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heart exerts on its cells, inhibit the proliferation of cancer. In Chapter 10 a meso-scaled
soft robot composed of a pneumatic syringe-based actuation and elastic end-effector is
presented. The end-effector is tailored to host cells and stretches them, mimicking the
mechanical loads of a beating heart in in-vitro cultures. On the other hand in Chapter
11 a soft anklet for small animal models, like rodents, is proposed as a tool to conduct
mechanobiology investigation in-vivo, testing the feasibility of mechanical treatment of
cancer in living organisms. All works reported in this thesis are revised versions of the
works published as [441, 442, 264, 315, 443, 307, 444, 445, 307]. Instead of the work
presented in Part ITI Chapter 11 that consists of a report of an early stage research.

13.1 Future Works and Perspective

All works presented here are intended to serve as a starting point for further in-depth
research and exploration. For what regards tactile technologies for metaverses, it is es-
sential to note that the several interfaces presented constitute a wide variety of devices
designed to support different types of interactions that could occur in a digital world.
Looking into the future, these diverse technological outcomes will be harnessed and in-
tegrated to develop unified haptic suits or tactile cloths with the aim of fully enhancing
the user experience by combining multiple functions into one single device.

On the other hand, the tactile technologies presented in Part II may be included in
a large framework for rehab and telemedicine. This integrated system could incorporate
virtual reality environments, online data protocols for real-time transmission of tactile
signals, as well as sensors for patient data collection. Consequently, this comprehensive
framework could be utilized in clinical studies to assess treatment effectiveness and adapt
hardware and software components based on user and clinician feedback.

Lastly, the extensive research conducted on cellular models and lab animals about
cancer inhibition may pave the way for a new therapy to freeze the clinical state of a
patient and fight tumor recurrences. Future research endeavors will not only contribute
to advancing the fields of biology and mechanobiology but also catalyze the evolution
of haptics into novel applications of cancer treatment. This groundbreaking work holds
significant promise for transforming how we approach cancer treatment in the future.
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