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Abstract

The human brain integrates tactile sensory information from the fingertips to efficiently manipulate ob-
jects. Sensory impairments due to neurological disorders, e.g. stroke, largely reduce hand dexterity
and the ability to perform daily living activities. Several feedback augmentation techniques have been
investigated for rehabilitative purposes with promising outcomes. However, they often require the use
of unpractical, expensive, or complex devices. In this work we propose the delivery of vibrotactile feed-
back based on the Discrete Event-driven Sensory feedback Control (DESC)to promote motor learning
in post stroke rehabilitation. For this purpose, we prototyped a novel wearable device, namely the
DESC glove. It consisted of a soft glove instrumented with PolyVinylidene Fluoride (PVDF) sensors at
the fingertips and eccentric-mass vibration actuators to be worn on the forearm. We proceeded with
the characterization of the device, which resulted in promising outcomes.
The DESC glove was tested with ten healthy participants subsequently in a pick and lift timed task.
The effects of augmented vibrotactile feedback were assessed comparing it to a baseline, consisting
of wearing the device unpowered. The results of this pilot study showed a decrease in the time nec-
essary to perform the task, a reduction in the time delay from load force to grip force activation and a
diminishing of the grip force applied on the object, which led to a lower breakage rate in the intervention
condition. These promising outcomes encourage further experiments with stroke survivors to validate
the effectiveness of the device to improve hand dexterity and promote stroke rehabilitation.
Key words: Stroke, Hand, Rehabilitation, Sensory, Vibrotactile, Feedback, Glove, Wearable.
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1
Introduction

To be published as: ”Non-invasive Augmented
Sensory Feedback in Post-stroke Hand Rehabilitation Approaches”,

Leonardo Cappello and Rebecca Baldi, Leonard Engels, Christian Cipriani,
in the book ”Somatosensory Feedback for Neuroprosthetics”, ELSEVIER.

1.1. Introduction: Sensory information in handmotor performance
Stroke is like a heart attack for the brain: a disruption of the blood supply leads to tissue damage
and disruption of normal brain function. Approximately 80 million people worldwide have experienced
stroke and over 13 million new strokes occur every year [68]. Stroke is one of the major causes of
disability worldwide [56], and can have long lasting consequences for the affected. Impairments in por-
tions of the body contralateral to the affected side of the brain can generate loss of hand motor function
which poses a dramatic limitation in performing everyday life activities and reduces the patient’s in-
dependence. As a consequence of brain damage, tactile sensitivity is often compromised, and, the
lack of information on mechanical contact states reduces the synergy in movements and the ability of
manipulating objects [8].
Depending on the location and extent of the damage that the stroke caused in the brain, the conse-
quences vary strongly. The common obstruction of the medial cerebral artery, for example, can lead to
muscle weakness, hemianesthesia, hemianopsia, hemineglect, apraxia, and disturbed spatial percep-
tion, to name just a few. Damage to pons, cerebellum or midbrain can lead to hemiataxia, (partial) loss
of pain and temperature sensation in face and body, hemiparesis, hemiplegia, and tetraplegia. At a
lower level of processing, damage leads to primary sensory deficits, such as anopsia or tactile impair-
ments, whereas higher level damage, at a later stage of processing, leads to more cognitive defects,
such as neglect or agnosia [114].

1.1.1. Upper limb impairment
In the majority of stroke survivors, the upper limb is affected [115], with more than 80% experienc-
ing acute hemiparesis of the contralesional limb, and more than 40% experiencing it chronically [29].
Sensory deficits, such as impairments of touch, mechanical, temperature, and pain sensations, two-
point discrimination, and proprioception, are also common in the contralesional arm [11, 22, 29, 95].
Yet, in some, grasping with the ipsilesional upper limb is affected as well [93, 94], in part because
some corticospinal fibers do not decussate in the medulla, meaning that both cerebral hemispheres
are needed for optimal function of either limb [22]. Rehabilitation after stroke mostly focuses on motor
rehabilitation, but it is well-known that primary and secondary motor areas in the brain also respond
to sensory stimulation [10]. Indeed, impairments of grasp force control, prehension patterns, and fine
motor manipulation have been associated with sensory impairments [10, 22, 29]. Chronic loss of tactile
sensitivity and proprioception decreases awareness of limb, shoulder, and trunk position and move-
ment, which is essential for spontaneous use of the whole limb [10, 29, 117]. Conversely, lesions to the
primary motor cortex have also been reported to lead to tactile agnosia, which is typically associated
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2 1. Introduction

with primary sensory cortex lesions, and severe motor lesions lead to changes in connectivity of all
sensory areas [10]. Motor and sensory properties are tightly intertwined and need to be integrated for
optimal motor behavior [10, 27, 114].

1.1.2. Sensorimotor control of the upper limb
Any movement necessarily starts open-loop, that is, without sensory feedback, since afferent infor-
mation from eyes, tactile receptors, and proprioception are always processed with some delay [52]
[119]. This is made possible by “internal models” of movements: the “inverse model” produces mo-
tor commands by estimating how a limb needs to be moved to grasp an object, for example, based
on its position, length and weight [57, 104, 119]. Figure 1.1 shows a schematic representation of the
interaction with the environment during movements, and how the brain processes information to gen-
erate motor commands. An “efference copy” of the motor commands is used by the “forward model”
to predict the sensory consequences of the movement. For example, efficient grasping of an object
is “separated” by the central nervous system (CNS) at “sensorimotor control points” into a series of
simpler subtasks [49], as is shown in detail in Figure 1.2. Discrepancies between predicted and actual
sensory information, so-called sensory prediction errors, become evident at these control points and
allow the intact CNS to correct movements, rendering them “closed-loop”, and to improve the internal
models [49, 119].
As the part of the CNS that is mainly responsible for smooth movements, these internal models, too, are
likely based in the cerebellum, so damage would directly affect the ability to use and maintain internal
models [46, 58, 88, 91]. However, as would be expected, there is strong interplay directly related to the
formation and refinement of internal models also with other regions of the CNS, such as the primary
motor and sensory cortices [47, 72, 88]. Lesions in parietal or premotor areas, for example, may also
negatively affect the ability to integrate sensory feedback during movements, likely affecting efficient
movement planning and execution [10].

Figure 1.1: Schematic of sensorimotor control. To grasp an object, the desired output is translated into motor commands by the
inverse model in the central nervous system (CNS). These motor commands are sent to the peripheral nervous system (PNS)
to activate the muscles that move the hand to the desired position. Feedback on lenght, velocity and force of the muscle is sent
back to the central nervous system. Activation of sensory afferents, for example through contact with an object, are sent back
to the CNS where these sensory events are compared to the predicted sensory events that the forward model created based on
the efference copy of the motor commands. In the case of a mismatch between prediction and actual event, the internal models
are updated for future repetitions of the same task, and, if necessary, corrective motor actions are initiated.

1.1.3. Sensory input for optimal movement
For efficient grasping, sensory feedback depends crucially on mechanotactile receptors in the skin of
the hand, particularly the discrete sensory events upon contacting, lifting, replacing, and releasing an
object [49, 51, 53], but surface friction recognition, too, is important for accurate force scaling (e.g. [9]).
Visual information and proprioception are particularly important during the reaching phase towards an
object to accurately shape arm and hand [95]. Chronic impairment of any of these sensory properties
after stroke leads to motor impairment in part due to inaccurate internal models that cannot be updated
properly [10, 95]. The inability to detect mismatches of predicted and actual sensory information can
cause anosognosia, leading to significantly poorer recovery [10] (As shown in Fig. 1.2).
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Vision and even auditory stimulation also activate mirror neurons which play an important role in learn-
ing and mimicking movement [10]. This may serve as a means to stimulate the motor system after
stroke even if other pathways are damaged [10].
Patients who have impaired sensorimotor or visual capabilities are more dependent on caregivers than
those with motor impairments alone [27] and have difficulties exploring and relating to their environ-
ment, making them less independent and affecting long-term participation [29]. In addition, affected
temperature or pain sensation, balance, or proprioception affect the safety of the stroke survivor even
if there is adequate motor recovery [29].

Figure 1.2: Sensory information role in an object manipulation task. Figure adapted from [21] (up) and [38] (down). The task
phases related to subgoals are shown on the top, with the corresponding levels of load force (LF) and grip force (GF) during
the grasping task. The mechanoceptors and different types of afferent fibers, shown in the bottom part of the figure, activate in
correspondence of discrete contact events. The actual tactile events are compared with the predicted tactile events generated
from an efferent copy of the motor command by the internal models. The mismatches between predicted and actual tactile events
are used to implement corrective actions on the motor commands.
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1.1.4. Augmented feedback to stimulate neural plasticity
Therapy intended to recover lost sensation may aid in re-learning and compensating for lost motor abili-
ties, particularly for the upper limb [10]. Short-term effects may result from compensation, but long-term
effects will come about from restoration of sensory function due to plasticity, by strengthening existing
connections and the recruitment of new ones [114]. Plasticity in intact areas of the brain is related to
the damage to intracortical connections [50]. It is important to enhance ipsilesional recovery during
during therapy, as increased activity in the contralesional hemisphere relates to poorer recovery [50].
Based on this knowledge, it can easily be argued that, restoring sensory functions will directly and
indirectly aid in recovery of motor functions [10]. However, although it is generally agreed upon that
augmented feedback is beneficial for motor learning, the way to most effectively provide it is still de-
bated [109]. Approaches could include focusing specifically on task-inherent feedback, but patients
with cognitive or more severe perceptual impairments may not be able to make use of intrinsic feed-
back [115]. In those cases, “augmented” or “task-external” feedback, such as that delivered from a
therapist, a timer, or some other device, could provide the sensory input that is missing to improve
performance of a given task.
In the following, we will provide an overview of current rehabilitation protocols, followed by an in-depth
review of the various approaches to providing augmented sensory feedback for upper limb rehabilita-
tion after stroke, partitioned by sensory channels. A number of studies have found positive effects of
augmented sensory feedback, but it is as yet too early to provide a final verdict on its usefulness, or
even on how best to implement this form of feedback. Thus, this book chapter will end with a section
providing an outlook on and suggestions for future research and developments.

1.2. Current rehabilitation protocols
Several upper limb rehabilitation techniques have been developed to promote the recovery of the im-
paired extremity function after stroke, with the ultimate goal of restoring independence and quality of life
of those affected. Rehabilitation exercises aim at reactivating the neural pathways involved in the com-
pletion of a task and provoking neural plasticity and motor learning [28]. Motor learning mechanisms
are fundamental for a rehabilitative process: it is necessary that the functional gains of the training
sessions persist in time and that their effects can be generalized to untrained motor actions [61]. It
cannot be assumed that, whenever the performance increases during training, the gains in motor and
sensory assessment scales are retained over time.

1.2.1. Approach to rehabilitation
General guidelines on the criteria that rehabilitation protocols should meet in order to be maximally
effective for motor learning are present in literature [44]. An important aspect to take into consideration
is the orientation of the training programs: they should be patient-tailored and goal-tailored, taking into
consideration the level of individual cognitive impairments. Other important characteristics of rehabili-
tative training are that they should resemble real-life contexts as much as possible and be motivating
for the patient. Motivation is increased by designing exercises relevant to the activities of daily liv-
ing [27]. An appropriate level of involvement and challenge too is fundamental to promote motivation
during training. Difficulty and intensity of the exercises should increase over time Another important
characteristic of rehabilitative training is to resemble the real-life context as much as possible and be
motivating for the patient, and the task variability should be largely taken into consideration. It is im-
portant to introduce rest periods and variability among exercises, even during massed practice, i.e.
when a single task is performed repeatedly. This could result in a performance decrease during the
acquisition session but it ultimately leads to improvements in the long term, which can be seen in re-
tention tests. Variability among training exercises will also facilitate generalization of motor learning to
untrained movement [61].
In the first stage of the rehabilitation sessions, in case the patient shows severe motor impairments, it
is common practice to passively stimulate the sensorimotor system through massages, passive joint
or soft tissue mobilization techniques or assisted movements [45]. In the second stage, sensory train-
ing is often addressed more explicitly, for example with sensory recognition exercises, which train to
reconnect stimulation of mechanoreceptors and proprioceptors with conscious percepts [98]. The un-
masking of already present afferent sensory pathways can promote neuroplasticity and increase hand
sensitivity [89]. The importance of sensory stimulation is often underestimated in rehabilitation proce-
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dures which usually focus mainly on motor function recovery [10]. In the following, we describe the
most common rehabilitation procedures used today.

1.2.2. Constraint-Induced Movement Therapy (CIMT)
Constraint-Induced Movement Therapy (CIMT) is a technique that consists in the restraint of the un-
affected arm while training the impaired limb. The restriction can be done for the greater part of the
waking hours while the patient is performing daily life activities (usually 90%), and can also be included
during the massed practice sessions, preferably for at least 6h a day for two weeks [27, 28, 61]. After
an injury, patients tend to neglect the use of the affected extremity because of the consequent/resulting
pain and fatigue. Using the unaffected arm for most of the daily tasks results in a lower effort and bet-
ter timing for achieving a goal. Hence, the concept of CIMT is to force the use of the impaired limb
to perform standard tasks such as reaching, grasping and pinching. However, this practice has strict
requirements: patients involved in CIMT protocols must have at least 10 degrees of active wrist, thumb
and any other two fingers extension on the affected hand. These requirements are necessary in order
for the therapy to be beneficial, and 90% of the patients do not satisfy these eligibility criteria [27].

1.2.3. Mirror therapy and robot-assisted therapy
CIMT stands in theoretical contrast to mirror therapy, where synchronized movements are performed
with both arms to increase coordination. Bimanual training techniques have been proven to promote
motor learning by generating a mirror-induced movement in the paretic limb that reduces the inhibition
of the damaged cerebral hemisphere [37]. Although mirror-therapy resulted in fewer improvements
compared to the unilateral practice [73] but is still widely used combined with functional repetitive train-
ing, robotic therapy and other rehabilitation techniques.
Robot-assisted therapies have gained attention in the last decades as they allow to perform highly
repetitive, intensive and adaptive physical training. Robotic devices can be either exoskeletons, which
match the kinematics of the impaired limb’s joints, or end-effector robots acting only on the distal part of
the arm. Robotic trainers are sometimes used in virtual reality (VR) settings, combined with visual, audi-
tory and haptic feedback to promote involvement in the task. These robotic technologies can operate in
active assist mode, guiding the hemiparetic limb with assist-as-needed principle [30, 81]. In this modal-
ity, many repetitions of the same action are performed, reducing robot assistance over the course of
training, to stimulate an increase in the patient’s active participation. In contrast, passive mode robotic
training enhances post-stroke recovery by providing proprioceptive feedback only [86, 112]. Finally,
both the impaired and the sound limb can be involved in the therapy, as for example in bimanual mode
robotic training which exploits the mirror-therapy concept previously mentioned.
A great advantage of robot-assisted therapies is the potential they offer to quantitatively monitor the re-
covery through accurate kinematic recordings. In fact, they allow therapists to assess the smoothness
and correctness of the movements at the end of each training session. Moreover, task variability can
be easily introduced in several ways when using a robot for rehabilitation purposes, e.g., by introducing
a force-field in the exercise to challenge the patients and induce them to adapt their internal models
to a varying environment [61]. A further advantage of robotic therapy is the increase in motivation due
to the gamification of the exercises, which can be designed to challenge the patients with short-term
goals. This can ultimately lead them to voluntarily increase the dose of the treatment.
The main issues behind the use of robotic rehabilitative techniques are their high costs and their poor
practicality in a home setting. The use of these therapies requires technical assistance and a medical
center setting. Moreover, no significant advantage is seen unless a high number of repetitions in the
same session are performed (at least 100, usually 300) [17]. The risk with such intensive training ses-
sions, patients and therapists feel exhausted and are unable to participate effectively into the rest of the
daily activities, with the risk of hindering the beneficial effects of the global therapeutic treatment. On
the other hand, this increased intensity and motivation may be the key for improving the outcomes of
the rehabilitation therapy and reducing the therapist’s workload [81]. Importantly, robotic training might
allow one therapist to treat several patients at the same time. The therapist can provide assistance and
explanation as needed while the repetitive training itself is performed by the patients independently.
This could lead to an overall increase of the hours each patient can spend training under the supervision
of a therapist and thus to an increase of quality rehabilitation.
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1.3. Augmented sensory feedback in rehabilitation
Beyond practice, feedback is generally considered to be a fundamental factor in motor (re-)learning.
With the term feedback indicates the influx of sensory information related to the performed movement
or task. Broadly, we can differentiate two types of feedback according to the source that generates it:
“inherent feedback” is information that is naturally perceived during a given motion or task, for example
coming from proprioception, vision, hearing, and mechanoception at the hand. The second is artificially
added or enhanced via an external source; it is therefore named “augmented feedback” (often referred
as explicit, extrinsic, or artificial). It can be produced either by a human or an artificial device [115].

1.3.1. Aspects of feedback
Augmented sensory feedback can be delivered according to different strategies, which, according to
Molier et al. [84], can be described by their aspect and modality. We define aspect as the way the
sensory feedback is delivered, i.e., its nature and timing. The nature of the feedback concerns its
content, which can either be about the action, commonly referred ad knowledge of performance, or
about the outcome of the action itself, referred as knowledge of results [84, 115]. Timing is the second
fundamental aspect of feedback, which defines the moment in which feedback is provided and its du-
ration. The stimulus could be delivered during the execution of the motor task (concurrent feedback)
or after its conclusion (terminal feedback) [109]. As for the duration, the stimulus can be either deliv-
ered as instantaneous information (discrete feedback) or in a prolonged fashion (continuous feedback).
Biofeedback is a particular type of feedback that delivers information about the users own actions (e.g.,
finger movement, muscle activation, heart rate); it is concurrent with the task and continuous (real-time)
[39].

1.3.2. Feedback modalities
Conversely, modalities are subtypes of sensory experience that the augmented stimulus elicits and
depend on the type of the receptor activated. Augmented feedback can be delivered through the
following modalities: i) auditory, which comprises all the stimuli that can be captured by the hearing
system such as the sound of a metronome or verbal signals, ii) visual, which includes all the cues
made available through vision, such as virtual reality displays, signaling lights, gestures, etc., and iii)
haptic, which refers to the sense of touch and can be further be split into skin pressure, vibration, skin
stretch, etc. In addition, different feedback modalities can be combined to provide multimodal feedback.
If the modality of the augmented feedback is identical to the natural one, the feedback is modality-
matched (e.g., when grasping force is augmented with pressure feedback) [3]. If, instead, the sensory
information is provided through a different modality (e.g., an increasing contact force represented as a
sound with increasing volume), the feedback is modality-mismatched. The means by which feedback
is provided is often called display, but it is not confined to the visual domain. In fact, a computer screen
can be a display as much as a vibration motor or a speaker [109].

1.3.3. Strategies for robot-assisted error feedback
A possible approach for delivering augmented sensory feedback consists of manipulating it with the
aim of tuning its effects on motor learning and rehabilitation. Especially in the field of robotic rehabil-
itation, two opposite paradigms of feedback modulation have been extensively studied, namely Error
Reduction (ER) - also referred to as haptic guidance – and Error Augmentation (EA) - also known as
motor amplification. The ER paradigm advocates for a reduction of the performance errors of partici-
pants while performing a motor task, which normally occurs by means of a robotic tool that guides the
participant’s limbs in accomplishing the task, to restore motor function after stroke [81]. Since the motor
system has been demonstrated to behave as a “greedy” optimizer that rapidly incorporates the robot’s
assistive forces to reduce the degree of voluntary control and muscle activation [32], it was suggested
that the assistance should be provided “as needed”, i.e., with the minimal amount of external assis-
tance [75, 97]. Conversely, EA paradigms tend to amplify the movement error by means of disturbing
force fields, since motor learning is in fact driven by error [32]. However, it was demonstrated that
skilled subjects benefit more from learning with EA than less skilled subjects [83, 109], which ultimately
translates to the recommendation of tuning the modulation based on the specific skill level of each
patient.
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1.3.4. Developing a reliance on extrinsic feedback
When providing augmented feedback, there may be a risk of training the patient to rely on it more than
intended. The guidance hypothesis speculates that the salience of concurrent extrinsic feedback may
lead the patient to depend on this extrinsic feedback, ignoring any intrinsic feedback. Improvements
that are shown during the performance of the task with extrinsic feedback delivery are therefore lost
in retention tests [109]. In other experiments, however, concurrent feedback seemed beneficial during
the performance of more complex tasks [10].
Several studies on this issue have shown that intermittent trials without feedback allowed the partic-
ipants to integrate external and internal feedback rather than coming to depend exclusively on the
external feedback. In those studies, the participants could replicate the learned movements in reten-
tion tests without external feedback, probably because the augmented feedback had allowed them to
refine the internal model of the task [6, 24, 106, 118].

1.3.5. The sensory side of rehabilitation is an open question
Many authors argue that, as yet, there is insufficient literature evidence to support (or refute) the effec-
tiveness of interventions specifically focused on the sensory aspect of stroke rehabilitation [10, 11, 29,
69, 115]. Nonetheless, the absence of evidence does not imply the evidence of absence, and several
recent studies encourage further investigation of this topic, as supported by emerging technologies and
rehabilitation techniques [19, 62]. Indeed, it has recently been suggested that combined sensorimotor
training outperforms conventional motor-oriented therapies [19]. In the following, several approaches
are described that use different sensory channels to provide specific sensory training. Notably, accord-
ing to our current knowledge of sensory cortical processing, the different sensory channels strongly in-
teract with each other in the CNS and they cannot be treated as separate moduli [4, 92, 108], therefore
it is theoretically impossible to aim at targeting only one channel but rather mainly one channel.

1.4. Auditory Feedback
Verbal encouragements are the most common forms of auditory stimuli delivered by physical therapists
in clinical practice [84]. Due to the variable nature of this form of feedback, it has been difficult to
evaluate its effectiveness in sensorimotor rehabilitation. However, it is known that auditory stimuli play
an important role in motor learning [109], and induce brain plasticity, as further exemplified by the fact
that trained musicians show anatomical differences in their motor and premotor cortex, and cerebellum
compared to non-musicians [10]. Playing a musical instrument is in fact a complex task that requires
fine motor coordination and the association of different sensory stimuli with motor actions. Based on
this potential interaction between motor coordination and music, it has been suggested that music can
be leveraged to provoke neuroplasticity to facilitate rehabilitation of stroke patients.

1.4.1. Types of augmented auditory feedback
A common way of providing auditory feedback in rehabilitation therapies is through rhythmic stimu-
lation, which can improve motor function and proved particularly beneficial for gait training [10, 19],
possibly due to the rhythmic nature of the gait. However, music-based interventions produced benefi-
cial effects also in interventions targeting the upper limb [10, 19, 87], suggesting that music (and rhythm
in particular), can guide motor timing and improve motor control. Beyond music therapy and rhythmic
stimulation, three possible ways of displaying auditory feedback have been identified by Sigrist et al.
[109]: i) auditory alarms, ii) sonification of movement variables, and iii) sonification of movement er-
ror. While the first type of auditory feedback implies the delivery of auditory stimuli without any form
of modulation to signal that some variable exceeded a threshold, the other two involve the use of data
values to change the parameters of the auditory stimuli. These data can be, respectively, kinematic
and dynamic variables of the body (e.g., limb velocity, grasp force, body position, etc.) or deviations of
these variables from a desired value.

1.4.2. Auditory feedback devices
It is worth noting that auditory feedback is very often displayed in combination with other sensory modal-
ities, which hinders the possibility of drawing general conclusions regarding the impact of this sensory
modality in the improvement of sensorimotor performance [84, 87, 114, 117]. In the remainder of this
section, we report a number of studies that attempted at providing evidence of the efficacy of auditory
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feedback for neurorehabilitation.
In a study by Malucci and Eckhouse, concurrent auditory feedback was displayed to a group of stroke
patients to guide their reaching trajectory of the upper limb, while the rest of the patients received physi-
cal training alone. Modifications of the trajectory were seen both in the group undergoing practice alone
and the one with auditory feedback, however, the auditory feedback group obtained better path perfor-
mance [79]. Another approach that has been tested consists in using musical instruments to practice
music-supported motor rehabilitation, in which the patients learn to play simple songs on a piano or
rhythms on a drum. The effect on motor performance of auditory feedback delivered while playing an
instrument was attributed to error-based learning [96, 120]. Van Vugt and colleagues [116] aimed to
test the error-based learning hypothesis by providing Music-Supported Therapy (MST) with and without
delayed auditory feedback. Surprisingly, the group receiving delayed feedback outperformed the one
receiving real-time concurrent feedback in the well-known 9-Hole Pegboard Test. The authors argued
that auditory-motor integration may be impaired in stroke patients so that concurrent audio feedback
led to over-correction of non-existing errors.
Another application of auditory feedback to improve upper limb motor performance was presented by
Thielman [113]. Auditory feedback on trunk position aimed to reduce trunk compensation movements
during reaching in post-stroke patients. The feedback was faded over time in accordance with the
guidance hypothesis. Both the feedback group and a control group of subjects restrained to a chair
improved their performance, but the feedback group improved significantly more than the restrained
group. This result suggests that extrinsic feedback can increase sensory awareness during the perfor-
mance of a motor task, which could ultimately favor motor learning.

1.4.3. Conclusions on sensory feedback
The scarcity of evidences on the effectiveness of auditory feedback in sensorimotor rehabilitation and
the lack of a standardized procedure prevent us from drawing a satisfactory conclusion on this method.
On the other hand, promising results have been obtained in improving both motor control and sensory
awareness, which confirm the high potential of auditory feedback and encourage further studies in this
direction. Notably, auditory feedback is often multimodally combined with other types of augmented
feedback [59, 67, 77], which will be described in the next paragraphs.

1.5. Visual Feedback
Vision is considered the most important sense for the interaction with the environment in activities of
daily life. The fundamental importance of vision for motor learning and the performance of complex
motor tasks is widely acknowledged [109]. Visual information can be leveraged to provide augmented
feedback related to motor performance or movement-related parameters with rehabilitative purposes.
In motor learning, the effectiveness of visual feedback largely depends on task complexity and skill
level [109], and optimal visual feedback should therefore be tailored to the specific user’s needs to
avoid cognitive overload. It is suggested that adding visual stimuli to rehabilitation therapy promotes
the learning process [84] and increases motivation during the training [86]. Beyond mirror therapy,
which has shown beneficial effects in stroke rehabilitation and is regarded by some authors as a form
of augmented feedback [10, 29, 86, 87], visual feedback is effectively delivered in the form of Virtual
Reality (VR) [36, 66, 86, 87, 117]. This type of rehabilitation involves the use of simulated realistic
environments that are displayed through different devices, such as virtual reality headsets, projectors or
monitors [66]. The virtual environments are characterized by different levels of presence and immersion
[10, 66]. While the former is a subjective measure of howmuch the person experiences actively being in
the virtual environment, the latter objectively factors how much the virtual system is intended to capture
the user’s attention [66]. A variety of devices can be used to interact with virtual environments, ranging
from the computer mouse to state-of-the-art tracking systems used to capture the kinematics of the
limbs, which are then represented in the virtual workspace, while yet other sensors can be employed
to capture the dynamics of the actions, such as forces and torques.

1.5.1. Benefits of Virtual Reality rehabilitation
Several aspects support the effectiveness of VR-based rehabilitation. Firstly, the recent advances in
VR and serious gaming technologies, especially from the entertaining industry, provide the great poten-
tial of increasing users’ participation to the rehabilitation exercises, thus encouraging more repetitions
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of goal-oriented tasks [36, 66, 117], which are paramount in neurological rehabilitation [65]. Increas-
ing visual quality and immersion of virtual environments results in larger recruitment of visuomotor
networks, which may benefit motor performance and learning [36]. Furthermore, VR-based training
produced evidence of provoking neuroplasticity, increasing ipsilesional representation and larger acti-
vation of the primary motor cortex [66]. The effectiveness of VR practice on motor learning depends
on task complexity, where complex tasks lead to marked positive effects, while the concurrent visual
feedback brought by simple virtual motor tasks proved rather unfavorable, possibly due to the guidance
hypothesis - i.e., permanent feedback acquired during learning leads to a dependency on the feedback
[109].

1.5.2. General features of a Virtual Reality setup
In the following paragraphs, clinical studies reporting the use of augmented visual feedback in the form
of virtual reality training are reported. A stereotypical example of a virtual reality scenario is represented
in Figure 1.3. In some studies, the movement of the whole body is captured by motion tracking systems
[111]. This information is used to reproduce the movements in space, usually projected in real-time on a
large screen. The representation of the biomechanical system of the end effector can resemble human
aspects, assuming the form of an avatar [111] or appear through more abstract shapes. Examples of
such abstract representations are arrows depicting the direction of motion in a 3D space [77] or bars
varying in color and height according to the arm’s movement [42]. Even in case of a more realistic and
complete representation of the environment, feedback related aspects are usually enhanced to avoid
distractions, for a clear understanding from the user. Another important characteristic of VR systems is
the involvement of the subject in the execution of the task, motivation increases when the task pretends
to be either useful in a real environment or amusing in a game setting.

Figure 1.3: Stereotypical example of a VR setup for hand rehabilitation purposes. It features a motion tracking system (e.g., an
RGBD sensor) and a screen or a projector to display the VR scenario. The motion of instrumented objects can be coupled with
virtual objects by means of a receiver placed on the patient’s limb. These objects can be attached to a glove worn by the patients
in case of severe motor impairments, which prevent them from grasping the object. Methods to restrain the patients’ trunk can
be included to avoid compensatory movements.

In these rehabilitation therapies, stroke patients are usually asked to perform both simple and com-
plex tasks. Simple tasks can be achieved by reaching an object, while more complex tasks, such as
pouring water from a bottle in a glass, involve the activation of many muscles and can be decomposed
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in several sub-movements. In both cases, it is common to use physical sensorized objects, synchro-
nized with virtual objects in the virtual environment [60]. The virtual objects should resemble in shape
the real ones as much as possible and follow their displacements in real time thanks to electromag-
netic, piezoelectric, capacitive or resistive tracking sensors placed on the sensorized objects. In case
the patient presents severe grasping deficits, sensorized gloves are often used and real objects can
be forcedly attached to them [59, 60, 67, 90]. The same motor task can be performed with increased
complexity by adding extra virtual elements which do not have a correspondence in the real environ-
ment [60, 90].
The kinematic features extracted by the VR experimental setups can be beneficial both for the clini-
cians to evaluate themotor performance and for the patients to increase their awareness on the sensory
events while executing the movements. These features consist of several kinematic variables recorded
by the tracking systems, e.g. mean velocity of end effector, time to complete the task or number of sub-
movements executed to complete a complex task (peaks) [12, 59, 60, 90]. The representation of more
complex features such as the torque or force applied by the patient’s upper limb, the joint range of
motion, trunk compensation or movement trajectory is often employed [23, 67, 77, 111]. Additional
information on the error and error rate can be provided as knowledge of results feedback [111].

1.5.3. Studies in Virtual Reality for rehabilitation purposes
Studies using VR systems that provide solely visual feedback compared the effects ofReinforced Feed-
back in Virtual Environment (RFVE) to standard rehabilitative protocols. Significatively larger improve-
ments in the motor function assessment measures were seen in the RFVE groups compared to the
control group receiving the same amount of personalized or standard traditional therapy [60, 90]. The
virtual reality scenarios in these two studies consisted of a motion tracking system, a large screen and
sensorized objects. These objects were coupled with an electromagnetic sensor on the dorsal part
of the hand or on a glove worn by the patient in case of severe motor impairments. Improvements in
Fugl-Meyer Upper Extremity scale for the RFVE group resulted from these studies. Moreover, Kiper et
al. reported an increase in Functional Independence Measure with respect to the control group. These
works demonstrated that motor functions improved after VR-based rehabilitation exercises in addition
to regular therapy.
Another advantage of VR-based exercises is the possibility of delivering several types of augmented
sensory feedback through the use of sensorized objects. Studies employing multimodal sensory inte-
gration through virtual reality systems will be described in the dedicated section.

1.5.4. Other visual feedback delivery methods
In addition to VR, augmented visual feedback can be added to traditional rehabilitation to provide in-
formation on the level of the force applied during grasping, as studied by Quaney et al. [94]. In their
study, augmented visuomotor training was administered to patients performing a lifting task by pro-
viding information on the target and the current magnitude of the grip force (GF), continuously during
object manipulation. After the visuomotor training session,the patients were able to pick and lift with
higher GF accuracy, and the improvements remained stable after the removal of feedback. In fact, the
authors hypothesize that stroke patients appropriately used predictive GF by recalling the prior knowl-
edge on motor commands. Another example of providing augmented visual feedback is the display of
information on direction and intensity of normal and tangential forces applied by stroke subjects during
a manipulation task, where the participants were asked to reach and maintain target levels of normal
and shear forces [101]. The training resulted in increased scores of Box and Block Test and Action
Research Arm Test between pre- to post-test measurements. The tangential to normal force ratio de-
creased after training, indicating a higher level of hand motor performance. Notably, the improvements
persisted even after the visual feedback was removed.

1.5.5. Conclusions on visual feedback
Visual feedback has been thoroughly investigated for neuromotor rehabilitation, and the level of evi-
dence of its effectiveness is significant. Both VR and visual cues have been demonstrated to provide
neurological patients with valuable information that they can leverage to improve their motor perfor-
mance. In particular, VR-based approaches are particularly promising, increasing the level of perfor-
mance, also thanks to the continuous advances in this field promoted by the entertainment industry,
and allowing for a higher level of engagement. Similarly to auditory feedback, vision-based approaches
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are often coupled with other types of augmented information in a multimodal fashion, further extending
the potential of this method.

1.6. Haptic Feedback
Haptic feedback, meaning information relayed by the sense of touch, enables us to interact bidirection-
ally with the environment, i.e., to act on it and contemporarily perceive these actions [109]. The study
of haptic feedback attracted many researchers worldwide and the impact of haptics on motor learning
and rehabilitation have been widely investigated. These studies contributed to our understanding of
how we use touch to explore the environment and how they impact on our motor function [26]. It was
discovered that motor performance can be improved through haptic stimulation, which increases cor-
ticospinal excitability and expands the cortical representation of the body part that is stimulated [10].
Moreover, it was found that substantial processing of somatosensory afferent stimuli occurs in the mo-
tor cortex, demonstrating the great interconnection between motion and sensation [19, 109]. Notably,
haptic feedback does not require visual attention during exercise [117] and indeed it is used to reduce
the workload of visual and auditory system [109]. Haptic feedback can be broadly divided into two
different categories: kinesthetic and tactile feedback [26]. The former is used by the CNS to infer the
position and motion of the body parts (referred ad kinesthetic awareness or proprioception), and the
latter consists of information from the external environment. Muscle spindles, golgi tendon organs and
mechanoreceptors (quick adaptive Pacinian corpuscles FAII and slow adaptive Ruffini endings SAII)
in the joint capsules, ligaments, and skin surrounding the joints collect kinesthetic stimuli, while four
types of mechanoreceptors, thermal receptors and nociceptors provide tactile information [26]. The
mechanoreceptors are divided in fast adapting (FA) and slow adapting (SA) types, in particular: Meiss-
ner corpuscles (FA I), Pacinian corpuscles (FA II), Merkel Cell Neurite Complexes (SA I) and Ruffini
endings (SA II).

1.6.1. Movement-based (implicit) and sensory-based (explicit) haptic feedback
In haptic research it is possible to differentiate between devices that primarily target the sensory func-
tion, which therefore provide only references for the completion of a specified movement, from devices
that instead guide the user through the movement, which do not provide haptic feedback as a primary
goal but nevertheless provide sensory feedback by promoting motor activity [26].
In fact, robotic therapists, such as exoskeletons or wall-mounted systems, guide the limb motion pro-
viding assistive or resistive actions. Notably, they do not only promote rehabilitation due to the implicit
improvements in muscle strength or joint range of motion but purposely facilitate motor learning through
sensorimotor integration. Despite the increasing adoption of these devices in clinical practice and the
proven efficacy in upper limb rehabilitation [81], their intervention cannot be considered as primarily
sensory and will not be extensively treated in this chapter.
On the other hand, the devices that primarily target sensory function and do not impose motion can
either be based on kinesthetic feedback or tactile feedback. Kinesthetic feedback can be delivered
through an electromechanical or pneumatic apparatus, such as a force feedback joystick or mouse.
Alternatively, other devices that primarily target the sensory function consist of vibrotactile displays and
pressure displays, namely tactors. Vibrotactile systems represent the most common way of providing
haptic feedback, as testified by their pervasive adoption on technological devices such as phones or
wearable gadgets. These devices have been used widely used to support motor learning [109] and
rehabilitation [117]. Notably, several parameters can be tuned in a vibrotactile display, similarly to
auditory displays, such as vibration frequency, intensity, duration, polarity (i.e., the vibration can pull
toward the signal or push away from it [109]) and application site, although it is not yet possible to draw
conclusions on how to properly tune these parameters. Tactile afferent information has been proven to
be central in object manipulation, which are used by the CNS to mark the task’ phases and link them
to sub-goals [52]. The fast adaptive nerve endings in human skin are very sensitive to vibrations, with
a peak in sensitivity in the range of 200 − 300𝐻𝑧 for Pacinian corpuscles and 40 − 50𝐻𝑧 for Meissner
endings [52]. The delivery of discrete vibrotactile cues demonstrated successful in restoring important
tactile information in the field of prosthetics, where vibrotactile feedback was delivered to a sensitive
part of the patient’s body, i.e., the arm, simultaneously with tactile events at the fingertips, and they
were quickly and seamlessly integrated in the user’s motor control [20].
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1.6.2. Feedback for kinesthetic illusion
Proprioceptive feedback provides conscious information on the position and movement of one’s own
body parts to the CNS, which uses it to refine balance and motor control [107]. Joint capsule receptors,
Golgi tendon organs and muscle spindles respectively provide information on joint position, muscle
force and muscle contraction velocity. Golgi tendon organs are located in series with muscle fibers in
the tendons and are activated when the tendon attached to the active muscle is stretched. On the other
hand, muscle spindles are located in intrafusal fibers, parallel to the regular ones. There are two types
of muscle spindle sensory endings: the faster primary endings respond to both changes in length
and velocity while the slower secondary endings are only sensitive to length and therefore provide
information on the position [55]. Damages to the anterior primary motor cortex area caused by strokes
also affect the function of muscle spindles, generating excessive or absent reflexes to proprioceptive
stimuli leading to severe losses in motor control and in particular, in fine manipulation skills [10].
It has been demonstrated that vibrations in the range of 70–110𝐻𝑧 delivered to musculotendinuous
regions can induce an illusory limbmovement, namely kinesthetic illusion [40, 74, 99]. The rehabilitative
potential of the kinesthetic illusion is suggested by the fact that it can elicit proprioceptive sensations
in patients regardless of their motor abilities and without requiring actual limb motion. Its efficacy in
clinical practice has not been thoroughly assessed [99], but a recent effort to define a standardized
approach may change this in the future.
For the aim of this study, we will not focus on the branch of haptic feedback augmenting proprioception,
as they do not provide an extrinsic information while performing a task, we are instead more interested
in the tactile sensation.

1.6.3. Devices for haptics
A variety of technologies can be instead employed to devise tactors, ranging from motors constricting
bands worn around the limbs and skin indentation or stretching mechanisms, to more exotic solutions
employing ultrasounds, magnetorheological fluids and shape-memory alloys, however their efficacy
in rehabilitation practice is limited by the reduced sensitivity of individuals affected by somatosensory
neuropathies [26]. In the remaining part of this section, we describe the clinical studies that focused on
delivering haptic feedback as a primary intervention for rehabilitation.
Tactile stimuli can be delivered through many types of motors and devices on the skin, even though
the most common technique is to use vibrations generated by eccentric mass, voice coil, piezoelectric
or servo motors [5, 31, 64, 70]. Other methods consist of applying mechanical pressure or a stretch to
the patient’s skin [5, 85], or exerting a resistive force through the handle of a haptic device proportional
to the information to be augmented [1, 12]. The information provided through haptic extrinsic feedback
can be of the same type of the feedback, i.e. tactile, [15, 70] or can represent other physical quantities
that differ from the modality of delivery [31].
When applying a vibrational stimulus to substitute fingertips’ tactile sensation, particular attention should
be given to the location and the duration of the vibration: in fact, if the actuator is placed directly on
the fingertips it can interfere with object manipulation, and the subjects feel like touching a vibrating
object instead of holding it with their fingers [82]. Moreover, exposing the participants to prolonged
stimulation could cause could cause adaptation of the receptors to the stimulus or even tissue damage
[26]. Adaptation to a stimulus can be prevented if the stimulation is interrupted intermittently [76, 105].
Additionally, concurrent feedback could be detrimental for motor learning. In a study where participants
had to learn six different movements, concurrent vibrotactile feedback distracted the participants and
led to poorer outcomes [6].
Vibrotactile feedback can be employed to effectively provide proprioceptive information. In a study by
Elangovan and colleagues [31], the patients controlled a wrist robot to complete a virtual task that was
simultaneously displayed on a screen and haptically rendered by the robot. Beyond the visual and
the haptic feedback, they received vibrational cues on their forearm regarding the position of the virtual
target. The robotic rehabilitation session resulted in a significant reduction of the Just Noticeable Differ-
ence (JND) threshold of the wrist joint angles, demonstrating that impaired proprioception can benefit
from augmented haptic feedback.
Information on dynamic interactions can be conveyed by means of haptic displays with rehabilitation
purposes. In a study by Cameirão and collaborators [15], the force applied by the patients to virtual
objects was fed back through the handle of robotic device in a rehabilitation task, which led to better
clinical outcomes with respect to other procedures without haptic stimulation. In a study by Broeren
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and collaborators [12], the reaction force generated by the interaction with objects in virtual environ-
ments was rendered to chronic stroke patients through a haptic stylus, resulting in improved clinical
outcomes after the treatment. Haptic feedback can also provide information about the Knowledge of
Performance of the ongoing motor action: the force applied by a haptic device was proportional to the
trajectory error in target-reaching tasks [1], , which resulted in improvements in clinical scales similar to
conventional therapy. or it can be triggered when a distance threshold is overcome during a reaching
task (named outcome-triggered feedback by the authors) [42]. Haptic feedback is a powerful modality
for delivering augmented feedback and is often used in combination with other types of feedback for
greater effectiveness through a multimodal sensory feedback integration.

Figure 1.4: Example of a setup for delivering augmented haptic feedback. Tactile information can be delivered through vibrational
actuators or tactors placed on the patients’ skin, while kinesthetic information can be delivered through forces or torques applied
by a haptic device.

1.6.4. Conclusions on haptic feedback
The tactile sense is a fundamental channel for neuromotor rehabilitation. We reported on several stud-
ies that leveraged different types of augmented haptic stimulation to promote recovery after stroke.
The haptic modality is often combined with other types of feedback, especially with vision in VR-based
scenarios, which makes particularly difficult to draw conclusions on the effectiveness of this sensory
channel. However, we can argue that adding haptic stimulation to the sensorimotor rehabilitative train-
ing generally leads to beneficial effects.

1.7. Multimodal Feedback
The CNS can integrate information coming from different sensory modalities with prior knowledge
on the task, minimizing the uncertainty on sensory signals [7, 35]. These signals are often inaccu-
rate and noisy, especially in post-stroke convalescence, when afferent pathways are corrupted. Bays
and Wolpert suggested that the brain normally integrates the information coming from distinct sensory
modalities through the use of weights, modulated according to the accuracy of the sensory signals [7].
The lower the variance of the signal coming from a specific sensory modality, the higher the weight
used by the CNS when integrating this information (Fig. 1.5). The same concept applies to the inte-
gration of prior knowledge the subject has on the task, which is weighted more if the intrinsic feedback
is degraded. Hence, in humans, multisensory integration facilitates the processing of sensory informa-
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tion, ultimately improving motor functions.
Many examples of multimodal augmented feedback in rehabilitation tasks can be found in the litera-
ture. In fact, visual feedback and VR systems are very often combined with other types of feedback to
increase realism and immersion.

Figure 1.5: Integration of the information coming from multiple sensory modalities (I.e., intrinsic feedback) and prior knowledge.
Higher importance is given to the sensory information with lower variance resulting in an optimal estimate with lower variance
than the two original distributions processed and integrated.

1.7.1. Virtual reality and haptic feedback
The combination of haptic devices and virtual reality for rehabilitation proved to be effective in a study
by Broeren et al., increasing the mean velocity at which the task is performed and decreasing the hand
path ratio compared to the baseline, i.e., the ratio between the length of a path hand-drawn by the
participant and a perfect linear movement [12]. Furthermore, the experiment performed by Cameirão
and colleagues, showed how merging VR and haptic feedback is more convenient than VR alone
or combined with a bimanual exoskeleton by comparing the three setups in the same rehabilitation
procedure. Coupling the haptic device and a VR scenario demonstrated significantly better outcomes
on upper limb Fugl-Meyer assessment, Box and Block test scores and on the ability of performing
Activities of Daily Living (ADLs) [15].

1.7.2. Robotic rehabilitation: visual and haptic feedback
The field of rehabilitation robotics represents an important example of the beneficial integration of hap-
tic and visual feedback: robotic trainers outperform other therapeutic tools lacking sensory feedback.
Furthermore, Sensory-Enhanced Robot-aided Motor Training (SERMT), proved to be more effective
than robotic training alone in increasing Motor Status score [70]. In this study a vibratory stimulus
was delivered on the subject’s hand according to the location and direction of the pushing/pulling force
applied to the handle of a robot during hand movements. The subjects that underwent this condition
outperformed the group that performed the reaching task with the robotic assistance alone.
A similar procedure, performed in a bimanual modality, was used to compare robotic rehabilitation to
the combination of robot-aided therapy and error augmentation techniques immersed in a VR envi-
ronment [1]. In this experiment, an upper limb robotic tool for bimanual practice where the location of
the non-affected wrist was recorded and displayed together with the affected wrist position as a visual
feedback on a screen. The robot delivered haptic feedback based on error augmentation, which sig-
nificantly increased upper extremity Fugl-Meyer Assessment score with respect to the control group,
whereas it did not show significant changes in Motor Activity Log and Wolf Motor Function Test.
In contrast, a study by Hayward and colleagues showed that outcome-triggered haptic feedback added
to a rehabilitation training supported by a passive device with adjustable inclination, did not improve
the level of performance [42]. The impaired arm was placed on the device, which constrained the
motion with a linear slide to assist reaching movement while the position of the arm and the target
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of the reaching movement were represented on a screen to entail the patient. In the group receiving
outcome-triggered robotic training, an additional electrical stimulation was displayed to indicate that
the patients surpassed their own best personal distance. Both rehabilitation strategies led to signifi-
cant increases in Motor Assessment Scale compared to a control group receiving usual care, with no
significant difference between the two.
Cordo et al. used a robotic device for providing hand assisted movement therapy combined with tendon
vibrators to five patients [23]. Training with this setup led to improvements in ADLs, hand strength and
function, observed both in post-test measurements and in the six-months follow-up, demonstrating the
benefits of assisted movement therapy combined with sensory augmentation in motor recovery with
effects in the long term. In another study, visual information regarding the passive force exerted by a
grounded end effector robot on the subject’s limb was provided during the performance of repetitive
movements [77]. This rehabilitation therapy led to statistically significant improvements in Fugl-Meyer
and Functional Independence Measurements scores in the experimental group with respect to a con-
trol group receiving the same treatment to the unaffected limb. The improvements were retained in a
follow-up after three months.

1.7.3. Visual and auditory feedback
Reinforced Feedback in Virtual Environment (RFVE) was proven to be more effective than conventional
one-to-one therapy when combined with auditory feedback providing information on the correctness of
movement performance [59]. In this large study, Kiper and colleagues compared functional and kine-
matics outcome measures before and after the performance of simple and complex tasks both in a VR
environment and in a 1-to-1 traditional hospital treatment setting. The VR setup was similar to previous
studies [60] although it featured additional feedback modalities. A score, provided through acoustic
signals and a digital voice, informed the participants on their spatial error while performing the tasks.
Moreover, additional visual feedback was provided in the form of a virtual teacher on the screen. This
multisensory environment for rehabilitation led to significant improvements in the Functional Indepen-
dence Measurements and Upper Extremity Fugl Meyer scores with respect to traditional therapy, as
well as in kinematics variables performance parameters.

1.7.4. Visual, haptic and auditory feedback
An illustrative example of multisensory stimulation consists of Adaptive Mixed Reality Rehabilitation
(AMRR) [67]. It featured a VR environment where abstract feedback was delivered through visual, au-
ditory and haptic modalities to promote independent movements during reaching and grasping tasks.
Each sensory modality was used to provide information on a specific set of variables: space-related
measures were represented by visual feedback, time-related variables by auditory signals, and grasp-
related parameters by haptic feedback. A combination of auditory and visual feedback was also dis-
played to provide proprioceptive information, such as joint positions and compensatory movements
of the trunk. Specifically, these feedback stimuli, adaptable according to the needs of each partici-
pants, were selectively activated to indicate an inefficient movement and provided information on the
direction and magnitude of movement errors. The results of this pilot study, performed on 3 stroke par-
ticipants, stressed the potential benefits of multisensory stimulation in post-stroke rehabilitation: Wolf
Motor Function Test score increased in all subjects following the AMRR treatment. Possibly, informa-
tion on the performance fed back through an integrated multimodal stimulation could have had a central
role. The authors underlined the importance of avoiding dependence on the feedback, delivering it only
when the patient needed it, instead of using a constant concurrent feedback.

1.7.5. Conclusions on multimodal feedback
Despite the large number of studies reporting beneficial effects of multisensory stimulation, many au-
thors agree that valid conclusions on their efficacy cannot be drawn., This uncertainty can be attributed
to the extremely wide variety of combinations of feedback modalities that have been tested so far
[10, 29, 84, 109, 114]. For the same reason, we cannot conclude whether multisensory rehabilitation
strategies can outperform interventions that target a single sensory modality, and further investigations
are needed.
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1.8. Sensory information enhancement
Along with the delivery of additional sensory feedback stimuli, another way of augmenting intrinsic in-
formation on sensory events in post-stroke patients is to strengthen the action of the intact afferent
pathways. To date, we identified two non-invasive methods that aim at increasing sensitivity by en-
hancing intrinsic feedback mechanisms and brain plasticity: vagus nerve stimulation and stochastic
resonance.

1.8.1. Vagus-nerve stimulation
Non-invasive transcutaneous Vagus Nerve Stimulation (tVNS) consists of electrically stimulating the
inner side of the tragus in the ear (as shown in Fig. 1.6), as reported in a representative study [16],
where the stimulation was delivered through two Ag-Cl surface electrodes. After this stimulation pe-
riod, the patients participated in a robotic therapy session. The results obtained after 10 days of tVNS
and robotic therapy showed a significant improvement in Fugl-Meyer score. The authors hypothesized
that tVNS stimulation induced neuroplasticity and therefore promoted motor functions recovery, as
supported by previous studies that showed an increase in brain derived neurotrophic factor and neu-
rotransmitters such as noradrenaline, associated with neuroplasticity and recovery after brain lesions
after VNS therapy [34].

Figure 1.6: Illustrative example of transcutaneous vagus nerve stimulation. The tragus is electrically stimulated through a pin
electrode, while sham stimulation can be done by moving the pin to the auricle, the outer part of the ear.

1.8.2. Stochastic resonance
Another approach to increase sensitivity consists in applying sub-threshold vibrational noise. Low inten-
sity noise was found to enhance the afferent tactile signals due to a physical process named stochastic
resonance [33, 71, 102, 103]. According to this process, when noise is infused into a non-linear system
characterized by an activation threshold (akin many biological and physical systems) it can improve the
detection of weak input signals. It is common to consider noise as an adverse factor in signal process-
ing, which corrupts the signal depriving it from its informative content. Conversely, according to the
aforementioned process, random energetic fluctuations injected in a system can improve the quality
of its output [43]). However, this happens only for optimal amplitudes of the injected noise: the out-
put performance is in fact a reversed U-shape function of the noise amplitude: it increases towards a
maximum corresponding to the resonance peak, i.e. the optimum level of noise, and decreases for
larger noise intensities (Fig. 1.7). When optimum noise is injected the system can detect subthreshold
inputs, therefore it increases the signal-to-noise ratio and it lowers the detection threshold. An interest-
ing feature of stochastic resonance is the possibility of applying any type of noise (random, periodic,
aperiodic, etc.), regardless of the input signal [71, 80].
Most of the neural processes taking place in the human body, such as sensation, require the stim-
ulus to supersede a threshold. It is suggested that subthreshold noise promotes tactile sensitivity by
increasing cortical sensorimotor activity and neural synchronization between cortical regions [64]. Con-
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sequently, the use of low-intensity noise started to gain attention in the biomedical field and in particular
for rehabilitation techniques, given the crucial importance of sensory information in motor learning. In
fact, subthreshold noise applied in several locations of the hand were tested and produced compara-
ble results in fingertips sensitivity enhancement [33, 63]. The benefits obtained exploiting stochastic
resonance did not depend on the distance between application area of the subthreshold stimulus and
the target site where to enhance sensory sensitivity, as long as they pertain to the same body district
and they present interneuronal connections at a spinal or subraspinal level [63].
In practice, subthreshold noise areis commonly delivered via voice coil actuators, which allow decou-
pling frequency and amplitude of the stimulus signal and therefore modulating the amplitude of the
vibration according to each patient sensory threshold.
Some studies explored the use stochastic resonance in stroke patients to enhance their tactile sen-
sitivity and improve their motor functions. Liu et al. reported a significant decrease in the vibrational
threshold following the application of mechanical noise randomly superimposed on a vibrational stim-
ulus during an experimental protocol [71]. Another study reported changes in motor function and re-
sponsiveness to sensory stimulation after brief applications (20 minutes) of mechanical noise, which
led to significant improvements in motor functions and upper limb skin sensation, measured through
somatosensory evoked potentials [89].
Enders and collaborators reported that light touch sensation of the fingertips increased after the ap-
plication of subthreshold white noise in four locations of the upper limb [33]. Monofilament Test score
significantly increased, i.e. the sensitivity threshold decreased, while the Two-Point discrimination test
remained unaltered, i.e. the spatial resolution was not affected. Conversely, Seo et al. found the
Monofilament Test score was unaltered by the application of subthreshold noise but it led to improve-
ments in hand dexterity, increased movement coordination and grip force during manipulation [102].
Lakshiminarayanan and colleagues recently prototyped and tested a wearable device to deliver sub-
threshold vibration for rehabilitation purposes and tested it on stroke survivors [103]. The treatment
group significantly improved their hand motor function score in Box and Block Test and Wolf Motor
Function Test compared to baseline, and retained these improvements in the 19-day follow up. Inter-
estingly, the control group did not present significant improvements compared to baseline, probably
because of the limited therapy dose provided during the trial.

Figure 1.7: The mechanism of stochastic resonance. a) If the amplitude of noise is too low, the output is still below threshold. B)
When the noise intensity is optimal, the SNR increases, the output activated by the peaks of the input signal (resonance peak
on the graph). C) When the noise amplitude is too large, the quality of the output degrades. On the right, the intensity of the
noise is plotted with respect to the output performance.

Curiously, some authors employed subthreshold stimuli as a sham baseline feedback to test the effi-
cacy of other experimental techniques. The effects of stochastic resonance stimuli certainly reflected in
the baseline group, and possibly hindered the outcomes of the experimental procedures. For example,
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Johansson and colleagues tested the effects of acupuncture and transcutaneous electrical stimulation
compared to a control group, to whom they delivered a low intensity stimulation at 80𝐻𝑧 through sur-
face electrodes. No significant difference was found in ADLs measurements between groups, which
all improved their motor performance after the test conditions and kept improving in the 3-months and
12-months follow-ups [48]. This result, instead of pointing to the ineffective outcomes of the proposed
interventions may suggest that subthreshold stimulation can produce long-term beneficial effects. How-
ever, this hypothesis cannot be validated due to the lack of conclusive evidence and further studies on
stroke patients with follow-ups are needed.

1.8.3. Conclusions on sensory enhancement
To conclude, according to the guidance hypothesis, augmented feedback can in some cases be dis-
tractive and hinder motor learning. This may happen because of the possible dependency on the
extrinsic feedback, which leads to ignoring the intact intrinsic feedback. This effect might be prevented
by amplifying the intrinsic feedback stimuli using stochastic resonance or vagus nerve stimulation.

1.9. Future directions for augmented feedback
Many devices have been designed with the aim of delivering augmented feedback, throughout the
years. They were not included in the above sections since that they were not validated in rehabilitative
scenarios and their effectiveness was tested only on healthy subjects. These alternative approaches,
however, could serve as an inspiration for future research and might be used in the near future for
stroke rehabilitation therapies.
In a study, Stepp et al. delivered vibrotactile stimuli to the upper arm of healthy participants to inform
them of the force they applied during a virtual transfer task. They were instructed to transfer a virtual
object across a horizontal barrier and place it in a target without breaking it, by acting on a sensorized
splint. The amplitude of the vibration was linearly proportional to the normal force applied by the in-
dex finger, and it led to a significant increase in object manipulation performance [110]. Clinical trials
should be performed to assess the effectiveness of this technique with impaired participants, as well
as retention tests to evaluate its therapeutic effects after the removal of the concurrent feedback.
Vibrotactile feedback could be beneficial to improve the effect of robotic trainers, as suggested by Cup-
pone et al. [25]. In their work, vibrations were delivered to the arm of participants to provide information
on the deviation from the ideal path during the performance of discrete, goal-directed reaching move-
ments while using a wrist robot. Interestingly, this preliminary study found no difference if the stimulation
was applied to the same or the opposite arm with respect to the one receiving proprioceptive training.
In fact, regardless if the stimuli were applied on the treated arm or in the resting one, the participants
who received additional vibrotactile feedback on movement error, significantly reduced their need of
guidance from the haptic device, in contrast with the group receiving robot assisted therapy only.
Qualitative studies have been performed on other innovative devices to provide augmented feedback
in stroke rehabilitation. Merret and colleagues designed and tested three different haptic devices to be
worn on the dorsum or ventrum of thumb and fingers [82]. The tactile device aimed to augment the
sense of touch through vibrations originated from a miniature cylindrical motor attached to the finger-
tips. This configuration, however, did not give the perception of holding something in the hand, instead
participants stated that it felt like touching a vibrating object. This result could suggest the unsuitable-
ness of providing tactile feedback directly at the fingertips, compared to the other two devices described
above in which the stimulus was delivered on the arm.
In a study by Norman et al. with healthy participants, haptic skin stretch feedback resulted effective
in improving the motor performance in planar movements [85]. They applied haptic feedback through
a tactor placed on the fingertips, which could deliver directional cues by stretching the skin in up to
eight directions. Thanks to the information provided by haptic cues, the users were able to match their
movements with the stimulus direction.
An interesting approach for delivering augmented vibrotactile feedback is to deliver short-lasting stim-
uli corresponding to relevant mechanical events that delimit the manipulation phases, akin how hu-
mans naturally organize motor tasks according to the Discrete Event-driven Sensory feedback Con-
trol (DESC) model [51]. Our group previously showed that healthy subjects can temporally integrate
DESC vibrotactile feedback in their sensorimotor control during manipulation tasks using an artificial
hand [2, 20, 21]. DESC feedback could be integrated in upper limb rehabilitation procedures to guide
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the patients through the performance of manipulation motor tasks.
Novel developments in telehealth technology could potentially translate supervised upper limb stroke
rehabilitation therapies to the home setting with low-cost devices. An example is theMechanical Muscle
Activity with Real-time Kinematics (M-MARK (Mechanical Muscle Activity with Real-time Kinematics),
a wearable device comprising two elasticized garments equipped with sensors worn by stroke patients
while practicing ADLs such as reaching, grasping and manipulating objects [14]. The data recorded by
the sensors is used to provide feedback about movements and muscle activity on a screen in the form
of an avatar. The M-MARK system also provides auditory feedback on the correctness of movement
strategies and muscle activation timing. An advantageous characteristic of this device is the possibility
to be used by the therapists as a system to diagnose movement deficits. Current studies are being
carried to identify the best choice of sensors to be integrated in this device, such as a combination of
IMUs and mechanomyographic (MMG) sensors to measure quality and quantity of movement. Clinical
studies on stroke patients are still needed to evaluate the effectiveness of this promising wearable de-
vice.
Several other techniques and devices have been devised with the aim of delivering augmented feed-
back for rehabilitation , however, only preliminary studies are available, and their effectiveness still
needs to be thoroughly assessed. Despite their preliminary status, they can certainly be of inspiration
for future research in post-stroke rehabilitation and demonstrate the increasing interest in the field of
sensory-enhanced rehabilitation.

End of the book chapter to be published.
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1.10. Goals of the project
For the aim of the thesis project, I will focus on haptic feedback delivery through a wearable device:
the DESC glove. DESC stands for Discrete Event-driven Sensory Control, according to which sensory
events are detected as discrete stimuli and used to define the beginning and the end of action phases
related to task subgoals.
The goal of this project is to complement the current rehabilitation exercises for the upper limb with
perceptual rehabilitation, consisting of delivering augmented sensory feedback. The hypothesis is that
including sensory information in motor rehabilitation promotes neuroplasticity, increases motor function
and ultimately facilitates motor learning. With this aim, I will prototype a device consisting in a soft wear-
able glove instrumented with thin and sensitive sensors at the fingertips to detect tactile events while
not interfering with the natural hand movements. This device will be named DESC-glove from the type
of feedback that we will use, described in the next section (1.11). For the purpose of the DESC-glove
project, it is important that the improvements in motor functions provided by the device and measured
during the preliminary experimental procedures are retained in time. In fact, this is paramount to sup-
port the use of the proposed device for therapeutic purposes. Moreover it is necessary that the device
does not activate when moving the hand in space (e.g. opening and closing of the fist or bending fin-
gers movements) but only in correspondence of actual contact of the hands with objects.
The device will be preliminarily tested on healthy participants to provide baseline data while waiting
for Ethical Committee approval to experimentation with stroke participants. Subsequently, we will con-
duct an experimentation with stroke patients to evaluate the effectiveness of the device. This will be
done by comparing the motor improvements after a therapeutic session, where motor therapy will be
administered together with tactile feedback augmentation provided by the glove, with a control group
receiving the same amount of motor therapy without sensory augmentation in order to obtain an unbi-
ased evaluation of the benefits given by the device.

1.11. Idea: DESC Glove - Restoring tactile feedback at the finger-
tips to improve hand dexterity

As explained in section 1.1 of the introduction, the sensory information plays a crucial role in hand mo-
tor control. According to the Discrete Event-driven Sensory Control (DESC), the CNS encodes signals
coming from the afferent pathways concurrently with discrete mechanical events such as contact with
an object or its release. According to the DESC feedback augmentation, a discrete vibrotactile stimulus
is delivered in an arbitrary sensitive part of the body, e.g. the arm, only in the moment of contact, slip-
page or release of the grasped object. Discrete contact events are recorded during the performance
of movements, through the use of sensors placed at the fingertips of the wearable glove.
After an initial investigation on the sensors used in literature for detecting tactile stimuli, we hypoth-
esised that the lack of effectiveness of other feedback augmentation techniques could be due to the
use of inappropriate, noisy and not fittingly sensitive sensors. We focused on unconventional sen-
sors, which have a response signal similar to the physiological way of detecting sensory information:
piezoelectric PolyVinylidene Fluoride (PVDF) sensors. These sensors are composed by two conduc-
tive layers (made of silver) with a dielectric separating them (a thin layer of piezoelectric polymer). The
peculiarity of this sensing technology is that its response is linearly proportional to the derivative of the
force applied, i.e. the derivative of the acceleration. They respond with a positive spike when a pres-
sure is applied and then immediately return to the neutral condition, a negative spike is then sent when
the pressure is released. In this way, PVDF sensors placed on the fingertips can transduce information
on the discrete contact events while manipulating an object. The response signal from the sensors is
directly used to control vibration actuators placed on the arm which activate in concurrence with the
electric spikes generated by the PVDF, corresponding to the tactile events.
The use of time-discrete feedback was proven to be advantageous when compared to continuous feed-
back in prosthetics applications [21]. The DESC policy implies the application of short-lasting sensory
information, which can provide the additional advantage of saving battery life, since the activation time
of the vibration motors is shorter than the activation of a continuous pressure. More importantly, as ex-
plained in section 1.3, when delivering continuous concurrent feedback during the performance of the
task, a dependency on the extrinsic feedback can be developed, which leads the subject to ignore his
residual intrinsic feedback mechanisms. According to this concept, namely guidance hypothesis, all the
improvements on motor performance noticed during the experimental procedure are lost in retention
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tests. Motor learning does not occur and the benefits are not visible in absence of extrinsic feedback,
therefore the procedure cannot be used for therapeutic purposes. The aim of our project is to design
a device that provides benefits that persist in the long term instead of generating improvements only
during its usage. Dependency on feedback should not occur in our setup, since it is delivered in a
discrete fashion, providing information only on the beginning and the end of the action phases. The
DESC type feedback simplifies the familiarization process with feedback, as the subjects only need to
associate specific mechanical events with temporally synchronous discrete sensory stimuli.
Through the repetitive use of the glove, we expect stroke patients to quickly learn to associate the
vibrotactile stimuli delivered in a sensitive part of the body, e.g. the arm or the shoulder, with contact
sensory events at the fingertips. This mechanism is due to the associative memory, which tricks the
brain into thinking that the sensory stimuli perceived on the arm are actually coming from the fingertips.





2
PVDF sensors prototyping and

manufacturing
The hardware prototyping and manufacturing of the DESC-glove requires many steps, thoroughly de-
scribed in the following three chapters. In section 2.1 I reported a brief outline of the manufacturing
process. In this chapter the process to manufacture the piezoelectric sensors to be placed on the glove
is described.

2.1. Hardware prototyping outline
• Sensors fabrication, silicone and glove sewing (Chapter 2)

• Characterization of the sensors (Chapter 3)

• Design of the printed circuit board to acquire sensors’ signals (Chapter 4)

• Building of the setup for the experiments (Chapter 6)

2.2. Sensors design
The first main decision to be taken in order to begin prototyping was the number of sensors to use and
their position on the glove. By looking at the distribution of mechanoreceptors on the hand, shown in
Figure 1.2, we noticed that index, thumb and middle fingertips are the regions with highest density of
tactile receptors. These are in fact the most utilized fingers while manipulating objects and their tactile
sensitivity is crucial during grasping. Therefore we decided to place three sensors on the glove to detect
touch at the thumb, index and middle fingertips. A higher number of sensors was considered redundant
and not necessary as the other fingers are rarely used when performing the rehabilitative movements,
in case of necessity they will be introduced in a further stage of the study when designing a second
version of the device. One important aspect to take into consideration when designing the shape of
the sensors is their possible unsolicited activation in case they bend during certain movements. For
this reason, triangular cuts were made around the semicircular shape of the fingertips to be able to
adapt the PVDF sheet to a curved surface without generating wrinkles (Fig. 2.1). In order to avoid
solicitation given by the folding of sensors, it was important to reduce their size and keep them on the
distal phalanges to avoid their crossing of the interphalangeal joints which would cause bending of the
sensors during movements. Moreover, we decided to include the sense of touch also coming from the
side of the thumb for pinching movements by adding a fourth sensor (Fig. 2.1). However this sensor
resulted to be superfluous as the two thumb sensors both activated synchronously, it was later removed
in a further design enlarging the one single thumb sensor to cover also stimuli from the lateral pinch (Fig.
2.2). Part of the sensor was needed to connect the cables to the two sheets of the PVDF, therefore a
rectangular space was added, at first to the bottom of the sensor (Fig. 2.1). This was later modified and
moved to the top of the design (Fig. 2.2) so that, instead of having the cables on the palm, interfering
with object manipulation, they could be stacked on the dorsum of the hand. In a later version of the
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design, the number of rectangular incisions to prevent the inappropriate stimulation of the sensors was
reduced (Fig. 2.2), as we noticed that by inserting the sensor in between two silicone sheets the risk
of generating a signal from sensor folding was lower. In the latest design, a small rectangular part was
added to the index finger sensor in order to provide tactile sensation in the internal lateral part of the
fingertip to increase the sensitivity during pinch grip (Fig. 2.2). In both designs the sensors were made
to bend around the top of the fingertips without generating wrinkles that would cause electric signals to
be inappropriately sent.

Figure 2.1: First design of the PVDF sensors on Inkscape, from left to right: Thumb central, Thumb lateral, Index, Middle finger.
The edges were covered with small triangular cuts to prevent from self activation of the sensors when bent on the fingertip shape.
The cable connection rectangle was firstly placed in the bottom part of the sensor.

Figure 2.2: Last design of the PVDF sensors on Inkscape, from left to right: Middle finger, Index, Thumb. The cuts were reduced
in size and number as they were seen not to be essential after the placing of the silicone. The thumb sensor became a larger
single one, as they were seen to be activated concurrently and therefore one of them was redundant. The cable connection
rectangle was moved to the top part of the sensor and a rectangle for lateral index sensitivity was added.
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2.3. PVDF sheet laser cutting
After designing the PVDF sensors on Inkscape, I used the laser cutting machine to cut the shape of
the sensors starting from a A5 PVDF sheet. When making piezoelectric sensors it is very important
to make sure the two conductive layers are not in short circuit. This would happen by normally cutting
the sensor’s shape with the laser and the producers suggest to leave a 2𝑚𝑚 offset on one side of the
sensor free of conductive layer, to avoid short circuit risk. Steps for laser cut:

• Cover PVDF sheet with paper tape on both side, to allow for offset cutting and protection during
the next phase of cleaning

• Give different colors to the external border (black) and the offset (red) in order to be able to cut
them differently

• Laser cut machine settings: red - 𝑃𝑜𝑤𝑒𝑟 = 6, 𝑆𝑝𝑒𝑒𝑑 = 100, 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 0.2. Cut only the top
layer of paper tape.
black - 𝑃𝑜𝑤𝑒𝑟 = 60, 𝑆𝑝𝑒𝑒𝑑 = 90 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 0.2. Cut all layers of tape and PVDF.

• Run the laser cut machine and wait for the process to be terminated, then remove PVDF sheet
from machine.

2.4. Offset cleaning for short circuit prevention
After removing the top layer of tape from the 2𝑚𝑚 offset, the goal was to remove the silver conductive
layer from the offset on one side of the sensor in order to prevent conduction between the two silver
layers that compose the PVDF. In order to do this I used acetone (𝐶ኽ𝐻ዀ𝑂) with some cotton and gently
removed all the silver until there was no connection between the two electrode plates as shown in Fig.
2.3. The multimeter was repetitively used to check for short circuits until all the offsets were properly
clean. The paper tape was therefore removed from the sensors’ surfaces.

Figure 2.3: Setup for cleaning the sensors’ offset from the silver layer to prevent short circuit. On the top right a baker with
acetone to remove the silver layer using cotton-swabs shown on the left. The sensors covered with paper tape in the central
part to protect the rest of the silver from the acetone, get cleaned in the outer edge offset.

After a first attempt, the offset had to be enlarged, as we can see from Fig. 2.4 to Fig. 2.5, since
it was very complicated to avoid a connection between the two conductive layers with the thin safety
offset of Fig. 2.4.
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Figure 2.4: Sensors with outer edge cleaned from silver layer to avoid short circuit. Version 1, thinner offset of ኻ.኿፦፦ shown in
the figure. This offset was not enough to prevent short circuit and was therefore enlarged in the following versions of the sensors.

Figure 2.5: Sensors with edge cleaned from silver layer. Version 2, larger offset of ኼ፦፦ shown in figure. This offset width was
enough to clean the sensor edge properly and therefore prevent short circuit. The simpler shape of the second version of the
sensor also helped in the edge cleaning.
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2.5. Cables connection
To be able to record a signal whenmechanical stimuli are applied, cablesmust be attached to both of the
conductive sensor surfaces. This was firstly done using a conductive paste, and secondly improved
using a conductive tape which was seen to be more resistant and a better conductor. I utilized the
conductive tape (ECG7033H) from 3M Electronics (USA) with 0.32𝑚𝑚 thickness. The cleaned sensors
connected to the cables are shown in Fig. 2.6.
The sensors were then tested using an oscilloscope to check their response to pressure and the cable
connections, before inserting them in the silicone. The analog signal in response to the application of
pressure was analyzed from the output of the oscilloscope. I concluded that the sensors were working
correctly, sending a positive response following the application pressure and a negative one after the
pressure was released. In order to properly fix the connection between the cables and the conductive
layers of the sensors, a drop of super glue was added on each connection.

Figure 2.6: Sensors connected to the cables with conductive tape. From left to right: Thumb, Middle and Index finger. The
conductive tape attached a cable on each side of the sensor and allowed for contact between the cables and the silver layers
on the sensor. To properly fix the connection between cables and sensor, a drop of super glue was added on the top of the
conductive tape before the insertion in the silicone layers.

2.6. Silicone layers around sensors
For a higher resistance to stress and a better homogeneity in the stimulation, PVDF sensors are usually
inserted in between silicone layers. After some attempts, I decided to make these layers as thin as
possible in order to avoid interference with movements and increase the level of comfort of the glove.
For this reason, I picked a soft silicone, Ecoflex 30 (Smooth-on, inc.). The spreading of the silicone
into a thin layer needed a rolling cylinder to be done precisely and homogeneously. Therefore I cut
plexiglass with the laser machine and created a base for silicone spreading and two tracks for the
cylinder to roll on at a height of 0.5𝑚𝑚 from the base (Fig. 2.7). By pouring the liquid silicone on the
base and then using the cylinder to spread it, a very thin layer of silicone was obtained. After the curing
time, the sensor was glued to the first layer using the specific silicone glue, and then another layer of
silicone was poured on it and spread in the same way, with 0.5𝑚𝑚 thickness. After the curing time of
this second layer of silicone, we cut these layers around the shape of the sensors, leaving an edge of
silicone around them that will be used to sew the sensors on the glove (Fig. 2.8).
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Figure 2.7: Mechanism to spread the silicone into a thin layer. A black thin layer of plexiglass was placed as a base, two thicker
transparent pieces of plexiglass were cut with the laser to obtain two tracks for the cylinder to slide inside. The two tracks were
then glued at a fixed distance using other two pieces of plexiglass, and the cylinder was inserted inside the tracks. The cylinder
rolled from right to left on the plexiglass base, at a height of ኺ.኿፦፦, spreading the silicone on the black base in a very thin layer.

Figure 2.8: On the top: final version of the sensors inserted in between two thin layers of silicone. The sensors were glued on
a layer of silicone and then covered with another layer using the mechanism showed in Fig. 2.7. On the bottom: Final shape of
the sensors with silicone cut around them. Once the top silicone layer cured, the sensors were cut following their shape leaving
a silicone offset to be sewed on the glove.
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2.7. Sensors placing on the glove

The sensors shown in Fig. 2.8 were tested with an oscilloscope to check whether they were still work-
ing after the fabrication process. Since they were all functioning they were then incorporated on the
fingertips of an elastic fabric glove by sewing the silicone edges (Fig. 2.9).

Figure 2.9: DESC glove, three sensors sewed at the fingertips one on the thumb, one on the index and one on the middle finger.
The sensors were sewed using the silicone layer offset to the fabric of the glove. They were then covered with another layer of
fabric, as shown in 2.10.

The sensors were then covered with another layer of elastic fabric sewed on top of of them in order
to create a pocket in which the sensor could be steadily positioned inside. A membrane was also
created with the fabric to contain the cables on the fingers. Fig. 2.10 and Fig. 2.11 show the final
prototype of the glove with the sensors sewed on it and covered with fabric.
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Figure 2.10: Final prototype of the DESC glove. The sensors are covered with another layer of elastic fabric sewed on them and
a membrane is made to contain the cables on the fingers. The actuators that will be placed on the forearm to provide feedback
are also shown in the picture.
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Figure 2.11: Final prototype of the DESC glove while holding playing cards and providing tactile feedback at the forearm.





3
Sensors characterization

In this chapter the setup, the experimental procedure and the analysed results of the characterization
of our PVDF sensors are described.

3.1. Set up: 3D moving platform, load cell and sensors

The characterization of sensors was done using a three-dimensional moving platform to apply several
forces on the sensor with increasing velocities. I used a SI 25-025 triaxial load cell to precisely measure
the force applied during the experiment (Fig. 3.2), connecting it to the end point of the platform through
a crown in order to reduce the surface in contact with the sensor and increase the pressure. The load
cell was connected to a DAQ for the acquisition of data on the three forces and three torques recorded
during the experiment in vectors sampled at 𝑓𝑠 = 1𝑘𝐻𝑧. These vectors were represented in a graph
in real time on a LabView program, and saved in a matrix of six columns. The signal coming from the
sensor was acquired simultaneously using a second DAQ with the same sample rate of 𝑓𝑠 = 1𝑘𝐻𝑧.
In order to do this, the sensors were connected to a board, powered at 3.3𝑉, used to to amplify their
signal (Fig 3.1). The analog output of this board was connected to the DAQ which sent it to the LabView
program. The amplitude of the signal was plotted in real time in a separate graph and saved in a vector
at the end of the experimental session. The sensor was tightened on a support, placed at a fixed
distance from the starting position of the moving platform, as seen in Fig. 3.2.
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Figure 3.1: Set up for the characterization of the sensors. Three-dimensional moving platform on the left with the triaxial load
cell attached to it. DAQ on the bottom left used to acquire the signal from the sensors. The PVDF sensor signal acquisition and
amplification board and its power supply are shown in the front. LabView program on the PC on the right used to concurrently
acquire the data from the load cell and the sensor and save it into matrices.

Figure 3.2: 3D Moving platform with attached the triaxial load cell on the left. The fixed support on which the sensor is placed
during the whole experiment is positioned in front of the load cell and showed on the right.
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3.2. Experimental procedure parameters
In order to characterize the manufactured PVDF sensors we decided to use five different forces, each
one applied at five velocities. The platform was moved towards the sensor in order to detect the min-
imum force that generated a response, which in our case resulted to be 0.2𝑁. We were interested for
our sensors to detect forces above 0.3𝑁, which is the common sensory threshold to pressure in human
hands, and therefore it resulted to be an appropriate starting point. This value of the force corresponded
to a displacement of the moving platform of Δ𝑥 = 0.03𝑚𝑚 from the imposed initial position towards the
sensor, and we increased it to Δ𝑥 = 0.05, Δ𝑥 = 0.07, Δ𝑥 = 0.1 and Δ𝑥 = 0.15𝑚𝑚 for the next trials. For
each of these displacements five different velocities of the platform were tested: 𝑣 = 1, 3, 5, 7, 10𝑚𝑚/𝑠.
The velocities were chosen based on physiology, in fact the maximum velocity to be felt should be
8𝐻𝑧 and therefore 8𝑚𝑚/𝑠 for 1𝑚𝑚 displacement. For each combination of displacement and velocity,
five repetitions were done for data acquisition. During each repetition the load cell was moved by the
platform of the desired displacement towards the sensor, held in that position for 2.5𝑠 and then returned
to the initial rest position. A pause of 5𝑠 was introduced in between separate trials. A script was written
to control the moving platform to perform these movements in repetition. The data from the sensors
and the load cell was saved at the end of the acquisition session and transferred to MATLAB 2019b
(MathWorks, Inc.).

3.3. Sensor characterization results
In order to analyse the behavior of the sensors with respect to variations in displacement and velocity,
the analog response of the sensor was plotted in the following characterization plots. The response
in voltage was plotted first with respect to velocity five times, one plot for each different force applied
by the platform. The sensor response in voltage was then plotted with respect to force five times, one
for each value of the velocity at which the force was applied. The values of force represented in the
plots are the values of the maximum force reached during each condition, averaged across the five
repetitions.

3.3.1. Sensor response behavior
Fig. 3.3 shows an example of the force recorded by the load cell when a displacement of 0.07𝑚𝑚 was
made by the platform and the corresponding sensor response in voltage.
The maximum force applied by the platform was calculated from the load cell signal for each repetition
at every velocity and displacement. The sensor response was analysed using as metrics the maximum
of the positive peak (for the contact event) and the minimum of the negative peak (for the release event)
(Fig. 3.3). The reference value of the sensor’s signal in voltage, to which the signal returns in absence
of any change in force, was found computing the mode within each trial. The positive peak (𝐴𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒
in Eq. 3.1) was calculated as the difference between the maximum value of amplitude (𝐴፦ፚ፱) reached
during the trial and the mode (𝐴፦፨፝፞) of the signal in that trial.

𝐴𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 = 𝐴፦ፚ፱ − 𝐴፦፨፝፞ (3.1)

The negative peak (𝐴𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 in Eq. 3.2) was calculated as the difference between the mode of the
signal during trial and the minimum value of amplitude (𝐴፦።፧) reached in that trial, and therefore also
had a positive value.

𝐴𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 = 𝐴፦፨፝፞ − 𝐴፦።፧ (3.2)

The mean and the standard deviation of all the values across the five repetitions for each condition of
force and velocity were then calculated and used in the characterization plots.
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Figure 3.3: Upper plot: Force applied by the 3D platform on the sensor and held for 2.5s. This plot reports an example 0.8N of
force, which was generated by a displacement of 0.07mm towards the sensor. Lower Plot: Amplitude of the sensor response
to the application of a force of 0.8N. The response is evident: a positive spike reaching 1.4V when the pressure is first applied
(contact event) and a negative one of about the same amplitude when the pressure is released (release event).

3.3.2. Sensors response to velocity
The sensors seemed to have a constant response to increasing velocity, as we notice from Fig. 3.4
where the five plots are shown, one for each value of tested force. For too low values of velocity (𝑣 <
3𝑚𝑚/𝑠) the amplitude of the response of the sensor is very low, almost imperceptible. After surpassing
this velocity the response of the sensor remained constant for increasing velocities, independently of
the value of the constant force that was being applied by the platform. The results shown in these plots
suggest that the response of our sensor does not depend on the velocity at which the force is applied.

Hysteresis
We can notice that the negative peak of the sensor signal, in response to the pressure release, had
a slightly larger amplitude than the positive one, except for the lowest value of the force for which
the application and removal of pressure generated almost identical responses. This phenomenon is
called hysteresis and is defined as the difference between two separate measurements taken while
applying the same level of maximum force, the first is taken while first applying the force and the
second taken while removing it. From the plots in Fig. 3.4 we see a variable hysteresis according to the
maximum force applied to the sensor, while it remain about constant for different velocities. The lowest
hysteresis range emerged from the application of the smallest displacement Δ𝑥 = 0.03. The difference
in the contact and release sensor response peaks reached a value of 0.05𝑉 for Δ𝑥 = 0.07, 0.1, 0.15𝑚𝑚
displacements for velocities higher than 𝑣 = 4𝑚𝑚/𝑠. In any case, this value is very low compared to the
overall response of the sensor and will be therefore neglected for the purpose of our study. Moreover,
we are not interested in the amplitude of the response of our sensor, whilst in the instances of the
activation peaks.
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Figure 3.4: Sensors response to the velocity for all five forces applied, increasing values of force going from the top left graph
(smallest ፅ) to the bottom one (largest ፅ). The blue lines indicate the response of the sensor when the force was first applied
(contact event) while the red lines indicate the response of the sensor when the force was removed (release event). We can
notice a difference between these two measurements of maximum 0.05V, indicating the hysteresis of the sensor.

3.3.3. Sensors response to force
The plots in Fig. 3.5 represent the amplitude of the response of the sensor with respect to increasing
force applied at five different velocities. The forces reported on the x-axis are the maximum forces
detected by the load cell for each condition, averaged across the five repetitions. Each plot represents
a different velocity at which the force was applied during the experiment. The amplitude of the signal
from the PVDF sensor seemed to increase almost linearly with the increasing force. The larger was
the velocity, the more evident was this linear trend in the sensor response to force. The lower the force
and the lower is the voltage response from the sensor. For example for the lowest force applied (about
0.3𝑁), the sensor response is only around 0.1𝑉, which is still distinguishable from noise. We notice
that the highest sensor response, 0.6𝑉, corresponds to the highest value of the force applied, of about
2.3𝑁.

Hysteresis
The hysteresis was also evident in the analysis of the sensor response to force evaluated at different
velocities reported in Fig. 3.5. We notice the same behavior as the one found in the plots in Fig.
3.4. For the lowest value of velocity 𝑣 = 1𝑚𝑚/𝑠 the sensor responses to application and removal of
pressure have the same values, as we can see from the top left graph in Fig. 3.5 in which the red and
blue line are overlapping. For higher values of velocity, 𝑣 ≥ 3𝑚𝑚/𝑠, the hysteresis phenomenon is
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clearly visible with the red line representing the release of the force laying above the blue line in which
the force was firstly applied. The hysteresis remains almost constant for increasing forces, being at
its minimum for the lowest values of force of 0.3𝑁. In any case, the hysteresis resulted to be very low
compared to the overall response of the sensor and will be therefore neglected for the purpose of our
study, as mentioned in the section above.

Figure 3.5: Sensors response to the force applied at all five velocities, increasing values of velocity going from the top left graph
(smallest ፯) to the bottom one (largest ፯). The blue lines indicate the response of the sensor when the force was first applied
(contact event) while the red lines indicate the response of the sensor when the force was removed (release event). We can
notice a difference between these two measurements indicating the hysteresis of the sensor.

3.3.4. Sensor response delay
The results shown in the previous sections led to the conclusion that the PVDF sensors we produced
are appropriate for the detection of tactile stimuli at the fingertips. However, another important aspect
to be considered when fabricating sensor is the reaction time to the stimuli.
After setting a Limit of Detection (LoD) shown in Eq. 3.3, the activation points of the load cell force and
the sensor signal were compared in time to detect the delay between the two. The activation point of
the load cell was saved as the index of the force vector element that surpassed the force LoD the first
time. The activation point of the sensor signal response was saved as the index of the signal vector
element that surpassed the sensor LoD for the first time. The delay in time between the two activation
points was found for each trial by subtracting the activation point of the sensor to one of the force, and



3.4. Feasibility for DESC feedback 39

later averaged across the five repetitions performed for each condition of force and velocity.

𝐿𝑜𝐷 = 𝑀𝑒𝑎𝑛 + 10𝜎 (3.3)

Where 𝜎 is the standard deviation of the signal in the time window we are considering (one repetition)
which is multiplied by ten in order to increase the accuracy of the detection. In this way we reduced the
probability of detecting a disturbance of the noisy signal as an activation. The 𝑀𝑒𝑎𝑛 and the standard
deviation of the sensor signal for each trial (in the time window we are considering) were previously
calculated.
The delay in time between the application of the force, detected by the signal coming from the load cell
attached to the moving platform, and the sensor response resulted to be negligible. In fact the values
of these delays are so small, or in some cases even negative, that seemed to be generated by the
processing time for the data coming from the DAQs or possible delays in data acquisition and can be
neglected. Therefore we can conclude that our PVDF sensors don’t have any noticeable delays in the
activation following a stimulus.

3.4. Feasibility for DESC feedback
The manufactured sensors responded with a single spike to the application or removal of force, sug-
gesting the dependency of the sensor response to the derivative of the force instead of the force applied.
We are particularly interested in this aspect of the PVDF sensors, as in human brain tactile events are
encoded as discrete mechanical events that define the beginning and the end of action phases related
to subgoals. Therefore, sensitive to the rate of change in acceleration, our sensors generate an in-
stantaneous response whenever a force is applied and an opposite response whenever the force is
released. This resembles what happens in physiology and justifies the use of these type of sensors
for DESC type vibrotactile feedback in rehabilitation. In fact, the principle behind DESC policy (as ex-
plained in Section 1.11) is exactly the discrete activation synchronously with contact events.
Moreover, the sensors proved to have a very low reaction time, which resulted to be negligible, and
can therefore provide a feedback almost in real time. Of course we need to consider the delays in the
processing time of the electronic board that will be amplifying the sensors signal and the one that will
be using it to control the vibration motors. These can be compared to the delays occurring in our body
for the communication of sensory information to the CNS through afferent pathways. The hysteresis
of the PVDF sensors proved to be low and can be therefore neglected for the purpose of our study,
as we are not interested to the amount of force applied but instead to the moments of application and
release of pressure.
The sensors we produced are very lightweight and appear in a very thin shape which easily adjusts to
the hand. This is very important as we want to keep high the level of comfort of the glove and reduce
any possible movement hindrance given by the device.





4
Design of the Printed Circuit Board

This chapter describes the process for prototyping and fabricating the electronic board for the sensors
signal acquisition.

4.1. Electronic board prerequisites
In order to process the analog signals coming from the PVDF sensors and utilize them to provide
a vibrotactile feedback, I designed a printed circuit board (PCB). The board needed to integrate the
following functions:

• Acquire the analog signals from five piezoelectric sensors (five input channels)

• Amplify the analog signals and shift them above zero

• Output pins for amplified analog signals for characterization and sensors testing (five output chan-
nels)

• Digitalize the PVDF signals

• External communication of digital outputs through a serial port

4.2. Acquisition and amplification circuits
A molex connector with five pins was placed on the board to acquire the signal coming from maximum
5 sensors on the glove. Another molex connector with three pins was used for the battery, with a power
supply of 3.3𝑉. The analog signal amplification circuit is reported in Fig. 4.1. I used a Dual 2.9𝜇𝐴,
Operational Amplifier (producer code OPA2379AIDCNT, Texas Instruments, USA) operating in a range
from 1.8 to 5.5𝑉.
A voltage of 1.2𝑉, generated by a voltage regulator, is also summed to the analog signal in order to
shift it above the 0V line. In fact the signal from the PVDF has a positive spike when the pressure is
applied and a negative one when the pressure is released. A completely positive signal is needed for
the digitalization. The outputs from five of these amplification circuits (from PIEZO1 to PIEZO5) are
then sent to the microcontroller in order to be digitalized.
The voltage output of the amplification chain is calculated as reported in Eq. 4.1. In this equation
𝑉ፏፈፄፙፎ is the amplified analog signal from the sensor, at the end of the amplification chain (PIEZO1 in
Fig. 4.1), to be sent to the microcontroller to be digitalized. 𝑉ፈፍ is the voltage difference between the
two electrodes sheets in the PVDF (PVDF31 and PVDF32 in Fig. 4.1). 𝑅ኻ and 𝑅ኼ are the two resistors
inserted between the operational amplifiers.

𝑉ፏፈፄፙፎ = 1.2 + 𝑉ፈፍ(1 +
𝑅ኻ
𝑅ኼ
) = 1.2 + 𝑉ፈፍ(1 +

100
47 ) = 1.2 + 3.12𝑉ፈፍ (4.1)
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Figure 4.1: Schematic of the amplification circuit. The inputs from the two layers of the PVDF sensor are represented by the
two yellow arrows at the bottom of the schematic (PVDF31 and PVDF32). The voltage difference between these two layers is
amplified using two operational amplifiers U7A and U7B. A bypass capacitor (C2) of 100nF is added between the power and
ground. The output signal of this circuit is the amplified PVDF sensor signal PIEZO1. Five of these circuits are present in the
complete schematic of Board 1.

4.3. PIC Microcontroller
The microcontroller utilized in this board is PIC24F16KL401 (Microchip Technology, USA), which is a
16bit Flashmicrocontroller with 20 pins, powered at 3.3𝑉. This component needed to be programmed in
order convert the PVDF amplified inputs into digital outputs using an ADC. In order to do this, a firmware
was written on MPLab X IDE (Microchip Technology, USA) and uploaded on the microcontroller using
a Pickit3 programming device. The firmware will be descbribed in detail in Chapter 5.
The external communication was planned through the UART register, using a serial port. The sent
information will be the input of the board controlling the vibration actuators.
The schematic of the microcontroller with all the connected pins is shown in Fig. 4.2.

Figure 4.2: Schematic of the microcontroller with all the connected pins. The five amplified PVDF signals are connected to the
analog input ports of the microcontroller. The serial port pins for transmitting (TX) and receiving (RX) are also connected to the
UART1 ports. A bypass capacitor (C1) of 100nF is included between the power and the ground.

4.4. Final design of the board
The final structure of the board is represented in Fig. 4.3 (two dimensional view) and Fig. 4.4 (three
dimensional view).
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Figure 4.3: Two dimensional view of the final design of the printed circuit board. a) Top layer of the board. b) Bottom layer
of the Board. All other layers were hidden for the purpose of these pictures in order to show only the main layers containing
the components. The routing (connection between the components) is also shown for both layers and the vias, which are the
interconnections between top and bottom layers, are represented by small grey dots.

Figure 4.4: Three dimensional view of the final design of the printed circuit board, aiming to represent the final look of the board
when all components will be soldered on it. a) Top layer of the board: molex connectors for serial port communication, pins for
programming the microcontroller programming with pickit3, PVDF sensor inputs and power. A voltage regulator and a switch
button are also present on this layer. b) Bottom layer of the Board: five amplification circuits as the one in Fig. 4.1, LED driver
circuit and PIC microcontroller.
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4.5. List of components

Designator Description Quantity

C1, C2, C3, C4, C5,
C6, C7, C8, C9, C10,

C11, C12, C13, C14, C15, C16

Capacitors
𝐶 = 1𝜇𝐹, 𝐶 = 100𝑛𝐹

𝐶 = 1𝑛𝐹
16

R1, R2, R3, R17, R18,
R19, R20, R21, R22, R23,
R24, R25, R26, R27, R28,

R29, R30, R31, R32

Semiconductor Resistors
𝑅 = 100𝜔, 𝑅 = 2, 1𝐾𝜔, 𝑅 = 10𝐾𝜔,

𝑅 = 18𝐾𝜔, 𝑅 = 18𝐾𝜔,
𝑅 = 100𝐾𝜔, 𝑅 = 10𝑀𝜔

19

D1 LED 1

IC1 Voltage regulator 1.2𝑉 1

J1, J2, J4, J5 Molex connectors
2, 3, 5 and 10 pins 4

S1 Switch Button 1

U1 Flash Microcontroller 16bits
3.3𝑉 PIC24F16KL401 1

U2 LED Driver and Charge Pump
2.7𝑉 to 5.5𝑉 LTC3212EDDB#TRMPBF 1

U7, U8, U9, U10, U11 Operational Amplifiers Dual 1.9𝜇𝐴
OPA2379AIDCNT 5

Table 4.1: Table of components used for the PCB. The designators reported in the first column are the ones reported in the
schematics and the PCB design in white (Fig. 4.4).

4.6. Hardware block diagram

The block scheme shown in Fig. 4.5 is a complete representation of the hardware used for the function-
ing of the glove. The touch detection signals coming from the PVDF sensors are amplified and decoded
in the PCB that I designed (Board 1), which was thoroughly described in the previous sections. The
elaborated digital signal, output of Board 1, is sent to Board 2 in order to control the vibration motors
that will be placed on the forearm. The second board was taken from the laboratory and designed by
Christian Cipriani in a previous work.
The microcontrollers in the two boards had to be programmed to complete the necessary tasks and
the firmware will be described in Chapter 5.
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Figure 4.5: Hardware complete block scheme. The inputs from the five PVDF sensors (two inputs for each one) are acquired
by the first board and amplified. They are then sent to the microcontroller where they get converted into digital signals and
re-elaborated according to the serial communication protocol. Through a serial port the information is sent to the second board
which uses this information to control the vibration motors on the forearm.

4.7. Board 1 manufacturing
The electronic components coming from Mouser, USA should have been soldered on the correct pins
on the printed circuit board produced by BetaLayout, USA.
Due to problems related to the corona virus situation, the producers could not deliver the material on
time. These delays were also related to other technical problems internal to the Institute of Biorobotics.
After more than one month of wait, I decided to use a previous version of the electronic board, present
in the lab, for the purpose of testing the DESC glove. This board could acquire only the signal coming
from one sensor at a time, having one channel for acquisition and amplification. The board also does
not have any molex connectors, notably reducing its dimensions, as it was supposed to be included
inside the fingers of a prosthesis. A picture of this board is shown in Fig. 5.1.
I used two of these boards one for the sensor on the thumb and one for the index. I soldered the cables
and the other missing components to these new boards as visible from Fig. 5.1.
For the purpose of these preliminary study, we decided to neglect the middle finger sensor, as it is the
least relevant during a pick and lift task that we will be analysing.
Modifications in the firmware of this older board, moving it closer to the firmware I initially programmed
for the board with five channels, were necessary to transmit the correct signal to Board 2 to activate
the motors. I included in the firmware the parts already planned for my board, described in Chapter 5,
that allow to communicate with the second board through a UART RS-232 protocol.





5
Firmware description

In this chapter, a description of the firmware used to program the microcontrollers is present. The board
for the acquisition of the signals from the PVDF sensors (Board 1) and the one that uses these signals
to control the vibration actuators (Board 2) communicate through a USART 3.3𝑉 serial port. They are
both powered at 3.3𝑉 and can communicate using two bytes.

5.1. Board 1: Sensors signal acquisition
In this section I will be describing the structure of the firmware for programming the microcontroller
in the PVDF sensors acquisition board. A block scheme of the firmware used to control this board is
shown in Fig. 5.2. Whenever the hardware is initialized (turned on) a led will be lightened on the board
to indicate its functioning. At this point, the microcontroller begins to acquire the analog signals from
the PVDF sensors connected to the board, up to five sensors can be connected at the same time.

5.1.1. Analog to digital conversion
The analog to digital converter (ADC) present in the microcontroller (PIC24F16KL401) is a 10 bits
ADC meaning that it is able to transform the analog signal into a digital one composed by 2ኻኺ = 1024
intervals. The resolution (also called LSB) of the ADC conversion is calculated in Eq. 5.1, taking into
account that our input signal goes from 0 to 3.3𝑉. The maximum error (𝐸𝑟𝑟𝑜𝑟ፌፀፗ) that could occur in
the converted digital signal corresponds to half of the resolution value (Eq. 5.2).

𝐿𝑆𝐵 = (3.3 − 0)/2(፧ᑓᑚᑥᑤ) = 3.3/2ኻኺ = 0.00322𝑉 = 3.22𝑚𝑉 (5.1)

𝐸𝑟𝑟𝑜𝑟ፌፀፗ =
𝐿𝑆𝐵
2 = 1.61𝑚𝑉 (5.2)

These values are very low and acceptable for our purpose as, during the sensors characterization,
the amplitude of the signal spikes emerged to be in the range of 100 − 600𝑚𝑉. The ADC sampling
frequency is 𝑓𝑠 = 1𝑘𝐻𝑧 and I decided a time window of 𝑤𝐿𝑒𝑛𝑔𝑡ℎ = 10𝑠𝑎𝑚𝑝𝑙𝑒𝑠 as a capacity of the
buffer to be filled when filtering the data. Since a sample from each channel is acquired every 𝑡𝑠 = 1𝑚𝑠,
the buffer for each one of the channels is filled every 𝑡፛፮፟፟፞፫, calculated in Eq. 5.3, depending on the
number of sensors we will be connecting to the board, i.e. 𝑛ፒ፞፧፬፨፫፬ = 3.

𝑡፛፮፟፟፞፫ = 𝑛ፒ፞፧፬፨፫፬ ∗ 𝑡𝑠 ∗ 𝑤𝐿𝑒𝑛𝑔𝑡ℎ = 𝑛ፒ፞፧፬፨፫፬ ∗ 10𝑚𝑠 = 30𝑚𝑠 (5.3)

The ADC present in our board allows to select multiple channels to be scanned and converted to digital
signals in series. The five analog inputs were therefore selected for serial input scanning. The number
of input channels to be scanned and converted can be selected as a global variable at the beginning of
the firmware (nSensors), to indicate how many sensors are being used in the glove. For the purpose
of this study we will be using maximum 3 sensors but the firmware was programmed to be later modified
and used for different applications. The ADC subsequently scans each of these channels and converts
the signal contained in the previously defined time window, saving the obtained digital output in a buffer.
The conversion result is then low pass filtered to avoid interference and further saved in a new buffer
variable. This variable will be analysed through a specific function to detect touch events.
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5.1.2. Touch event detection

Whenever the signal is higher than a threshold, set to iThresholdT = 1.32𝑉, a counter for the contact
events is increased in the time window we are considering (iCountEventT). The same happens for
the release events, detected when the signal becomes lower than a threshold, set to iThresholdR =
1.00𝑉.
In case the counter for contact events is as large as the considered window length, i.e. a touch event
is detected for the whole time window, the digital output corresponding to the sensor considered will be
set to 1. On the contrary, in case the counter for release events (iCountEventR) reaches the value
of the window length, the digital output corresponding to the correct sensor will be lowered to 0. Only
in the instant of change from 0 to 1 or viceversa of the digital output TouchEvent, the contact events
variables ContactEvent and ReleaseEvent are activated. These variables become equal to 1 in
the moments in which a DESC feedback should be sent. ContactEvent is set to 1 in case there is a
change from 0 to 1 of the variable TouchEvent, and ReleaseEvent is set to 1 in case TouchEvent
goes from 1 to 0. The code of the function to detect touch events, written in C language, is reported
below. The iPVDFFilteredBuffer variable is the result of the ADC conversion, having on each
column a vector for each sensor (indicated by the index p3), of length equal to the considered time
window. TouchEvent is the vector of digital variables, one for each sensor and composed only by
one bit, it is equal to 1 for as long as the pressure is applied at the sensor and it returns to 0 whenever
the pressure is released. The contact event variables instead are equal to 1 only in the exact moment
in which the pressure is applied or released and are reset to 0 right after sending the information re-
garding contact to Board 2.

void eventDetection(int p3){
int i;
for (i=0; i<windowLenght; i++){
if (iPVDFFilteredBuffer[i,p3] >= iThresholdT){
iCountEventT[p3]++;
}
else if (iPVDFFilteredBuffer[i,p3] <= iThresholdR){
iCountEventR[p3]++;
}
}
if (iCountEventT[p3] == windowLenght) {
if(TouchEvent[p3] == 0){
TouchEvent[p3] = 1;
ContactEvent[p3] = 1;
}
}
else if (iCountEventR == windowLenght){
if (TouchEvent[p3] == 1){
TouchEvent[p3] = 0;
ReleaseEvent[p3] = 1;
} TouchEvent[p3] = 0;
}
if (icheckEvent[p3] == maxEvent){
icheckEvent[p3] = 0;
iShiftBuffer[p3] = 0;
iCountEventT[p3] = 0;
iCountEventR[p3] = 0;
}
else{
icheckEvent[p3]++;
iShiftBuffer[p3] = iShiftBuffer[p3] + windowLenght;
}
}
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5.1.3. Serial port communication
The variables ContactEvent and ReleaseEvent contain information on the application and the
release of pressure on each of the sensors connected to Board 1. This information needs to be com-
municated to Board 2 in order to activate the vibration actuators whenever the pressure is applied
and when the pressure is released. The communication between the two boards will be done using a
UART RS-232 serial port and sending two bytes according to Board 2 protocol, as explained in the next
section. The UART transmission protocol is set in the microcontroller of Board1 using UART1TX, the
transmission pin for the asynchronous serial port. I used a 8bit asynchronous transmission mode with
no parity. The auto baud function was disabled and I used maximum baud rate in fast speed mode.
Being the frequency 𝑓 = 250𝑘𝐻𝑧, the formula to calculate the baud rate is shown in Eq. 5.4.

𝐵𝑎𝑢𝑑𝑅𝑎𝑡𝑒 = 𝑓
4 ∗ (𝑈1𝐵𝑅𝐺 + 1) (5.4)

Where 𝑈1𝐵𝑅𝐺 is a register to be set during UART initialization. Since we want a baud rate higher than
𝐵𝑅 = 57600, which is the one necessary to communicate with Board2, I used the inverse formula of
Eq. 5.4 to calculate the value for U1BRG (Eq. 5.5).

𝑈1𝐵𝑅𝐺 = 𝑓
4 ∗ 𝐵𝑎𝑢𝑑𝑅𝑎𝑡𝑒 − 1 =

250000
4 ∗ 57600 − 1 ≃ 0 (5.5)

By setting 𝑈1𝐵𝑅𝐺 = 0, the baud rate becomes 62500 as shown in Eq. 5.6.

𝐵𝑎𝑢𝑑𝑅𝑎𝑡𝑒 = 𝑓
4 ∗ (𝑈1𝐵𝑅𝐺 + 1) =

250000
4 = 62500 (5.6)

Following the changes given by the delays in the production of the board I designed, this part of serial
communication was integrated in the firmware of the boards that singularly acquired each sensor’s
signal. I used two identical boards, one to detect the sense of touch on the thumb and one for the index
finger, represented in Fig. 5.1. The firmware on each of the two boards was the same as described
in the previous section, except for the index p3 which referred to the sensor number and was not
necessary anymore. Each board acquired and converted the signal coming from one sensor and sent
it to the PC through a serial port. The first acquisition board (thumb) sent commands for motor 1 while
the second acquisition board (index) sent command for motor 2.

Figure 5.1: On the left: thumb sensor acquisition board (Top view). On the right: index sensor acquisition board (Bottom view). On
the top layer there are the connection pins for the sensor inputs, the pins for the serial port communication (TX,RX and ground),the
battery connectors and the microcontroller. On the bottom layer there are the pins for programming the microcontroller using a
pickit3 device.
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Since I used two boards for replacing Board 1, the information from the serial port of thumb and
index finger boards had to be transmitted to a computer, elaborated in a Processing 3.5.1 program
which read 2 bytes from the serial ports and transmitted the information (as described in section 5.2)
for the motors activation to another serial port connected to Board 2. Board 1 communicates with a
baud rate of 62500 and the information needs to be sent to Board 2 with a baud rate of 57600, this
can be done in Processing by setting the baud rate for each serial port when opening it for reading or
writing.

Figure 5.2: Board 1 firmware block scheme. After the initialization of the hardware, the microcontroller checks if there is any
signal from the analog input ports corresponding to the amplified sensor signals. In case a signal is detected on an input channel,
the microcontroller uses the ADC to convert this signal into a digital output. A function to detect a touch events scans the digital
signal to check if it surpasses a threshold. In case a touch event is detected, the information is prepared for being sent to the
second board through the UART RS-232 communication port.

5.2. Board 2: Vibration Actuators
In this section I will be describing the firmware used to control the eccentric mass vibration actuators
using the signal coming from the sensors. Board 2 is composed by a microcontroller PIC18F4431
(Microchip, USA) and five motor drivers, each one capable of controlling five eccentric mass motors.
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The board could control up to 15 motors which is more than enough for us as we need one motor for
each sensor, therefore maximum five actuators placed on the forearm. The board can be powered
from 3 to 5𝑉 and we will be using 3.3𝑉 as for Board 1. Board 2 is shown in Fig. 5.3.

Figure 5.3: Board 2 used to control the eccentric-mass vibration motors (1). The information regarding the contact events is
received from this board through a serial port communication protocol having three pins TX, RX and ground (2).

The receiving serial communication protocol was programmed to read 2 bytes (as shown in Fig.
5.4), memorize them in a buffer and use them to satisfy the requests of activation of the corresponding
motors. The first byte consists in the 4 bits on the left (most significant bits MSB) indicating the number
of motor to be activated (from 1 to 15), and the 4 bits on the right (least significant bits LSB) indicating
the duty cycle at which the motor should be vibrating. We decided to use a duty cycle of 𝐷𝐶 = 80%
constant for every motor and equal for contact and release events.
The second byte carries information of the duration of the vibration, for a total of 2ዂ = 256 possible time
intervals spaced out of 10𝑚𝑠, and the highest value corresponds to an infinite time of vibration. We
decided to set the duration of our vibration to 𝑡፯።፛፫ = 100𝑚𝑠 for all motors. We want to send a discrete
vibration stimulus whenever a contact or release event occurs by activating the motors whenever the
pressure is applied or released, according to the DESC policy.
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Figure 5.4: Receiving data codification. A) represents the first byte to be sent composed by the number of the motor to be
activated and the percentage of duty cycle of the vibration. B) represents the second byte, containing information on the duration
of the vibration. MSB is the most significant bit always placed on the left and LSB is the least significant bit placed on the right.

The data is sent from Board 1 to Board 2 using a hexadecimal codification and the codes for the
information we are interested in are shown in Table 5.1.

Data Decimal Hexadecimal codification (Binary)

Motors 1
2

1 (0001)
2 (0010)

Duty Cycle Less than 50% - Turn off
80%

0 (0000)
9 (1001)

Duration 100 ms 0A (00001010)

Table 5.1: The hexadecimal codification for the controls that I used to program the firmware for the glove. The data has to be
sent in hexadecimal to Board 2. Two bytes in total are sent: motor and duty cycle in the first byte and duration of the vibration in
the second byte, as described in Fig. 5.4.



6
Experiments on healthy subjects

In this chapter I will be describing the setup and experimental procedure used for testing the DESC
glove. The tests were performed on healthy patients while synchronously performing a cognitive task
in order to evaluate the efficacy of the augmented feedback on motor performance. Further trials on
stroke survivors will be performed next year as soon as it will be possible.

6.1. Participants
The experiment was performed by 10 right-handed healthy participants, of age between 24 and 33
years old, six females. They were all non-remunerated volunteers working in the Institute of Biorobotics
of Scuola Superiore Sant’Anna. They agreed to the terms of the experiment and the treatment of data
by signing a study information sheet and an informed consent (both reported in Appendix A). The study
was conducted according to the Declaration of Helsinki and was approved by the Ethical Committee of
Scuola Superiore Sant’Anna (Approval Number 2/2017).

6.2. Setup for the experiment
The setup for the experimentation was built in the artificial hands laboratory of Scuola Superiore Sant’
Anna. It consisted in a first part for the pick and lift task, with the instrumented object and the other
elements of the setup, and a second part to deliver augmented tactile feedback.

6.2.1. Pick and lift task setup
The experimental setup consisted in a custom instrumented object (271 g, Fig. 6.1), devised for a pre-
vious study [20], that featured three load cells to record grip and load forces, and a red LED to signal
object breakage when the grip force overcame a threshold. Two of the load cells were on the lateral
surfaces of the object, in order to record the normal forces exerted by index and thumb while lifting up
the object. In order to uniform the results, two black dots were added on the object surfaces to indicate
the exact points where the two fingers should have been placed. The tangential force, indicating the
vertical force applied during the lift to counteract the object weight, was recorded by a third cell placed
on the platform on which the object was replaced after each lift. A weight was placed between the
object and the platform and it attached magnetically to the object at the beginning of the experiment
in order to increase its weight and thus the engagement during the task. Next to the object a large
button was placed to detect the beginning and the end of each lift; whenever the button was pressed,
the object was ready for the lift indicated through the switching off of the green LED. A vertical bar
indicating the height at which the object had to be lifted in each trial (15𝑐𝑚) was placed on the left of
the object.
The interaction forces were acquired in real time, through a NI-SCB-68 DAQ board (National Instru-
ments, USA) connected to a PC running Simulink Desktop Real-Time (MathWorks, USA) with sampling
rate of 𝑓𝑠 = 1𝑘𝐻𝑧. Two bench power supplies (TENMA 72-8355, 0 − 36𝑉, 0 − 5𝐴 and Aim-TTi Instru-
ments, EX4210R 0− 42𝑉, 0− 10𝐴) set at 5𝑉, 0.1𝐴 and 10𝑉, 2𝐴 were used to power the load cells, the
button and the magnet.
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Figure 6.1: Instrumented object recording normal and tangential forces during the pick and lift task. Previously used in [20]. It
contains two load cells on its lateral surfaces to record the grip force and one load cell on the platform to record the load force.
A magnetic weight was placed in between object and platform to increase the lifted object weight. Two LEDs indicate breakage
of the object (red) and the beginning and the end of each trial (green).

Load cells calibration
The three load cells present in the object were calibrated in order to acquire a precise measurement
of the forces applied while grasping. For the calibration I used three standard masses of 0.01, 0.1
and 0.2𝑘𝑔 and measured the responses generated by the forces applied by these masses on the
load cells for three consecutive repetitions. The weights of these masses were 0.0981, 0.981 and
1.962𝑁. Through repeated measures of the voltage response generated by these weights I could
relate the force values to each load cell response. Eq. 6.1 shows the relation between the voltage
response (𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝐹ፏ፥ፚ፭፟፨፫፦) and the force applied on the load cell placed on the object platform for
the measurement of the tangential force (𝐹ፏ፥ፚ፭፟፨፫፦). Eq. 6.2 and Eq. 6.3 show the voltage-force
relation for the two load cells placed on the lateral surfaces of the object, that together measure the
normal force applied during grasping (𝐹𝑁 = 𝐹𝑁ኻ + 𝐹𝑁ኼ). 𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝐹𝑁ኻ is the voltage generated by the
first load cell on one side of the object and 𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝐹𝑁ኼ is the voltage response of the second load cell
on the lateral surfaces.

𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝐹ፏ፥ፚ፭፨፟፨፫፦ = 2.2356 ∗ 𝐹፠ + 0.3511 (6.1)

𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝐹𝑁ኻ = 0.1274 ∗ 𝐹፠ + 0.039 (6.2)

𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝐹𝑁ኼ = 0.125 ∗ 𝐹፠ + 0.0294 (6.3)
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6.2.2. Augmented vibrotactile feedback setup
Our prototype of the DESC glove was worn during the whole time of the experiment on the right hand.
For the purpose of this experiment, we used only two of the three sensors I manufactured, one on the
thumb and one on the index as these two were the fingers used during the pick and lift task. Moreover,
as I previously mentioned, I used a precedent version of the electronic board to acquire the signal from
the sensors, as the one I designed was not available at the time of the experimentation. One board
for the sensor on the thumb and one board for the sensor on the index allowed to detect the sense
of touch in real time and deliver the feedback through two vibration actuators. The two eccentric-
mass motors were placed in a fixed position on the arm for the whole experiment under two elastic
bands (Fig. 6.2) and were activated only in correspondence of a touch or release event. They were
placed at a distance of 3𝑐𝑚 one another in order to facilitate the discrimination of the vibration stimuli
corresponding to tactile events at the two fingertips. The sensors and the motors were powered using
a Digimess BP3002 bench power supply set at 3.3𝑉 and 0.1𝐴. Another PC was connected to the
serial ports of the acquisition boards (Board 1) and the serial port of the actuators board (Board 2)
for the communication between the two. Using a UART RS-232 communication protocol, a script on
Processing 3.5.1 ran during the experiment to allow reading and writing of the serial ports. A picture of
the complete setup is shown in Fig. 6.3 and the corresponding schematic representation is reported in
Fig. 6.4.

Figure 6.2: Top view of the experimental setup, a participant while wearing the glove with thumb and index sensors. The two
eccentric mass vibration actuators were fixed on the forearm with two elastic band (bottom right). The boards for acquiring the
sensors signal and the one for controlling the actuators are also shown in the picture. The instrumented object was placed on
the table (top).
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Figure 6.3: Picture of the setup for the DESC glove experimental procedure. The two PCs are shown: the one to acquire the
data from the DAQ in real time with Simulink desktop and the one for the serial communication with Processing. The boards for
the sensors and the board for the motor were connected through 3.3V serial cables to the PC with the processing script. The
instrumented object to be lifted was placed at the center of the desk next to the glove that needs to be worn by the participants.
The button to be pressed at the beginning and the end of each lift was placed at the right of the instrumented object. The power
supplies were connected to the corresponding boards and load cells.
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Figure 6.4: Schematic representation of the setup for the DESC glove experimental procedure. All the components present in
the picture 6.3 are reported in this block diagram. The dashed lines represent all the analog signals, while the continuous lines
the digital ones. Green lines for the actuators, red lines for the index sensor and yellow lines for the thumb sensor. The thicker
black lines are the power connections.

Figure 6.5: Illustration of a subject performing the experiment at the setup table. Starting position for the experimental procedure.
The subject was wearing the DESC glove on his right hand and had the actuators on the right forearm. The sensorized object
was at the right, next to the button to be pressed for starting the trial.

6.3. Experimental procedure
The first part of the experiment consisted in a brief training in which the participants were asked to
perform ten lifts to familiarize with the task and the instrumented object sensitivity. During this part the
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subjects were asked to wear the glove but the device was not initialized.
Afterwards, the participants were asked to sit at the table and repeatedly perform a pick and lift task
as fast as they could, which consisted of reaching the instrumented object with their right hand, lifting
it above a target height (15𝑐𝑚 above the table surface, marked with tape) and replacing it stably on
the table, as shown in the example in Fig. 6.6. Immediately before and after lifting the object the
participants had to press the button, in order to facilitate the detection of separate trials.

Figure 6.6: Illustration of a subject performing one trial of the pick and lift task. Top: the subject grasps the object using thumb
and index fingers, the moment of contact between the fingers and the object was captured. Bottom: the object is lifted at the
maximum height. The object will be then replaced on the platform, and the whole task will be repeated again.

To force the participants to employ tactile feedback to successfully complete the task, which would
be otherwise completed only with a feedforward control [119], the object was set to virtually break in
case the participants applied a grip force larger than a threshold (𝑇ℎ፛፫፞ፚ፤ in Eq. 6.4), which proved to
be challenging during a preliminary test. Breakage was signaled with the red LED.

𝑇ℎ፛፫፞ፚ፤ = 8𝑁 (6.4)

The aforementioned task was completed in two conditions, each consisting of 100 repetitions, with
a short break in between. In condition A (baseline) the glove was unpowered, while in condition B
(intervention) a DESC type feedback was sent in correspondence of tactile stimuli at the fingertips.
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The order of the two conditions was randomized for each participant. Concurrently with the pick and lift
motor task, the participants were asked to perform a cognitive serial subtraction task (SST) [100]. In this
task, the subjects were required to count backward in threes as quickly and as accurately as possible,
starting from a different starting point for each condition to avoid task familiarization. A schematic
representation of the experimental procedure is shown in Fig. 6.7. A videoclip illustrating a participant
performing the experiment was attached in the supplementary material.

Figure 6.7: Schematic representation of the experimental procedure for the DESC glove testing. During the whole experiment
the participants were wearing the glove. After a brief training for familiarization with the instrumented object, the pick and lift task
(100 lifts) was repeated in two conditions, whose order was randomized, synchronously with a cognitive task.

6.4. Data acquisition and analysis
The data were acquired using Simulink Real Time Desktop (MathWorks, Inc.) and analyzed using
MATLAB 2019b (MathWorks, Inc.). The list of variables acquired during the experiment in real time
is: Time, Subject number, Condition, Trial (lift number), Button press, Slippage indicator, 𝐹𝑁ኻ (normal
force on sensored plate 1) both raw and biased, 𝐹𝑁ኼ (normal force on sensored plate 2) both raw and
biased, 𝐹ፏ፥ፚ፭፟፨፫፦ (tangential force from the platform) both raw and biased, Contact event indicator and
Lift Replace event indicators. The analog signal from the PVDF sensors was also acquired in real
time by connecting the amplified analog signal from the two Boards 1 to the DAQ (𝑆𝑒𝑛𝑠𝑜𝑟𝑇ℎ𝑢𝑚𝑏 and
𝑆𝑒𝑛𝑠𝑜𝑟𝐼𝑛𝑑𝑒𝑥 variables). All the variables were saved in structures and then elaborated and divided in
trials, conditions and subjects.

6.4.1. Motor performance analysis
For each repetition of the task, I measured the biased values of grip force (GF) and load force (LF)
through the load cells. From grip force and load force vectors in time (𝐺𝐹፯፞፜፭ and 𝐿𝐹፯፞፜፭) I produced
the coordination plots for each subject and each condition. I also extracted the maximum GF (𝐺𝐹፦ፚ፱)
within the static phase of the lift as the sum of the maximum biased normal forces recorded by the two
load cells on the object surfaces during each trial (𝐹𝑁ኻ(፦ፚ፱) and 𝐹𝑁ኼ(፦ፚ፱) in Eq. 6.5).

𝐺𝐹፦ፚ፱ = 𝐹𝑁ኻ(፦ፚ፱) + 𝐹𝑁ኼ(፦ፚ፱) (6.5)

The duration of each phase of the lift [52], was then calculated as shown in the equations below. The
preload phase (𝑡ፏ፫፞፥፨ፚ፝ was defined as the time interval between the moment of contact between
fingertips and object (𝑡ፂ፨፧፭ፚ፜፭) and the start of the lifting of the object (𝑡ፒ፭ፚ፫፭ፋ።፟፭።፧፠, as shown in Eq.
6.6). The load phase duration (𝑡ፋ፨ፚ፝) was found as the time between the start of the lifting, i.e. the
instant in which the participant begins to apply a grip force, to the moment of liftoff (𝑡ፋ።፟፭፨፟፟) in which
the object firstly gets lifted above the resting position (Eq. 6.7). The static phase duration (𝑡ፒ፭ፚ፭።፜) was
calculated as the time interval between the moment of liftoff to the instant in which the object is replaced
on the platform (𝑡ፑ፞፩፥ፚ፜፞፦፞፧፭), as shown in Eq. 6.8. During the whole time between these two contact
events, defined as the static phase of the lift, the grip force should remain about constant, as there was
no variation in the weight of the object. The duration of the postload phase (𝑡ፏ፨፬፭፥፨ፚ፝) was found as the
time interval between the moment of replacement of the object on the platform and the instant in which
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the it is released by the fingers (𝑡ፑ፞፥፞ፚ፬፞), and therefore the end of application of any GF (Eq. 6.9).

𝑡ፏ፫፞፥፨ፚ፝ = 𝑡ፒ፭ፚ፫፭ፋ።፟፭።፧፠ − 𝑡ፂ፨፧፭ፚ፜፭ (6.6)

𝑡ፋ፨ፚ፝ = 𝑡ፋ።፟፭፨፟፟ − 𝑡ፒ፭ፚ፫፭ፋ።፟፭።፧፠ (6.7)

𝑡ፒ፭ፚ፭።፜ = 𝑡ፑ፞፩፥ፚ፜፞፦፞፧፭ − 𝑡ፋ።፟፭፨፟፟ (6.8)

𝑡ፏ፨፬፭፥፨ፚ፝ = 𝑡ፑ፞፥፞ፚ፬፞ − 𝑡ፑ፞፩፥ፚ፜፞፦፞፧፭ (6.9)

The total duration of each repetition, defined as the time interval between the first contact with the
object and its final release, was then calculated by summing all the phases of the task (Eq. 6.10).

𝑡ፓ፨፭ፚ፥ = 𝑡ፏ፫፞፥፨ፚ፝ + 𝑡ፋ፨ፚ፝ + 𝑡ፒ፭ፚ፭።፜ + 𝑡ፏ፨፬፭፥፨ፚ፝ (6.10)

I also calculated the grip response latency (namely, the GF-LF delay), defined as the time delay from
the LF reaching a specific value to the GF successively reaching the same value, expressed as a
percentage of the maximum LF (𝐿𝐹፦ፚ፱). For each trial the indices at which the load force reached
certain values , i.e. 1, 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100% of 𝐿𝐹፦ፚ፱, were saved and the same was
done for the indices at which the grip force reached the same values. Then the time delay between
the two was calculated for each force value, expressed as 𝑛% of 𝐿𝐹፦ፚ፱, as reported in Eq. 6.11 by
subtracting the vector of time evaluated in the index saved for the LF (𝑖𝑑𝑥(ፋፅጻ፧%ፋፅ፦ፚ፱)) and the time
at the index saved for the GF (𝑖𝑑𝑥(ፆፅጻ፧%ፋፅ፦ፚ፱)).

𝐺𝐹𝐿𝐹𝐷𝑒𝑙𝑎𝑦(𝑛%) = 𝑇𝑖𝑚𝑒(𝑖𝑑𝑥(ፋፅጻ፧%ፋፅ፦ፚ፱)) − 𝑇𝑖𝑚𝑒(𝑖𝑑𝑥(ፆፅጻ፧%ፋፅ፦ፚ፱)) (6.11)

All the variables mentioned above were calculated for each trial within each condition and each subject.
Successively, the mean and standard deviation across the 100 trials in each condition were calculated
for a better comparison between conditions and represented separately for all subjects.
The number of breaks within each condition was also found to compare baseline and intervention.

6.4.2. Characterization of the device
From the data extracted during the experimental procedure, an analysis of the performance of the
DESC glove was also performed. The aim of this analysis was to evaluate the accuracy of the apparatus
in delivering feedback exactly when contact events occurred. In order to do so, it was necessary to study
the activation of the sensors, and therefore of the motors, in relation to the activation of the load cells on
the object during condition B in which the device was powered and actively working. For this reason I
scanned the analog signal acquired by the DAQ during the experiment for both sensors (𝑆𝑒𝑛𝑠𝑜𝑟𝑇ℎ𝑢𝑚𝑏
and 𝑆𝑒𝑛𝑠𝑜𝑟𝐼𝑛𝑑𝑒𝑥). This signal resulted to be noisy, as the cables connecting the amplified analog
sensor output and the DAQ had to be long because of the setup distances. Therefore, I decided to
filter the sensors signals using a moving average filter on MATLAB 2019b. An example of the index
sensor signal for one single trial in Subject 7 is shown in Fig. 6.8 before filtering (blue line) and after a
moving average filter with a window of 100 samples (orange line).
Following the filtering of the signals, the true positive activations of the sensors were considered as the
ones that occurred in a range of ±200𝑚𝑠 from the moment of contact registered by the load cells. A
signal higher (in case of contact) or lower (in case of release) than the chosen threshold (described in
6.12 for the thumb sensor) was needed within this range in order for a true positive to occur.

𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑ፓ፡፮፦፛ = 𝑀𝑒𝑎𝑛ፒ፞፧፬፨፫ፓ፡፮፦፛ ± 𝜎ፒ፞፧፬፨፫ፓ፡፮፦፛ (6.12)

Where 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑ፓ፡፮፦፛ is also called the Limit of Detection (LoD, previously defined in Eq. 3.3), and
was set to be one time the standard deviation of the sensor signal added to the mean of the signal, the
same for both sensors. Higher values of the LoD were not practical for this particular signals, as they
resulted to be noisy and therefore had a high standard deviation.
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Figure 6.8: Example of the index sensor analog signal acquired from the DAQ during one trial. We can see that this signal is
originally very noisy (blue line) and could generate many false positive activations of the motors. After applying a moving average
filter on a window of 100 samples the signal becomes smoother (orange line) and it is easier to detect the touch events spikes.
There is one positive spike synchronously with contact and one negative spike in concurrence with the release of the object.

In case an activation of the sensors was detected outside the contact and release ranges, it needed
to be at least 200𝑚𝑠 after the previous detected activation for a false positive to be measured. The
interval of 200𝑚𝑠 was included to discriminate subsequent peaks in the sensor signal from the real
false positive cases, since they would not lead to multiple activations of the motor.
The percentage of true positives (TP) and false positives (FP) was then calculated within each condition
for every subject, considering that ideally two true positives should have been present in each trial for
both thumb and index sensor.

6.4.3. Statistical Analysis
All data were analysed using the built-in statistics functions of MATLAB2019b (MathWorks, Inc.). Con-
sidering the limited number of subjects, the statistical tests were performed only from data within the
same subject. The Kolmogorov-Smirnov normality test was performed on all variables in order to under-
stand which type of data we were analysing and consequently choose the most appropriate statistical
test to be implemented. Since the grip force and all the durations of the phases of the task resulted to be
normally distributed, a t-test was performed on these variables to evaluate the statistical significance of
the results. The p-values were calculated relating condition A (baseline) and condition B (intervention
with DESC feedback) for each subject.
The GF-LF delays resulted to be not normally distributed variables and, for this reason, I decided to
use a Wilcoxon signed-rank test between the two conditions for each subject.
The statistical significance of the differences between baseline and intervention conditions will be re-
ported in the results in Chapter 7 for the variables and subjects in which the p-value resulted to be at
least 𝑝 < 0.05.





7
Results and Discussion

In this chapter I will report the results obtained during the experimentation with the DESC glove. The
outcomes and their statistical significance will be later discussed.

7.1. Results

The results of the experimentation, described in Chapter 6, are obtained from the data analysis per-
formed with MATLAB 2019b (MathWorks, Inc.) and will be reported in the sections below.

7.1.1. Grip force and Number of breaks

The level of the maximum grip force (GF) applied on the object during the performance of the lift is
represented in Fig. 7.1. For each trial, the maximum value of grip force reached during the lift was
calculated and saved into a variable 𝐺𝐹፦ፚ፱, which was a structure containing two fields one for each
condition, andmatrices with 10 columns (participants) and 100 rows (trials). Fig. 7.1 shows the boxplots
of 𝐺𝐹፦ፚ፱ applied by each subject during the performance of the task in the two conditions together with
the object breaking threshold (red horizontal line). We can see from this representation that the grip
force applied by 3/10 participants increases from baseline to intervention with significant differences for
P2 and P8. Contrarily, the grip force applied by 7/10 subjects decreases from baseline to intervention,
being statistically significant in all subjects besides P9.
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Figure 7.1: Box Plot of the maximum Grip force reached during the trial in baseline (green) and intervention (blue) conditions
represented for all subjects. The 10 participants are indicated on the x-axis and the corresponding maximum grip force me-
dian and interquartile range are shown on the y-axis in the boxplot. The red horizontal line represents the breaking threshold
ፓ፡ᑓᑣᑖᑒᑜ ዆ ዂፍ of the instrumented object. The p-values are also represented in case of statistically significant differences
between the two conditions.

The number of times the instrumented object was broken during each condition was extracted for all
subjects, as the number of times the maximum grip force surpassed 𝑇ℎ፛፫፞ፚ፤ (Eq. 6.4). Fig. 7.2 shows
a bar plot of the number of breaks in baseline (green) and intervention (blue) conditions. There is not a
general trend distinguishable from condition A to condition B among all subjects but we can notice that
for 7/10 participants the number of times the object was broken is reduced following the application of
feedback.

Figure 7.2: Histogram of the number of breaks occurring during the pick and lift task in both baseline and intervention conditions.
The object was broken when the grip force applied by the participant on its lateral surfaces overcame a threshold ፓ፡ᑓᑣᑖᑒᑜ ዆ ዂፍ.
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7.1.2. Coordination plots

The coordination plots, representing the relationship between grip force (GF) and load force (LF) in
every moment of the task, are reported in Fig. 7.3. The vectors of the grip force recorded by the two
load cells on the object lateral surfaces and acquired by the DAQ in real time during each trial, are
plotted with respect to the corresponding vectors of the load force recorded by the load cell on the
platform. This is done for each of the 100 trials all plotted together for both conditions, independently
for every subject. The darker central blue and green lines in the plots in Fig. 7.3 indicate the trend of
the mean value across all trials, while the lighter color represents the standard error (𝑆𝐸) range around
the mean (Eq. 7.1).

7.1.3. Grip force to load force delay

The grip response latency, also named GF-LF delay, is defined as the delay in time from instant in which
the load force reaches a specific value to the moment in which the grip force successively reaches the
same value. The level of force taken into consideration is usually expressed as a percentage of the
maximum LF reached during the trial, and it is therefore dimensionless.
Fig. 7.4 represents the delays calculated using the vectors of values of grip force and load force
recorded during the whole experimental procedure, the same as reported Fig. 7.3. The GF-LF delays
were calculated, from theGF and LF vecotors for each trial, at 1, 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100%
𝐿𝐹፦ፚ፱ and saved in the corresponding variables collecting the delays at the corresponding level of force
for all trials and all subjects. The plots in Fig. 7.4 report the amounts of time delays for all trials in each
condition in seconds, where the darker lines in these graphs represent the mean values and the lighter
colored patch around them represents the standard error range described in Eq. 7.1, same as for the
coordination plots.
Each subplot represents the delay across the lift task for each subject in the baseline condition (un-
powered device, indicated in green color) and the intervention condition (feedback delivery, indicated
in blue color). It is noticeable that the blue line, representing the GF-LF delay following the application
of DESC-type feedback through vibrations at the forearm, is located below the green baseline line for
most of the subjects. An exception is shown in the subplot for P9 in which the intervention condition has
higher delay values with respect to the baseline. The delay in P2 is very noisy and therefore difficult to
discriminate whether the intervention line lays above or below the baseline. Participant 1 shows almost
the same values of delay between grip force and load force for both conditions.
The significant results in these plots are the ones in central area, as in the beginning (around 0%𝐿𝐹፦ፚ፱)
and the end (around 100%𝐿𝐹፦ፚ፱), a lot of noise is present and the delays are not accurate. For this
reason, the delay at 50%𝐿𝐹፦ፚ፱ is normally analysed to investigate an improvement in the control strat-
egy. The mean and the standard error of the delay at 50% are shown in Fig. 7.5, represented in
milliseconds in an histogram plot for each participant. This figure basically represent a zoom of each
GF-LF delay plot, considering the mean value (darker continuous line in 7.4) as the top part of the bars
of the histogram and the standard error (lighter colored patch in Fig. 7.4) as the range indicated by
the black lines on each bar. Through this representation it is easier to notice a decreasing trend from
the baseline condition (green) to the intervention with DESC feedback applied (blue) for all subjects
except for P1,P2 and P9. Most of the differences between the two conditions result to be statistically
significant, except for P1 and P8, with a p-value lower than 𝑝 = 0.05 and in some cases even lower
than 𝑝 = 0.001.

𝑅𝑎𝑛𝑔𝑒 = 𝑀𝑒𝑎𝑛 ± 𝑆𝐸 = 𝑀𝑒𝑎𝑛 ± 𝑆𝑇𝐷
√𝑀𝑒𝑎𝑛

(7.1)

Where 𝑀𝑒𝑎𝑛 and 𝑆𝑇𝐷 indicate respectively the mean and the standard deviation of the forces across
the 100 trials, and 𝑆𝐸 is the standard error defined as the standard deviation divided by the square root
of the samples mean.
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Figure 7.3: Coordination plot (grip force-load force) for all subjects represented in separate subplots. The plots show the relation
between the grip force (normal to the object) and the load force (tangential to the object) during the whole duration of the lift, for
each trial in the two conditions. The relation between grip force and load force while wearing the unpowered glove is showed in
green and the coordination plot with the application of DESC-type feedback is shown in blue.
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Figure 7.4: Plots of GF-LF delay for each value of the load force, expressed on the x-axis as a percentage of the maximum load
force represented in separate subplots for each subject. The time delay between the load force activation and the grip force
reaching the same value is shown on the y-axis in seconds. Significant values of GF-LF delay are the ones in the central part of
plots.
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Figure 7.5: Mean and standard deviation of the time delay between load force and grip force activation when the load force is at
኿ኺ% of its maximum ፋፅᑞᑒᑩ. The delay is represented on the y-axis in milliseconds for each of the 10 participants (x-axis) in both
conditions baseline (green) and intervention (blue). The p-values are also reported in case of statistically significant differences
between the two conditions.

7.1.4. Duration of the task

The duration of the lift is calculated as described in the previous chapter in Eq. 6.10. It is defined as the
time interval between the start of the lifting and the replacement instants. The time spent to perform a
motor task is often used as an indicator of the motor performance. Usually, while maintaining the same
level of task performance, a reduction in the time used to complete a task indicates a higher level of
hand dexterity, and therefore hand motor function.
The boxplot of the total duration of the task for all subjects in the two conditions is represented in Fig.
7.6. The duration of the task is reported in seconds and the statistical significance of the differences
between baseline and intervention conditions is also shown in the plot.
The total duration of the lift decreases from baseline to intervention for all subjects besides P5. More-
over, the decrease resulted to be statistically significant in all cases except for P1 and P2.
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Figure 7.6: Box Plot of the total duration of the lift in baseline (green) and intervention (blue) conditions represented for all subjects
in seconds. The 10 participants are indicated on the x-axis and the corresponding task duration median and interquartile range
are shown on the y-axis in the boxplots. The p-values are also represented in case of statistically significant differences between
the two conditions.

7.1.5. Characterization of the device results
The percentages of true positives (TP) and false positives (FP) among all trials in the intervention
condition for thumb and index sensors are reported in the table below for each subject (Table 7.1). As
we can see from the values in the table there were no misplaced activations (false positives) for the
index nor for the thumb.

Subject TP
Thumb

TP
Index

FP
Thumb

FP
Index

1 99% 98.5% 0% 0%

2 97.15% 98.2% 0% 0%

3 65% 55% 0% 0%

4 70.5% 64.5% 0% 0%

5 100% 100% 0% 0%

6 91.3% 91.3% 0% 0%

7 100% 100% 0% 0%

8 99.5% 59.5% 0% 0%

9 98.5% 100% 0% 0%

10 99.5% 98.5% 0% 0%

Table 7.1: The percentages of true positives (TP) and false positives (FP) that occurred during the pick and lift task experiment
for both thumb and index sensors.

The values from Table 7.1 were averaged across all subjects and 𝑇𝑃ፓ፡፮፦፛𝑀𝑒𝑎𝑛 and 𝑇𝑃ፈ፧፝፞፱𝑀𝑒𝑎𝑛
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were obtained as reported in the following equations.

𝑇𝑃ፓ፡፮፦፛𝑀𝑒𝑎𝑛 = 92.05% (7.2)

𝑇𝑃ፈ፧፝፞፱𝑀𝑒𝑎𝑛 = 86.56% (7.3)

The average of the false positive rates for both sensors resulted to be zero (𝐹𝑃ፓ፡፮፦፛𝑀𝑒𝑎𝑛 = 0% and
𝐹𝑃ፈ፧፝፞፱𝑀𝑒𝑎𝑛 = 0%).

7.2. Discussion
The results that emerged from the analysis of the participants’ motor performance and the operation of
the device are discussed in the next sections.

7.2.1. Grip Force and Number of breaks
The values of the grip force showed in Fig. 7.1 were very high with respect to the weight of the object,
represented by the load force recorded by the platform load cell. This phenomenon can be explained
by the fact that the glove largely reduced the friction between the hand and the object, forcing the
participants to apply a higher level of force to avoid slippage. In fact, the fabric covering the sensors at
the thumb and index fingertips resulted to be very slippery and in addition to this, as demonstrated in
many studies present in literature, wearing a glove can largely reduce tactile sensitivity [13, 18]. The
reduction of tactile sensitivity leads to the application of a higher force on the object surfaces in order
to successfully lift it.
There was no evident trend in the difference between the levels of grip force in baseline and intervention
conditions. The 𝐺𝐹፦ፚ፱ increased for 3/10 participants and decreased for the rest. We could observe
that the grip force significantly decreased from condition A to condition B in 6/10 participants. The lack
of uniformity in this result might have been caused by the biases in the setup described in Section 8.2.
The same behaviour we noticed in the 𝐺𝐹፦ፚ፱ was present in the number of breaks bar plot shown in
Fig. 7.2, extracted during the performance of the task in the two conditions. There was no common
trend between subjects, even though for 7/10 subjects the number of breaks decreased, the number
of samples was too low to make any statistical considerations. In fact, there was only one number to
describe the number of breaks for each subject and each condition instead of having a vector of length
number of trials. For this reason a statistical analysis cannot be performed having only 10 subjects and
more data would be needed. Lacking statistically significant differences between the two conditions, we
cannot draw any conclusion on the reduction of the number of breaks from baseline to DESC feedback
condition.
It is interesting to notice the very high variability in object breakage between subjects. There were
some participants that almost always broke the object (as P3 and P8), while others basically never
surpassed the breaking threshold (P1, P4 and P6). This could have been caused by the different way
the one size glove was fitting on the participants’ hand. We could hypothesize that a good fitting of the
device would improve the sensitivity through the glove and reduce the slipperiness. Instead when the
glove was too large for the subject hand size, it could be possible that there was less friction with the
object and therefore a higher grip force was needed to lift it.

7.2.2. Coordination plots
The coordination plots represented in Fig. 7.3 for every subject did not show a specific trend from
condition A (baseline) to condition B (intervention). A flattened behavior in the intervention condition
(blue line) was present in P4, P6, P7 and P10 subplots. The flatness in the first part of the load phase,
therefore the area around the origin in the coordination plots, is a indication of an improvement in the
feedback motor control. When the ፆፅ

ፋፅ rate is lower, it indicates a lower safety margin while grasping an
object and therefore a higher efficiency in the movement. In ideal grasping, load force and grip force
have the same value at every point of the task, leading to a performance with maximum efficiency
and no waste of energy. In this case the safety margin would be null, a grip force equal to the load
force would correspond in fact to the minimum necessary force to lift the object perpendicularly to the
ground. The safety margin is necessarily introduced in order to compensate for the processing delays
represented by the grip force latency. An increase in safety margin may be related to the reduced tactile
sensitivity at the fingertips used to encode friction information at the skin-object surface [54].
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Unfortunately, from these results we were unable to relate a decrease in the safety margin with the
application of DESC-type vibrotactile feedback. There were several biasing factors throughout the
experiments, thoroughly described in section 8.2.

7.2.3. Grip force to load force delay
The grip response latency, defined as the time delay in the activation of the grip force following the
activation of the load force at a specific level, represents a processing delay in the central nervous
system and may lead to object slip if too large [41]. Notably, a shorter latency implies a better control
performance. When looking at the GF-LF delays at several points of the load phase (Fig. 7.4) we can
see by delivering tactile feedback, the delay was evidently reduced in all subjects besides for P9. The
time delays in P2 had a high variability and therefore were not be taken into consideration. The blue
lines in the plots were notably lower than the green lines indicating the baseline condition.
This decreasing trend was also evident from the bar plot in Fig. 7.5 where the delay at the 50% of
the load force was reported. The statistically significant decrease in the grip response latency in 6/10
subjects led to the hypothesis that by delivering vibrotactile feedback, the information on the contact
events throughout a lift task were provided successfully and helped during the definition of the action
phases related to task subgoals. We hypothesise that the augmented feedback delivered through the
DESC glove could compensate the decrease in sensitivity generated by the worn glove on healthy
subjects who usually have complete sensitivity at the fingertips.
A decrease GF-LF delay can be interpreted as a factor indicating a higher level of confidence and
improved motor control, following the enhancements in the feedback processing mechanisms.

7.2.4. Duration of the task
In this study, we could observe that the time necessary to perform a manipulation task decreased fol-
lowing the application of a DESC-type vibrotactile feedback at the forearm for 8/10 subjects. As we
can see from the boxplot reported in Fig. 7.6, out of these 8 participants who performed the task faster
in the intervention condition, 7 showed a statistically significant difference in the duration of the lifts in
the two conditions. Since the participants were tasked to complete it as fast as possible, we could infer
that the better performance induced by the feedback augmentation implied higher hand dexterity. In
fact, when performing a timed motor task, a reduced duration of the trials has been attributed to a faster
control and facilitated compensatory reactions [78].
Preliminary experiments demonstrated that the familiarization phase during training was sufficient for
the participants to master the task. Through this knowledge and randomization of the order of condition
A (baseline) and condition B (intervention), we exclude that the improvements could be the result of
learning effects.
We can therefore hypothesise that the information provided through the vibrations on the arm on the
contact and release events while lifting the object allowed for a higher level of confidence during grasp-
ing, ultimately reducing the time needed to efficiently lift the object.

7.2.5. Performance of the device analysis
Ideally, we would like to have a device which provides discrete event vibrotactile stimuli in concurrence
with contact or release events. By looking at the results of the characterization of the device reported
in Table 7.1 we can see that the device had a null percentage of false positive detection of contact.
Therefore we can deduce that the DESC glove has a high specificity, being able to avoid the activation
of the vibration actuators in absence of discrete contact events. This is an important characteristic of our
device, as it was specifically designed to avoid the activation following closing and opening movements
of the hand. It is important for future applications that stroke patients wearing the glove during their daily
life activities will only receive feedback when their fingers get in contact with objects. At the contrary it
would become a problem if a simple bending of the fingers activated the sensors because of the PVDF
layer folding on itself.
By looking at the sensitivity, i.e. the probability of detection of contact with external object, we can see
from the true positives reported in Table 7.1 that it was above 90% for all subjects besides P3, P4 and
P8, ranging from 55% to 100%. The sensitivity of the DESC glove resulted to be very good during
the experiments. These values indicate that the device was able for about 92.05% of the times for the
thumb sensor and 86.56% of the times for the index sensor to detect the a contact event withing 200𝑚𝑠
from the actual contact with the object, detected by the load cells on the instrumented object. The
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sensitivity could be further improved in a subsequent version of the prototype. A possibility to increase
the sensitivity of the glove would be to modify the acquisition board firmware to be less selective in the
activation threshold necessary to send a command to the motors, as largely explained in Section 8.2.
However, this could lead to an increase in the false positive rate.
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Conclusions and Further Outlooks

In this chapters I will draw the conclusions of my master thesis project. Conclusions on the efficacy of
the DESC glove will be deduced, taking into account the level of accuracy of our experimentation and
proposing further improvements for future studies.

8.1. Conclusions
The results of this study on a novel wearable device for post stroke hand rehabilitation suggest that the
DESC glove might help stroke survivors for a better manipulation of objects in their daily life activities.
The prototyped glove resulted to be suitable for the intended application purposes, delivering a discrete
event sensory feedback concurrently with touch events and refraining inappropriate activations of the
actuators. Moreover, from the tests performed on healthy participants, it emerged that the lack of
sensitivity imposed by the layer of fabric of the glove, was compensated following the application of
DESC type feedback. This suggests a correct interpretation of the augmented tactile feedback by
the subjects’ brain, even though they were not familiar with the feedback modality. The encoding of
augmented sensory information delivered through the discrete event sensory control resulted to be
facilitated, as the sensory inputs from tactile events are processed in the same way in physiology. For
this reason, we suggest further investigations on DESC type feedback applications and especially, the
performance of clinical trials on sensory impaired subjects using a DESC type feedback augmentation
in motor tasks.

8.2. Study limitations and possible improvements
Testing a sensory substitution rehabilitation device on healthy subjects imposes a great limitation on
the results that can be obtained. Subjects that don’t present any impairments to their upper limbs have
maximum level of motor performance possible from physiology. It becomes therefore very hard to no-
tice any significant improvement in hand dexterity following the application of augmented feedback.
The fact that the glove partially removed sensitivity to the healthy participants’ fingertips might have
helped in the detection of some improvements when looking at the level of the maximum grip force and
consequently number of breaks, grip response latency and the total duration of the lifts. By subtract-
ing sensitivity, the ability to identify the correct motor commands was also reduced, as proper sensory
inputs are not available for correction in the internal models of the cerebellum. The aforementioned
limitation affecting our preliminary tests on the device can and will ultimately be overcome through
the performance of clinical trials on post-stroke patients. Following the neurological impairments, as
explained in the introduction, stroke survivors lack of sensitivity on their hands and show reduced per-
formance in motor control and hand dexterity.
Other limitations to our study were given by the setup chosen to perform the testing of the device. Load
cells usually show errors and delays themselves and, even though the three load cells on the instru-
mented object were calibrated at the beginning of the experimentation, the tests were performed during
consecutive days. This might have damaged the calibration settings due to mechanical disturbances
or moving of the setup in different days. A solution to this problem could be calibrating the load cells
every day before starting the tests.
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Another important aspect to be considered is that some subjects were covering the red led indicating
breakage of the object with their hand during the performance of the task. The lack of knowledge on
the level of force able to break the object might have increased the grip force these subjects applied
while lifting, unaware of breaking the object and therefore failing the task. The red led could be moved
to the top of the object in future experiments, in order to avoid interference with the lifting movement
while remaining always visible during the task.
Moreover, a lot of noise was present in the analog sensors signal acquired from the DAQmaking it diffi-
cult to analyse the correct activation of the device. As explained in section 6.4.2, the cables connecting
the PVDF signal acquisition boards to the DAQ had to be very long because of the setup components
position. The solution to this problem could be the direct acquisition of the digital signal sent through
the serial port from the board acquiring the PVDF signal to the board controlling the actuators. In this
way, we could be certain that the signal we are analysing is the one that the device is using for its
activation is therefore the most accurate way to characterize its operation.
As briefly mentioned in section 7.2.5, the sensitivity of the DESC glove (55%−100% depending on the
subject) could be further improved. This value strongly depends on the threshold that we set for the
activation of the motors following the detection of the contact event. In this first version of the device
prototype, the firmware in the sensors signal acquisition boards was programmed in such way that a
contact event was detected after the PVDF signal exceeded (for contact) or went below (for release)
two fixed thresholds. A possible improvement to increase the accuracy in the detection of touch events
would be to use the derivative of the signal as a regulator for the activation threshold values. In fact,
as we could notice from the sensors characterization in Chapter 3, the voltage response of the PVDF
sensors following a stimulus, depends on the velocity at which the stimulus is applied. Therefore a
variable threshold for different velocities of stimulation could allow for a more precise discrimination of
touch events.
The use of a one sized glove for patients of different genders and age might have reduced the per-
formance during the experiment due to under- or over-fitting of the device. By prototyping at least
three different sizes of the glove, small medium and large, we could overcome this limitation promoting
comfort and a better object manipulation while wearing the glove.

8.3. Societal and ethical impact
As mentioned in Chapter 1, stroke has a very high incidence worldwide and negatively affects the life of
many elderly. Due to the lack of sensitivity on their hands they often present difficulties in manipulating
objects, requiring medical assistance to conduct many activities. The aim of this project is to improve
stroke patients hand dexterity allowing them to successfully manipulate objects and improving their
capability to use their upper limbs in daily life activities. By reducing the sensory and motor deficits that
affect these patients, they would gain a higher level of independence which could be also beneficial
on a psychological point of view. The lack of independence in conducting domestic (and not) activities
often leads to depression and self denigration.
Another aspect to be taken into consideration is the reduction in healthcare expenses that would follow
to the higher level of independence obtained by stroke survivors. In case the final prototype of the
DESC glove could promote hand dexterity and help in object manipulation as we would wish, this
would reduce the patients need of technical assistance in their home setting. This would allow the
government to save money and invest them in other applications beneficial for the society.
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Consent Form 

The volunteer must read and answer the following questions: 

Have you read all the information about this experiment? Yes / No 

Could you ask questions and clear up any doubts about this study? Yes / No 

Did you receive enough information about this study? Yes / No 

Did you understand that you are free to stop the experiment and leave at any moment and 
without giving explanations? 

Yes / No 

Do you agree on taking part in this experiment? Yes / No 

Do you agree on having video/pictures recorded during the experiment? 
(Your face will be unidentifiable in any recordings.) This is not mandatory to participate! 

Yes / No 

 

Taking full responsibility, I declare that: 
• According to the Italian law n. 196/03 on privacy and personal data protection, I give my approval to 

the use of data coming from my experimental session for scientific studies and possible academic 
publications (anonymously). 

• I understand that Scuola Superiore Sant’Anna’s public liability insurance covers its employees in the 
event that they cause any harm to a third party during the execution of their duties. 

• I understand that I can revoke consent also at any point after the study by informing the principal 
investigator, after which my data will be deleted and no longer used for analysis. 
 

 
Signature ______________________________________ Place, Date _______________, ___/___/________ 

Name and Surname in capital letters _________________________________________________________ 

 

Investigator ______________________________________________________________________ 

In case you would like to ask questions about or to comment on this study in the future, please contact: Christian 
Cipriani – christian.cipriani@santannapisa.it - Scuola Superiore Sant’Anna – The Biorobotics Institute – Viale 
R. Piaggio, 34 – Pontedera - Italy 

All information obtained during your participation in the experiment will only be published anonymously. All 
data will be analyzed in group, with no references to personal details. 

 



    

  

Subject ID   

Fb group  

    

Contact Information  

 E-mail   

 Phone   

   

Commonly required information  

 Gender   

 Age   

 Height   

 Weight   

 Hand-dominance   

 
Have you smoked a cigarette in the past 
2h?   Yes [ ] How long ago? __________           No [ ] 

 Have you eaten in the past 2h?   Yes [ ]                                                             No [ ] 

 Have you taken medications today?    Yes [ ]  Which one? ___________            No [ ] 

   

   
 



Attention! You are NOT allowed to participate if you have any wounds/impairments on your right 
hand! 
 

Study information sheet 
 

Dear Participant, 

Thank you for taking the time to do this experiment. Please read the following information carefully. You have 
the right to take your time and ask questions (now and at any point during or after the study). 
 

Participation is voluntary 

It is your choice to participate in this study. If you choose to do so, you may change your mind and leave the 
study at any time. Refusal to participate or stopping your participation will not involve any penalty. Should you 
stop your participation during the study, you may request that all your data be deleted. 
 

What is the purpose of this research? 

The goal of this study is to help test a novel wearable device called DESC glove. The device provides sensory 
feedback on the arm following the detection of touch from the sensors on the fingertips for people who have 
lost sensitivity on the hand (as for example stroke patients). The aim of this study is to evaluate the 
effectiveness of this device for improving hand motor performance.  
 

How many people will take part in this research? 

About 5-10 people will be part of this study. 
 

How long will I take part in the study? 

This study requires one session of up to 60 minutes. 
 

What can I expect if I take part in this research? Please read carefully 

If you agree to participate in this study, you will be asked to participate to a brief training (1) and then perform 
the experiment in different conditions (2). 

1) The first part of this experiment will consist in training to acquire confidence with the instrumented 
object (sensorized) and the grasping task while wearing the DESC glove. You will be asked to perform 
some lifts with both light and heavy weight. You will have to push the blue button in front of you 
before and after each lift and wait for the green led to go off before starting a lift. The object should be 
grasped exactly where indicated from the black circles and lifted all the way up to the indicated height.  
You should hold the object up above the height indicator, trying to avoid breakage (indicated by the 
red LED). You are asked to performed task as fast as possible, focusing on lifting the object by applying 
the correct force with the fingertips, to avoid breakage or slippage. 

2) Once training is complete, you will keep wearing the DESC glove and begin the experiment. You are 
asked to perform 100 lifts for 2 repetitions with a short break in between. While performing the 



experiment you will be asked to synchronously perform a serial-3 subtraction task counting backwards 
outloud. 
 
Please try to grasp as fluidly as you comfortably can, focusing on avoiding breakage of the object while 
performing the task as fast as possible.  

Should the object slip from your grasp, please indicate this to the experimenters, wait for a sign, and then 
continue as before.  
 

Photos/Videos 

If you agree that photos/videos of you may be taken, the experimenters will ensure that these do not include 
your face or will censor/blur it. The photo and video files of you will not contain your name or any information 
that can identify you. The material may be published or shown during presentations. If you agree but change 
your mind during or after the study, please let us know, and the experimenters will delete any visual material 
of you. 
 

What are the risks and possible discomforts? 

It is possible that you feel an uncomfortable sensation at the hand given by the vibration, this could manifest as 
a sort of tingling, numbness or hypersensitivity. If this is the case, please inform the experimenters but be 
aware that it will disappear after a short while that the vibration is not applied anymore.  

As with any electrical device, there is a very minimal risk of electrical shock. To reduce this risk all electrical 
components are sealed in non-conducting plastic boxes and all wires are coated. 

You do not have to pay to participate in this research. 
 

Are there any benefits from being in this research study? 

There are no direct benefits to participants as a result of participating in this research. However, the results of 
this research may lead to devices that make grasping easier and/or more pleasant for people with upper 
extremity amputation or sensory impairments. 

You will not be compensated for your participation in this study. 
 

How will my privacy be protected? What happens to the information you collect? 

Every effort will be made to ensure that your participation in this study and all records about it remain 
confidential. All data we collect about you will be labeled with a unique participant number and no other 
identifying information. Only the PI and study team will have access to the key linking your identity to your 
participant code. It is possible that we may use the de-identified data we collect (which cannot be used to 
identify you) with our collaborators, or in publications and presentations. De-identified data may also be made 
available to other researchers, and sponsors of the study. This does not include your photos/videos. 

 

I have read and understood the information sheet: ______________________________ Date: _____________ 
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