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Abstract

Stroke is a leading cause of disability in adults worldwide, with most patients experiencing
some degree of chronic motor and cognitive disability that prevents them from perform-
ing certain activities of daily living. Rehabilitation should begin as soon as possible,
with multidisciplinary evaluations and training where motor rehabilitation and cognitive
approaches stand out. Traditionally, post-stroke rehabilitation strategies have been im-
plemented separately in terms of motor and cognitive functions. However, recent studies
show that hand motor interventions can have a positive impact on cognitive recovery.

This thesis presents AMBER (Portable and Modular device for comprehensive Brain
Evaluation and Rehabilitation), an innovative medical device designed to support the
cognitive and motor evaluation and rehabilitation of the hand. AMBER is a simple,
portable, ergonomic, and affordable device based on LED lights and force-sensitive resis-
tors, in which each finger interaction is recorded to provide information on finger strength,
processing speed, and visual memory.

This work focuses on the design, development, and validation of AMBER. The design relies
on findings obtained through a systematic review, which suggests that integrating strength
assisted training with conventional rehabilitation methods can significantly improve global
cognition in stroke patients. Additionally, AMBER’s design and task set, inspired by
established physical and neuropsychological assessments, offer a modernized approach to
measuring key motor and cognitive variables.

Through a series of validation studies involving healthy volunteers and focus groups with
stroke rehabilitation specialists, this work also evaluates the effectiveness and usability
of AMBER. The device’s adaptability and positive reception from both therapists and
healthy volunteers suggest its potential usefulness in a spectrum of neurological condi-
tions beyond stroke, including motor-impairing diseases such as peripheral neuropathies
and rheumatic pathologies, and other cognitive pathologies such as vascular or neurode-
generative mild cognitive impairment. However, comments have pointed out areas for
improvement oriented toward enhanced ergonomic and functional usefulness, which will
guide AMBER towards new research lines and prepare it to be used in formal clinical trials
with patients. These innovative characteristics have led to a request for an international
patent for AMBER.

In conclusion, AMBER represents an important step forward in the field of post-stroke
rehabilitation, incorporating the principles of cognitive-motor interdependence and sug-
gesting broad applications for a variety of other pathologies beyond its initial post-stroke
focus. By facilitating early, integrated, patient-centered rehabilitation, AMBER promises
to redefine the recovery process for stroke survivors, providing information on more effec-
tive rehabilitation strategies and highlighting the critical role of innovative technologies
in advancing patient care.
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1. Introduction

1.1 Stroke

Stroke can be defined as a cerebrovascular disorder caused by hypoperfusion or de-
creased cerebral blood flow, which temporarily or permanently alters the functioning
of one or more parts of the brain.

Stroke is the second most common cause of death in Europe and the world, and a
leading cause of adult disability [1, 2]. The incidence of stroke increases with age,
with a greater population affected among men, except for ages above 85 years old [3].
Currently, there are around 12.2 million new cases of stroke each year worldwide, with
a prevalence of 143 million [4]. By 2035, the incidence of stroke is expected to increase
by 34% [5]. In Europe, it is responsible for 9% of all deaths in men and 13% in women
[6]. Among the survivors, most experience some degree of both motor and cognitive
chronic impairment, which makes them unable to carry out certain Activities of Daily
Living (ADLs) [7].

1.1.1 Pathophysiology of stroke

There are two main types of stroke depending on the nature of the injury: ischemic
stroke and hemorrhagic stroke, which represent around 87% and 13% of stroke cases,
respectively [8]. The type of stroke especially conditions its management during the
acute phase and also its treatment [3]. However, subsequent rehabilitation will depend
on the clinical manifestations presented by the patient. These clinical manifestations
depend on the characteristics, duration and location of the ischemia [9]. It is generally
characterized by a focal neurological deficit with an abrupt onset. In the case of
large vessel occlusion, symptoms vary depending on the affected artery, being the
most common the following: hemiparesis, hemiplegia, hemianesthesia, hemianopia,
apraxia, dysarthria, dysphagia, dysphasia, memory disorders and aphasia [9]. In cases
of stroke due to small vessel occlusion, the most frequent syndromes are: pure motor
syndrome (facio-brachio-crural paresthesia of a hemibody), pure sensory syndrome
(hypoesthesia or facio-brachio-crural paresthesia), sensory-motor syndrome (paresis
with hypoesthesia), dysarthria with clumsy hand and hemiparesis with hemiataxia
[10].

The lack of blood supply and, therefore, oxygen and glucose in an area of the brain trig-
gers tissue necrosis in that region [11]. This decrease in the level of oxygen and glucose
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results in a decrease in the energy available in brain cells to carry out different cellu-
lar functions. Specifically, neurons lose their ability to maintain the transmembrane
ionic gradient necessary for homeostasis, leading to excessive neuronal depolarization
and an increase in the release of excitatory neurotransmitters and pro-inflammatory
molecules [9]. As a consequence, accumulations of Ca2+ and Na+ ions are produced,
and the signaling pathways are altered, thus activating catabolic processes mediated by
proteases, lipases and nucleases that interrupt neuronal function and induce cell death
[12]. It is postulated that the first cause of cell death could be due to the accumulation
of intramitochondrial Ca2+, which reduces adenosine triphosphate (ATP) synthesis [9].
In addition, after the interruption of blood flow, the reperfusion of the damaged tis-
sue can trigger an inflammatory and immune response that causes an increase in the
permeability of the blood-brain barrier (BBB), producing cerebral edema [9].

Figure 1.1: Types of stroke: Ischemic and Hemorrhagic [13].

The following sections explain the pathophysiology of the different types and subtypes
of stroke.

1.1.1.1 Ischemic stroke

Ischemic stroke is characterized by alterations in the brain blood supply caused by
partial or total occlusion of a cerebral blood vessel, with the main consequence of lack
of oxygenation or anoxia [9]. There are three main types of brain ischemia: thrombosis,
caused by a local obstruction of a blood vessel due to a disorder of its wall; embolism,
when the obstruction is caused by a particle originated in other region which travels to
a brain blood vessel; and systemic hypoperfusion, when is a problem of low blood flow
in the brain due to circulatory failure due to the lack of pumping of the heart (heart
attack) [14].

Brain ischemia can lead to focal cerebral ischemia, if only one area of the brain has been
affected, or global cerebral ischemia, if the interruption of blood flow has affected the
entire brain [15]. It is also important to distinguish whether the occlusion is produced
in a capillary of the brain or if it occurs in a large blood vessel, which represents 80%
and 20% of ischemic stroke cases respectively [16].

Focal Cerebral Ischemia

In focal cerebral ischemia, there is a reduction or interruption of blood flow in a certain
area of the brain as a consequence of the occlusion of an artery [17]. This reduction in
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blood flow produces a decrease in the supply of oxygen and glucose, with the consequent
decrease in energy, causing the loss of function of cell membranes and ionic homeostasis.
This causes different functional alterations in the brain tissue, reaching necrosis if the
flow is completely interrupted [11]. The clinical manifestations will depend on the
affected artery and the extent of the injured tissue [18]. Below, a figure with the
main cerebral arteries is shown and the symptoms associated with a stroke in the most
important ones are described.

Figure 1.2: Vascular anatomy of the brain [19].

• The middle cerebral artery (MCA) is one of the major cerebral arteries and
the most common involved in stroke. The MCA is located in the lateral sulcus
between the frontal and temporal lobes. It supplies a large area of the lateral
cerebral surface and part of the basal ganglia and the internal capsule via four
segments (M1, M2, M3, and M4). As it mainly supplies the somatosensory cor-
tex, the symptoms associated with a stroke in MCA are related to motor and
sensory alterations that mainly affect the face and upper extremities: contrala-
teral hemiparesis, facial paralysis and sensory loss in the face and upper limbs.
Additionally, there may be symptoms such as dysarthria, neglect, and aphasia
[20].

• The anterior cerebral artery (ACA) provides blood supply to the frontal,
prefrontal, primary sensory, primary motor, and supplemental motor cortices.
The sensory and motor cortices receive sensory information and control movement
of the contralateral lower extremity. The supplemental motor area contains the
Broca’s area, which is involved in the initiation of speech. The prefrontal cortex
is used to organize and plan complex behavior and is thought to influence the
personality. For this reason, the most frequent symptoms of an ACA infarction
are contralateral sensory and motor deficits in the lower extremity, preserving
the correct activity of the face and upper limbs [20].

• Posterior cerebral artery (PCA) is divided into the superficial PCA and
the deep branches, which supply the occipital lobe, the inferior portion of the
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temporal lobe, the thalamus and other deep structures of the brain respectively.
The occipital lobe is the location of the primary and secondary visual areas,
where sensory input from the eyes is interpreted. The thalamus relays informa-
tion between the ascending and descending neurons, while the internal capsule
contains the descending fibers of the lateral and ventral corticospinal tracts. If
the infarction occurs in the deep branches of the PCA, symptoms may include
hypersomnolence, cognitive deficits, ocular disturbances, hypoesthesia, ataxia,
and even hemisensory loss and hemiparesis. In the case of superficial PCA in-
farction, the symptoms are related to visual and somatosensory deficits, such as
alterations in tactile sensation and proprioception [20].

Within focal cerebral ischemia, two types of stroke can be distinguished depending on
the duration of the occlusion: transient ischemic attack (TIA) and cerebral infarction.

• Transient ischemic attack or TIA is defined as an episode of focal neurological
dysfunction lasting less than 24 hours [21, 22]. Of the total number of strokes
that take place in Spain, TIAs correspond to 16.4% of cases [3]. Furthermore,
the physiology, prognosis, and treatment of TIA vary greatly depending on the
brain area affected, on which the clinical manifestations also depend. The TIA
is especially important as a predictor of stroke: TIA patients are around 10%
more likely to suffer a stroke during the subsequent 90 days, with half of them
happening the following week. During the 5 years after TIA, studies show a
stroke incidence of 30% [21, 22].

• Cerebral infarction occurs when blood flow to an area of the brain is inter-
rupted for more than 24 hours. This produces tissue necrosis in the affected brain
region [15], area also known as the infarct core [9]. Around the infarcted area
there may be residual blood flow and a minimal metabolic activity sufficient to
maintain cell viability for a certain time (until the production of ATP falls below
50% of normal levels, triggering death cell by apoptosis [23]), although without
preserving its normal function. This area around, called penumbra, although it
is at risk of cell death, is capable of recovering its original state if blood flow is
restored, thus being the focus of treatments to reduce injury and sequelae after
cerebral infarction [24–26].

Figure 1.3: Infarcted nucleus within the immediate area of the occluded artery, followed
by a penumbra, in cerebral ischemia [27].
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Global Cerebral Ischemia

On the other hand, in the case of global cerebral ischemia the decrease or interruption
of blood flow simultaneously affects the entire brain, mainly border zones between
the main arteries territory. It occurs commonly in patients which cardiac arrest or
undergoing complex cardiac surgery. Its neurologic sequelae include coma, seizures,
ischemic stroke, delirium, and neurocognitive impairment [28]. This produces serious
alterations in brain function, which can lead to necrosis and brain death if the situation
persists over time [15].

1.1.1.2 Hemorrhagic stroke

Hemorrhagic stroke is produced by an extravasation of blood in the brain tissue and
eventually extracerebral bleeding as a consequence of the rupture of a cerebral blood
vessel. Of all strokes, hemorrhagic patients account for around 20% of cases [29].
However, its prognosis is much worse than in the case of ischemic strokes.

Figure 1.4: Diagram of the two main types of hemorrhagic stroke: intracerebral hem-
orrhage and subarachnoid hemorrhage [30].

Intracerebral hemorrhage (ICH) is the most common hemorrhagic stroke. It accounts
for 10-15% of all stroke cases [31]. It consists of an accumulation of blood, or hematoma,
within the cerebral parenchyma produced as a consequence of the rupture of a cere-
bral blood vessel. It can be classified as primary and secondary hemorrhage. The
primary hemorrhage occurs in between 78% and 88% of cases [31], when the rupture
occurs in the wall of a previously weakened vessel due to degenerative processes, such
as amyloid angiopathy or derived from arterial hypertension. The secondary hemor-
rhage secondary occurs as a consequence of congenital malformations of the vessel,
coagulation disorders, etc. [32].
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Depending on the area in which the bleeding occurs, different types are distinguished:
cerebellar hemorrhage, brain stem hemorrhage, hemispheric hemorrhage and intra-
ventricular hemorrhage [17].

The hemorrhage causes an accumulation of blood within the brain parenchyma, which
leads to an alteration of the normal anatomy of the brain and an increase in local pres-
sure in the area [33]. According to the speed of expansion of the hematoma, the primary
damage is distinguished during the following minutes and hours after the start of the
bleeding, and the secondary damage as a consequence of the presence of intraparen-
chymal blood in the brain, which may depend on the volume of the hematoma [31].

Although inflammatory mediators in response to stroke produce an increase in brain
damage, the role of inflammatory cells (such as microglia, macrophages, etc.) is sub-
stantiated for cleaning and removing cellular debris caused by the hematoma [34].
Following intracerebral hemorrhage, extravasated blood components and those associ-
ated with brain damage (blood-derived coagulation factors, complement components,
immunoglobulins, and other bioactive molecules) produce a cytotoxic, prooxative, and
pro-inflammatory attack on adjacent healthy brain cells continuing tissue damage,
which can be seen minutes after the start of bleeding [35–37]. 24 hours after the onset
of ICH, the lysis of red blood cells begins, which produces the release of cytotoxic
hemoglobin. The hemoglobin and its degradation products (heme and iron) are chem-
ical substances with a high cytotoxic capacity, which alter the state of neighboring
brain cells, causing cell death in many cases [34, 35, 38].

The most common cause of ICH is hypertension [39]. Hypertension can trigger hyper-
plasia in the small intracranial vessels, which favors their necrosis and rupture.

Clinically, it is usually presented in an acute form, with the presence of headaches,
nausea, vomiting and a decrease in the level of consciousness, in addition to an increase
in blood pressure. Among all those affected, the mortality rate ranges between 35%
and 52% in the following 30 days [40], and only 38% survive the first year, suffering
secondary injuries and serious neurological deficits as a consequence of the hematoma
[31, 33].

1.1.1.3 Stroke risk factors

As explained before, ischemic strokes correspond to 80% of the total incidence of stroke
in Spain today [3], and its etiology determines the most appropriate strategy for both
treatment and secondary prevention [15]. While hypertension is the most common
cause of ICH, there are numerous risk factors for ischemic stroke. The most notable
ones are explained below:

• Age: Incidence almost doubled in each decade after age 55 [9].

• Gender: Women of childbearing age with hormonal disturbances [9].

• Genetic factors: Family history of stroke increases risk by 30% [9].

• Stress: Psychosocial stress is independently associated with an increased risk of
stroke, more pronounced in women than in men [41].



1.1. Stroke 7

• Obstructive sleep apnea: Increases the risk of stroke regardless of other risk
factors such as hypertension [42].

• Arrhythmias: Atrial fibrillation that favors the formation of thrombi that can
block cerebral vessels taking form of an embolus. It is the main risk factor for
embolic strokes. Also other types of arrhythmia without atrial fibrillation increase
the risk [43].

• Atheromatosis and arteriosclerosis: Especially carotid stenosis, where the degree
of stenosis over 50% increases the risk of stroke that could be thrombotic or
embolic through an arterio-arterial manner [44].

• Arterial hypertension: High arterial tension increases risk by 31% [43, 45].

• Diabetes mellitus and metabolic syndrome: diabetes increases the risk by 8%,
type 2 diabetes increases the probability of suffering a stroke between 2 and 3
times [45, 46].

• Obesity and diet: The mechanisms that determine the increased risk are not
clear. A diet rich in fruit and fish, as well as regular physical exercise play a
protective role [45].

• Tobacco: The risk of stroke increases with the number of cigarettes smoked per
day. Passive smokers have a 30% higher risk than unexposed people [47].

• Alcohol: More than 30 units per month is associated with an increased risk [48].

• Environmental pollution: Prolonged exposure increases the incidence of stroke
between 4 and 19%, and short exposures but at high levels increases by around
3.5% [49].

• Hormonal and contraceptive treatments: Especially in menopausal women or over
40 years of age with obesity or smoking in addition to contraceptive treatment
[50].

1.1.2 Stroke treatment

This section shows an outline of the main treatment routes for stroke, for which it will 
be important to distinguish between ischemic stroke and hemorrhagic stroke.

In ischemic stroke, treatment is based on restoring blood flow i n  t h e v e ssel t h at has 
been occluded. For this, the only pharmacological treatment currently approved are 
the intravenous tissue plasminogen activators (t-PA) [51], which should be adminis-
tered within a window of 4.5 and 9 hours maximum after the onset of symptoms. 
This technique, called fibrinolysis, provides anticoagulant effects to dissolve the 
thrombus and restore blood flow. However, only about 15% of patients treated with 
this technique achieve a complete recovery [16, 52].

In cases of acute ischemic stroke due to large vessel occlusion, the treatment that 
provides the best results, and that can be combined with fibrinolysis, i s mechanical or 
endovascular thrombectomy. This technique consists of the extraction of the thrombus 
through an endovascular catheter. However, mechanical thrombectomy can only be
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applied within the first 24 hours, depending on the case, after the onset of stroke
symptoms, and it can only be performed in certain specialized health centers, so many
patients do not benefit from this treatment [16].

In addition to these two main treatments for acute ischemic stroke, in a second stage it
is important to carry out a treatment to prevent new strokes. This usually consists of
antiplatelet to prevent the formation of thrombi or anticoagulant drugs to prevent the
formation of emboli, drugs to control blood pressure, and others to treat complications
associated with the first stroke [53].

In hemorrhagic strokes the treatment is different. When possible, it consists of treating
the injury by evacuating the extravasated blood through a surgical intervention [54], but
in most of the cases isbased on having the patient controlled (heart rate, blood pressure,
glycemia, body temperature, fluid and electrolyte balance, hemostasis, intracranial
pressure, etc.) and prevent and treat complications [55].

The speed of initiation of treatment is crucial for the recovery of patients. In a study
carried out in Spain in 2006, the evaluation of the patient by a neurologist within the
first 6 hours from the onset of symptoms was associated with a five times lower risk of
poor evaluation [56]. On the other hand, [5] states that for every 30 minutes dedicated
to reopening the artery, in cases of ischemic stroke, patient mortality increases by 20%.
Therefore, early detection and speed of treatment is crucial for the evolution of these
patients.

Figure 1.5: Diagram of types of stroke and their initial treatment when the patient
arrives at the hospital.

1.1.3 Stroke aftermath: motor and cognitive sequelae

It is very common among stroke survivors to experience different types of sequelae and
disabilities that affect them when they return to their daily lives, significantly reducing
their quality of life after the disease. As seen in previous sections, stroke symptoms
depend on the infarcted brain area, and the same occurs with sequelae. Focusing on the
main interest of this thesis, here the sequelae are divided into two big groups: motor
and cognitive sequelae.

1.1.3.1 Motor sequelae: upper limbs

Motor sequelae refers to a partial or total impairment that leads to a loss of function of
part of the body, usually the extremities. The most common motor sequelae of stroke
are hemiplegia and hemiparesis, which implies that the side of the body contralateral to
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the affected cerebral hemisphere becomes paralyzed or has markedly diminished motor
strength. This is usually reflected as muscle weakness, lack of muscle control or even
total paralysis. Motor dysfunction can occur in the upper limbs (UL), in the lower
limbs (LL), or in both.

If during the acute phase of stroke, the patients experience some degree of UL motor
deficit, it is likely that in the long term they will have difficulties to perform some
ADLs [57]. Muscle weakness and sensory changes are the most common UL motor
sequelae of stroke, which hinder the natural kinematics of the arm and hand, resulting
in lasting functional limitation in approximately 70% of cases. These alterations often
affect the hand’s ability to shape correctly, alter muscle tone, and make it difficult to
perform skillful and precise finger movements [58–60].

The functional consequences of UL impairment can be divided into three types: learned
nonuse, learned bad-use, and forgetting [61].

• The term “learned nonuse” refers to the inability of the limb to perform func-
tional activities due to lack of use after a stroke, generally as a consequence of
weakness/paralysis or sensory loss caused by the stroke [61].

– Weakness or paralysis is the predominant impairment after stroke [62,
63]. This occurs due to a lack of signal transmission from the motor cortex
(where the impulse for movement is generated) to the spinal cord (which
receives the signal and sends it to the muscles to execute the movement).
This produces a delay in the onset and completion of muscle contraction [64]
and therefore a slowness in muscle activity [65], even preventing movement.

– Sensory loss in the UL can be tactile, proprioceptive, or higher order such
as stereognosis and graphesthesia. These may be associated with the severity
of the stroke and the degree of weakness [66], although sensory disturbances
without motor weakness may also result from specific lesions in the parietal
cortex [67]. Studies have suggested that sensory deficits may result in an
inaccurate motor response, even though motor abilities were adequate to
perform the task [68]. Therefore, it is believed that chronic loss of sensation
may contribute to motor impairment, for example, due to the inability to
adequately control motor activity due to the lack of sensory feedback [61].

• The term “learned bad-use” refers to the inability to move the affected limb
correctly, due to weakness, sensory deficits and pain, as well as stiffness, spasticity
and contractures resulting from temporary immobility, using instead what are
known as “compensatory strategies” to carry out the tasks. These compensatory
strategies involve making abnormal movements to accomplish the activity, such as
forearm pronation and wrist flexion instead of neutral forearm position and wrist
extension to guide the hand for grasping, and hand flexion. metacarpophalangeal
joint rather than flexion of the proximal interphalangeal joint to grasp objects
[69]. In this way, the patient can be able to carry out a task, but with little
precision and poor performance, turning it into bad habits that will prevent
optimal recovery. Spasticity and incoordination due to abnormal motor synergies
can lead to the development of learned misuse [61].
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– Spasticity is a motor disorder characterized by an exaggeration of speed-
dependent reflexes with increased muscle tone and sometimes involuntary
spasms, leading in most cases to a learned misuse of movements. The preva-
lence of spasticity increases with time since stroke [70] and is related to the
secondary effects of weakness and immobility in skeletal muscles [71–73].
Initially, spasticity is considered a positive development, as it suggests that
the nervous system is beginning to initiate repair mechanisms to restore
muscle tone and movement. However, spasticity often evolves into stretch-
sensitive forms such as spastic co-contraction [74], leading to involuntary
movement in the opposite direction to the intended voluntary movement
[61].

• The term “forgetting” refers to the inability to remember learned motor skills,
as a consequence of interruptions in training and rehabilitation. Learning abili-
ties, which would be stable in healthy individuals, are more transient after stroke.
Therefore, 3 necessary processes have been established to achieve successful learn-
ing: test adaptation (and error detection), repetition, and reinforcement through
rewards [61]. Several studies have shown that hand grasp and reach adaptation
are impaired after stroke despite reasonable amounts of repetition of movements
with the affected hand [69, 75–77]. This suggests that patients may be unable to
effectively detect error with the affected hand [61], so supervised training appears
to be necessary for this type of recovery.

Scales for upper limb impairment evaluation

The most common tests used by therapists to evaluate different motor aspects of the
UL and especially the motor function of the hand in stroke patients are described
below:

• Force: the following scales allow measuring different muscle forces. They are
used initially and at periodic retests to demonstrate an improvement in the force
available for grasping or pinching [78].

– Hand grip strength: evaluates grip strength by measuring the maximum
isometric strength of the hand and forearm muscles. It can be done with
various measuring instruments, from hydraulic dynamometers [79] to isoki-
netic dynamometers [80]. Is it usually done with an hydraulic or a digital
hand dynamometer device [81].

– Pinch force: allows to measure and evaluate the pinch force of the fingers
individually. Is it usually done with an hydraulic pinch dynamometer [78].

• Tone: the following assessment allows measuring the muscle tone of the UL.

– Modified Ashworth Scale (MAS): is used to assess the resistance experienced
during passive range of motion. No instrument is needed to perform it. It
is currently the most widely used method for the clinical assessment of
spasticity and to assess the efficacy of pharmacological and rehabilitative
interventions [82].
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• Manual dexterity: the following scales allow measuring the ability to manipu-
late objects making coordinated hand and finger movements.

– Nine Hole Peg test: it measures fine manual dexterity, which is the ability
to manipulate objects using the distal part of the fingers. This involves
precise, coordinated and rapid movement of the fingers when manipulating
small objects [83, 84].

– Box and block test (BBT): it measures gross manual dexterity, which in-
volves global movements of the hand, less refined and precise, to grasp and
manipulate larger objects [84, 85].

• Functionality: the following tests are widely used to assess functional capacity
and movement control of the upper limb, especially in stroke.

– Fugl-Meyer Upper Extremity Scale (FMUE): is used to quantify motor de-
terioration and recovery after a stroke. It assesses reflex activity, movement
control, and muscle strength in the upper extremities [86].

– Motricity Index (MI): is used to measure the degree of hemiplegia by exam-
ining the maximum isometric strength of the arm [87].

• Sensitivity: the following assessment allows measuring the sensory impairment
on upper limb.

– Nottingham Sensory Assessment (NSA): is used to identify sensory impair-
ment after stroke and to monitor recovery over time. It measures tactile
sensations over the skin, kinesthetic sensations (appreciation of movement,
direction and position) and stereognosis (ability to recognize objects through
touch) through different tests [88].

1.1.3.2 Cognitive sequelae

In addition to physical and motor disability, another very common consequence of a
stroke is neuropsychological sequelae.

Around 80% of stroke patients have cognitive impairment in one or more cognitive
domains, with attention, short-term memory, and executive function being among the
most frequently affected cognitive abilities [89–91]. For example, in a study carried out
in the Netherlands, 70% of stroke survivors would have information processing prob-
lems, and more than 40% would have memory difficulties, visuospatial and constructive
deficiencies, a nd l anguage d isorders [92]. I n a ddition t o t hat, t he s equelae o f stroke
often include depression, anxiety and other emotional disturbances as a consequence
of the disabilities.

Focusing on the deterioration of cognitive functions, these, like physical sequelae, also
have a negative impact on the quality of life of patients, affecting their ADLs [93].
Cognitive alterations involve different pathological processes and deficits in multiple
domains such as attention, executive functions, memory, language, and visuoperceptive
abilities. The prevalence of cognitive impairment resulting from a stroke probably
varies according to the characteristics of the sample, the evaluation methods, the
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definitions of impairment and the time interval from the onset of the stroke, therefore
providing a prevalence figure is very complicated. Furthermore, under the cover of
severe physical disability, post-stroke cognitive decline is likely to be ignored. The
European Stroke Organization and the European Academy of Neurology, in their 2021
guidelines for the management of cognitive impairment after stroke, highlight the little
attention paid to cognitive impairment caused by stroke, both in clinical practice and
in research [94], while currently approximately 4 out of 10 hospitalized stroke patients
have non-dementing cognitive decline in the first [95].

Due to the prevalence of cognitive impairment as a consequence of stroke, the term
“vascular cognitive impairment” (VCI) has recently been introduced for any type of
cognitive impairment, from mild cognitive impairment to dementia, caused by vascular
pathology [96]. The signs or symptoms that occur during the course of the disease
depend on the type, extent, and location of the underlying cerebrovascular pathology.
Among all the possible cognitive alterations, the most disabling, which in turn hinders
rehabilitation performance, is usually memory [97].

Scales for cognitive impairment evaluation

Cognitive evaluation may change depending on the needs of patients and can be of great
complexity. In order to simplify this, the most common tests used by psychologists to
evaluate cognitive fuction are de- scribed below.

• General cognitive function: the most common tests for screening of cognitive
impairment are:

– Mini Mental State Exam (MMSE): it is a general test that detects serious
cognitive problems with respect to “normal” cognitive function [98]. The
MMSE has maximum score of 30, with five different domains of cognition
analyzed: Orientation, contributing a maximum of 10 points, Memory, con-
tributing a maximum of 6 points, Attention and calculation, as a measure of
working memory, contributing a maximum of 5 points, Language, contribu-
ting a maximum of 8 points, and Design copying, contributing a maximum
of 1 point. Individuals scoring higher than 24 are considered to be cogni-
tively intact, although scores between 24 and 27 might be considered as mild
cognitive impairment.

– Montreal Cognitive Assessment Scale (MoCA): this is a more specific cogni-
tive test that assesses the specific cognitive domains of memory, visuo-spatial
ability, executive function, attention/concentration/working memory, lan-
guage, and orientation [99]. Its maximum score is 30 and those patients
scoring over 26 are considered to be cognitively intact. In comparision to
MMSE, MoCA is considered to evaluate cortical and subcortical functions
and to be more sensitive to detect mild cognitive impairments [100].

• Specific cognitive domains:

– Stroop: is a color and word test used to assess the ability to inhibit cognitive
interference that occurs when the processing of a specific stimulus feature
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prevents the simultaneous processing of a second stimulus attribute (Stroop
effect) [101]. It consists of 3 sheets, the first with the words ”BLUE”, ”RED”
and ”GREEN” written in black repeatedly and in random order in different
columns throughout the sheet, so that the patient must read aloud and the
columns from top to bottom and from left to right as quickly as possible,
saying aloud the color that is written. The second sheet has ”XXX” written
repeatedly across the entire sheet, but instead of being written in black, each
set of ”XXX” is written in red, blue, or green ink, in a random order, so that
the patient to be evaluated says aloud the color of the ink of the crosses.
On the last sheet, the words ”RED”, ”BLUE” and ”GREEN” appear again
written all over the sheet, however, in this case instead of being written in
black, they will be written with an ink of a color that does not correspond
to the word, that is, the word “RED” will appear written in blue or green
ink. In the latter case, the patient must inhibit his impulse to read the word
that is written and say out loud the color of the ink of each word.

– Trial Making Test (TMT): is a test of motor speed and visual attention
that consists of two parts. In Trail Making Part A (TMT-A), the subject
must draw lines as fast as possible on a page where 25 numbers appear. In
Trail Making Part B (TMT-B), the subject must draw the lines alternating
between numbers and letters (numbers 1-12 alternate with letters A-L) [102].

– Digit Span Test: it is a test from the Wechsler Adult Intelligence Scale
(WAIS) to evaluate attention and memory task, which consists of two parts
[103]. The first one is the direct version, in which the subject must repeat
a sequence of numbers in the same order that is presented, as a measure
of the effectiveness of verbal attention [104],. In the second part, the in-
verse version, the subject must repeat the sequence in the reverse order of
their presentation, which implies a mental scan involving verbal and visual
processes, as well as working memory [105].

– Symbol Digit Modality Test (SDMT): this test from WAIS evaluates atten-
tion, visual tracking, mental processing speed and visuomotor speed. It
consists of matching geometric drawings with a number from 1 to 9, ac-
cording to a previous model. Different alternative forms described in some
compendiums of neuropsychological tests have been developed [103, 106].

– Digit-Symbol Coding: this test, also fromWAIS, measures processing speed,
being sensitive to slow information processing, which may be affected by
visual perception, short-term memory, and motor coordination [107]. It
consists of copying abstract symbols associated with numbers as fast as
possible in a set time interval [108].

– Corsi Blocks: is a visuospatial span test to evaluate spatial memory and
visual working memory. It consists of a board with cubes randomly dis-
tributed. The test has two parts, the direct and the inverse version. In the
first one, the subject must reproduce a sequence previously performed by
the examiner in the same order; in the second, the subject must reverse the
presented sequence [103].
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1.2 Stroke rehabilitation

The amount and severity of stroke sequelae varies especially depending on the severity 
of the stroke and the speed of treatment, because the larger the affected b rain area, 
the worse the prognosis for the patient’s recovery. However, as these two aspects are in 
many cases uncontrollable and unavoidable, the improvement of most patients lies in 
the effectiveness of rehabilitation (RHB). Taking into account the trend in the increase 
in stroke cases and the disability that this generates in patients, in the coming decades 
it is estimated that the demand for rehabilitation and long-term care for stroke patients 
will increase 27% in the European Union [109].

Rehabilitation should begin early during the acute phase of the stroke, once the patient 
is clinically stable [110]. This first phase of rehabilitation is carried out while the patient 
is still admitted to the hospital. After this period, rehabilitation will be carried out 
on an outpatient and home basis, because even when patients leaving the hospital are 
considered to be in a stable condition, they still have a long way to go to regain lost 
capabilities. For this second phase of rehabilitation that takes place when the patient is 
already discharged, they often have to visit rehabilitation centers on a daily or weekly 
basis to keep training in order to improve functionality, and with so, approximately 
50% of the them are likely to regain some functional use of their paretic UL [111, 
112].

Regardless of the type of sequela, conventional stroke rehabilitation typically 
involves the following processes: (1) assessment, to identify and quantify the individual 
needs of the patient; (2) goal setting, to define realistic goals that the patient can 
achieved; (3) intervention, personalized training to try to achieve those goals; and (4) 
reevaluation, to review progress in relation to the established goals [113].

Due to the enormous variety of stroke sequelae, rehabilitation must be carried out 
by a multidisciplinary team to address each different a spect a ffected by  st roke, for 
which physiotherapists, occupational therapists, speech therapists and neuropsychol-
ogists usually participate. However, stroke recovery strategies are often delivered se-
parately in terms of motor and cognitive RHB [114]. Both approaches have typically 
been applied at different recovery times, doses, and by different neurorehabilitation pro-
fessionals without considering the concomitant effects t hat t hey might have on other 
abilities and domains [115].

1.2.1 Motor rehabilitation
As shown in previous sections, stroke can cause weakness, paralysis, or difficulties with 
movement in one or more parts of the body, depending on the location and severity of 
the stroke. Motor rehabilitation motor rehabilitation is usually the most challenging 
part in the recovery process. It aims to improve motor function and help patients 
regain maximum independence in their mobility and ADLs [116].

After a complete evaluation by different health professionals (mainly physiotherapists, 
occupational therapists, and speech therapists), the severity of motor impairments is 
determined and personalized rehabilitation goals are established.
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Figure 1.6: Two main types of rehabilitation after a stroke and the main objectives
they aim to achieve.

Physical therapists work on improving muscle strength, coordination and balance
through therapeutic exercises and mobilization techniques. It usually consists of the
execution of repetitive movements, focused on regain function in affected l imbs and
learn unlearned physical activities if necessary. Occupational therapists focus on help-
ing patients perform activities of daily living, such as dressing, bathing, cooking, and
eating, independently or with as little assistance as possible. In some cases, assistive
devices such as orthoses, wheelchairs, walkers, and robotic therapy systems are used
to facilitate motor rehabilitation by both physical and occupational therapists (1.3.1
shows the most common rehabilitation technologies for upper limb motor recovery)
[57]. Furthermore, speech and language therapists work on the recovery of communi-
cation and language, and are often included in this rehabilitation process since some
stroke patients may experience speech and language difficulties due to  involvement of
brain areas related to language processing.

1.2.2 Cognitive rehabilitation
Cognitive therapy involves a variety of techniques and strategies designed to address
affected cognitive areas, and it is frequently carried on by neuropsychologists and occu-
pational therapists. Some examples of cognitive therapies and approaches commonly
used are [117]:

• Memory training: Strategies are taught to improve memory, such as using re-
minders, organizing information, and practicing retrieval.

• Attention training: Exercises and activities designed to improve concentration
and sustained attention are worked on.

• Language rehabilitation: If the patient has experienced language difficulties,
speech and language recovery exercises are performed, as well as communica-
tion practice.
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• Spatial perception exercises: For patients with spatial perception problems, exer-
cises can be performed to improve spatial orientation and awareness of the envi-
ronment.

• Executive functions exercises: Skills such as planning, decision making and rea-
soning are worked on.

1.2.3 Combined motor and cognitive rehabilitation

Currently, new lines of research are emerging that suggest overlapping effects between
these interventions [118]. There is evidence that strength may be a predictor of cog-
nitive function [119], and it has been proven that the practice of manual strength
exercises has a beneficial effect on general cognition in healthy adults [120] and in mild
cognitive impairment [121]. In addition, UL motor rehabilitation can improve global
cognitive status, but also some specific cognitive domains such as attention and exe-
cutive funcitons in other disorders such as Parkinson’s disease [122]. However, there
is a notable paucity of evidence about the effects of hand motor interventions on the
cognitive status in stroke, in a recent literature review included in this thesis, motor
interventions were found to improve MoCA/MMSE scores post-stroke, being the best
interventions robot-assisted hand training and strength training. Nevertheless, the lack
of high quality evidence evaluating cognitive variables in motor rehabilitation protocols
was confirmed [123].

Therefore, post-stroke rehabilitation that considers both motor and cognitive aspects
is essential to achieve optimal patient recovery and for them to have the best possible
quality of life after the disease [124].

Over 20% of stroke survivors have concomitant motor and cognitive impairment in long
term [125]. Recent investigations show a pathophysiological and structural correlation
between cognitive and motor deficits in stroke survivors. Specifically, studies suggest
that global cognition, memory and executive functions are closely linked to the motor
performance of these patients [125]. This could be explained by the role of the frontal
lobe in the provision of executive functions and motor control, as it appears to be
the underlying basis for the coexistence and close interactions between cognition and
fine motor skills [126]. The underlying neural connections that motor and cognitive
functions share, holds the key to understanding why cognitive and physical performance
declines occur simultaneously after stroke [127]. These changes may be due both to
direct damage caused by the stroke and to changes in the structure and function of
connected brain areas (diaschisis) that are located at a certain distance from the lesion,
which affects broader areas of the neuronal network [128].

Figure 1.7 shows the information processing pathways for motor control, with the most
important connections between the basal ganglia and the cortex, which involve motor
and cognitive aspects.

Focusing on UL, several studies show the close relationship between the general cogni-
tive state and the function of the UL motor function, pointing out that the cognitive
demands directly influence the motor performance of the hand [129, 130]. Specifically,
motor variables such as coordination and reaction times could be influenced by the
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Figure 1.7: Cognitive and Motor Control [126].

cognitive state, affecting the performance of manual tasks [130, 131]. Other investiga-
tions show that there is an association between handgrip strength and an accelerated
decline in global cognitive performance [132, 133], so that handgrip strength could be
used as a potential early marker of cognitive decline [134].

In addition to this direct relationship, there are studies that indicate how cognitive
impairment affects physical RHB, noting that the alterations in executive functions
and attention resulting from stroke affect the progress of hand motor training [135,
136].

Furthermore, recent studies show concomitant effects in motor and cognitive stroke
rehabilitation. For example, numerous comprehensive analyses have indicated that
diverse forms of overall exercise training, including strength, aerobic, or ergometric
exercises, can have notable positive impacts on cognitive function after a stroke [137–
139]. However, it is crucial to note that this particular field of research has not received
extensive investigation and does face some controversies [140, 141]. When it comes to
rehabilitating the UL motor function, specialized training tailored to specific tasks and
supported by robotic assistance has been proposed as a way to enhance the effects of
neuropsychological rehabilitation on common deficits observed after a stroke, such as
hemineglect [142, 143]. The favorable outcomes of this approach might be attributed
to the functional reorganization of attentional networks, driven by the plasticity that
occurs as a result of using and engaging the affected areas during rehabilitation [143].

While earlier preclinical [144] and clinical [145] studies have hinted at the possibility of
simultaneous enhancements in cognitive function following hand motor rehabilitation
in stroke patients, a comprehensive summary of the evidence has been lacking until
now. Consequently, the primary goal of the systematic review carried out in Objective
1 during this investigation project was to analyze and combine the available data
concerning the influence of hand motor rehabilitation on cognition after a stroke. Our
objective was to ascertain the concurrent cognitive effects of motor interventions by
aggregating results from randomized clinical trials that explored improvements in hand
function variables through motor rehabilitation, with a particular focus on assessing
cognitive variables as well.
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1.3 Technologies for rehabilitation

The WHO (World Health Organization) recognizes as a therapeutic device any instru-
ment, apparatus or machine used for the treatment or prevention of diseases [146]. New
technologies are proving fundamental in the development of different clinical strategies,
both for the detection of diseases and for the treatment and recovery of patients.

The concept “technologies for rehabilitation” encompasses the entire set of products
and knowledge developed from rehabilitation engineering such as those used in the
disciplines that study and treat disabilities. It is not only about tools or devices that
contribute to carrying out RHB processes, but it also takes into account the functional
capacity of people with disabilities and an easy design and handling for patients [147].

A frequent classification of technologies manufactured for rehabilitation distinguishes
those commercial technologies from those tailor-made for the user. The former are
manufactured in a standard way for any possible user, proving to be cheaper, such as
wheelchairs, canes, etc. On the other hand, tailor-made technologies take into account
the individual characteristics of the user through an initial evaluation, as is the case
with different types of orthoses. However, it is true that the same tool can combine
both types of devices, tailor-made and in a standard way, such as prostheses [147],
which can present both advantages, turning out to be versatile for different types of
users but also having an individualized component for each one.

The use of new technologies in RHB allows the use of traditional methods and tools
in a way that increases their capacities and provides better results in rehabilitation
processes. As an example, in the field of neuropsychology, the development of new
technologies has made it possible to create computerized brain interface controlled
prostheses and orthoses, evaluation programs by virtual reality and in real time, cog-
nitive training programs, assistance tools, etc. [148]. Besides, new technologies can
make rehabilitation more entertaining and dynamic by gamifying the trainings so that
patients become more involved with the rehabilitation. In addition, they offer enough
potential to create more comfortable and personalized rehabilitation and training sys-
tems for the patient, and also more detailed evaluation information that allows better
patient follow-up, something especially interesting in neurological rehabilitation.

Within the entire range of medical devices, European Union (EU) 2017/745 legislation
distinguishes four classes of devices based on the risk they pose to health. According to
this regulation, the majority of diagnostic and rehabilitation devices belong to class IIa
(moderate - low risk), since physiotherapy devices and also health software are included
in this category. This regulation is important to take into account when developing new
medical devices, since the European Union relies on it to grant the CE marking (which
stands for ”Conformité Européenne”, and means that the manufacturer of a product
declares that the product meets all relevant European requirements for health, safety,
performance, and environmental protection).

The following subsections detail different technological tools for upper limb motor
rehabilitation and cognitive rehabilitation, explaining their main characteristics, the
different existing types, their operation and showing some examples.
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1.3.1 Technologies for upper limb motor rehabilitation

Within post-stroke physical rehabilitation, UL recovery takes on special importance as
UL is essential to ensure independence in the performance of ADL, such as dressing,
eating or drinking [149]. However, many patients get stuck in earlier phases of rehabi-
litation and are unable to regain fine control of the hands and fingers [150].

Currently, it is increasingly common to use different technologies to support UL thera-
peutic processes. On the one hand, there are video games and virtual reality systems
[151] that stimulate the patient to perform different exercises in simulated environ-
ments. On the other hand, there are tools that support rehabilitation in a more direct
way, such as robotic devices and sensor-based devices.

Robotic devices can be divided mainly into two types: active systems, which guide the
execution of movement, and passive systems, which restrict the movement of certain
joints [152]. Its use by the patient must generally be supervised by a specialized [150]
therapist, and requires the patient to travel to specific rehabilitation centers that have
this technology.

Sensor-based devices, instead of assisting in movements, sample and quantify the move-
ment in order to know more precisely the condition and evolution of the patient, which
is especially useful for home monitoring [153]. In this sense, wearable devices open up
a multitude of possibilities in the field of home rehabilitation.

Focusing on UL and, specifically, hand rehabilitation devices (HRDs), an additional
classification could be made dividing them into three categories: orthoses, exoskeletons,
or end-effector devices [154].

All of these HRDs are new emerging devices designed to rehabilitate any motor aspect
of the hand and to be used in any phase of rehabilitation therapy.

According to the recent Systematic Review carried out by Kabir et al [154], the follo-
wing subsections show the currently available HRDs their individual description.

1.3.1.1 Orthoses

Orthoses are devices that typically serve as support to protect the hand from postures
and movements that can damage it. Some cover the entire hand and others cover
each finger individually. Orthoses primarily provide support and alignment for rehabi-
litation. They offer strictly active rehabilitation therapy, with some devices providing
additional components to allow for resistive training. They are typically low cost, light
and easy to use, so the patient can use them from home. However, most of them don’t
have any actuators or sensors to perform resistive therapy and to be able to track any
data and provide feedback on the performance. These braces’ low profile inhibit them
from competing with more developed exoskeleton devices. Examples of hand orthoses
used for hand rehabilitation are: Saebo Stretch [155], Saebo Flex [156] and Script
Orthosis [157].
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(a) Saebo Stretch (b) Saebo Flex (c) Script

Figure 1.8: Examples of hand orthoses.

Table 1.1 explains the general description of each of the most used hand orthoses today.

Orthoses Description

Script
Orthosis
[157]

It is an interactive hand and wrist orthosis that provides assistance for
wrist and finger extension. It is compatible and adaptable, and interacts
with motivating games based on ADLs.

Saebo
Stretch
[155]

It is a splint that offers support and flexibility for the hand. Promotes
gentle stretching and extension of the fingers and wrist to reduce stiff-
ness and prevent contractures while maintaining hand alignment. It is
adjustable for different hand sizes.

Saebo
Flex [156]

It is an orthosis that helps to extend the wrist and fingers. Through
a spring system, it helps to open the user’s hand to be able to release
objects that were held.

Table 1.1: Hand orthoses and their description.

1.3.1.2 Exoskeletons

In contrast to orthoses, exoskeletons have additional components that provide powered
functions to the user. Exoskeletons are motorized devices that improve the physical
performance of the patient, acting on the individual joints of each finger of the hand,
being able to adjust the design to each hand size. They have different sensors to
provide a safety and controlled rehabilitation, and to provide a variety of exercises to
be used in different phases of rehabilitation. With exoskeletons patients report greater
recovery on their hand motor function than with orthoses. They are not heavy and
are portable, so the patient can use them from home. However, its adjustment and
adaptation to each hand is not easy, the control algorithms are complex, and their costs
are usually much higher. Examples of hand exoskeletons used for hand rehabilitation
are: ExoHand, HandMate and CyberGrasp.
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(a) ExoHand (b) HandyRehab (c) CyberGrasp

Figure 1.9: Examples of hand exoskeletons

Table 1.2 explains the general description of each of the most used hand exoskeletons
today.

Exoskeletons Description

HandMATE [158]

Gloreha [159]

X-GLOVE [160]

PowerGrip [161]

ExoHand [162]

CyberGrasp [163]

It is a portable, motorized hand exoskeleton in which each 
finger, including the thumb, is actuated by a linear actuator 
that provides flexion and extension a ssistance. Using FSRs, 
the device measures the grip initiation and extension force 
performed, and can act on selected joints in the hand.

It is a pneumatically powered exoskeleton that actuates each 
finger v ia a  c able-actuated s ystem, w orking a s a  tendon 
during finger extension.

It actuates each finger independently by actuating the joints 
of the hand through a linear actuation and link-based sys-
tem. It allows free movement of each joint, including joint 
flexion and extension but avoiding hyperextension, and also 
portability and interaction with real objects.

It provides safe activation of the hand thanks to a linkage-
based system and servo motors.

It is a link-based exoskeleton that helps grasp and manipu-
late objects through actuators that achieve rotation of differ-
ent joints. The system uses force and tension sensors, thus 
amplifying the force of the human hand, preventing fatigue 
and providing a controlled passive and active rehabilitation 
system.

It is designed for rehabilitation in virtual reality environ-
ments. Through five actuators, a linkage-based system and 
FSRs (Force Sensitive Resistors), the device exerts 
individual grip forces for each fin-ger and also provides 
resistive force feedback so that the user can feel the size 
and shape of simulated objects in the virtual world.
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Exoskeletons Description

Rutgers Master II
[164]

It is a pneumatically actuated exoskeleton device with tele-
rehabilitation and electromyography (EMG) sensors that
can improve FMA scores.

PowerAssist
Glove [165]

It is a soft robotic glove that uses flexible pneumatic ac-
tuators and pressure sensors in each finger, which provides
assistance in hand function, allowing the rehabilitation of
range of motion and grip strength.

REHAB
Glove/Hagshenas-
Jaryani [166]

It consists of five soft and rigid hybrid robotic fingers that,
together with pressure and inertia sensors, apply a controlled
flexion and extension movement to the fingers to provide
rehabilitation.

SEM Glove[167]
It is a cable-actuated exoskeleton device that helps improve
the user’s gripping ability, through FSRs and linear actua-
tors.

IronHand [168]
It is an assistance glove that, using FSRs, can serve as a
training tool and help strengthen the hand.

Hand of Hope
[169]

It is designed for EMG-driven robotic therapy that, thanks
to EMG sensors, provides useful data for passive, active and
assisted rehabilitation exercises performed with the device.

WearMe [170]
It is a wearable mechatronic glove that enables resistive mo-
tion tasks of the fingers and wrist, which includes inertial
movement sensors to provide safe rehabilitation.

Exo Glove [171]
It is a soft portable robot that uses a linkage, FSR and EMG
based system that allows for grasping objects and serves as
a rehabilitation tool.

My-HERO [172]
Thanks to EMG signals and linear actuators, it controls and
provides assistance in the extension of the fingers and grip
strength.

Vanderbilt [173]
It uses motors and a linkage-based system to provide safe
handheld actuation designed for patients with chronic hemi-
paresis of the upper extremities.

HandyRehab
It is a device based on EMG sensors with a variety of therapy
programs designed for hand rehabilitation.

VAEDA [174]
It is a portable voice-activated exoskeleton device with mo-
tors, a cable-driven system, EMGs and tension sensors, de-
signed for hand-focused therapy post-stroke.

ReHand [175]
It provides extension/flexion assistance for all five fingers of
the hand using gear motors and a linkage-based system and
that can be controlled via EMG signal and voice control.
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Exoskeletons Description

PneuGlove [176]
It is a a device based on flexion force sensors that allows the
rehabilitation of the hand in a virtual reality environment
with a movement tracking system.

Tong et al. [177]
Using EMG sensors, it detects and recognizes the user’s in-
tention to move and helps the user perform hand movements
in real time.

Wege’s device
[178]

It is a system actuated by cable and force sensors and EMG
that allows to control the movement of the joints of the
fingers and improve the strength of the patient providing a
passive rehabilitation.

ExoK’ab [179]

It allows a complete range of movement for all the pha-
langes of the hand and is designed to control the position
and force-position for active and passive rehabilitation rou-
tines through force sensors.

VSFH [180]

Using FSR and a cable-actuated system, it allows flexion
and extension of the fingers to be actuated, assists in manual
tasks and provides rehabilitation. Includes a hand orthosis
to maintain the functional position.

Meeker et al.
[181]

It is used for passive rehabilitation that uses EMG signals
to perform movements that allow tasks of picking up and
placing objects.

Flexohand [182]
It is used for passive rehabilitation of the hand and the only
exoskeleton capable of independent action of each rotation
of the fingers of the hand.

Delph et al. [183]

It uses a system of cables and servomotors to open and close
the patient’s hand, and tension and EMG sensors to assist
or resist the user’s movement. It can be controlled through
a software program or by EMG signals.

Table 1.2: Hand exoskeleton devices and their description. Adapted from [154].

1.3.1.3 End-effector devices

End-effector devices differ from exoskeletons because they do not control the entire fin-
ger, the actuation over the joints is based on end point control. Typically, these devices
are stationary, that is, it is necessary to fix the hand to use them. As exoskeletons,
they have several sensors, so they can provide a high level of control and feedback,
which also makes them more complex and expensive. In contrast to exoskeletons,
end-effector devices incorporate higher sensing capabilities and games to engage the
patients, and also much simpler control mechanisms without sacrificing overall rehabi-
litation progress. However, as they are stationary devices, they cannot be portable and
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are limited to a singular location, which can be inconvenient. Examples of end-effector
devices used for hand rehabilitation are shown in Figure 1.10.

(a) Tyromotion Amadeo (b) HandCare (c) HEXORR

Figure 1.10: Examples of hand end-effectors

Table 1.3 explains the general description of each of the most popular hand end-effector
devices.

End-
Effectors

Description

Tyromotion
Amadeo
[184]

It is a sensor-based device that allows individual movements of the fin-
gers, with evaluation and rehabilitation programs for strength, tone and
spasticity. Some trainings are based on EMG signals.

HandCARE
[185]

is a cable-actuated rehabilitation system that allows movement and con-
trol of the strength of each independent finger for opening and closing
movements of the hand.

RehaDigit
[186]

It is designed to repeat passive movements controlled by a vibration
motor that acts on the different joints of the fingers.

Haptic
Knob [187]

It is used to train the opening/closing of the hand and the manipulation
of the knob through the use of force sensors.

Motus
Hand [188]

It is designed to improve grip strength, spasticity, tone and coordination
using kinematic and EMG sensors, with a user interface for home use.

HEXORR
[189]

It provides hand rehabilitation to train gross grasp without individual
finger control, using motors to assist finger flexion and extension and
can lock motion to allow for isometric exercises.

Table 1.3: Hand end-effector devices and their description.

In addition to these devices included in the previous classification done by [154], we
have found another very interesting and recently commercialized device that should
be mentioned, Dextrain [190], which cannot be included in any of the above types.
Dextrain is a medical device more similar to ”end effector devices” but that does not
control or act on any joint or part of the body. It is used externally as a tool for
hand rehabilitation, holding on and performing different actions on the device, but
not vice versa. It is designed for the diagnosis and treatment of hand disabilities



1.3. Technologies for rehabilitation 25

through visuomotor and audiomotor training exercises, with the main objective of
improving dexterity. It allows individual training of the fingers, providing precise
measurements of their execution, having training programs that can be customized
according to individual needs and level of performance. Like the previous devices, it
only focuses on recovering motor skills.

Figure 1.11: Dextrain Manipulandum [190].

Below, Table 1.4 shows the most important pros and cons of each type of HRDs, with
particular emphasis on size and portability, cost, utility, and ease of use.

Device’s
Type

Use Pros Cons

Orthoses Support of
movements,
assistive

Low cost; Light; Easy
to use; Portable; Use-
ful for first phases of
RHB; Some interact with
videogames

No control, feedback or
tracking; Not for various
stages of RHB; Not in-
tended for cognitive RHB
nor evaluation

Exoskeletons For hand RHB
and some also
for assistance

Provides motor control
and feedback; Light;
Portable; Useful for vari-
ous phases of RHB; Some
interact with videogames

Expensive; Complex;
Not intended for cogni-
tive RHB nor evaluation

End-effector
devices

For hand RHB Provides motor control
and feedback; Useful
for various phases of
RHB; Some interact
with videogames

Expensive; Not portable;
Not intended for cogni-
tive RHB nor evaluation

Table 1.4: Use, advantages and disadvantages of the different HRDs.

1.3.2 Technologies for cognitive rehabilitation

After an exhaustive search to find a definition of the concept of cognitive rehabili-
tation, [191] finally framed it within the “set of techniques and procedures aimed at
the enrichment, recovery or compensation of the cognitive abilities and functions of a
subject whose level of cognitive functionality is limited or deficient”. This concept is
generally applied in patients with brain damage, neurological deterioration or mental
illness [192]. Cognitive training must be hierarchical and train one or more cognitive
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skills, because when someone performs a task more than one cognitive domain is re-
quired [193]. In this way, within the technological tools for cognitive rehabilitation, we
can find software programs focused on working on a single specific skill and others that
follow more general strategies and objectives.

There is currently an increasingly entrenched trend to use computer tools, such as
computers and smartphone devices, to use cognitive rehabilitation programs [194]. This
type of tool offers a series of additional advantages over classic cognitive rehabilitation
systems [195–199], such as:

• The ease of access to the tool, since the existence of home computers or video
game consoles is nowadays very common in homes and in educational and reha-
bilitation centers.

• They facilitate the work of health professionals, since it allows a more efficient
and comfortable management of the materials for the evaluation of the patient’s
evolution.

• They allow a quality and versatility in the presentation of materials greater than
that of other traditional graphic and/or sound systems.

• The incorporation of additional elements, such as different sounds or images,
increases the quality of cognitive stimulation and allows establishing multidi-
mensional structures from a sensory perspective.

• They achieve a more motivating effect for the patient, resulting in less frustration.

• They allow the health professional to perform data analysis in a more efficient,
powerful and reliable way. Work sequences and data analysis can be obtained
automatically, saving time and effort on the part of the professionals.

• They allow the exercises to easily adjust parameters such as duration, level of dif-
ficulty, characteristics of the stimuli, etc., which enable personalized use adapted
to the individual characteristics of the patient and their rate of progress.

It is important to be able to customize aspects such as the duration of each training
session to allow the patient to progress without being distracted and exhausted. In
addition, different stages or levels must be included in this rehabilitation tools that
constitute a learning and evolution of the patient. However, it should not be forgotten
that since it is a therapeutic process, this training must always be previously validated
by a specialist clinician [200].

In [201], a systematic review was conducted to identify new cognitive stimulation,
training and rehabilitation programs. The main advantages that they highlight are the
ability that these tools provide to create specific treatments and personalized training,
being optimized for portable and easy-to-use devices. Although, as in the case of the
motor rehabilitation devices exposed in the previous section, many of these new tools
are a bit ambiguous without being the individual objective of each one or the specific
strategy they follow. Examples of this type of tools are CogniFit [202], CogniPlus
[203], and NeuronUp [204].
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1.3.3 Importance of gamification

Demotivation is very common among long-term rehabilitation patients, such as stroke. 
Traditional rehabilitation activities are often repetitive, demotivating and little stimu-
lating for users in the medium and long term, even more for adult patients. In addition 
to that, motor rehabilitation is often painful, monotonous, and does not usually have 
a short-term visible results, so patients soon lose interest in their recovery process and 
home rehabilitation is frequently abandoned [150].

Recent studies show how game-based rehabilitation achieves greater positive effects 
on the user, especially regarding behavior and motivation, as in the case of video 
games [205]. In addition, video game therapy provides effective, l ower-cost interven-
tions that allow practicing activities of daily living with greater realism, motivation 
and dynamism, promoting active patient collaboration [206].

In order to motivate patients, [207] points out two basic foundations for the design of 
games for rehabilitation: the sense of the game and the challenge. The sense of the game 
refers to the relationship between the interaction of the user and the reaction of the 
system, which must consider the immediacy of the game’s response and the evolution 
and adaptation to the user’s progression. Regarding challenge, the video game must 
maintain the optimal challenge for the user, neither too easy nor too difficult, and 
gradually increase the difficulty as  users improve their performances, so  that it  is  not 
boring, but also does not demotivate the patient [207].

For this reason, after having introduced to stroke motor and cognitive sequelae re-
habilitation pitfalls, as well as the various devices available for such rehabilitation 
with their own pros and cons, this project proposes a new paradigm in form of an 
innovative device. It combines cognitive and motor rehabilitation through interac-
tion with a hand-operated, sensor-based modular and adjustable ergonomic device 
named AMBER (Portable and Modular device for comprehensive Brain Evaluation 
and Rehabilitation). The specifics o f t his d evice w ill b e e lucidated t hroughout this 
thesis, including hardware and software design features that enable its dual function. 
AMBER is designed for both cognitive and motor evaluation and rehabilitation of pa-
tients with upper limb motor impairments. The device focuses on the recovery and 
motor rehabilitation of the hand and fingers, e nabling f unctional e valuation a nd the 
facilitation of training/rehabilitation sessions that can be conducted autonomously or 
under the guidance of a therapist. The use of the device is also intended to improve 
cognitive functions like perception, memory, and attention, with a particular emphasis 
on processing speed. It is important to say that this device serves as a supplementary 
intervention and does not replace conventional therapy. AMBER’s design is compact 
and lightweight, enhancing its portability. Furthermore, its simplicity of use enables 
patients to use it within their natural environments, even at home, obviating the need 
for additional expensive hospital or rehabilitation center visits. Throughout this thesis, 
the significance of AMBER as a useful technological innovation with a clear socioeco-
nomic impact will be highlighted with a description of this design, validation and 
usability. We believe this device can really make a difference i n c ognitive and motor 
rehabilitation on patients suffering a  stroke.



2. Objectives and Hypothesis

2.1 Objectives

2.1.1 Main objective

The main objective of this thesis is to design, develop and validate a portable de-
vice capable of being used both for rehabilitation and for the physical and cognitive
evaluation of patients, aimed to be used primarily for stroke patients.

2.1.2 Secondary objectives

To this end, the following specific objectives are proposed to be achieved during the
execution of the project:

• O1. Review and quantitatively synthesize the evidence regarding the impact of
hand rehabilitation on cognition post-stroke.

• O2. Design a portable device capable of gathering data from the interaction with
the patient’s hand through sensors and colorful light stimuli.

• O3. Design a set of tests and tasks that can be carried out through the interaction
with the device allowing the evaluation and training of hand motor variables and
cognitive variables.

• O4. Validate the reliability of the device to extract motor and cognitive
variables from the user.

• O5. Determine the usability of the device by therapists specialized in rehabilita-
tion.

2.2 Working hypothesis

Our primary working hypothesis is as follows:

It is feasible to create a portable device that enables the evaluation and training of
cognitive and hand motor variables, specifically for application in stroke patients.

In support of our primary hypothesis, we propose the following secondary hypotheses
for this study:
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• H1. There is evidence demonstrating a correlation between hand rehabilitation
and cognitive improvement in post-stroke patients.

• H2. The designed device effectively captures data from user interaction.

• H3. Interaction with the designed device allows for the administration of a series
of tests and tasks that facilitate the evaluation and enhancement of hand motor
and cognitive variables.

• H4. The device exhibits a high reliability in extracting motor and cognitive
variables from users.

• H5. Rehabilitation specialists perceive the device as user-friendly and advanta-
geous for the rehabilitation of stroke patients.

2.3 Thesis organization

This thesis document is organized following the timeline of the tasks carried out during
the development of this research to meet the objectives listed above. Each of the five
objectives are explored in the chapters that follow. Chapter 3 addresses objective 1,
Chapter 4 addresses objective 2, and so forth. Chapter 3 is reprinted from a manuscript
that has been published and Chapter 4, 5 and 6 are an extension of a manuscript that
is in second round of review for publication. The last chapters include the general
discussion, limitations and conclusions obtained throughout the conduct of the entire
research project.



3. Objective 1: Synthesize evidence
on the impact of hand rehabilita-
tion in post-stroke cognition

This chapter reflects the systematic review and Bayesian network meta-analysis con-
ducted during this project on the effects of hand motor interventions on cognition after
stroke, fulfilling Objective 1 (O1): review and quantitatively synthesize the evidence
regarding the impact of hand rehabilitation on cognition post-stroke.

3.1 Methods

This systematic review followed the PRISMA 2020 statement [208] and was prospec-
tively registered in PROSPERO (CRD42022377865). The reporting of the Bayesian
Network Meta-Analysis (NMA) followed the PRISMA extension for this type of studies
[209] and the ISPOR-AMCP-NPC guidelines [210].

3.1.1 Eligibility criteria

The selected studies must had hand motor RHB intervention in a randomized controlled
trial (RCT) targeting any of the following for people with hemiparesis post-stroke:
hand function, hand strength, finger strength, hand dexterity and finger dexterity. In
addition, the studies had to provide at least one outcome measure of a cognitive variable
concomitant with hand motor variables but nor providing formal cognitive interventions
as part of the experimental protocol, it is, cognitive interventions delivered by a licensed
neuropsychologist. There were no restrictions on the outcome measures, but only the
following cognitive domains were considered for inclusion: global cognitive function,
attention, memory, executive functioning, praxis and perception. Therefore, other
cognitive domains such as decision-making, goal setting, social cognition or language
were excluded. Articles were only selected if they were written in English and/or
Spanish, and publication dates were the earliest available within each database.

As explained in our systematic review, we defined hand motor interventions as “thera-
peutic approaches aiming to produce an improvement of hand function through move-
ment and/or practice of functional tasks”, which included physical and occupational
therapy interventions. Control group interventions included all types of alternative
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treatments, including usual care, placebo or no intervention, cognitive RHB, non-
invasive brain stimulation and pharmacological interventions.

The population for this review was defined as adults (> 18 years) with functional
dysfunction of the hand as a consequence of stroke, regardless of the type of stroke,
location of injury, or stage of course. Participants with any other neurological disease
and people with diagnosed dementia were excluded.

Electronic searches were conducted in 6 databases from inception to November 2022:
PubMed, Web of Science, Scopus, Cochrane Library (CENTRAL), CINAHL and Em-
base. The searches were run between 1-30 November 2022.

The search strategy was undertaken considering the combination of the following con-
cepts: (1) stroke, (2) hand motor interventions, (3) hand motor function variables, and
cognitive domains including (4) global cognition, (5) attention, (6) memory, (7) exe-
cutive functioning, (8) praxis and (9) perception. The first three concepts were always
present in all electronic searches and were combined with each cognitive domain se-
parately to increase sensitivity. Search strings varied slightly depending on the MeSH
terms within each database. The detailed search strategy can be found in Appendix
A.

3.1.2 Study selection process

Screening was based on the following hierarchy.

For titles and abstracts:

• Study design was not observational.

• Participants were adults with stroke receiving hand motor interventions.

• Outcome measures of hand function variables were provided.

• At least one cognitive outcome measure was provided.

For full texts:

• Study design was randomized controlled trial.

• Cognitive interventions were not administered as part of the experimental condition.

• Cognitive outcomes were reported pre- and post-intervention.

• The publication was peer-reviewed.

Duplicates were first removed using the “deduplicator” online tool [211]. The soft-
ware ranked duplicates as “extremely likely”, “highly likely” and “likely” based on the
amount of their shared information. This process was manually checked by M.M.V1

to ensure the software did not remove any potential study. After duplicate removal,
two authors (L.V.L2 and M.M.V1) screened titles, abstracts and full texts indepen-
dently. In case of disagreement, consensus was reached by discussion and if this was
not possible a third independent author decided.

1M.M.V significa Marcos Moreno Verdú
2L.V.L significa Laura Valenzuela López
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3.1.3 Data collection and qualitative synthesis

A data extraction table was developed in Microsoft Excel to collect information from
the studies that met the inclusion criteria. Data items included: (1) the number and
characteristics of the participants, including age, gender, type of stroke (ischemic or
hemorrhagic), lesion location (cortical or subcortical and blood vessel affected where
available) and time after stroke onset (in weeks if possible), that defined the recov-
ery phase (acute ≤ 3 months, subacute = 3-6 months, chronic ≥ 6 months), global
cognitive function and global upper limb motor function, were collected and divided
into the intervention and control group wherever possible; (2) the features of the in-
terventions, including nature (conventional RHB or other interventions) and dosage
(minutes per session, sessions per week, total number of sessions and total number of
hours of therapy); (3) the outcome measures for hand motor variables and cognition
(including global cognition, attention, memory, executive functioning, praxis and per-
ception separately where available); (4) the main results of the trial, including pre-post
within-group differences and between-group differences at post-intervention.

3.1.4 Quantitative synthesis: Bayesian Network Meta-Analysis

For continuous outcome measures with enough number of comparisons, a Bayesian
NMA was applied. The statistical analyses were performed in R (version 4.1.3, R Core
Team 2023) using the ‘BUGSnet’ [212] and ‘gemtc’ [213] packages. The Bayesian NMA
was computed using the Markov Chain Monte Carlo simulation algorithm with Gibbs
sampling. For each outcome measure, the mean difference was computed as effect size.
In the studies in which the results were reported as 95% confidence intervals, data were
transformed into standard deviation (SD) using appropriate formulas [214]. The effec-
tiveness of the treatments was analyzed using the surface under the cumulative ranking
curve (SUCRA) and inspection of the rankogram, where larger values reflect greater
probability of effectiveness for each intervention. Direct comparisons between treat-
ments were analyzed as mean difference (MD) with 95% credible intervals (CI) through
a league table, and forest plots if statistically significant differences were found. In each
NMA, the selection of a random or fixed effects model and presence of inconsistency
were assessed [215]. In the case that a variable presented enough comparisons, the
presence of inconsistency was also evaluated using the node-split method. In addition,
if discrepancies were detected in the plot of posterior mean of consistency vs. inconsis-
tency models, an additional meta regression model was applied adding as covariables
age and baseline scores. The convergence of the posterior distributions of the param-
eters through Markov Chain Monte Carlo sampling was evaluated with the trace plot
of mean of each comparison over all the iterations, as well as with the density plot of
the subsequent effect size estimate. Further details on Bayesian NMA methods can be
consulted in Supplementary Materials. Publication bias was assessed with D measure
based on the Robust Bayesian Copas selection model defined as negligible (< 0.25),
moderate (0.25-0.5), high (0.5-0.75) and very high (> 0.75) [216].
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3.1.5 Risk of bias assessment

The Risk of Bias 2 (RoB 2) tool from the Cochrane Collaboration was used. RoB
2 is structured into a fixed set of domains of bias, focusing on trial design, conduct
and reporting. Each assessment focuses on a specific result from a RCT. Within each
domain, a series of questions aim to elicit information about features of the trial that
are relevant to risk of bias. A judgement about the RoB arising from each domain is
proposed by an algorithm and can be “Low” or “High” or express “Some concerns”.
The overall RoB result is the least favorable assessment across the domains of bias.

3.2 Results

3.2.1 Selection process

The flow of information is shown in Figure 3.1. From 4540 records initially identified,
2269 were duplicated and 2164 were excluded after title screening. From the remaining
107 studies, 57 were excluded after abstract screening. Fifty full texts were sought
for retrieval and 39 were assessed for eligibility, of which 15 were finally included in
qualitative synthesis [217–231] and 11 in quantitative synthesis via NMA [217–227].

3.2.2 Study characteristics

All the included studies were RCTs with parallel design which implemented hand
motor interventions in people with stroke and collected at least one cognitive outcome
measure pre-post intervention.

3.2.3 Participant characteristics

A total of 714 participants (287 females, mean age = 62.35 years) were included. A
table with the characteristics of the included studies according to participant features
is shown in Appendix A. The average age was 61.60 years in the experimental groups
and 63.11 years in the control groups. Regarding the stroke side, data from 349 of the
714 participants were retrieved. Among the reported data, 189 (54.15%) of the strokes
were on the left side. In the case of the type of stroke, not all the data were reported
either. Data from 365 participants were reported and 284 (77.8%) of the strokes were
ischemic and 81 were haemorrhagic. The post-stroke time was heterogeneous, including
patients in the acute, subacute and chronic phase, with the average time of the reported
data of 234.69 days, which corresponds to chronic stroke. However, most participants
were in the acute or subacute phase (446 of 648 participants from the data reported).

3.2.4 Intervention characteristics

Seven studies combined conventional RHB with virtual reality (VR) training, 5 stu-
dies with robot-assisted training and 3 studies with strength training as experimental
interventions. A table with the characteristics of the included studies according to
interventions’ features and outcome measures is shown in Appendix A. Conventional
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RHB alone was the main control intervention (13 studies), either combining occupa-
tional therapy and physical therapy or in isolation. One study combined RHB with
VR training as the control intervention. The amount of therapy received was matched
between experimental and control groups. Intervention’s dosage ranged between 30-
120 minutes/day, 1-5 sessions/week and 2-12 weeks. The total amount of treatment
received ranged between 450-2160 minutes.

Figure 3.1: PRISMA 2020 flow diagram.
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3.2.5 Outcome measures

Five studies utilized the Montreal Cognitive Assessment (MoCA) as the unique global
cognitive measure, and 3 studies utilized the Mini-Mental State Examination (MMSE).
Three studies provided data from both the MoCA and MMSE simultaneously. Three
studies utilized the Addenbrooke’s Cognitive Assessment-Revised (ACE-R) as an over-
all score for global cognition, one of which also utilized the MoCA. Two of the studies
utilizing the ACE-R overall score also provided data according to its specific cognitive
domains (attention, memory, fluency, language and visuospatial). Six studies assessed
different cognitive domains with specific outcome measures, includingthe Albert Test
(n=1), the Trail Making Test (n=2), the Wisconsin Card Sorting Test (n=1), a Re-
action Time paradigm (n=1), visual and auditory Computerized Performance Tests
(n=1), and the Stroop Test (n=2). Therefore, attention, memory and executive func-
tioning were the main cognitive domains assessed.

3.2.6 Risk of bias assessment

The majority of the included studies (n=10) were categorized as “some concerns” in
overall risk of bias and the remaining (n=5) as “high”. In Domain 1, 7 studies had
low risk of bias and 8 studies “some concerns”. In Domain 2, 10 studies had “some
concerns” and 5 had high RoB. In Domain 3, all of the studies had low RoB. In Domain
4, only 1 study had “some concerns”, the remaining (n=14) had low RoB. In Domain
5, 10 studies had low RoB and 5 studies “some concerns”.

Figure 3.2: Risk of bias summary. Authors’ judgements broken down for each risk of
bias criterion across all included studies.
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Figure 3.3: Traffic light risk of bias plot. Authors’ judgements broken down for each
risk of bias domain for every included study.

3.2.7 Effects of hand motor interventions on global cognition:
qualitative synthesis

Most studies (n=8) found positive effects of conventional RHB on global cognition,
whereas 4 studies did not find significant within-group differences between pre- and
post-intervention. All studies that examined the effects of VR training found positive
effects on global cognition. Three studies that examined the effects of robot-assisted
training found positive effects on global cognition, whereas 2 did not. Finally, positive
effects of strength training interventions on global cognition were found in all the studies
which implemented this treatment (n=3).

3.2.8 Effects of hand motor interventions on specific cognitive
domains: qualitative synthesis

One study did not find statistically significant effects of either robot-assisted training +
conventional RHB or RHB alone on the Albert Test, without between-group differences.
One study obtained positive effects of strength training + conventional RHB on the
Trail Making Test-B (but not on TMT-A) and on the Stroop Test, although the group
receiving conventional RHB alone only showed statistically significant effects on the
Stroop Test. No between-group differences were found in either case. One study found
positive effects of VR training + conventional RHB on the Trail Making Test. One
study found positive effects of VR training + conventional RHB on the Wisconsin Card
Sorting Test and Reaction Times, as well as conventional RHB alone.
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3.2.9 Effects of hand motor interventions on global cognition:
Bayesian NMA

3.2.9.1 Description of networks

Eleven studies were included in the Bayesian NMA with effects of four possible inter-
ventions on global cognition through MoCA and/or MMSE assessed. Three studies
provided effects on both scales. Most studies used conventional RHB as the control
intervention (n=10). Three studies compared conventional RHB with conventional
RHB + strength training, 4 studies with conventional RHB + robot-assisted training
and 4 studies with conventional RHB + VR training. One study compared two robot-
assisted training with VR training both interventions coupled with conventional RHB.
Therefore, four interventions were compared in the NMA for the variables MoCA (n=8
studies, total number of patients in network = 480) and MMSE (n=6 studies, total
number of patients in network = 350): conventional RHB, strength training, robot-
assisted training and VR training. The average outcome at post-intervention was 23.94
points for MoCA and 25.43 for MMSE. The number of direct comparisons was largest
for the MMSE.

3.2.9.2 Selection of the final model and model assessment

The random-effects model better fitted for MoCA and the fixed-effects for MMSE,
both without leverage outliers (Figure 11.2 in Appendix A). The consistency model
had a better fit than the inconsistency model for both the MoCA and the MMSE
(Figure 11.3 in Appendix A). When posterior mean deviance of consistency versus
inconsistency models were plotted, it showed some discrepancies in the MMSE (Figure
11.4 in Appendix A). However, node-split showed no significant differences (p> 0.05)
between the direct and indirect comparisons, which reinforced the consistency between
studies. Both the trace plot and the density plot indicated that the number of iterations
was sufficient for an adequate convergence of the models (Figure 11.5 in Appendix
A). Meta regression was applied for the MMSE but did not change the degree of
discrepancies between the consistency versus inconsistency models and therefore the
simpler model without co-variables was chosen (Figure 11.6 in Appendix A).

3.2.9.3 Ranking of interventions

The interventions with the greatest impact on the MoCA were strength training (SU-
CRA = 70.42) followed by robot-assisted training (SUCRA = 60.08) (Table 11.11 in
Appendix A). In the MMSE, robot-assisted training (SUCRA = 84.41) was followed by
strength training (SUCRA = 81.86). According to the rankogram, the most probable
best intervention for MoCA was strength training (41.68%), followed by conventional
RHB (33.46%). For MMSE, the most probable best treatment was robot-assisted trai-
ning (53.61%) followed by strength training (52.89%). Tables showing SUCRA scores
for each intervention and outcome measure (MoCA and MMSE) and Network charac-
teristics are shown in Table 11.11 in Appendix A.

No significant differences were found between any treatment comparisons for MoCA.
For MMSE, there were significant differences between robot-assisted training and con-
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ventional RHB [MD = -1.497 (-2.604, -0.396 95%CI)] as well as between robot-assisted
training and VR training [MD = -2.16 (-3.164, -1.153 95%CI)], both in favor of robot-
assisted interventions (Figure 7A-B). The same was found between strength training
and conventional RHB [MD = -1.419 (-2.477, -0.383 95%CI)] and VR training [MD
= -2.082 (-3.606, -0.537 95%CI)]. No significant differences were found between robot-
assisted and strength training [MD = -0.07 (-1.6, 1.43 95%CI)] These data is also shown
in more detail in Appendix A.

3.2.9.4 Publication bias

Publication bias was considered negligible (D < 0.25) assuming different between-study
distributions for both the MoCA and MMSE meta-analyses (Table 11.13 in Appendix
A).

3.3 Discussion

The present systematic review synthetized the available evidence on the effects of hand
motor interventions on cognitive outcomes in individuals with stroke. Fifteen studies
were included in the qualitative synthesis and 11 studies in the Bayesian NMA. The
Bayesian NMA examined the effects of four possible interventions on global cogni-
tion through MoCA and/or MMSE assessments. The results showed that combining
strength training or robot-assisted training with conventional RHB had the highest
probability of being the most effective intervention for improving global cognition in
individuals with stroke, followed by conventional RHB alone or its combination with VR
training. However, controversial results were found depending on the outcome measure
utilized, as the differences between the interventions were not statistically significant for
the MoCA in any of the indirect comparisons, although statistically significant for the
MMSE. This may be explained by the fact that although both tests have shown scree-
ning validity for post-stroke cognitive impairment [232], they assess global cognition in
non-identical ways [233]. MoCA was developed as a brief tool to screen subjects who
present with cognitive complaints and usually have normal MMSE scores, distributing
cases across a broader score range with less ceiling effect and greater sensitivity [234,
235]. This may have impacted on the statistical analysis, as the MoCA network had
greater inter-study variability with respect to cognitive status at post-intervention than
the MMSE, thus reducing the probability of statistically significant differences to be
found. This may explain why the NMA did not yield significant differences between
interventions for the MoCA as it did for the MMSE. Overall, the Bayesian NMA was
performed with a quite limited number of direct and indirect comparisons available (8
studies in MoCA and 6 studies in MMSE, 4 different interventions each). This is at
the boundary for applying this type of statistical analysis, even though the statisti-
cal models applied fitted reasonably well with the data and model assessment did not
show relevant inconsistencies. However, despite statistical modelling had reasonably
well fit, heterogeneity across studies was found regarding participant or intervention
characteristics (e.g., evolution phase or dosage), which may have impacted the results.

Aside from the above inconsistencies, strength and robot-assisted types of training
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seemed to be the most effective interventions to enhance global cognition post-stroke.
Positive effects of strength training are consistent with a large body of research sho-
wing that handgrip training and grip strength are tightly related to global cognition
in healthy old adults [129]. Plausible biological mediators of these effects have been
studied, for instance grip force patterns and grip force control may be a direct result of
cognitive adaptations during task learning and reflect sensory-motor network changes
[236]. In contrast, the relationship between robot-assisted training and cognition is less
well understood. It may be hypothesized that robot-assisted training is a more com-
prehensive intervention which combines training of several motor domains, including
strength, motor control and synergies and cross-modal sensory processing thanks to
multimodal feedback, as well as indirect training of cognitive domains thanks to the
practice of more complex tasks [237]. This would require greater cognitive demands
which are trained parallelly with motor components, resulting in a multimodal inte-
gration and coordination between sensory-motor and fronto-parietal networks [238].
Conversely, conventional RHB or VR protocols may have lacked these features in the
included studies, what may explain why they ranked lower in the NMA [239].

The qualitative synthesis revealed that most studies found specific cognitive effects of
hand motor interventions aside from global cognition, although less studies have been
conducted and larger heterogeneity of outcome measures was found. Conventional
hand RHB by itself had positive effects on attention, executive control and informa-
tion speed processing, what is consistent with a growing body of evidence showing
cognitive effects of other RHB schemes such as gait training [240], resistance training
[241] or general exercise protocols on these domains [242]. Moreover, although the
combination of conventional RHB with strength training improved different attention
components significantly more than RHB alone [227], this was only investigated in one
study. Regarding the use of robot-assisted training, one study did not find additional
effects on attention measures whereas another did find statistically significant effects
on visuospatial abilities, fluency and memory domains but not on language or attention
and orientation (all measured by the ACE-R). On summary, the cognitive outcomes
seemed to be focused on the central executive network, although a lack of formal com-
prehensive cognitive evaluation did not allow to conclude if there are relevant effects
outside of this network. Finally, the combination of conventional RHB with VR trai-
ning improved attention and executive control, but these effects were not superior to
conventional RHB alone [224]. Collectively, these findings reinforce the idea yielded
by the NMA on the lack of additional effects of VR paradigms to enhance cognition
after stroke, which contrasts with evidence from studies in people with traumatic brain
injury [243]. Further research is needed to elucidate the controversial results published
so far on the effects of VR training on post-stroke cognition.

Altogether, the results of this systematic review highlight the importance of considering
the clinical effects than hand motor interventions may have beyond purely physical
aspects. This is in accordance with complementary work demonstrating positive effects
of cognitive RHB on motor domains in people with stroke [244], but also in other
neurological conditions [245]. Therefore, the underlying idea of a cognitive-motor inter-
dependency becomes particularly relevant. From a clinical perspective, our results
are congruent with observational studies showing that cognitive and motor domains
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interrelate in people with stroke [246]. Based on the present systematic review, it
is crucial for future research studying the effects of motor interventions post-stroke to
consider including at least one global cognitive measure in addition to motor outcomes,
to advance our understanding of the inter-relationships between motor and cognitive
recovery.



4. Objective 2: Design a portable
device capable of gathering data
from the interaction with the pa-
tient’s hand through sensors and
colorful light stimuli

This chapter explains the steps followed to meet objective O2 ”design a portable device 
capable of gathering data from the interaction with the patient’s hand through sensors 
and colorful light stimuli”.

4.1 Methods

To achieve the objective 2 of this thesis, the first s tep i s t he d esign o f t he hardware 
(structure and electronic components) of the new device, taking into account its in-
tended use and end user profile. After the design, the development of the prototype 
of the device will be carried out based on the established design. These two steps are 
explained in detail throughout this chapter.

4.1.1 Design

The beginning of this thesis arose from the identified need of a  tool that could be used 
at home by the patients of a brain damage unit needing to rehabilitate hand motor 
variables such as strength and dexterity, most of these patients had also cognitive 
impairments. This type of patient was very similar to other potential patients such as 
neurodegenerative disease patients that might have cognitive problems but also have 
motor problems in the hand caused by weakness. For this device to be complementary 
to conventional RHB, it should be able to be programmed and graded in difficulty but 
also should be able to evaluate the performance progression of the patient in order to 
integrate its results it in the RHB programming by the therapists.

Taking into account the results of the systematic review presented in the previous 
chapter, that demonstrated evidence of the dual impact of hand RHB on cognitive and 
motor aspects, the design of the device was oriented for dual cognitive and motor RHB.
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4.1.1.1 Requirements of the device

From this initial idea and design, various conversations were held with stroke
specialist, clinicians and engineers to gather ideas and develop the most optimal 
design. In addition, exhaustive bibliographic searches were carried out on the
sequelae of stroke and the technological tools currently available for rehabilitation,
to gather ideas and examine the limitations that existing tools might have. The
device should allow motor and cognitive function to work concomitantly, while
being portable, so that it can be used from the patient’s home, with very limited
supervision, and economically affordable for a larger number of patients.

Taking into account all these information, the following general requirements were
established for the system design:

• The device must be adaptable and ergonomic, capable of fitting both the right 
and left hand and adapting to different hand sizes.

• As a portable device, it must be small, resistant to drops and large forces, 
lightweight, allowing easy use in various settings, including patients’ homes, with-
out the need for external continuous assistance or additional hardware.

• Regarding the materials and components, a very important aspect is that this 
device is affordable, ensuring that it is cost-effective to manufacture and, there-
fore, economically accessible to a wide range of users, although no specific cost 
and production studies were made, the objective was to be able to be produced 
at a cheaper cost compared with the available devices for hand rehabilitation.

• The device must be able to measure different metrics, including strength and reac-
tion times, in order to assess and train cognitive and motor aspects such as 
strength, motor coordination, processing speed and memory.

According to these established requirements, the following specific Non-Functional Re-
quirements (NFRs) were stablished to take into account when developing this device:

• NFR 1 Usability:

– NFR 1-1 Ergonomics: the system will allow it to be used by both the right
and left hands, and will allow the position of the fingers to be adjusted to
be able to be used by hands and fingers of different sizes.

– NFR 1-2 Portability: the device will be small in size and lightweight so that
it can be portable.

– NFR 1-3 Resistance: The device shall be resistant so that different forces
can be applied to it and survive drops without damage.

– NFR 1-4 Inexpensive: the device must be made up of simple and cheap
electronic components, so that it is affordable and accessible to a greater
number of people.

– NFR 1-5 Ease of installation: to install and use this device, it will only
be necessary to have the device and a computer, Tablet or Smartphone to
connect to it.

– NFR 1-6 Ease of use: the controlling website of the device will have an easy
and user-friendly interface allowing independent use without supervision.

– NFR 1-7 Ease of analysis: the system will allow the possibility of storing
data so that the results and evolution of patients can be seen by specialists.

laura.valenzuela
Highlight
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• NFR 2 Efficiency:

– NFR 1-1 Quick response: the system must have a very quick response when
pressing the FSRs.

– NFR 1-2 Light color variability: there will be different color lights, varying
depending on the exercise.

• NFR 3 Data security:

– NFR 3-1 Data protection: this system stores different type of data anony-
mously through a private and unique user code.

– NFR 3-2 Data access: the data will only be accessible by clinical specialists.

Figure 4.1: Initial design of the structure of the device seen from different angles

The initial design presented is composed of four individual cylindrical modules 3D
printed with PLA (polylactic acid) material, which can be nested side by side and 
allow complete rotation on them. It was designed for use with either the right or
left hand. Each finger, excluding the thumb, has a dedicated module that can be
rotated and adjusted to accommodate different hand sizes and f inger lengths. Each of
the fingers used with the device, it is index, middle, ring, and little finger, from now
on will be named as digit 2, digit 3, digit 4 and digit 5, respectively.

This design was made taking into account deep consideration of the biomechanics of the
hand. Each segment or module of the cylinder has been designed to adapt to the natural
curvature and kinematics of the fingers, t h us a l lowing fluid an d natural movements.
The possibility of rotating and adjusting these modules guarantees optimal adaptation
to the size of the hand and the position of each finger, an essential feature to maximize
therapeutic effectiveness and reduce the risk o f undue effort or tension.

The specific metrics that the device is capable of measuring will be discussed in subsec-
tion 5.1.1.2.

4.1.2 Development

This section explains the development phases of the device proposed based on the
requirements previously exposed.

4.1.2.1 First Prototype

Taking into account the non-functional requirements explained previously, a first design
for the device was proposed mainly focused on usability requirements: ergonomics,
portability, resistance and economy. This first prototype is shown in Figure 4.1.
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From an ergonomic perspective, the device prioritizes user comfort. The adaptability
of the modules ensures that any discomfort or pressure on specific points of the hand is
minimized. Furthermore, the use of PLA in 3D printing provides an ideal combination
of durability and lightness, making the device resistant to prolonged use, but without
being burdensome or uncomfortable for the patient.

The design has also taken into account the possible integration of electronic compo-
nents. These components, once incorporated into the hollow cavity inside, will allow
the monitoring and evaluation of the patient’s progress, transforming the device not
only into a rehabilitation tool, but also into a means to effectively evaluate the state
and progress of the patient.

Furthermore, from an economic point of view, this design allows the device to be used
with both the right and left hands, and the rotation of its modules allows it to be used
by patients with larger and smaller hands, so that the same device can be used by
different patients, reducing costs and maximizing its usefulness.

4.1.2.2 Second Prototype

Starting from the first prototype presented in the previous section, a new prototype
was proposed taking into account not only the biomechanics or ergonomics for the end
user, but also possible functionalities that will be of interest for this device to fulfill its
rehabilitative functions and both cognitive and motor evaluation of stroke patients.

This second prototype can be divided into two different components: sensory cylinder
and electronics.

Sensory cylinder

The design of this device is focused on a cylindrical casing working as a sensory tool.
The initial design, shown in the Figure 4.1, underwent considerable modifications to
better fit the established requirements: the size and the internal diameter were enlarged
to make it more comfortable to grip and the electronic components to fit inside, stops
were established to prevent the cylindrical modules from turning excessively, the design
of the area where the electronic components would be placed was modified, and the
adjustment mechanism between modules was changed.

This way, the final design of each module is depicted in Figure 4.2. It is 24mm high,
so the module offers ample space to place your fingers. The outer diameter is 65mm
to ensure compatibility with large hands and long fingers without overlapping the
thumb when gripping. Its small hole has been enlarged to accommodate indicator
lights, and the circular surface, previously raised with relief, is now lowered so that
the force sensors can be positioned and protected from damage. The inner diameter
of the cylinders is designed to accommodate the electronics and wiring effectively.
With this size, the cylinders are also easily graspable by small hands. In addition, the
cylinder modules are engineered with stops inside, allowing limited rotation to achieve
an adjustable position without causing damage to the inner components of the device,
and the regions that hook one module to another are designed to prevent them from
separating easily.
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Figure 4.2: Sketch of the cylindrical modules of the device.

The structure, designed with a 3D modeling software (Autodesk® Inventor® 2022) as 
shown in Figure 4.3, is printed with PET (Polyethylene terephthalate) filament, a 
lightweight, durable and flexible material, a similar but better material than PLA in
terms of durability, so that the structure of the modules is highly resistant to
various stresses. This way, if a user squeezes it too hard, or if the device is
dropped, the cylindrical casing won’t break easily and electronic components will be
protected.

Figure 4.3: Sketch of a cylinder module of the device seen from different angles.

Each module features two holes: a small one for a LED, and a larger one with a
flat surface below for the placement of a force sensor, which is positioned where the
fingerprint will be placed. To grip the cylinder correctly, LEDs must always be visible
and not covered by the fingers.
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In addition to these four modules, as shown in Figure 4.4, two covers were designed
and printed to be placed on both ends of the cylinder and hide all the components.

Figure 4.4: Final 3D design of the device.

Electronic components

The electronics were also modified during the development of the device. Thanks to
some fellow engineers from the CSIC (Consejo Superior de Investigaciones Cient́ıficas
or Superior Council of Scientific Investigations in English), specifically from the Center
for Automation and Robotics, changes to certain electronic components were proposed
to improve the performance and functionality of the device. The replaced components
were:

• Microprocessor Arduino Nano: this is a microprocessor with free and open source
software that, despite being very versatile for a multitude of electronic projects,
the functionalities and power it offered fell short for the needs of this project.

• LEDs RGB: are tiny LED bulbs used very frequently in electronic projects that
can produce almost any color using the three primary colors (red, green and
blue), however, there are other indicator lights such as Neopixel strips that were
finally used in this project, which allow greater versatility, intensity adjustments,
greater color clarity and ease of programming.

The final electronic system used for data processing and control in the device is battery
powered and consists of the following components:

• a microprocessor Raspberry Pi Zero 2W.
• a battery power supply (PiSugar 3 Li-ion Battery).
• an analog-to-digital (ACD) converter (ADS1115).
• four Force Sensitive Resistor sensors (FSRs).
• four RGB LEDs (RGB Neopixel strip).

Figure 4.5 below shows the five main electronic components used to develop the device::

Subfigure (a) shows the microprocessor, a Raspberry Pi which serves as the core of
the system to process all the data. This microprocessor model is the smallest in the
Raspberry family (65mm x 30mm), so it fits inside the device. All other components
must be connected to it to send and/or receive data. This microprocessor is equipped
with an integrated Wi-Fi module, enabling a connection between the device and a
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controlling website and an evaluation platform. It allows to be connected directly to
an external power source, and also to connect a battery. Thanks to a microSD memory
card that is connected to the microprocessor, functioning as if it were a computer’s
RAM memory, the operating system, the code for its operation, and the web server to
connect to the website are incorporated into the microprocessor.

Subfigure (b) shows the battery. This is the ideal lithium battery for the microprocessor
used, which has the same size to fit into the cylinder. It allows the device to have several
hours of autonomy, but also allows it to be used connected, via a USB-C port input,
to an external power source while charging if the battery runs out.

Subfigure (c) shows the analog-to-digital converter. This is used to acquired and trans-
form the analog data from the force sensors into digital information that can be read
and interpreted by the microprocessor. Its small size (18 mm x 28 mm) allows it to be
housed inside the cylinder with the rest of the components.

Subfigure (d) shows a Force Sensitive Resistor sensor (FSR). The device has four FSRs,
one for each cylinder module/finger, which are used to capture the force data of each of
the fingers. A FSR is a polymer thick film device that exhibit a decrease in resistance
with increasing force applied to the active surface. It is a very sensitive sensor which is
optimized for use in human touch control of electronic devices. The sensitive area of the
sensor is circular in shape with a diameter of 10mm, perfect for the size of fingerprints.

Subfigures (e) shows a RGB Neopixel strip. The device has four LEDs, one four each
cylinder module/finger, to emit colorful lights through this stripe. The LEDs on the
stripe allow for dynamic color changes and light intensities, so that it allows a lot of
versatility for the operation of the device. The lights are used as an indicator for the
operation of the exercises, and also to give visual feedback of the performance.

Figure 4.5: Electronic components of the device.
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4.2 Results

The complete prototype of the device, made up by a 3D printer in PET material,
is small in size, with a height of 17.5 cm and a maximum width (diameter) of 6
cm, and is lightweight, weighing 252 grams, which ensures its portability and ease
of use. Inside the cylindrical casing, the following electronic components are housed: 4
Neopixel LEDs, 4 Force Sensitive Resistor sensors (FSRs), an analog digital converter
(ADS1115), a Raspberry Pi Zero 2W microprocessor and a PiSugar battery, in addition
to a button, placed in one of the covers, to turn the device on and off, and an additional
LED next to it that will light up indicating that the device is on, all the components
interconnected through small cables. Furthermore, a hole was made in one of the covers
of the device at the height of the microprocessor’s charging input position (USB-C type
input), so that it can be plugged in to charge the battery. These electronic components
can ensure the expected functioning of the device, allowing the programming and
incorporation of different tasks for the evaluation and RHB of the hand motor and
cognitive functions.

Figures 4.6 and 4.7 show the final prototype developed in this thesis. Figures 4.8 and
4.9 show the components housed within the final prototype and the additional button
and hole to turn the device on/off and charge.

Figure 4.6: Final prototype of the device.
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Figure 4.7: Rotation and grasping of the device.

Figure 4.8: Electronic components housed inside the device.

Figure 4.9: Button and hole for the USB-C charging connection.
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4.3 Discussion

The main purpose of this section was to meet the objective O2 ”design a portable device 
capable of gathering data from the interaction with the patient’s hand through sensors 
and colorful light stimuli”. The design of the device described in this chapter required 
the consideration of important aspects of biomechanics, electronics and ergonomics 
adapted to a tool for rehabilitation and evaluation of the motor and cognitive abilities 
of the hand. This section presents the rationale behind the selection of certain materials 
and components over others.

Beginning with the design, the concept of individual cylindrical modules arose directly 
from the biomechanics of the hand. By mimicking the natural curvature and kinematics 
of the fingers, the device ensures that users can maintain natural and fluid movements 
during interaction. This feature stands in contrast to generic, one-size-fits-all designs 
which may not account for the varied sizes and morphologies of different h ands. In 
this way, the design of our device is significantly different from others mentioned in 
the Objective 1, such as the Saebo Stretch orthosis, the ExoHand exoskeleton or 
the Amadeo end-effector device which, despite their effectiveness, present 
limitations in terms of shape and disposition of their grips. These devices, although 
they offer individualized grips for each finger, usually have flat surfaces or fixed 
structures that do not allow a complete and natural cylindrical grip. In contrast, our 
device offers a more intuitive and ergonomic grip experience, simulating the shape 
and natural movement of the fingers when holding cylindrical objects, as happens 
in many situations in everyday life such as holding a hairbrush, toothbrush, or a 
bottle of water. This feature is unique to our design and allows for a greater 
range of motion and exercises, which is essential for effective and personalized 
rehabilitation. Furthermore, the adjustment and rotation of the cylindrical modules 
in our device not only accommodate different hand sizes and morphologies, but also 
allow precise adaptation to the specific needs of each user, thus maximizing 
therapeutic effectiveness and comfort during use. From an economic perspective, the 
two-handed design (valid for left and right hands), adaptable to different hand sizes, 
emphasizes the scalability and usefulness of the device in various patient demographics. 
This adaptability ensures that the device is an economical solution for both 
rehabilitation centers and individual users.

Material selection also played a pivotal role in ensuring the device’s robustness and 
usability. While PLA offered a balance between lightness and durability, the transition 
to PET filament in later designs optimized the device’s resistance to external stresses. 
PET’s inherent properties provide enhanced durability, thereby increasing the longevity 
of the device and protecting the inner electronic components from potential damages. 
In the field of hand rehabilitation devices, a variety of materials have been explored. For 
example, metal is valued for its strength and durability, but its weight and rigidity can 
limit comfort and portability. Rubber and silicone, on the other hand, offer flexibility 
and a comfortable grip, but tend not to be as durable in the long term and often lack 
the rigidity needed to protect sophisticated electronic components.

On the electronics side, the transition from the Arduino Nano to the Raspberry Pi Zero 
2W was a key decision driven by the increasing computational demands of the device.
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Although the Arduino Nano was an early choice due to its simplicity and reduced cost,
its limitations in terms of processing power and lack of built-in connectivity proved
to be significant obstacles to advanced development of the device. The Raspberry Pi
Zero 2W, on the other hand, with its integrated Wi-Fi module, not only offers greater
connectivity and data processing capabilities, but also facilitates real-time feedback
and data logging, crucial aspects for tracking progress. of the patient. There are other
processors of similar size, such as the BeagleBone or the ESP32, that could have been
considered. The BeagleBone, for example, offers powerful input and output capabili-
ties, but its larger size and power consumption make it less ideal for a portable device.
The ESP32, mostly used for its Bluetooth and Wi-Fi connectivity, could also be a
viable option, but its processing power is inferior to that of the Raspberry Pi Zero 2W.
The choice of the Raspberry Pi Zero 2W is thus justified by its optimal balance between
size, processing capacity, connectivity and energy efficiency, critical elements for our
device. Additionally, replacing traditional RGB LEDs with Neopixel RGB strips was
a significant improvement. Classic RGB LEDs, although functional, had limitations in
the variety of colors and light intensity. In contrast, Neopixel strips offer a wider range
of vivid colors and allow for dynamic changes in color and light intensity, increasing
versatility for device operation. Furthermore, programming Neopixels turned out to
be simpler and more practical compared to traditional RGB LEDs. This, along with
their flexibility and ability to provide dynamic feedback, makes them ideal for guid-
ing patients through exercises and providing visual feedback on workout performance.
Finally, the incorporation of Force Sensitive Resistor sensors (FSRs) serves as an opti-
mal choice for capturing real-time force data from fingers. Their sensitivity and form
factor, tailor-made for fingerprints, provides accurate and granular data essential for
evaluating and monitoring patients’ motor functions.

Among the possible limitations of the device design, there are some factors that im-
pact its functionality and user adaptability. A notable limitation is the absence of a
dedicated place and sensor to accommodate and measure the movements of the thumb.
Given the thumb’s pivotal role in hand function, this omission may restrict the device’s
ability to comprehensively evaluate and rehabilitate the full range of hand movements.
Additionally, while the use of PET filament enhances durability, it may not provide
the same level of tactile feedback as more flexible materials like silicone, potentially
affecting user comfort during prolonged use. Lastly, the reliance on the Raspberry Pi
Zero 2W, despite its advantages in processing power and connectivity, also introduces
constraints in terms of energy consumption and heat dissipation, which could limit the
device’s operational time and durability.

In summary, this device’s design and development embraces a multidisciplinary ap-
proach aimed at creating a versatile, efficient, and user-centered solution for hand
rehabilitation and evaluation. Every design choice, from material selection to elec-
tronic components, converges towards meeting the objective of a portable, adaptable,
affordable, and effective device, paving the way for future innovations in the field of
medical rehabilitation devices.



5. Objective 3: Design a set of tests
and tasks that can be carried
out through the interaction with
the device allowing the evalua-
tion and training of hand motor
variables and cognitive variables

This chapter explains the steps followed to meet objective 3. Specifically, it is focused in
the software to complement the hardware presented in the previous point and explains
the functioning of the device, the programming used, the controlling and storage web-
site and its user interface.

5.1 Methods

To achieve the Objective 3 of this thesis, the first step is the design of the 
software, which means, the design of the functioning and programming of operation of
the device. After the design, the development of the programming will we carried out
based on the established design, to create the different exercises and modes of
functioning. These two steps are explained in detail throughout this chapter.

5.1.1 Design

In addition to the tasks/exercises mentioned to meet Objective 3, a website/application
is also proposed to control the device and capture, store and display the data resulting
from the assessments.

As for the tasks to include, on the motor side, grasping was the obvious task allowing
functional use of the hand. Strength training was possible to perform with each finger
individually and with the entire hand. Besides, interaction with sensors for cognitive
exercises requires motor control, since interaction with a specific sensor requires good
inhibition of the rest of the fingers. F inally, i n t asks w here r apid c hanges i n finger
interaction are required, motor control and coordination are challenged.

52
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Regarding cognitive tasks, considering that our main target was the interaction of the
hand, an area that is widely represented in the frontal lobe, executive tasks such as
those implying reaction times and short-term memory were our goal. While these
functions may seem distinct, they are all interconnected. For example, the speed at
which we process information (processing  speed) can affect how quickly we react to
stimuli (reaction time), which in turn can influence o n short term information recovery
(memory). Similarly, the strength of hand grasp can be influenced by our reaction time
and processing speed, particularly in situations that require quick, precise movements.

Therefore, rehabilitation of these functions involves a global approach that
targets the entire frontal-parietal network. From the literature review
presented in Objective 1, it is evident that motor enhancement or 
rehabilitation has a clear influence in cognitive performance. A possible reason
for this is that by training and strengthening connections on this network,
there are secondary benefits in other nodes connected to it. Details on the
cognitive paradigms used to evaluate and train can be found in the description of
the next chapter, which is dedicated to the validation of the system. Once completed
the design of the device and the conceptualization of its functioning, it was
evaluated and considered patentable. A European patent was requested,
information regarding this can be found in Chapter 11 and Appendix C.

The following subsections explain how the device's tasks were designed. To do 
so, a first focus group was held with 8 stroke specialists from Hospital Beata 
María Ana (Madrid) , includin g neurologists , neuropsychologists , physiotherapist s 
and occupationa l therapists. Afte r an explanation o f th e project' s and device's 
objectives, different tests commonly used in clinical practice were proposed and 
analyzed to serve as a basis for designing the device's operation.

5.1.1.1 Relationship between Device Tasks and Conventional Neuropsy-
chological and Physical Tests

To design the specific tasks to be performed through the device, we studied the
performance of different conventional physical and neuropsychological tests commonly
used in the clinic for stroke evaluation and training. Based on these tests, the
design of the device tasks will be carried out.

Task 1: Strength
The strength task of the device will be based on the user pressing the FSRs of the
fingers, thus measuring the grasping and gripping capacity.

• Related Conventional Tests:
– Pinch Force: Evaluates the force between the thumb and the other fingers.
– Hand Dynamometry: Measures the maximum grip strength of the hand.

• Evaluated Variables: Both tests (pinch force and hand dynamometry), as well as
the device task, assess grip strength and muscle tone. These variables are crucial
in determining manual functionality, coordination, and recovery potential after
neuromuscular injuries. They are widely used since their reliability has been
proven in test-retest studies and others that relate it to the independence in ADLs
following a stroke [247, 248].
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was adapted so that the position of the hand in the grip was as similar as possible
to the grip with the device. Hand dynamometry test was perform primarily to
evaluate the relationship between hand grip strength and fingers strength with
the device.

Task 2: Reaction Times

The on-device reaction time task will assess how quickly a user responds to visual
stimuli, thus measuring their processing speed and motor reaction.

• Related Conventional Tests:
– Stroop Test: Measures reaction time when naming colors, offering insight

into attention and processing speed.
– TMT-A (Trail Making Test Part A): Assesses visual processing speed and

hand-eye coordination when connecting numbers in a sequence.
– Finger Tapping and Detection tasks from Presentation® software: measure

motor function and speed and information processing speed

• Evaluated Variables: The tests above along with the device task, assess pro-
cessing speed, sustained attention, hand-eye coordination, and motor
responsiveness. These variables are essential in determining an individual’s
cognitive and motor capacity, as well as their ability to perform daily tasks that
require quick responses.

• Adaptation: The aforementioned tests are widely used to evaluate the cognitive
level measuring processing speed in stroke patients [249–251], but their relation-
ship with motor tasks and how they can discriminate between different degrees of
functional disability is also studied [252]. For this reason, the device’s tasks
adapt conventional tests by integrating motor components of the hand.

Task 3: Memory

The memory task on the device will require the user to memorize and repeat a sequence
of lights, testing their short-term memory and working memory.

• Related Conventional Tests:
– Digit Span Test and Corsi Blocks: Both tests assess working memory by

requiring patients to repeat sequences in the same order or in reverse order.

– Symbol Digit Modality Test and Digit-Symbol Coding: These tests mea-
sure working memory and processing speed when matching symbols and
numbers.

• Evaluated Variables: Both conventional tests and the device task assess short-
term memory, working memory, and the ability to retain and reproduce informa-
tion. These variables are fundamental in determining the cognitive capacity of an
individual, especially in scenarios that require the rapid retention and retrieval
of information.

• Adaptation: Of the two tests mentioned, the pinch force is the most similar to
the operation of our device. However, the conventional way of performing this
test (pincer grip between the thumb and the study finger) is further away from
the way the device is gripped. For this reason, in this project the pinch force test
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• Adaptation: Although memory dysfunction is not usually specifically studied in
post-stroke patients, the aforementioned tests are usually widely used to evaluate
memory [253]. For this reason, these tests have been adapted to the operation
of the device, since it has been seen that this could help in the early detection of
dementia and improve the quality of life of patients.

In summary, the tasks which will be implemented in the device present similarities
and direct connections with conventional neuropsychological and physical tests, which
reinforces their validity and usefulness in neuromuscular and cognitive evaluation and
rehabilitation.

5.1.1.2 Operating requirements

Taking into account the design of the device, its intended use and functionality, and
the different f unctionalities p roposed a bove, t he f ollowing g eneral r equirements are
established that the operation of the exercises must meet:

• The device must have a user-friendly interface, allowing independent use without
constant medical supervision.

• Regarding the cognitive and motor function assessment, the device must incorpo-
rate preprogrammed tasks that allow an accurate and reliable evaluation of hand
motor function and cognitive performance, while avoiding physical or mental
fatigue that could affect the results of the tests.

• In addition, the device must support variations and repetitions of the programmed
tasks, allowing simultaneous rehabilitation of hand motor performance and cog-
nitive functions.

• Clinicians must have direct access to assessment data in real time, so they can
assess and analyze each patient’s individual progress.

With the objective of evaluating and training hand motor variables and cognitive
va-riables, the design of the exercises is divided into two modalities: Rehabilitation
and Training. Within each modality, 3 types of exercises are designed: Strength
Training/Evaluation, Reaction Time Training/Evaluation, and Memory Training/
Evaluation. Each exercise has a different basic functionality, which the user can
know thanks to the different operation of the device’s LEDs. In addition to this
operation, two basic functionalities are established that all exercises had to fulfill.
Firstly, the recording of data through the pressure sensors (FSRs), and secondly,
the processing of this data through the microprocessor that allows knowing the
user’s execution and, in this way, being able to produce feedback in real time (in the
case of Training Mode exercises) or store the data (in the case of Evaluation Mode).
Based on that, the specific Functional Requirements (FRs) of the device are listed
below:

• FR 1 Rehabilitation: the system will enable the necessary functionalities for
motor and cognitive rehabilitation.

– FR 1-1 Strength training: the system will allow strength training of the
fingers (digit 2, digit 3, digit 4 and digit 5), for both hands.
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∗ FR 1-1-1 Sensor registration: FSRs record every force interaction of
each finger.

∗ FR 1-1-2 Data processing: The microprocessor receives and interprets
the force data.

– FR 1-2 Reaction time training: the system will allow training the reac-
tion speed.

∗ FR 1-2-1 Sensor registration: FSRs will record information when pre-
ssing each finger.

∗ FR 1-2-2 Data processing: The microprocessor will record the time
between a stimulus and the user’s response (pressing the FSRs).

∗ FR 1-2-3 Data processing: The microprocessor will record if errors occur
in issuing the response from the user.

– FR 1-3 Memory training: the system will allow training the memory.

∗ FR 1-3-1 Sensor registration: FSRs will record information when pressing.
∗ FR 1-3-2 Data processing: The microprocessor will record if errors occur
when the user memorizes and repeats a sequence (by pressing the FSRs).

– FR 1-4 Feedback: the system will emit light feedback in response to user
interaction in each exercise.

∗ FR 1-4-1 Feedback in strength exercise: LEDs emit visual feedback
based on the force intensity: red light for low force intensity, yellow for
middle intensity, and green for high force intensity.

∗ FR 1-4-2 Feedback in reaction time exercise: LEDs emit visual feedback
based on the reaction speed: green light for fast responses (short reac-
tion times), yellow light for medium speed responses (medium reaction
times), and green light for slow responses (long reaction times).

∗ FR 1-4-3 Feedback in memory exercise: LEDs provide visual feedback
based on whether the user’s answer is correct or incorrect: green light
when selecting the correct answer and red light when selecting the wrong
answer.

• FR 2 Evaluation: the system will enable the necessary functionalities for motor
and cognitive evaluation.

– FR 2-1 Strength evaluation: the system will allow strength evaluation
of the fingers (digit 2, digit 3, digit 4 and digit 5), for both hands.

∗ FR 2-1-1 Sensor registration: FSRs record every force interaction of
each finger.

∗ FR 2-1-2 Data processing: The microprocessor receives and interprets
the force data.

– FR 2-2 Reaction time evaluation: the system will allow training the
reaction speed.

∗ FR 2-2-1 Sensor registration: FSRs will record information when pressing. 
∗ FR 2-2-2 D ata processing: The microprocessor will record the time    
betwwen between a stimulus being produced and the user’s response (pressing a 
FSR).
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∗ FR 2-2-3 Data processing: The microprocessor will record if errors occur
in issuing the response from the user.

– FR 2-3 Memory evaluation: the system will allow training the memory.

∗ FR 2-3-1 Sensor registration: FSRs will record information when pre-
ssing.

∗ FR 2-3-2 Data processing: The microprocessor will record if errors occur
when the user memorizes and repeats a sequence (by pressing the FSRs).

– FR 2-4 Data storage: the system will record and store different data in
each of the exercises.

∗ FR 2-4-1 Data in strength exercise: the system will store each measure
of force of each one of the fingers, highlighting the maximum force
reached by each finger.

∗ FR 2-4-2 Data in reaction time exercise: the system will store each
measurement of the reaction speed of each of the fingers, highlighting
the average reaction time of each exercise.

∗ FR 2-4-3 Data in memory exercise: the system will store the number of
execution errors when repeating the memorized sequences.

– FR 3 Warnings: the system will notify the beginning and end of each
exercise by issuing a double white flash.

– FR 4 Change exercise: the system will allow the user to change exercise
at any time through the website.

– FR 5 Finish: the system will allow the end of the rehabilitation or evalua-
tion session at any time.

5.1.2 Development

5.1.2.1 Exercises

According to the identified requirements and the use cases (rehabilitation and evalua-
tion), the interaction of the subject with the device involves interacting with the
sensors integrated in each cylinder in a different way depending on the operating mode,
explained below.

Evaluation Mode

The Evaluation Mode (EM) of the device is designed to serve as a tool for assessing
the motor status of the upper limb, specifically the hand and fingers, as well as to
assess general cognitive status. The EM is characterized by recording any interaction
that the user makes with the device, storing the data of interest for the evaluation,
such as force (in kilograms), reaction time (in milliseconds) and execution errors, 
which will be explained later in this document. Through different exercises, and
different levels of difficulty of each exercise, the EM of the device will allow the
therapist to know the motor and cognitive state of the patients, as well as monitor
their condition and progress during rehabilitation.

In the EM, the device assesses hand and finger strength through grip repetitions.
Attention, reaction time, and coordination are assessed through motor responses to
light indicators using specific fingers. Memory testing is done by repeating a pattern
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presented through the LEDs and pressing the corresponding buttons on each finger. 
Finally, the patient’s interaction with the device is recorded and the data is stored and 
transmitted to a dedicated website.

The specific tasks of the EM are explained in the following table.

Evaluation
Mode

Exercise performance Recorded data

Task 1:
Force

The user must press the 4 finger
FSRs individually or simultaneously
at any time.

The device will record the force ex-
erted every 300 milliseconds and the
maximum force achieved by each fin-
ger in each interaction.

Task 2:
Reaction time

The device will emit a sequence of
lights while the user must press the
button corresponding to each light
on as quickly as possible.

The device records the time (in mil-
liseconds) between each light turns
on and the corresponding button is
pressed.

Task 3:
Memory

The device will emit a sequence of
lights while the user must memorize
it and repeat it once it has finished
playing.

The device records and check if the
buttons pressed are correct, count-
ing the errors, and the force applied
in each of them.

Table 5.1: Tasks and their explanation on the EM.

Training Mode

The Training Mode (TM) of the device is designed to serve as a tool to train and 
rehabilitate the motor function of the upper limb, specifically of the hand and fingers, 
as well as to train cognitive abilities such as reaction time and memory. The TM 
is characterized by issuing visual feedback to the user according to the execution of 
the exercises. In this way, even if the patient is using the device without supervision, 
he will know if he is performing the exercises correctly or if, on the contrary, he is 
making mistakes. Different colors indicate the intensity of strength, repetition errors 
in sequences, or response time to stimuli. Each exercise within the training mode offers 
three difficulty levels.

Through different exercises, the TM of the device will allow the patient to train the 
individual strength of the fingers and hand grip, reaction speed and memory, being 
able to perform levels of greater or lesser complexity according to the individual state 
of each patient. The TM exercises performances are the same as those of the EM, 
but with the difference that the EM records all the data and the TM only gives visual 
feedback. The performance of the different exercises of the TM are explained in the
Table 5.2.

The established intervals for force were defined as follows: low force for values from 0.01 kg 
to 1.5 kg, medium force from 1.5 kg to 3.5 kg, and high force for values greater than 3.5 kg. 
For time, the intervals were: short time for values from 0.01 seconds to 1 second, medium 
time from 1 second to 2 seconds, and long time for values greater than 2 seconds. These 
ranges were determined arbitrarily based on the pilot study, where the fastest times were 
used to calculate the threshold corresponding to the mean plus two standard deviations. A 
similar methodology was applied to the maximum force values. The resulting ranges were 
then divided into tertiles, providing the values used for the initial validation calculations. 
These thresholds will be refined once a population sample that adequately represents all
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Training
Mode

Exercise performance Recorded data

Exercise 1:
Force

The user must press the
4 finger FSRs individually
or simultaneously at any
time.

Depending on the amount of force, the
corressponding LED emits a colored light, 
distin-guishing 3 grip force ranges: if the
applied force is small, the corresponding
LED will emit red light; if the force is high,
the LED will emit green light; if the force is
intermedi-ate, the LED will emit yellow light.

Exercise 2:
Reaction time

The device will emit a se-
quence of lights while the
user must press the but-
ton corresponding to each
light on as quickly as pos-
sible.

When the user presses the button, the
corresponding light changes its color 
depending on the reaction speed: the LED
will turn green if the user presses the button
quickly, red if the time is long, and yellow if
the time is an intermediate value between
the previous es-tablished ranges.

Exercise 3:
Memory

The device will emit a se-
quence of lights while the
user must memorize it and
repeat it once it has fin-
ished playing.

If the button pressed is correct, its correspond-
ing LED will emit green light, if it is wrong,
the LED will emit red light.

Table 5.2: Exercises and their explanation on the TM.

All the exercises are developed using the Python programming language. Python is a 
highly capable open source programming language, widely used for Big Data analysis, 
Machine learning, Data Science, Artificial Intelligence, but also in video games and 
web development. Furthermore, among its advantages is the fact that its code can 
be executed in any operating system, which makes it more versatile. Python allows 
programmers to configure the operation of the different electronic components and the 
raspberry to work in the way that is desired, so that it codes the specific operation of 
each exercise.

To be able to put the device into operation and choose the training modes and exercises, 
Python codes that control each exercise are integrated into an HTML website with a 
friendly user interface.

5.1.2.2 Website

The development of the system includes a website to serve as both a controller for 
the device and an evaluation platform to access the recorded assessment data. The 
website is designed in HTML with PHP programming languages. HTML is a Hy-
perText Markup Language widely used for the development of web applications and 
websites. It is used to describe the structure of a web page and organize the con-
tent. Together with PHP, both programming languages are the most used to develop 
web pages nowadays. PHP language is a server-side Hypertext Preprocessor, which 
means that it connects to and runs on a web server, not on the user/client, in addition 
to activating all the functional elements and the visual interface of the website. It

These thresholds will be refined once a population sample that adequately represents all 
degrees of deficit and capacity is obtained, enabling a more accurate distribution of 
performance for each test. This process extends beyond the initial scope of validating the 
device's reliability. 
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was decided to use PHP instead of JavaScript (another language widely used to give
more functionality to HTML web pages) due to the need of integrating the website
with a server that allows the connectivity between the microprocessor of the device
and the website, and also the storage of device records through a database. Among
the main advantages, it decreases the loading times of the website, allowing greater
agility in response time and also allowing connection to large databases. Regarding
the database, a MySQL server has been used that provides security mechanisms to
protect the data, including authentication, authorization and encryption of communi-
cations. Users must authenticate to access the database. MySQL is widely used in
web applications, content management systems, enterprise information systems, and a
variety of other applications that require data storage and management. Its popularity
is due to its robustness and scalability. The PHP/Mysql tandem provides the device
with a secure environment that allows the user to automatically store their results in
the exercises performed, being able to retrieve them on request later to evaluate their
progress, in a simple way and respecting the integrity of the data.

This website allows each patient to have a private user profile where all their evaluation
information is stored, as shown in Figure 5.1.

Figure 5.1: Screenshots of web interface for login and user profile.

When logged in, the website acts as a remote control, first enabling users to choose the
hand (left or right as shown in Figure 5.2). Then, the user has to select the exercises
and the difficulty level as desired, as shown in Figure 5.3 and Figure 5.4.

Figure 5.2: Webpage interface to select the hand for training.
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Figure 5.3: Webpage interface for exercise selection for right hand training.

Figure 5.4: Webpage interface for exercise selection for left hand training.

The specific workflow of the device is illustrated in Figure 5.5. Upon turning on the
device, users, whether clinicians or patients, access the device’s website to select the
working mode: Rehabilitation or Evaluation. For the Evaluation, the user fist has to
log in with username and password, while for Rehabilitation there is no need to do it
as data will not be stored. After selecting the mode, the user chooses the exercise and
desired difficulty level to be executed on the device: Exercise 1, Exercise 2 (with three
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options of levels of difficulty) or Exercise 3 (with three options of levels of difficulty as
well). Subsequently, the exercise is initiated on the device, and the patient performs
the assigned task. Throughout the exercise on the Evaluation Mode, the device records
all interactions with the sensors and stores the data in CSV format upon completion.
These recorded data are then processed and transmitted to the web.

Figure 5.5: Device workflow diagram.

Additionally, the platform provides clinicians with an interface for monitoring exercise
performance during training mode and the results of evaluation mode, allowing them
to track patient progress, as shown in the figures below. This utility enables clinicians
to remotely and in real-time assess patient evolution objectively, enabling them to
optimize exercise regimens and rehabilitation sessions. Access to this information is
limited to clinicians with their own private administrative accounts.
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Figure 5.6: Results view of Exercise 1 (right hand) after an evaluation session.

Figure 5.7: Results view of Exercise 2 - Level 2 (right hand) after an evaluation session.

Figure 5.8: Results view of Exercise 3 - Level 2 (right hand) after an evaluation session.



64 Objective 3

5.2 Results

The final operation of each of the exercises is explained below.

Exercise 1: the user can press the force sensors of the four fingers individually or
simultaneously. Depending on the force with which each button is pressed, the cor-
responding LED emits a colour, this light will remain on for as long as the user is
pressing the button. The colour depends on the force, so three ranges of grip force are
distinguished: if a button is pressed with a small force, the corresponding LED will
emit red light; if a button is pressed with a high force, the corresponding LED will
emit green light; if a button is pressed with an intermediate force, the LED will emit
yellow ligth. The change in tonality can be progressive. On the other hand, if the
four buttons are pressed simultaneously with the same range of force, the four LEDs
will emit a blue light. The device records and stores every interaction. The exercise
will finish one each button has been pressed at least four times or if the user clicks
the ”Stop” button of the website. In the Training Mode, no data is record, while in
Evaluation Mode every interaction is recorded and stored into the website.

Figure 5.9: Example of light functioning of Exercise 1.

Exercise 2: after a double flash of white light emitted by the four LEDs simultaneously
(which indicates the beginning of the exercise) the device will emit blue lights one by
one following a certain sequence. Once a LED turns blue, it will not turn off until
the user presses its corresponding button. If the user presses an incorrect button, the
device keeps the blue light waiting for the correct press. In the Training Mode, once
the user presses the correct button, the blue light turns off, quickly turning green,
yellow, or red, depending on how much time has been taken to press since the blue
light turned on. The LED will turn green if the user presses the button quickly, it will
light red if the time is long and it will turn yellow if the time to press is an intermediate
value between the previous ranges. In the Evaluation Mode, the light will change into
white regardless of response speed. Once the user releases the correct button, the next
LED in the sequence will turn blue, following the same mechanism as just described.
Once the last button in the sequence has been pressed, the device will once again emit
a double white flash to indicate that the exercise has ended. In the Training Mode, no
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data is record, while in Evaluation Mode every interaction is recorded and stored into
the website. This exercise has three levels of difficulty:

• Easy: it is a simple sequence, without repetitions of fingers, only consecutive
fingers.

• Medium: it is a sequence in which the order of some fingers is inverted.

• Difficult: in this sequence there exists finger jumps and repetitions.

Figure 5.10: Example of light functioning of Exercise 2 (similar to Exercise 3).

Exercise 3: after a double flash of white light emitted by the four LEDs simultaneously,
the device will emit blue light following a defined sequence. The first LED in the
sequence will turn on for two seconds, then this LED will turn off and the next LED in
the sequence will turn on. This sequence will continue until the exercise is completed.
The device will emit a double flash of white light from all four LEDs simultaneously
to indicate that the sequence has ended. After this, the user will have to press the
buttons in the same order in which the sequence of LEDs turned on. In the Training
Mode, ff the pressed button is correct, its corresponding LED will emit blue light, if
it is incorrect, the LED will emit red light. However, in the Evaluation Mode, all the
feedback light will emit in white color, regardless it is correct or not. When the user
has pressed a number of buttons equal to the number of elements in the sequence, the
exercise is finished. In the Training Mode, no data is record, while in the Evaluation
Mode every interaction is recorded and stored into the website. This exercise has three
levels of difficulty:

• Easy: it is a short sequence of 3 elements.

• Medium: it is a longer sequence of 5 elements.

• Difficult: it is a long sequence of 7 elements.
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5.3 Discussion

The main purpose of this section was to meet the objective O3 ”design a set of
tests/tasks that can be carried out through the interaction with the device allowing the
evaluation and training of hand motor variables and cognitive variables”. The tasks
proposed in this section, which meet objective O3 of this project, were satisfactorily
achieved.

The design and incorporation of the specified tasks within the device are deeply based
on the foundational understanding of both motor and cognitive evaluations commonly
used in clinical settings. These tasks were not randomly chosen but were constructed
with deliberate intent, based on a fusion of traditional methods and modern techno-
logical approaches.

Rationale Behind Task Design

Motor Evaluation: One of the cornerstones of motor evaluation, especially in the
context of the hand, is assessing strength. Hand strength is pivotal, not only as an
indicator of muscle function but also as a predictor of functional capacity in daily life
activities. This underscores the reason behind our decision to make one of the tasks
revolve around measuring force. In traditional settings, tools like pinch force meters
and hand dynamometers have been the gold standard. By integrating a force-measuring
task in the device, we are bridging the gap between conventional and contemporary
assessment tools, ensuring that the data generated remains both relevant and actionable
for therapists and medical professionals.

Cognitive Evaluation: When it comes to cognitive evaluations, memory often stands
out as a primary domain of interest. Memory, especially working memory, plays a cru-
cial role in our daily interactions and tasks. While there are numerous tests available
to evaluate memory, we chose to derive inspiration primarily from the Digit Span Test.
Its simplicity and effectiveness in gauging short-term memory and attention made it a
valuable model. By incorporating a memory task that uses a sequence of lights, we’ve
modernized the traditional approach while still aiming to achieve the same evalua-
tive outcomes. Furthermore, reaction time is a composite measure, reflecting multiple
cognitive processes including attention, speed of information processing, and motor
coordination. By introducing a task centered around reaction time, we encompass a
wider range of cognitive faculties. Traditional tests like the Stroop Test and TMT-A
have been instrumental in such evaluations. However, with the device’s approach of
using light sequences and immediate response mechanisms, we believe the task offers
a more interactive and dynamic method to evaluate the same cognitive domains.

Synergy with Conventional Tests

The main advantage of the device is its ability to combine conventional therapy with in-
novative technology. For this reason, its operation is based on similarity and alignment
with established physical and neuropsychological tests, which reinforces its scientific
credibility. Task design decisions were made with a two-fold objective: first, to ensure
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that tasks are based on proven methodologies and, second, to take advantage of tech-
nology for a more engaging patient experience through gamification, as well as accurate
data collection.

For instance, the memory task, inspired by tests like Digit Span and Corsi Blocks, offers
a visually engaging alternative while still targeting the core cognitive processes. Simi-
larly, the reaction time task, while drawing from traditional tests like the Stroop and
TMT-A, provides a real-time, interactive experience for the user, potentially enhancing
engagement and compliance.

Critical discussion

However, it is true that the selection of these tasks focused on tests of strength and
cognition that are effective for a more specific profile of post-stroke patients with a cer-
tain degree of motor and cognitive functionality. Criticism of this approach arises when
considering those patients with more severe motor or cognitive impairment. Gripping
capacity and interaction with cognitive exercises may be limiting for these profiles.
To evaluate hand strength, alternative tests could have been considered that do not
depend exclusively on grip ability, such as pressure sensors adapted to wristbands or,
in other words, rehabilitation gloves, which measure strength without the need for a
active grasp. This, whose current use is more widespread, would allow the inclusion
of patients with considerable motor impairment who cannot grasp the device. In the
cognitive domain, although memory and reaction time tasks are essential, we could
have explored tests that assess other domains such as pattern recognition or sustained
attention, which could be more accessible to those with advanced cognitive impair-
ment. For example, tasks that use auditory or tactile stimuli could be more inclusive
for these patients, which will be considered as future lines of research for this project,
having included these qualities in the device patent.

Our internal critique highlights the need to develop a broader range of tests to ac-
commodate varying levels of functionality. It is crucial that future research focuses on
the adaptability of the device to cover a broader spectrum of post-stroke patients, and
even other types of patients such as Parkinson’s or Alzheimer’s.



6. Objective 4: Validate the relia-
bility of the device to  extract  motor  
and  cognitive variables from the user

This section shows the procedure carried out to achieve objective O4, ”to validate the 
reliability of the device to extract motor and cognitive variables from the user”.

6.1 Methods

To achieve the objective 4 of this project a validation study was be carried out. This 
validation will be divided into two different studies. The first one will be a techni-
cal validation, where it will be verified that the device complies with the established 
functional and non-functional requirements to guarantee its correct functioning. The 
second validation will be performed to check if the device works as intended, analysing 
if its measurements are consistent and comparing its functioning with other existing 
devices. Both validation studies are explain through this chapter.

6.1.1 Validation study
According to the Directive 2007/47/CE (RD 1591/2009) from the European Union, 
AMBER is a Class IIa device, which means that presents a low to moderate risk to the 
patient or user, as it is designed to be manipulated by patients and possess a certain 
amount of electrical current. In this group of devices, most rehabilitation devices 
and diagnostic equipment are included. Before its commercialization, different legal 
regulations must be taken into account that the device must comply with to obtain the 
CE certificate and be able to be used by the regular population. The four regulations 
below will be complied:

• EU Medical Device Regulation (MDR) 2017/745: This comprehensive
regulation ensures a high level of safety and effectiveness for medical devices
marketed in the EU. Emphasizes clinical evaluation, post-market surveillance and
transparency, imposing strict requirements for medical device approval [254].

68
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• ISO 13485: It is an international standard that specifies requirements for a
comprehensive quality management system for the design and manufacturing of
medical devices, focusing on consistent design, development, production, instal-
lation and delivery [255].

• IEC 62304: This international standard defines life cycle requirements for me-
dical device software, focusing on software development, risk management and
system validation processes to ensure safety and reliability [256].

• Risk Management ISO 14971: It describes a process for manufacturers to
identify hazards associated with medical devices, estimate and evaluate the as-
sociated risks, control these risks, and monitor the effectiveness of the controls
[257].

Taking these regulations into account, the first step is to carry out a technical validation 
that analyzes the functionality, robustness and efficiency of the device. After this, and 
prior to a clinical study with patients, a validation of the device’s functionality will be 
carried out with a group of healthy volunteers.

6.1.1.1 Technical validation

To technically validate the device, different evaluations were carried out. Firstly, the 
device was subjected to different s tress c onditions, p roving t o b e s tructurally resistant 
and robust. Specifically, tests were carried out that consisted of forcing the device to 
operate by using it in a way that would not be the usual way for the patients. It has 
been forced to be used very quickly, pressing buttons separately and 
simultaneously, with very light forces and with very strong forces, without taking 
into account the normal use that a patient would give it, to see possible failures 
of the device that would have to be repaired in future steps. After some code 
tweaking, the device responded cor-rectly in all tested cases. In addition, it also 
resisted strong pressures, not breaking or deforming, ensuring its robustness in both 
software and hardware. In all cases, the device recorded all interactions and 
responded in less than 1 second, which ensures its efficiency. Finally, its 
functionality was checked by performing each and every one of the exercises 
repeatedly and verifying that all the exercises worked correctly and correctly met all 
the requirements.

6.1.1.2 Device validation

A medical device validation refers to the process of confirming that a medical tool 
(physical item or software) works as intended.

To create the best protocol to validate this new device called AMBER, we first per-
formed an exhaustive non-systematic review of the literature. After this, we consulted 
8 specialists in stroke, each with expertise in different areas (1 neurologist, 2 phys-
iotherapists, 2 occupational therapists, and 1 neuropsychologist), all from 
Hospital Beata María Ana (Madrid). We had informal discussions with them, 
asking various questions to gather their insights and create the best evaluation 
protocol for testing the device’s performance with subjects.
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Since the device we were testing has two main functions (evaluation and training
modes), we decided to focus on evaluating the device’s reliability as a tool for as-
sessing finger and hand s trength, which i s, the evaluation mode or EM. Additionally,
we wanted to compare and see how the evaluation results correlated with some cogni-
tive variables to see if it could be also used as a tool for evaluating general cognitive
ability regarding memory and reaction time.

For this initial evaluation, we designed a study focused on healthy subjects and we
planned to conduct several tests with them, so that we can establish a baseline and
better understand the device’s performance before moving on to test its functionality
with stroke patients. Our aim was to create a comprehensive evaluation protocol that
could effectively a ssess b oth motor s kills a nd c ognitive a spects. By c onsulting these
specialists, we sought to ensure that our evaluation would be well-rounded and relevant
to stroke rehabilitation.

Evaluation protocol

To assess the device’s EM, a test-retest reliability and validity study was designed
and conducted. To do so, the study followed the Guidelines for Reporting Reliability
and Agreement Studies (GRRAS) [258]. All procedures were in accordance with the
1964 Declaration of Helsinki and ethical approval was obtained by an independent
institutional review board (Nº 22/495). All participants gave written informed consent 
before enrollment.

Thanks to the extensive literature review carried out, and the discussions held with
stroke rehabilitation specialists, the following validation protocol was established, to
be carried out with 36 healthy subjects, divided into 3 evaluations explained in the
subsections below: device evaluation, motor evaluation, and neuropsychological
evaluation.

6.1.2 Device evaluation
As this innovative device has two main working modes, first we decided to asses the
device evaluation working mode with healthy subjects prior to tests its rehabilitation
functionality with stroke patients. To do this, it was decided to test the three different
tasks of the device (strength, reaction time, and memory exercises) by asking the
36 subjects to perform them. All device assessment were administered twice, in two
different sessions, between 3 and 10 days apart to assess test-retest reliability. In each
session, the 3 different preprogrammed tasks described in 5.1 were administered in all
their levels of difficulty as follows.

• Task 1: force

Evaluates finger strength with digits 2, 3, 4, and 5 (which corresponds to the index,
middle, ring, and little fingers). The subject was instructed to exert as much force as
possible with each finger separately. They were verbally encouraged not to press any
of the other sensors with their remaining fingers to ensure isolated measurements. The
average of three attempts per finger (in kilograms) was the outcome measure.
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• Task 2: reaction time

Assess attention and reaction time, and it offers three levels of difficulty: easy, medium,
and hard. The user performed each level only once. For this task, the subject was
presented with a visual stimulus, where one of the four LEDs corresponding to the
four finger sensors would turn on. The subject was then instructed to respond as
quick as possible by pressing the sensor corresponding to the illuminated LED using
the corresponding finger. The easiest level consists of a sequence involving consecutive
fingers. The difficulty increases in the medium and hard levels by introducing more
challenging patterns with the omission and repetition of certain fingers. The outcome
measure for this task was the average reaction time of the fingers of each hand, and it
was recorded in milliseconds.

• Task 3: memory

Evaluates short-term memory at three difficulty le ve ls: ea sy, me dium, an d ha rd . The 
user performed each level only once. In this task, the subject was presented with a 
sequence of LED lights turning on sequentially. The sequence could be of 3, 5, and 7 
elements for easy, medium, and hard levels, respectively. Once the sequence was com-
pleted, the subject was asked to recall the sequence pressing the sensors corresponding 
to each finger i n the correct o r der. The outcome measure f or this t ask was the number 
of completely correct sequences recalled by the subject.

All tasks were performed first with the dominant hand and then with the non-dominant
hand. Instructions of how to use the AMBER device and pictures of volunteers using it 
are shown in Appendix B.

6.1.2.1 Motor evaluation

In addition to the assessment of the evaluation working mode of the device, we decided 
to ask the same participants to perform some motor assessments to compare the results 
with the device. For the motor evaluation, the assessments carried on are explained 
below. This tests were administered only once, the same day as the first evaluation 
session with the device. The different assessments are explained below.

• Conventional finger pinch force

To asses the pinch force, subjects were asked to produce as much force as possible
with each finger separately with an analog baseline hydraulic Pinch Gauge (MVS in
motion, Belgium) [259], in an analogous way as it was done with the device´s sensors.
The average of the kilograms of force of three attempts per finger was the outcome
measure. This was performed first with each finger of the dominant hand, and then
with the fingers of the non-dominant hand.

• Hand-grip strength

Handgrip strength was assessed with a digital Jamar hydraulic hand dynamometer
[260]. Subjects were asked to produce as much full-hand grip force as possible first
with the dominant hand and then with the non-dominant hand. The average of the
kilograms of force of three attempts per hand was the outcome measure.
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• Fine hand dexterity

Fine manual dexterity was assessed through the Grooved Pegboard Test [261], which
consists on manipulating and inserting 25 keyhole shaped pegs into the corresponding
holes in the shortest possible time. It was carried out first with the dominant hand
and later with the non-dominant hand. The time taken to complete the test was the
outcome measure.

(a) Hydraulic Pinch
Gauge

(b) Jamar hydraulic hand dy-
namometer

(c) Grooved pegboard

Figure 6.1: Conventional hand motor evaluation devices used.

6.1.2.2 Neuropsychological evaluation

A neuropsychological evaluation was also carried out, first of all to rule out participants
who had mild cognitive impairment, and to compare the results of the participants with
the results obtained through the device in the reaction time and memory exercises. The
cognitive tests performed are explained below.

• Processing speed (Reaction time)

Reaction time evaluation was carried out through different computerized tasks con-
trolled by Presentation® software (http://www.neurobs.com) as described elsewhere
[262].The first task was the Finger Tapping (FT), used as a measure of motor function
and motor speed, providing quantitative information on slowing down of responses
[263–265]. In this task, following the Strauss application norms [263], the participants
were instructed to press the spacebar on the keyboard as fast as possible and repeatedly
with the index finger (digit 2). Five 10-seconds attempts with each hand were per-
formed. The average of response times (in milliseconds) recorded between 2 consecutive
taps was the outcome measure of this first task. The second task, called Detection, is
inspired by the SRT task of the Computerized Information Processing Testing battery
[266]. This task was used as a measure of information processing speed. It is the time
elapsed between the presentation of a stimulus and the execution of a motor response
[267]. Participants were instructed to press the left mouse button as fast as possible
when the “+” stimulus appeared in the center of the screen at varying inter-stimulus
times. Just the dominant hand was used for this task. The average time between the
appearance of the stimulus and the motor response was the outcome measure in this
task.
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Figure 6.2: Example of Detection task in Presentation software.

• Memory

Immediate and working memory was assessed through the Direct version of the
Digit Span Test from Wechsler Adult Intelligence Scale-IV (WAIS-IV) [268, 269], where
the subject, after hearing a sequence of numbers from the examiner, had to memorize
and immediately repeat the sequence out loud trying to avoid errors. The number of
completely correct sequences was the outcome measure.

Spatial and visual memory was tested through the Forward version of the Corsi
Block-Tapping Test (CBT) [270], where the subject had to memorize and tap a se-
quence of blocks in the same order that the examiner had previously taped on a subset
of nine blocks. The number of completely correct sequences was the outcome measure.

(a) Digit Span Test (b) Corsi Blocks Test

Figure 6.3: Conventional hand motor evaluation devices used.

In addition to these cognitive scales, other cognitive tests were performed to the par-
ticipants in the study to analyze more different correlations and to have more data for
future studies. These other cognitive scales were: MoCA, TMT (part A and part B),
Symbol Digit Modality Test, and Digit-Simbol Coding Test.

6.1.2.3 Participants

As mentioned before, we decide to perform this evaluation protocol in a group of 36
healthy subjects. Participants were recruited among personnel of the hospital, healthy
companions of patients and university students. They were included if they were adults
(> 18 years) and had neither of the following exclusion criteria:

1. Presence of cognitive impairment (Montreal Cognitive Assessment < 26 points).
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2. Known neurological diseases, motor or sensory disturbances that affect hand
strength.

3. Visual disturbances that prevent visualizing colors such as daltonism or blindness.

Thirty-six healthy individuals participated. Their demographic characteristics are
shown in Table 7.1.

Characteristics
Subjects
(N=36)

Age (years) 43.27 ± 18.52

Sex

Female / Male 17 / 19

Handedness

Right / Left 31 / 5

MoCA (score) 28.42 ± 1.66

Abbreviations: MoCA: Montreal Cognitive Assess-
ment
Data are presented as mean ± standard deviation

Table 6.1: Socio-demographic characteristics of the participants.

The 36 participants were asked to perform the three different tasks of the device in
all their levels (strength, reaction time, and memory exercises) and the motor and
cognitive tests explained before.

6.1.3 Statistical analysis

After the evaluation of the 36 participants, the device data was extracted and the
motor and cognitive tests were scored.

Statistical analyses of the data were performed using SPSS v 25.0 software (IBM Corp.
Armond, NY). Specifically, the test-retest reliability of the device was analyzed to as-
sess the stability of the measurements over time. This analysis was carried out through
the Intraclass Correlation Coefficient (ICC) with a two-factor mixed model of average
measures and consistency agreement. 95% confidence intervals of the ICC were ob-
tained for measures of Tasks 1-3. ICCs were interpreted as < 0.5, 0.5−0.75, 0.75−0.9,
and > 0.9 for poor, moderate, good, and excellent reliability, respectively [271]. Addi-
tionally, limits of agreement were obtained by means of Bland-Altman plots, computing
the difference between test and retest against the mean of the two measurements [272].
Standard Error of Measurement (SEM) was also obtained following the formula SEM
= SD ·

√
1− ICC [273]. Importantly, for this analysis, the data of the 36 participants

were used after performing data cleaning. This cleaning consisted of eliminating outlier
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values in cases in which, for the same type of measurement of a specific s ubject, the 
test and retest values differed by more than 100%.

Construct validity was analyzed to assess the accuracy with which the device measures 
each construct in Tasks 1-3 against a known gold standard. This was done through 
the Pearson correlation coefficient. Pearson’s r was interpreted as  showing negligible, 
weak, moderate, strong or very strong correlation for values 0.00-0.09, 0.10-0.39, 0.40-
0.69, 0.70-0.89, 0.90-1.00, respectively [274]. For this analysis, alpha = 0.05 was set for 
statistical significance.

6.2 Results

This section shows the results of the validation study to complete the objective O4, 
”to validate the reliability of the device to extract motor and cognitive variables 
from the user”, analysing the results of the evaluations.

6.2.1 Evaluation measurements

The 36 participants that initially enrolled the study completed both assessment ses-
sions, with a mean interval of 6 ± 1.89 days between test and retest. Missing data for 
at least one task and session were present in 4 participants.

The following two tables show the measurements carried out on the first day of evalua-
tion. Table 6.2 shows the measurements relative to the strength evaluations, first with 
the Device, and then with the Pinch Gauge, the hand dynamometer, and the Grooved 
Pegboard test. Table 6.3 shows the measurements related to the reaction time and 
memory assessments, first the ones perform with the device and then with the Presen-
tation software, the Direct version of the Digit Test from Wechsler Adult Intelligence 
Scale-IV (Digits-D WAIS-IV) and the Corsi Block-Tapping Test (CBT).

In addition to these values, measurements of all device tasks were again obtained on 
a second day, so that test-retest reliability can be evaluated, the data and results of 
which are presented in the next section.
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Variable
Measurements day 1

Mean SD

Pinch Force - Device (kg)

Dominant side

Digit 2 4.76 1.12

Digit 3 3.13 1.19

Digit 4 2.29 1.08

Digit 5 1.37 0.76

Non-dominant side

Digit 2 3.58 1.25

Digit 3 2.99 1.06

Digit 4 1.92 0.98

Digit 5 1.88 1.16

Pinch Force - Pinch Gauge (kg)

Dominant side

Digit 2 4.71 1.22

Digit 3 4.10 1.21

Digit 4 3.11 1.15

Digit 5 1.94 0.92

Non-dominant side

Digit 2 4.32 1.29

Digit 3 4.00 1.29

Digit 4 2.82 1.17

Digit 5 1.97 0.91

Grip Strength - Dynamometer (kg)

Dominant hand 28.52 10.26

Non-dominant hand 25.38 8.98

Fine hand dexterity – Grooved Pegboard (sec)

Dominant hand 64.83 16.52

Non-dominant hand 71.26 18.07

Abbreviations: SD, standard deviation; kg, kilograms; sec, seconds.

Table 6.2: Measurements done the first day of evaluations (first part).
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Variable
Measurements day 1

Mean SD

RT – Device (msec)

Dominant side - overall 695.42 131.86

Digit 2 674.14 111.03

Digit 3 719.83 181.00

Digit 4 704.28 167.00

Digit 5 687.86 172.32

Non-dominant side - overall 689.03 140.55

Digit 2 627.97 145.18

Digit 3 668.42 185.10

Digit 4 695.75 110.17

Digit 5 762.72 171.40

RT – Presentation (msec)

Tapping

Dominant side 164.85 24.11

Non-dominant side 185.21 31.25

Mean sides 173.93 26.50

Detection 281.89 30.46

Memory – Device

Score 3.83 1.34

Memory – Digits-D WAIS-IV

Score 4.53 1.11

Memory – CBT

Score 4.47 1.16

Abbreviations: SD, standard deviation; RT, Reaction Time; sec, seconds;
msec, milliseconds; Digits-D WAIS-IV, Direct version of the Digit Test from
Wechsler Adult Intelligence Scale-IV; CBT, Corsi Block-Tapping Test.

Table 6.3: Measurements done the first day of evaluations (second part).

6.2.2 Test-retest device reliability

Reliability and SEM results for each Task and finger, are shown in Table 6.4, to test
the feasibility of the measurements of the device comparing the data obtained in two
different days of evaluations. Limits of agreement analysis is shown in Figure 6.4,
Figure 6.5 and Figure 6.6.
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Variable
Device Test (day 1) Device Test (day 2)

ICC (95% CI) SEM

Mean SD Mean SD

Task 1 - Strength (kg)

Dominant side

Digit 2 4.76 1.12 3.97 1.52 0.741 (0.470-0.874) 0.570

Digit 3 3.13 1.19 3.13 1.25 0.801 (0.611-0.899) 0.531

Digit 4 2.29 1.08 2.07 1.05 0.786 (0.572-0.893) 0.500

Digit 5 1.37 0.76 1.24 0.67 0.784 (0.563-0.893) 0.353

Non-dominant side

Digit 2 3.58 1.25 3.15 1.43 0.851 (0.704-0.925) 0.483

Digit 3 2.99 1.06 2.73 1.38 0.784 (0.572-0.891) 0.493

Digit 4 1.92 0.98 1.89 1.25 0.852 (0.707-0.925) 0.377

Digit 5 1.88 1.16 1.53 1.06 0.814 (0.619-0.909) 0.500

Task 2 - RTs (msec)

Average of levels

Dominant side* 695.42 131.86 615.08 123.54 0.782 (0.568-0.890) 61.57

Digit 2 674.14 111.03 647.06 106.77 0.715 (0.441-0.855) 59.27

Digit 3 719.83 181.00 618.80 117.78 0.754 (0.518-0.875) 89.77

Digit 4 704.28 167.00 625.74 141.84 0.863 (0.728-0.931) 61.81

Digit 5 687.86 172.32 650.00 177.05 0.846 (0.696-0.922) 67.62

Non-dominant side* 689.03 140.55 657.00 136.19 0.833 (0.668-0.916) 57.44

Digit 2 627.97 145.18 649.80 99.24 0.786 (0.580-0.891) 67.16

Digit 3 668.42 185.10 669.86 135.89 0.740 (0.491-0.868) 94.38

Digit 4 695.75 110.17 675.60 118.77 0.885 (0.772-0.942) 37.36

Digit 5 762.72 171.40 700.23 151.29 0.900 (0.802-0.950) 54.20

Easy level

Dominant side* 679.39 170.43 627.76 128.54 0.707 (0.420-0.852) 92.253

Non-dominant side* 669.59 177.55 630.50 171.21 0.684 (0.373-0.840) 99.808

Medium level

Dominant side* 661.17 100.99 623.10 127.13 0.805 (0.610-0.903) 44.596

Non-dominant side* 686.97 161.49 659.59 137.94 0.718 (0.442-0.858) 85.757

Hard level

Dominant side* 756.36 130.00 657.22 126.53 0.696 (0.392-0.848) 71.677

Non-dominant side* 725.90 175.38 686.96 130.78 0.554 (0.107-0.777) 117.124

Task 3 - Memory

Score 3.83 1.34 4.53 1.23 0.774 (0.556-0.885) 0.637

Abbreviations: SD, standard deviation; kg, kilograms; RT, Reaction Time; msec, milliseconds; ICC,
Intraclass Correlation Coefficient; CI, confidence interval; SEM, standard error of measurement.

* Overall.

Table 6.4: Measurements done the first day (test) and the second day (retest) of
evaluations.
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Plots in Figures 6.4, 6.5 and 6.6 show the difference between test and retest against
the mean of the two days, for strength (data in kilograms), reaction times (data in
milliseconds) and memory (score), respectively. The mean difference (solid black line)
and upper and lower limits for a 95% confidence interval (dashed blue lines) are shown.
Each dot represents a single participant.

As shown in table 6.4, in Task 1 (strength), ICC = 0.741-0.852 showed moderate to
good test-retest reliability. The device was slightly more reliable with the non-dominant
than the dominant hand (ICC = 0.784-0.852 vs ICC = 0.741-0.801, respectively).
Accordingly, SEM was higher for the dominant hand compared to the non-dominant
side (SEM = 0.353-0.570 kg vs SEM = 0.377-0.500 kg, respectively). As can be seen in
Figure 6.4, most of the participants are within the limits of the 95% confidence interval,
so the limit of agreement was considered satisfactory.

Figure 6.4: Bland-Altman plots for finger strength. Panels A-D and E-H show the
finger strength of the dominant and non-dominant hand, respectively.

In Task 2 (reaction time), ICC = 0.715 – 0.90 showed moderate to good test-retest re-
liability. In this case, the device was also slightly more reliable with the non-dominant
than the dominant hand (ICC = 0.74-0.90 vs ICC = 0.715-0.863, respectively). Ac-
cordingly, SEM was higher for the dominant hand compared to the non-dominant side
(SEM = 0.059-0.090 sec vs SEM = 0.037-0.094 kg, respectively). The 95% confidence
interval was also considered satisfactory in this case, since, as can be seen in Figure
6.5, the values of almost all the participants are within this range.
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Figure 6.5: Bland-Altman plots for RTs. Panels A-D and E-H show the dominant and
non-dominant hand respectively, for each of the levels (easy, medium and hard) and
for the average of the three levels.

In Task 3 (memory), ICC = 0.774 showed good test-retest reliability. As seen in
Figure 6.6, in this case also the values of the majority of the participants are within
the established 95% confidence interval.

Figure 6.6: Bland-Altman plot for memory.
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6.2.3 Motor validation
In addition to the test-retest reliability study, motor data were analyzed through two
more different strategies. First, a construct validity analysis to correlate the finger
strength measured by the device to the finger strength measured by pinch guage as a
”gold standard”. Secondly, a criterion and convergent analysis to correlate the
strength measurements done by the devices and to the fine manual dexterity measured 
by the Grooved Pegboard test, respectively.

6.2.3.1 Construct validity

Correlation analysis between each Task and conventional evaluation of finger pinch
force are shown in Table 6.5.

The finger Pinch Gauge used in this project is an analogue hydraulic Pinch Gauge,
whose operation is based on a hydraulic principle to measure the applied force. Its
measurements are presented by means of a measurement scale in kilograms, with half-
kilogram increments between each graduated mark.

In Task 1 (strength), the device showed moderate to strong correlations with its pinch
force counterparts (Pearson’s r range: 0.563 to 0.781, all P-value < 0.001). Compara-
ble correlations between the device and pinch force were found across fingers in each
hand, and in finger pairs (i.e., index-index) across hands.

Device
Pinch Gauge

Pearson’s r P-value

Dominant side

Digit 2 0.766 < 0.001

Digit 3 0.597 < 0.001

Digit 4 0.563 0.001

Digit 5 0.671 < 0.001

Non-dominant side

Digit 2 0.781 < 0.001

Digit 3 0.648 < 0.001

Digit 4 0.744 < 0.001

Digit 5 0.756 < 0.001

Table 6.5: Correlation results of the force measured by Device and the Pinch Gauge.

The following images show the correlation matrix of the measurements of the AMBER
Device and the Pinch Gauge, differentiating by finger, both for the dominant and
non-dominant hand.
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Figure 6.7: Correlation matrix between Device and Pinch Gauge for the dominant 
hand.

Figure 6.8: Correlation matrix between Device and Pinch Gauge for the non-dominand
hand.
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6.2.3.2 Criterion and convergent validity

Criterion validity

Finger strength measurements done by the devices were correlated to hand grip strength
measure by an hydraulic hand dynamometer, both ways to measure gross manual dex-
terity, one through individual finger strength and the other through whole-hand grip
strength.

Device
Dynamometry

Pearson’s r P-value

Dominant hand
(overall strength)

0.159 0.410

Non-dominant hand
(overall strength)

0.597 0.001

Table 6.6: Correlation results between strength measures done with device and dy-
namometry test.

In Task 1 (strength), the device showed a moderate correlation analyzing the validity
of criteria when comparing the finger strength tasks of the device with a similar but
different construct such as grip strength measured with a dynamometer.

Figure 6.9: Correlation matrix between Device and Pinch Gauge for both hands inclu-
ding hand grip strength measured by the dynamometer.
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Convergent validity

Finger strength measurements done by the devices were correlated in this case to
measurements of fine manual dexterity through the Grooved Pegboard Test.

Device
Grooved Pegboard

Pearson’s r P-value

Dominant hand
(overall strength)

0.597 0.001

Non-dominant hand
(overall strength)

0.298 0.116

Table 6.7: Correlation results between strength measures done with device and Grooved
Pegboard Test.

In Task 1 (strength), no convergent validity was found when comparing the measure-
ments of the device with the final manual dexterity task of the Grooved Pegboard,
being totally different and conceptually distant constructs.

Figure 6.10: Correlation matrix between Device and Pinch Gauge for both hands
including values of Groveed test for 10 seconds and for 25 seconds.
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6.2.4 Cognitive validation

6.2.4.1 Construct validity

In Task 2 (reaction time), the device showed weak to strong correlations with the
computerized finger tapping, varying with respect to the level of difficulty of the task,
obtaining higher correlations as the difficulty of the exercise increases (Pearson’s r
range: 0.383 to 0.702, all P-value < 0.05). Comparable correlations were found be-
tween the device and the detection task, higher correlations were seen comparing the
hardest level of the device and also comparing the average value of all the 3 difficulty
levels of the task for both hands with the computerized task.

Device
Tapping Detection

Pearson’s r P-value Pearson’s r P-value

Average of levels

Dominant side* 0.592 < 0.001 0.373 0.025

Non-dominant side* 0.649 < 0.001 - -

Easy Level

Dominant side* 0.383 0.021 0.138 0.422

Non-dominant side* 0.444 0.007 - -

Medium Level

Dominant side* 0.447 0.006 0.334 0.006

Non-dominant side* 0.426 < 0.001 - -

Hard Level

Dominant side* 0.592 < 0.001 0.422 < 0.001

Non-dominant side* 0.702 < 0.001 - -

* Overall.

Table 6.8: Correlation results of the reaction times measured by device and the Pre-
sentation software: Tapping and Detection.

In Task 3 (memory), the device showed moderate correlations with the direct version
of the Digit test from WAIS-IV (Pearson’s r: 0.637, P-value < 0.001). To calculate
this correlation, since the memory exercise of the device has 3 levels of difficulty with
memorization of sequences of 3, 5 and 7 digits, we used a subscore of the Digits test,
comprising only the sequences of 3, 5 and 7 digits among all those in the test. On
the other hand, the Task 3 of the device showed a weak correlation with the forward
version of the Corsi Block-Tapping Test (CBT), which was not statistically significant
(Pearson’s r: 0.236, P-value = 0.116).
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Memory
Digits-WAIS CBT

Pearson’s r P-value Pearson’s r P-value

Score 0.637 < 0.001 0.236 0.166

Abbreviations: WAIS, Wechsler Adult Intelligence Scale; CBT,
Corsi Block-Tapping Test.

Table 6.9: Correlation results of the Memory scores measured by device and the Direct
version of the Digit Test from WAIS-IV, and also the Forward version of the CBT.

6.2.4.2 Other cognitive analysis

The cognitive variables related to reaction times and memory analyzed in the previous
subsection were analyzed first as they were the most similar to the device exercises.
The analyses of the other cognitive variables are shown in the following tables. To do 
this, tasks whose results are the execution time of the task will be separated from tasks
whose results are the score obtained.

Device
TMT-A TMT-B

Pearson’s r P-value Pearson’s r P-value

Dominant hand – overall RT 0.421 0.011 0.572 < 0.001

Non-dominant hand - overall RT 0.434 0.008 0.439 0.007

Abbreviations: TMT, trial making test.

Table 6.10: Correlation results between reaction times measured by device and cogni-
tive tests related: TMT-A and TMT-B.

In Task 2 (reaction time), moderate correlation was found between the mean value of
reaction times of the right and left hand, with respect to the time taken to perform
the TMT-A and TMT-B tasks, with better correlation with TMT-B. This results are
shown in Table 6.10.

Device
Stroop W Stroop C Stroop WC

Pearson’s r P-value Pearson’s r P-value Pearson’s r P-value

Memory Score -
Test

0.430 0.009 0.376 0.024 0.404 0.014

Memory Score -
Retest

0.564 0.000 0.522 0.001 0.392 0.018

Abbreviations: W, Words; C, Colors; WC, Words-Colors.

Table 6.11: Correlation results between memory scores measured by the device and
related cognitive tests.
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Device
Stroop Interferece SDMT DSCT

Pearson’s r P-value Pearson’s r P-value Pearson’s r P-value

Memory Score -
Test

0.279 0.099 0.344 0.040 0.390 0.019

Memory Score -
Retest

0.078 0.649 0.391 0.018 0.520 0.001

Abbreviations: SDMT, Symbol Digit Modality Test; DSCT, Digit-Symbol Coding
Test.

Table 6.12: Correlation results between memory scores measured by the device 
and more related cognitive tests.

In Task 3 (memory), weak and moderate correlations were found in different 
convergent validity analysis between the memory scores of the device, and different 
cognitive test related: Stroop, SDMT and DSCT. This results are shown in Table 
6.11 and Table 6.12.

6.3 Discussion

Once the device and its tasks had been developed, meeting the objective O4, ”to 
vali-date the reliability of the device to extract motor and cognitive variables 
from the user”. For this validation, a protocol was design and established with a group 
of healthy adult volunteers to assess the technical capabilities and reliability of 
the device as a motor and cognitive assessment tool. These subjects 
participated in two testing sessions on different days. On the first day they used the 
AMBER device and all the different tasks and levels it contains, as well as 
performing a series of motor and cognitive assessments with which to compare the 
data. On the second day they used only the AMBER device, so that the test-
retest reliability of the device could be analyzed.

After in-depth analysis, the device demonstrates technical capabilities that allow 
the desired assessments to be made with minimal error at steady state. In addition, 
the accuracy of their mode of assessment was thoroughly tested. It can measure the 
precise force exerted with each finger and can provide an assessment of various 
cognitive functions that could be used to assess processing speed, attention, and 
memory. The Test-Retest reliability for the three measures (strength, reaction 
time and memory) shows moderate to good results. The results of this preliminary 
study conducted with healthy subjects are discussed below.

6.3.1 Strength

Strength measurements of each finger were performed with the AMBER device on 
two different days to analyze Test-Retest reliability. In addition, on the first day of 
measurements, other gross force measurements of each finger were made with the 
Pinch Gauge    as the gold standard, hand grip strength with the dynamometer, and 
fine manual dexterity measurements through the grooved test.
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In the first place, it is observed how the measurements of the strength of each finger
show the same tendency, both measured with AMBER and with the Pinch Gauge.
The finger that exerts greater force is digit 2, followed by digit 3, then digit 4, and
the finger that exerts less force is digit 5. Furthermore, this trend is shown for both
the dominant and non-dominant hands. These results are in line with those of other
studies, such as [275], where regardless of gender and age, the finger that performs the
greatest force is digit 2, followed by digit 3, digit 4, finally the one that exerts the least
force is digit 5.

Regarding the test-retest analyses, strength measures show good reliability for 7 of
the 8 fingers, where intraclass correlation reliability coefficients were high (> 0.75)
except for the digit 2 of the dominant hand (with an ICC = 0.741). The reason behind
this lower reliability is likely attributed to the notably higher strength values recorded
for the dominant hand’s digit 2 on the first day compared to the second day. This
discrepancy is possibly due to the testing protocol, where all evaluations began with
the digit 2 first, followed sequentially by the other fingers, without providing the option
of a first familiarization trial. Subjects, when confronted with this new device, might
have felt uncomfortable during the initial grasp of the device with their digit 2. Several
of them commented that they found it more comfortable to perform the exercises on
the second day. In addition, the evaluated person observed how the subjects took
longer to adjust the device to their size on the first day and how sometimes the device
even slipped out of their hands, something that only happened on the second day. This
discomfort in the grip may have been the reason why they did not exert force in the
same way on both days. However, as they progressed to the second day, familiarization
with the grip of the device and the specific way they needed to press each finger may
have led to more consistent force measurements for finger 2. In addition, the need
for familiarization may also be the reason why the correlation has better results with
the dominant hand than with the non-dominant hand, since the exercises were always
performed first with the dominant side.

In terms of correlation analysis, the correlation between AMBER’s measured finger
strength and her ”gold standard” Pinch Gauge showed a moderate to good correlation
(Pearson’s r range: 0.563 to 0.781), with the finger with the least correlation was digit
4 of the dominant hand and those with the highest correlation were digit 2 of the
dominant and non-dominant hand. This may also be due to the fact that they need
to familiarize themselves with the device, since the subjects showed greater problems
when grasping both instruments with the digits 4 and 5 (ring and little finger) than
with the rest, and also due to the weakness of the fingers. digits 4 and 5 when grabbing
an object, as demonstrated by [276].

On the other hand, the correlation of the force values of each finger measured with
the AMBER device and the value of grip force measured with the dynamometer was
analyzed. The mean strength values for each finger of each hand show a moderate
correlation with the grip strength of each hand. In addition, it can be seen how a very
similar relationship is maintained between the correlation of the individual strength of
each finger with respect to the grip of that hand, and the correlation between AMBER
and the Pinch Gauge (where the finger with the least correlation is the digit 4 of
the dominant hand and those with the highest correlation being the digit 2 of the
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dominant and non-dominant hand), which demonstrates the consistency of AMBER’s
measurements.

However, no convergent validity was found when comparing device measurements with
the final Grooved Pegboard manual dexterity task. This fits the purpose of the de-
vice, as AMBER performs gross force measurements, such as the Pinch Gauge and
dynamometer, while the Grooved Pegboard test measures ultimate manual dexterity,
an entirely different and conceptually distant construct.

6.3.2 Processing speed (reaction time)

In terms of the reliability of reaction times, there is a moderate to good correlation be-
tween the test and retest results. To calculate this correlation, we averaged the reaction
times of each finger at each level of difficulty. Reaction time is a measure of how quickly
our brain processes information and responds to it. It includes several components,
such as the time it takes to detect a stimulus and the time it takes to produce a motor
response. In between, there are complex cognitive processes that happen in a graded
manner. The simplest task is the finger tapping task, where no cognitive processing is
involved. This task allows us to directly evaluate motor skills. Our device has not a
directly equivalent task. In more complex tasks, participants need to detect a stimulus
and respond to it while sensory and motor components interact. Lastly, in tasks where
the response is done with just one finger while inhibiting the rest, inhibitory control is
expected to be involved. This complex process is expected to be the most similar to
the second task of our device. For the analysis of the results of the assessment with
the device, we did not differentiate the finger that executed the response. This is be-
cause we cannot control the different motor control capabilities of each finger, as they
largely depend on individual differences among participants. Among the three levels
of difficulty, the medium level demonstrates the highest reliability (ICC = 0.805 with
the dominant hand and ICC = 0.718 with the non-dominant hand). While one might
assume that the reliability would decrease as the level of difficulty increases, in this
case, the easiest level actually exhibits lower reliability than the medium level. This
could be attributed to the fact that subjects didn’t undergo any training trial, and the
easy level helps them understand the exercise dynamics better. Regarding the hardest
level, the lower reliability could be due to a greater increase in difficulty than intended,
leading subjects to face a more challenging task compared to the transition from the
first level to the second. Furthermore, at all difficulty levels, a decrease in reaction
time is observed during the retest compared to the initial test. This suggests that
subjects become more familiar with and learn the exercises over time during the first
assessment. Regarding the correlation with the computerized evaluation of reaction
times, it is worth specifying the two reaction time constructs we used: tapping, which
is a simple motor task with no cognitive processing involved, and detection, a complex
cognitive task involving sensory and motor elements. We only evaluated the detec-
tion construct using the dominant hand, as assessing the non-dominant hand could
introduce unexpected motor variables due to the ease of using the computer mouse.

Overall, we observed significant positive correlations between the device’s measure-
ments and both tapping and detection reaction times. On the dominant side, the de-
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vice’s measurements showed a moderately strong correlation with tapping (Pearson’s
r range: 0.383 to 0.592) and a relatively weaker correlation with detection (Pearson’s r
range: 0.138 to 0.422). These correlations were statistically significant for all difficulty
levels. On the non-dominant side, we also observed significant positive correlations
between the device’s measurements and tapping (Pearson’s r range: 0.426 to 0.702).

Regarding the different levels of difficulty, the correlations remained consistent with
the overall trend. At the easy level, the device’s measurements exhibited a moderate
correlation with tapping on both dominant and non-dominant sides. However, for the
detection task, the correlations were weaker and non-significant, which suggests that
the device’s measurements might be more reflective of simple motor tasks rather than
complex cognitive tasks at this level.

Moving to the medium level, the correlations between the device’s measurements and
tapping were statistically significant on both dominant and non-dominant sides. The
same occurred for the detection task. The strength of the correlations increased com-
pared to the easy level, indicating that the device’s measurements captured variations
in both simple motor tasks and complex cognitive tasks more effectively at this level.

At the hard level, the correlations between the device’s measurements and tapping on
both sides were strong and statistically significant. The correlation with the detection
task was also better than at the moderate level.

In summary, the results suggest that our device’s capability to measure reaction times
is positively correlated with both tapping (simple motor task) and detection (complex
cognitive task) across different difficulty levels. The device appears to be more sensitive
to simple motor tasks’ reaction time overall and shows stronger correlations compared
to complex cognitive tasks, especially at easier levels. These findings may reflect that
the response to easiest levels is done in an automatic manner, similarly to the tapping
paradigm in computerized evaluation, as the cadence of appearance of the stimulus is
constant, so the activation of complex cognitive processes is not needed. When more
complex sequences are presented, the reaction times increase. The poorer correlation
might be justified by the fact that the stimulus presentation in the computerized de-
tection task is variable, whereas in our device, it is done at a regular frequency, just
varying the location of the stimuli.

6.3.3 Memory

Memory exercises of the device show good reliability and demonstrates a strong positive
correlation when compared to conventional evaluations as a subscore of the direct
version of the Digit test from WAIS-IV, despite the auditive learning paradigm used in
that test. Our device utilizes different stimulus locations that need to be memorized,
leading us to also employ the forward version of the CBT for comparison. However,
the correlation with CBT was not statistically significant (Pearson’s r: 0.236, P-value
= 0.116). This lack of significance may be attributed to the fact that fingers are often
associated with numerical symbols, and their memorization might be following the
phonologic learning pathway, similar to the digits test, rather than the CBT.



7. Objective 5: Determine the usa-
bility of the device by therapists
specialized in rehabilitation

This chapter reflects the usability study carried out among therapists specialized in 
stroke rehabilitation and the healthy volunteers participating in the validation process.

7.1 Methods

To proceed with the usability study of the new device developed during this project, we 
performed two different types of usability studies: one focused on therapists specialized 
in stroke rehabilitation, and other focused on the healthy volunteers who used the 
device for the validation. Both studies served to obtain the opinion and feedback, on 
firstly from rehabilitation specialists who could give us a realistic opinion about the 
clinic utility of this device, and secondly from users who, although they were not the 
end user profile, used the device the same way that a patient would. This allowed them 
to share their experience using the device in terms of complexity of use and ergonomics, 
as in other studies evaluating the usability of new assessment and rehabilitation 
tools through therapists and healthy subjects [277, 278]. As highlighted in these studies, 
evaluating rehabilitation or assessment devices through the interaction of healthy users 
and specialists is an approach that allows for a thorough evaluation of the clinical utility 
and ergonomics of the device. For this reason, therapists are sought to provide a realistic 
perspective on clinical applicability, while volunteers provided feedback on the complexity 
of use and ergonomics of the device.

7.1.1 Usability study with stroke therapists
The main objective of the usability study carried out with specialized rehabilitation 
therapists was to know if they consider this device is useful for the evaluation and 
rehabilitation of stroke patients.

To do this, a group of 16 therapists from Hospital Beata María Ana (Madrid) 
were recruited, including physiotherapists, neuropsychologists, occupational therapists 
and neurologists, all of them specialized in treating stroke patients.

The following table shows the characteristics of the participants.

91
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Participant Age
(range)

Speciality Years of
EXP

(range)

FAM
with
tech.

devices

Use of
tech.

devices
in clinic

P1 18-29 Neurophysio. 1-5 3/10 8/10

P2 40-49 Neurophysio.
and OT

16-20 9/10 7/10

P3 30-39 OT 6-10 9/10 8/10

P4 40-49 Neuropsychol 16-20 6/10 7/10

P5 30-39 Physio.
and OT

1-5 5/10 5/10

P6 30-39 Neuropsychol. 1-5 7/10 5/10

P7 18-29 Neurophysio 1-5 7/10 4/10

P8 18-29 OT 1-5 9/10 8/10

P9 18-29 Neurology 1-5 8/10 8/10

P10 40-49 Physiotherapy 21-25 10/10 6/10

P11 40-49 Neuropsychol. 21-25 7/10 8/10

P12 30-39 OT 6-10 8/10 8/10

P13 30-39 Neurophysio. 6-10 7/10 7/10

Abreviations: EXP, Experience; FAM, Familiarization; Tech., Technological; Neurophysio., Neu-
rological Physiotherapy; Physio., Physiotherapy; NeuroRHB, Neurorehabilitation; OT, Occupa-
tional Therapy; Neuropsychol., Neuropsycholpgy
Data in columns 5 and 6 are represented on a rating scale out of 10, where 10 represents the
maximum value and 0 the minimum value.

Table 7.1: Characteristics of the participants.

Firstly, they were given a presentation of the objectives of this project and a demons-
tration of the device, in which they were able to see the operation of the device in real
time and take it with their own hands. After this, an open discussion session was held
in which the therapists gave their free opinion about the device, which was comple-
mented by completing a survey. This survey aimed to know, first of all, the experience
of these therapists with the use of new technologies in the clinic. But specially, to
know if they found the use of this device useful and beneficial, for which patient profile
they considered it most suitable, and to know their feedback regarding the ergonomy,
as well as their opinion about the operation of the exercises and the associated web
page, especially in terms of its complexity and convenience, in order to be able to make
improvements in its development as future lines of this project.
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The specific questions that were asked in the survey were the following:

• How old are you?

• What is your clinical specialty?

• How many years of experience do you have working in that specialty?

• How familiar are you with the use of devices and new technologies in the clinical
setting?

• How do you feel about using devices in clinic?

• How often do you use medical devices and new technologies with patients?

• Are you satisfied with the functionality of the device?

• What level of complexity have you found in use?

• Have you met your expectations?

• Do you think it would be useful for your stroke patients?

• Would you use this device in the clinic?

• Would you recommend the use of this device to other specialists?

• Would you recommend the use of this device to patients for home use?

• For what type of patients do you think this device would be most useful and
beneficial?

• What do you think of the size and weight of the device?

• What do you think of the quality of the device in terms of materials?

• What do you think of the ergonomics of the device?

• What do you think of the device evaluation form?

• What do you think of the device’s training exercises?

• What do you think of the visualization of the results?

• What do you like most about using this device?

• What would you like this device to do that it doesn’t?

• What limitation(s) do you find on the device?

• In your opinion, what aspects of this product could be improved?

• If you could change anything about this device, what would it be?

• Overall, what would you rate this device for use by stroke patients?
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7.1.2 Usability study with healthy volunteers

The main objective of the usability study carried out with the healthy volunteers with
whom the device was validated was to know how complex its use had been for them
and whether they found it responsive to its interaction.

To this end, after the second evaluation session with the device, all participants were
asked to answer a short survey. The specific questions asked were the following:

• What do you consider to be your dominant hand?

• What is your age range?

• How easy and comfortable was it to hold the device with your dominant hand?

• How easy and comfortable was it to grip the device with your NON-dominant
hand?

• How complex was it for you to understand how the exercises work?

• Did the sensors on each finger seem to sensitively reflect the force you exerted?

• How difficult were the reaction speed exercises for you?

• How difficult were the memory exercises for you?

• Would you recommend its use to a family member with brain damage or altera-
tions in hand motor function?

• Could you give us any suggestions or recommendations to improve the function-
ality of the device?

7.2 Results

7.2.1 Results from stroke therapists

Among the 16 participants, 13 of them answered the survey. In addition to the survey,
an open discussion was held to get more ideas from the participants.

All the participants are specialized in treating stroke patients: 3 of them were neu-
ropsychologists, 1 a neurologist, 4 occupational therapists, 4 physiotherapists, and 1
occupational therapist and physiotherapist. Most of them are quite familiar and com-
fortable with using devices and new technologies in the clinical setting.

They rated satisfaction with the functionality of the device with an average of 6.23
points out of a maximum of 10. They rated the complexity of using the device with
an average of 4.31 out of a maximum of 10. After the explanation of the objectives
of the project, the demonstration of the operation of the device met the expectations
of most specialists, valuing it with a 6.07, with 10 being the highest score, exceeding
expectations. 76.9% of those surveyed stated that they would use the device in the clinic
and would recommend its use to other specialists, while 92.3% would also recommend
its use at home.
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Regarding its application in stroke patients, opinions varied significantly. On a scale
where 10 signified extreme useful and 0 indicated no useful at all, the average value
score was 5.46 out of 10 for those with stroke, with the most frequent rating being
7 out of 10, chosen by 5 of the 13 respondents. The lowest scores were given by
the specialists who most missed the inclusion of the thumb in the device and asked
ergonomic improvements.

After these questions, they were asked for what type of patients they considered the
use of this device most convenient and beneficial. The responses were very diverse but
are summarized below:

• Musculoskeletal pathology of the wrist-hand.

• Alzheimer disease.

• Stroke but with high functioning.

• Acquired brain damage, with high functionality / mild hemiparesis.

• Cognitive impairment, dementia.

• Patients with attention problems.

• Peripheral neuropathies.

• Trauma conditions of the hand.

• Rheumatology.

Regarding the design characteristics of the device, half of those surveyed rated its size
as adequate, while the other half found it somewhat large in size. The weight and
quality of the materials were suitable for all therapists. However, everyone pointed out
the need to improve ergonomics to facilitate grip and wrist position.

Regarding the way of evaluating the device, everyone considered the exercises adequate.
The same thing happened with the training mode exercises. Visualization of the results
was simple and comfortable for all therapists.

Finally, therapists were asked to give free responses about the limitations of the device
and aspects that they would improve and add.

Limitations they observed:

• Non-inclusion of the thumb.

• Position of the LEDs (difficult to see depending on the type of grip).

• Ergonomics could be improved (especially due to wrist position).

• Difficulty for the patient to start tasks when having to access a website.

• Big size.

Characteristics they would incorporate into the device:

• Sensitive feedback.

• Auditory feedback.

• More difficulty levels.
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• Record grip strength of the overall hand, not just the fingers.

• That can be used without the need for a website.

• Inclusion of the thumb.

• Be able to ignore specific fingers.

• Inclusion of a strap or a base or support so that the position is fixed and the grip
more stable.

Also, they were asked to indicate the aspect they liked most about the device:

• Portable.

• Home rehabilitation.

• Easy to use.

• Gamification.

• Feedback for the patient.

• Economic.

• Levels of complexity.

• Combination of motor and cognitive aspects.

In general, and only thinking about stroke patients, therapists rated the device 5.7 out
of 10 as a tool for evaluating and training stroke patients.

After the final open discussion with the stroke specialists, different clinical characte-
ristics were extracted that would fit the end user profile with Acquired Brain Injury
(AIB) for the use of the AMBER device:

• Preservation of Cognitive Abilities: Patients should have a relatively intact
visual memory to memorize and reproduce the light sequences.

• Appropriate Fine Motor Level: They must have mild motor impairment,
which allows them to make precise movements to adjust their fingers and respond
to the lights emitted by the device. Sufficient dexterity to interact with the
sensors is essential to reproduce the sequences.

• Tolerance of Lack of Thumb Support and Wrist Control: Despite the
lack of thumb support and the requirement for wrist motor control, patients with
minimal involvement in these areas may adapt better to the device. Having some
ability to perform pincer movements with the fingers without a specific thumb
support would be beneficial.

• Muscle Tone: Patients with moderate or controllable muscle tone may be better
suited to use the device. Although the device evaluates and strengthens the clamp
force in the distal interphalangeal areas, it is essential that patients have muscle
tone that allows them to interact with precision and control in these areas without
presenting excessive spastic or rigid muscle tone, which could make it difficult the
execution of tasks.
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• Transfer to ADL: Although the device focuses on specific motor and cognitive
training, it is essential to evaluate how these acquired skills can be transferred to
everyday tasks. Patients who can generalize the skills developed with the device
to ADL, such as grasping objects, performing precise movements when dressing
or feeding, will have greater therapeutic benefit.

These clinical criteria would make it difficult for most of post-stroke patients to access
the device. For this reason, it was suggested to also test the device in other pathologies,
such as peripheral neuropathies of the upper limb, rehabilitation after fracture of the
distal third of the radio-ulnar or carpus, patients with distal involvement of the upper
limb due to rheumatic pathology, among others.

7.2.2 Results from healthy volunteers

Among the 36 participants, 23 of them answered the survey. Of all those surveyed,
90.9% found the device easy or very easy to grab while using it with their dominant
hand. On the other side, with the non-dominant hand the percentage decreased to
54.5%, with 4.5% of them finding it difficult to grasp, as shown in Figure 7.1.

Figure 7.1: How easy it was for the volunteers to grasp the device with their dominant
hand (left graph) and non-dominant hand (right graph).

Regarding understanding the functioning of the device, Figure 7.2 shows that 95.4% of
the volunteers found it easy or very easy to understand how the device and its exercises
work.

About the difficulty on the performance of the exercises, Figure 7.2 that 31.8% of the 
users did not find t he r eaction s peed e xercises ( exercise 2 ) d ifficult at all , whi le the
remaining 68.2% found them easy. And with respect to the memory exercises, 9.1%
found them quite difficult, 72 .7% fo und th em somewhat difficult, and the remaining
9.1% found them easy.

Furthermore, all participants thought that the device was reasonably accurate with
respect to the force they were doing, as shown in Figure 7.4.

Finally, 81.8% stated with certainty that they would recommend the use of this device
to a family member with stroke, and no volunteer rejected it.
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Figure 7.2: How complex it was for the volunteers to understand how the device and
the exercises work.

Figure 7.3: How difficult it was for the volunteers to perform the Reaction Time (graph
on the left) and Memory (graph on the right) exercises.

Figure 7.4: Accuracy/sensitivity perception of the device by the users.

In addition to these questions, the volunteers were asked for possible suggestions or
recommendations that could improve their user experience with the device, from which
the following suggestions were obtained:

• Create a position for the thumb.

• Ergonomics adjustments to improve grip comfort.

• Sound effects apart from lighting.
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7.3 Discussion

Overall, the results suggest a positive perception of the device, although they also
highlight significant areas for improvement.

The average satisfaction score with the functionality of the device, given by the thera-
pists, was 6.23 out of 10, indicating a moderate level of acceptance. This assessment,
together with the fact that 76.9% of respondents stated that they would use the device
in the clinic and recommend it to other specialists, suggests a perceived usefulness of
the device in the professional setting. However, the diversity of opinions regarding the
inclusion of the thumb and the necessary ergonomic improvements highlight the impor-
tance of considering comfort and physical functionality in the design of rehabilitation
devices.

When comparing these results with usability studies of other rehabilitation devices
reported in the literature, it is observed that the inclusion of the opinion of both
patients and therapists is relatively uncommon, which adds value to our study due
to its holistic approach. For example, many devices focus exclusively on functionality
without considering ergonomic aspects or the ultimate functionality of all fingers, which
is crucial for a wide range of movements and daily tasks. The survey results also
indicate that the device is considered more suitable for a wide spectrum of pathologies.
Not only for post-stroke patients, but also for those with peripheral neuropathies,
traumatic hand conditions, and rheumatic pathologies, among others. This diversity
in potential application underscores the wide range of situations in which its use is
proposed, outperforming many reviewed devices that are limited to specific conditions.

Regarding the inclusion of the thumb, feedback suggests that it is a fundamental aspect
missing from our device, which is consistent with literature pointing to the importance
of the thumb in performing precision and grip tasks. Comparison with existing de-
vices shows that few effectively include the thumb in their designs, highlighting an
opportunity for improvement and differentiation for our device.

To conclude, the results of the usability surveys indicate an overall positive percep-
tion of the device, with clear potential for its application in various clinical contexts.
However, the areas identified for improvement, especially in terms of ergonomics and
thumb inclusion, are critical to maximizing its usefulness and acceptance among end
users. Comparison with other devices in the literature highlights both strengths and
opportunities for improvement for our device, underscoring the importance of a design
that considers both functionality and user comfort.



8. General discussion

The main objective of this thesis was to present a new device for hand motor and
cognitive evaluation and rehabilitation, throughout its design, development, and vali-
dation. This device was designed targeting individuals with neurological impairments
and specifically stroke, so it underwent a comprehensive evaluation process in line with
the specified requirements, taking into consideration its intended application, human
factors as handedness, and potential future clinical use.

First of all, a literature search was conducted for current technological devices used for
diagnostic and therapeutic purposes of both hand and cognitive function as part of this
thesis’s state-of-the-art review. It was found that none of these devices are designed
to train cognitive and motor functions simultaneously, reinforcing the relevance of
developing and utilizing a device that integrates both dimensions. Additionally, most
of today’s devices do not allow for continuous data recording and storage or remote
access to these data, which is essential for monitoring the status and progress of the
user. The existing devices are often large, heavy, expensive, and challenging to use,
limiting access for many patients. This issue is particularly important among patients
living in rural areas or without rehabilitation facilities near their homes. In situations
such as the recent Covid-19 pandemic, accessing a hospital for rehabilitation sessions
was a significant challenge and devices like this would have been very useful.

Following an exhaustive search of the evidence concerning the impact of hand reha-
bilitation on cognition in stroke patients, a systematic review was conducted as part
of Objective 1 of this thesis (shown in Chapter 3), “to review and quantitatively syn-
thesize the evidence regarding the impact of hand RHB on cognition post-stroke”. It
revealed a significant relationship between hand motor interventions and cognitive out-
comes in stroke cases, strength and robot-assisted types of training seemed to be the
most effective interventions to enhance global cognition post-stroke. These results are
in line with studies showing that hand grip training and grip strength are tightly re-
lated to global cognition in healthy old adults. In the case of stroke rehabilitation, grip
force control may be a direct result of cognitive adaptations during task learning and
reflect sensory-motor network changes. Cognitive improvements in hand rehabilitation
can be expected to happen mainly on the central executive network.

The results of this systematic review highlight the importance of considering the cli-
nical effects than hand motor interventions may have beyond purely physical aspects
and underscore the importance of considering rehabilitative interventions that simul-
taneously address motor and cognitive aspects. These results confirm our hypothesis
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that there is evidence demonstrating a correlation between hand rehabilitation and
cognitive improvement in patients who have suffered a stroke.

However, some limitations were also pointed about this Systematic Review, one of the
most relevant was the limitation for quantitative synthesis of domain-specific cognitive
effects due to the diversity of evaluation tools used.

Regarding participant characteristics, heterogeneous cognitive levels at baseline were
found across studies, with at least some subgroups of individuals with stroke presenting
mild cognitive impairment, which may impede direct translation of the results into
clinical practice.

After those findings, while meeting the Objective 2 of this thesis (in Chapter 4), ”de-
sign a portable device capable of gathering data from the interaction with the patient’s
hand through sensors and colorful light stimuli”, a new device was designed with spe-
cial attention to the requirements identified by an expert forum. Among the device
requirements identified, it needed to be small, portable, light, economical, and easy
to use, so that patients could operate it independently from home without help, as
well as from the clinic with a therapist. Furthermore, the design should be simple but
adaptable for different user profiles (i.e., patients with larger and smaller hands), so
that a single device can be useful for all patients. The device should allow for motor
and cognitive training in a motivating way for the user and ideally enable therapists
to monitor patient progress remotely.

Following these desired specifications, the device was designed with an innovative focus
on sensory interaction and light stimulation, thanks to different electronic components
such as pressure sensors and LEDs connected to a microprocessor. Its electronic com-
ponents successfully allowed the designed device to be relatively small and constructed
in an affordable ergonomic structure capable of effectively capture data from the user’s
interaction with the device. Moreover, its adaptability and usability focus make it
particularly suitable for personalized rehabilitation, crucial in the recovery of stroke
patients.

However, the type of battery used was found to be a susceptible of improvement, since
its limited battery charge may restrict its extensive use, often necessitating connection
to a power source for prolonged usage. Additionally, the absence of a specific place
and sensor for the thumb (first digit) was identified as a drawback, since many daily
activities heavily rely on the use of this finger, its exclusion may limit the device’s full
potential in interactions with users.

The tasks designed for the device as part of Objective 3 (in Chapter 5) were focused
in the evaluation and training of motor and cognitive variables through the user’s
interaction with the device, taking full advantage of the hardware design (in Chapter 4),
and aligning with the findings of Objective 1. Various exercises and levels of difficulty
were designed, focusing on both motor and cognitive aspects, and two operating modes
were developed to fulfill the purpose of this device: a training mode and an evaluation
mode. This unique device was designed to be used both in training sessions and for
the evaluation of the patient’s status, so it would allow to be used in different phases of
the patient’s recovery thanks to its various difficulty levels. These tasks were designed



102 General discussion

in user-friendly and gamified manner, to offer an  innovative and appealing method for
rehabilitation, potentially improving adherence and treatment effectiveness. However,
it is important to note that the device’s pre-programmed tasks may be limiting for
comprehensive clinical usage. While the current programs are useful, the device would
benefit from the inclusion of newer and more flexible programming options that would
allow therapists to modify and customize programs according to specific needs.

Following the design and development of the device, and as part of the Objective 4
of this thesis (in Chapter 6), a validation protocol was established with a group of
healthy adult volunteers to assess the technical capabilities and reliability of the de-
vice as a motor and cognitive assessment method. These subjects participated in two
testing sessions on different d ays. O n t he fi rst da y, th ey us ed th e AMBER device
with all its different tasks and l evels, as well as p erformed a  s eries o f motor and cog-
nitive assessments for data comparison. On the second day, they exclusively used the
AMBER device to analyze its test-retest reliability. After an in-depth analysis, the
device demonstrated technical capabilities that allow for the desired assessments to be
made with minimal error at a steady state. Additionally, the accuracy of its assessment
mode was thoroughly tested. It can measure the precise force exerted by each finger
and provide an assessment of various cognitive functions such as processing speed,
attention, and memory. The Test-Retest reliability for the three measures (strength,
reaction time, and memory) showed moderate to good results. The validation of the
device demonstrated its reliability for assessing motor and cognitive varia-bles from
healthy subjects, confirming its potential as an assessment tool in cognitive and
motor rehabilitation of stroke patients.

Finally, to meet the Objective 5 of this thesis, the usability of the device was analyzed
by therapists specialized in stroke and also by the healthy volunteers which partici-
pated on the validation. After a presentation and a demonstration of the functioning
of device, a group of therapists answered a survey giving their objective opinion about
the device design and its operation. This survey helped us see the potential appli-
cations of the device, since practically everyone stated that they would use it in the
clinic and that they would recommend its home use to many of their patients. They
perceived it user-friendly interface and considered it beneficial f or t he rehabilitation
of some profiles o f s troke patients and a lso s uggested application on o ther traumato-
logical and neurological diseases demonstrating the potential versatility of the device.
However, they observed some possible improvements such as better ergonomics that
may facilitate stabilization of the grip and wrist position. Another valuable suggestion
was to transform the pre-programmed static tasks, into a more flexible programmable
platform which could control the sequences of the tasks or at least have a wider range
of tasks that allow more variability in the exercises, and therefore allow greater adap-
tability for more patient profiles. In this way, their feedback also served to create new
future lines of research in this project, which would help improve the functionality of
the device and reach greater user profiles. On the other hand, the f eedback f rom the
volunteers was also very useful, pointing out that there are possible improvements in
ergonomics but they were very satisfied with the operability, gamification and difficulty
of the exercises was appropriate as a first prototype.

In summary, the novel design and dual-functionality of this device for cognitive and
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physical assessment and rehabilitation were considered to be eligible for patenting. Po-
sitive preliminary feedback and an international patent request underlines that further
design improvements and iterative refinements are feasible. This process will hopefully
culminate in its commercial availability for clinical use and the opportunity to conduct
a clinical trial to evaluate its effects on patients recovering from stroke

Finally, it is worth highlighting as part of this general discussion, the contribution
that the international stay of this doctorate had in the thesis. Participation in similar
projects within the Neuromechanical Modeling and Engineering Lab of the University
of Twente allowed us to learn about other studies and development of devices within
the area of neurorehabilitation. This, first of all, allowed the knowledge of different
approach methods for the design and prototyping of medical devices, usability studies
with healthy volunteers, and also data analysis techniques used in this project. Fur-
thermore, it allowed us to develop ideas for future lines in terms of programming and
data processing that would not have been imagined without this international stay.



9. Limitations and future lines

During the development of this project, some limitations of the device were identified.
From each of those limitations, new ideas for improvement arose as future lines of
research on this project. Both limitations with each solution are listed below:

• Battery capacity: even the battery used was selected for its small size and easy
connection to the microprocessor, the limited battery charge may restrict its ex-
tensive use, often necessitating connection to a power source for prolonged usage.
To solve this, the change the battery for one with more capacity is proposed.
Even the battery used was selected for its small size and easy connection to the
microprocessor, the limited battery charge may restrict its extensive use, often
necessitating connection to a power source for prolonged usage.

• Absence of a place for the thumb: the absence of a specific place and sensor for
the thumb (first digit) may limit the device’s full potential in interactions with
users, since many daily activities heavily rely on the use of this finger. As a
future line, it is proposed to design a new prototype that includes a place and
sensor for the thumb.

• Hand and wrist stability: since the device does not have a support base for a
surface, or a strap that allows it to be attached at all times to the patient’s hand
or wrist, this can cause instability in patients with a more severe degree of motor
impairment, such as in cases of dystonia or reduced abduction capabilities. In
this case, a new design will also include a strap or similar so that the user has
the device attached to his wrist and therefore if the patient lets it go or it slips,
it does not fall.

• Static pre-programmed tasks: there is no possibility of modifying the exercises
by the therapists. To address this, the pre-programmed sequences of the exercises
will be randomized and more levels of difficulty will be developed for each type
of exercise. In addition, the exercises could be programmed in a way that the
therapist can easily modified them through the web, so that they can adapt the
exercises according to the needs of each patient.

Following the integration of the identified enhancements, the device will be prepared
for submission for medical device prototype certification. Additionally, it will be ready
to commence a clinical trial with stroke patients to assess AMBER’s efficacy as an
instrument for cognitive and motor rehabilitation.

Additionally, it is important to highlight that this device has great potential to apply
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Machine Learning and automatic learning techniques directly in the device. Using this
advanced analysis, the device will be able to compare in real time the execution of the
exercises of a patient with a desirable pattern that can be previously established, so
that the device can indicate to the therapist the degree of similarity with said desired
pattern. Also through classification models, the device could learn from each patient’s
data and in this way could help tutor the patient’s training progression in real time,
for example indicating whether or not a certain exercise should be repeated, avoiding
unnecessary repetitions and improving the effectiveness of the therapy, focusing only
on the tasks that the patient should improve.



10. Conclusions

Below, the main conclusions derived from this study are recapitulated:

• There is evidence that hand motor interventions can improve global cognition in
people with stroke and possibly focusing on frontoexecutive functions (H1).

• The combination of strength training or robot-assisted training and conventional
RHB may be the most effective intervention to improve global cognition according
to the MMSE (H1).

• A Portable, cheap and easy to use device would fill unmet needs in hand neu-
rorehabilitation devices ecosystem (H2).

• A small, light and simple design device would constitute a useful tool to use in
rehabilitation at the clinic as well as home (H2).

• The adaptability of the device to different hand sizes is a valuable feature making
it usable by a greater number of patients (H2).

• The electronic components integrated in AMBER are efficient capturing the in-
teraction with the subjects (H2).

• The user-friendly interface and gamification of tasks of AMBER makes its use
more appealing to patients (H3).

• The cognitive evaluation through the interaction with the hand and fingers is
possible using AMBER device (H3).

• Motor evaluation through the interaction with the hand and fingers is possible
using AMBER device (H3).

• AMBER device has shown a good test-retest reliability, obtaining motor and
cognitive variables from the user (H4).

• The programmed tasks on AMBER make it possible to train and evaluate both
motor functions of the hand and cognitive abilities simultaneously (H4).

• Therapists value positively the design and functionality of the device (H5).

• Healthy volunteer users indicated that the use of the device and the exercises
were simple and intuitive highlighting its potential as a reliable and versatile tool
(H5).
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11. Scientific contributions

11.1 Patent

Application Number and Date: 300470544, December 21, 2022.
Publication Number: EP22383249.4.
Inventors: Juan Pablo Romero, Roberto Álvarez Fernández, Laura Valenzuela López, 
Rodrigo Mart́ınez, Gabriel Alfonso Delgado Oleas.

11.2 Scientific Papers
1. “Effects of Hand Motor Interventions on Cognition Post-Stroke: A Systematic

Review and Bayesian Network Meta-Analysis.” Archives of Physical and Reha-
bilitation Medicine (WOS-JCR-Q1, Impact Factor: 4.3, Quartile: Q1). Published.
DOI: https://doi.org/10.1016/j.apmr.2023.12.013.

2. “AMBER: A Device for Hand Motor and Cognitive Rehabilitation. Development
and Proof of Concept.” IEEE Transactions on Neural Systems and Rehabilitation
Engineering (WOS-JCR-Q1, Impact Factor: 4.9, Quartile: Q1). Published. DOI:
https://doi.org/10.1109/TNSRE.2024.3429155

11.4 Scientific Recognition

Title of the work: "AMBER: a device for hand motor and cognitive rehabilitation. 
Development and proof of concept".
Name of the conference: 13th World Congress for NeuroRehabilitation Event 
type: Congress
Geographical scope: International, non-EU
Type of participation: Participatory - Poster
Review before acceptance: Yes
Corresponding author: No
City of the event: Canada
Start date: 22/05/2024
End date: 25/05/2024
Organizing entity: World Federation of NeuroRehabilitation (WFNR)

11.3 Conference Contributions

The AMBER project has been selected for the Healthstart Madrid 2024 call (https://
www.madrimasd.org/healthstart/) to promote the creation of technological start-ups in 
the health sector, coming from hospitals, health centres, research centres, universities and 
independent entrepreneurs, exclusively from the Community of Madrid.

https://doi.org/10.1016/j.apmr.2023.12.013


Appendix

Appendix A: Supplementary information from the

Systematic Review

Table 11.1: Search strategies based on the key concepts identified for the review. MeSH
terms were searched on each search engine wherever possible.
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The search strategies S1 and S2 composed the common search command as (S1 AND
S2). On each database, the search strategies S3-S7 were added to this common search
command as (S1 AND S2 AND S3, S1 AND S2 AND S4, etc).

Table 11.2: Initial results retrieved per search engine and per each combination of
search strategies.

The following tables show the search strings for each database, including PubMed,
Cochrane Library, Web of Science, Scopus, CINAHL, and Embase. The common strat-
egy included the concepts of stroke, hand motor interventions, and hand motor func-
tion variables. The specific strategies included the concepts of general cognition (S3),
attention (S4), memory (S5), executive functioning and praxis (S6), and perception
(S7).
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Table 11.3: Search strings for PubMed database.
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Table 11.4: Search strings for Cochrane Library database.
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Table 11.5: Search strings for Web of Science database.
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Table 11.6: Search strings for Scopus database.



114 Appendix

Table 11.7: Search strings for CINAHL database.



Appendix 115

Table 11.8: Search strings for Embase database.
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Methods

In each NMA, the selection of a random or fixed effects model was evaluated, as well
as the presence of inconsistency, by analyzing the leverage graph (defined as posterior
mean residual deviance of each study arm minus the deviance at the posterior mean
of the fitted values) versus Bayesian residual deviance (w) defined as each study arm
contribution to the posterior mean deviance of the model. Likewise, deviance was
evaluated specifically with the mean of the residual deviance (Dres), effective number of
parameters or sum of leverages (pD) and Deviance Information Criteria (DIC) defined
as the sum of Dres and pD. In these statistics, the lower the value, the better fit of the
model.

In the case that a variable presented enough comparisons, the presence of inconsistency
was also evaluated using the node-split method, which allows detecting the presence
of significant differences between direct and indirect comparisons. In addition, if dis-
crepancies in the plot of posterior mean of consistency vs. inconsistency models were
detected, an additional meta regression model was applied adding as covariables age
and baseline scores.

The convergence of the posterior distributions of the parameters through Markov Chain
Monte Carlo sampling was evaluated with the trace plot of mean of each comparison
over all the iterations, as well as with the density plot of the subsequent effect size
estimate.

Figure 11.1: Structure of the networks for Montreal Cognitive Assessment (MoCA)
and Mini-Mental State Examination (MMSE). The size of the nodes and thickness of
the comparisons is proportional to the number of studies. RHB: conventional rehabi-
litation; VR: Virtual Reality.

Results

The following tables show the characteristics of the studies included in the Systematic
Review.
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* data is presented as median instead of mean.
Abbreviatures: CG: Control Group; EG: Experimental Group; MMSE: Mini-Mental State Exam-
ination; MoCA: Montreal Cognitive Assessment; RCT: Randomized Controlled Trial

Table 11.9: Characteristics of the included studies according to participant features.
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Abbreviations: AO: Action Observation; ADLs: Activities of Daily Living; ACE-R: Addenbrooke’s Cognitive
Assessment-Revised; CT: Cancellation test; CPT: Computerized Performance Test; EG: Experimental Group;
MMSE: Mini-Mental State Examination; MoCA: Montreal Cognitive Assessment; OT: Occupational Therapy; PT:
Physical Therapy; ROM: Range of Motion; RT: Reaction Time; RHB: Rehabilitation; RAVLT: Rey Auditory Verbal
Learning Test; ROCFT: Rey-Osterrieth Complex Figure Test; ST: Stroop Test; TOL: Tower of London; UL: Upper
Limb; VR: Virtual Reality; WMSS: Wechsler Memory Scale Stories; WCST: Wisconsin Card Sorting Test.

Table 11.10: Characteristics of the included studies according to treatment features.
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Ranking of interventions

Abbreviations: MMSE: Mini-Mental State Examination; MoCA: Montreal Cognitive Assessment; RHB: Rehabili-
tation; SUCRA: Surface Under the Cumulative Ranking Curve Area (SUCRA); VR: Virtual Reality.

Table 11.11: SUCRA scores for each intervention and outcome measure (MoCA and
MMSE).

Abbreviations: MMSE: Mini-Mental State Examination; MoCA: Montreal Cognitive Assessment; RHB: Rehabili-
tation; VR: Virtual Reality.

Table 11.12: Rankogram table for each intervention and outcome measure (MoCA
and MMSE). Each value represents the probability in percentage that the intervention
would rank at every possible position.

Comparison models

For the MoCA, the random-effects model better fitted (Figure 11.2) with a decrease
of 17.098 points in DIC and 20.82 points in Dres, with slightly increase in model
complexity (pD from 10.985 to 14.707) without leverage outliers. For the MMSE, the
fixed-effects model presented the best fit with a decrease of 1.439 points in DIC and
0.59 points in Dres with slightly decrease in model complexity (pD from 9.805 to 8.956),
without leverage outliers (Figure 11.2).
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Figure 11.2: Fixed vs random-effects model comparison.

The consistency model had a better fit than the inconsistency model for both the
MoCA and the MMSE (Figure 11.3). When posterior mean deviance of consistency
versus inconsistency models were plotted, it showed some discrepancies in the MMSE
(Figure 11.4). However, node-split showed no significant differences (p> 0.05) between
the direct and indirect comparisons, which reinforced the consistency between studies
(Supplementary Figure 11.5). Both the trace plot and the density plot indicated that
the number of iterations was sufficient for an adequate convergence of the models.

Figure 11.3: Consistency vs inconsistency models comparison.
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Figure 11.4: Consistency vs. inconsistency posterior mean with and without co-
variables model comparison.

Figure 11.5: A: MMSE nodesplit forest plot. B:Models trace and density plots.

The following figure shows the fixed vs random-effects models with and without co-
variables model comparison, to show why the simpler model without co-variables was
chosen.
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Figure 11.6: Fixed vs random-effects model comparison.

Publication bias

Table 11.13: Comparison characteristics.

Table 11.14: Intervention characteristics.
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Table 11.15: Measure of publication bias.
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Figure 11.7: Pictures of a healthy volunteer using the AMBER device with two different
grips.

Appendix B: Supplementary information of AMBER 
device

Instructions for the Strength Task:

"Please place one of your fingers on the corresponding sensor (start with the index finger). 
When you are ready, press the sensor as hard as you can. Make sure not to use any other 
fingers; only use the indicated finger. Repeat the process with the other fingers, including 
the middle finger, ring finger, and pinky finger. Each measurement will be taken three 
times for each finger."

Instructions for the Reaction Time Task:

 "After a double flash of white lights, the device will emit a series of blue lights. When a 
light turns on, press the sensor corresponding to that light with the correct finger (for 
example, sensor 1 with the index finger, sensor 2 with the middle finger, and so on) as 
quickly as possible. This task will have three difficulty levels: easy, medium, and hard. In 
the easy level, the lights will appear one after the other, while in the more difficult levels, 
the sequence will become increasingly complex. Please stay alert and try to respond as 
quickly as possible during each attempt. Each task ends with a double white flash."

Instructions for the Memory Task:

"In this task, after a double white flash, you will see a sequence of blue lights turning on 
one after the other. Your goal is to remember the sequence and, when it ends, reproduce it 
by pressing the sensors in the same order in which the lights appeared. The sequence 
length will vary: 3 lights for the easy level, 5 lights for the medium level, and 7 lights for 
the hard level. Each sequence ends with a double white flash. Try to be as accurate as 
possible when recalling the sequence."
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Appendix C: Patent documents

Patent application receipt
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Patent Cooperation Treaty (PCT)
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Description of the invention
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Patent drawings

Figure 11.8: Drawings of the structural design of the device.

Figure 11.9: Drawing of the connections of the electronic components of the device.
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Appendix D: Approval of the Research Ethics Com-

mittee
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Appendix E: Healthy volunteer affiliation form
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Appendix F: Informed consents for validation study



Appendix 153



154 Appendix



Appendix 155



156 Appendix



Appendix 157



158 Appendix



Appendix 159



160 Appendix



Appendix 161

Appendix G: Paper Archives of Physical Medicine

and Rehabilitation Journal
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Appendix H: Paper IEEE Transactions on Neural Sys-
tems and Rehabilitation Engineering 
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(Proyecto NEURONORMA jóvenes): normas para las pruebas span verbal, span
visuoespacial, Letter-Number Sequencing, Trail Making Test y Symbol Digit
Modalities Test”. In: Neuroloǵıa 27.6 (2012), pp. 319–329.
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COGNITIVA EN SUJETOS DISCAPACITADOS MEDIANTE EL EMPLEO
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[219] Aušra Adomavičienė et al. “Influence of new technologies on post-stroke rehabi-
litation: a comparison of armeo spring to the kinect system”. In: Medicina 55.4
(2019), p. 98.

[220] Xinyuan Shang et al. “Grip training improves handgrip strength, cognition,
and brain white matter in minor acute ischemic stroke patients”. In: Clinical
Neurology and Neurosurgery 209 (2021), p. 106886.

[221] Sahel Taravati et al. “Evaluation of an upper limb robotic rehabilitation program
on motor functions, quality of life, cognition, and emotional status in patients
with stroke: a randomized controlled study”. In: Neurological Sciences (2022),
pp. 1–12.

[222] Young-Bin Oh et al. “Efficacy of virtual reality combined with real instrument
training for patients with stroke: a randomized controlled trial”. In: Archives of
physical medicine and rehabilitation 100.8 (2019), pp. 1400–1408.

[223] Jaeeun Kim and Jongeun Yim. “Effects of an exercise protocol for improving
handgrip strength and walking speed on cognitive function in patients with
chronic stroke”. In: Medical science monitor: international medical journal of
experimental and clinical research 23 (2017), p. 5402.

[224] Jun Hwan Choi et al. “Effectiveness of commercial gaming-based virtual reality
movement therapy on functional recovery of upper extremity in subacute stroke
patients”. In: Annals of rehabilitation medicine 38.4 (2014), pp. 485–493.

[225] Selin Ozen et al. “Computer game assisted task specific exercises in the treat-
ment of motor and cognitive function and quality of life in stroke: a randomized

https://training.cochrane.org/handbook
https://training.cochrane.org/handbook


Bibliography 201

control study”. In: Journal of Stroke and Cerebrovascular Diseases 30.9 (2021),
p. 105991.

[226] Peter H Wilson et al. “Home-based (virtual) rehabilitation improves motor and
cognitive function for stroke patients: a randomized controlled trial of the Ele-
ments (EDNA-22) system”. In: Journal of NeuroEngineering and Rehabilitation
18 (2021), pp. 1–12.

[227] Huiwen Mao et al. “Effects of mirror neuron system-based training on rehabili-
tation of stroke patients”. In: Brain and Behavior 10.8 (2020), e01729.

[228] Hye-Sun Lee et al. “Non-immersive virtual reality rehabilitation applied to a
task-oriented approach for stroke patients: a randomized controlled trial”. In:
Restorative neurology and neuroscience 38.2 (2020), pp. 165–172.

[229] CM Cirstea, A Ptito, and MF Levin. “Feedback and cognition in arm motor
skill reacquisition after stroke”. In: Stroke 37.5 (2006), pp. 1237–1242.

[230] Ceren Ersoy and Gozde Iyigun. “Boxing training in patients with stroke causes
improvement of upper extremity, balance, and cognitive functions but should it
be applied as virtual or real?” In: Topics in stroke rehabilitation 28.2 (2021),
pp. 112–126.

[231] Kristina Daunoraviciene et al. “Effects of robot-assisted training on upper limb
functional recovery during the rehabilitation of poststroke patients”. In: Tech-
nology and Health Care 26.S2 (2018), pp. 533–542.

[232] TB Cumming et al. “Montreal Cognitive Assessment and Mini–Mental State
Examination are both valid cognitive tools in stroke”. In: Acta Neurologica
Scandinavica 128.2 (2013), pp. 122–129.

[233] Chen Fu et al. “Comparison of the mini-mental state examination and Mon-
treal cognitive assessment executive subtests in detecting post-stroke cognitive
impairment”. In: Geriatrics & gerontology international 17.12 (2017), pp. 2329–
2335.

[234] PT Trzepacz et al. “Alzheimer’s Disease Neuroimaging I. Relationship between
the Montreal Cognitive Assessment and Mini-mental State Examination for
assessment of mild cognitive impairment in older adults”. In: Bmc Geriatr 15.1
(2015), p. 107.

[235] Corrado Angelini and Valentina Pegoraro. “Micro-RNA-206 level is increased in
fast evolving transportinopathy (LGMD-D2), calpainopathy (LGMD R-1) and
sarcoglycanopathy (LGMD R3-R5)”. In: Journal of the Neurological Sciences
429 (2021).

[236] Lizabeth M Romanski. “Convergence of auditory, visual, and somatosensory
information in ventral prefrontal cortex”. In: (2012).

[237] Roger Gassert and Volker Dietz. “Rehabilitation robots for the treatment of
sensorimotor deficits: a neurophysiological perspective”. In: Journal of neuro-
engineering and rehabilitation 15.1 (2018), pp. 1–15.

[238] Julia U Henschke and Janelle MP Pakan. “Engaging distributed cortical and
cerebellar networks through motor execution, observation, and imagery”. In:
Frontiers in Systems Neuroscience 17 (2023), p. 1165307.

[239] Bohan Zhang et al. “Virtual reality for limb motor function, balance, gait, cog-
nition and daily function of stroke patients: A systematic review and meta-
analysis”. In: Journal of advanced nursing 77.8 (2021), pp. 3255–3273.



202 Bibliography

[240] Tor Ivar Gjellesvik et al. “Effects of high-intensity interval training after stroke
(the HIIT stroke study) on physical and cognitive function: a multicenter ran-
domized controlled trial”. In: Archives of physical medicine and rehabilitation
102.9 (2021), pp. 1683–1691.

[241] Rodrigo Fernandez-Gonzalo et al. “Muscle, functional and cognitive adapta-
tions after flywheel resistance training in stroke patients: a pilot randomized
controlled trial”. In: Journal of neuroengineering and rehabilitation 13 (2016),
pp. 1–11.

[242] Teresa Liu-Ambrose et al. “Effect of Exercise Training or Complex Mental
and Social Activities on Cognitive Function in Adults With Chronic Stroke:
A Randomized Clinical Trial”. In: JAMA Network Open 5.10 (2022), e2236510–
e2236510.

[243] Mirjam Bonanno et al. “Innovative technologies in the neurorehabilitation of
traumatic brain injury: a systematic review”. In: Brain sciences 12.12 (2022),
p. 1678.

[244] Simone K Huber et al. “Motor-cognitive intervention concepts can improve gait
in chronic stroke, but their effect on cognitive functions is unclear: A system-
atic review with meta-analyses”. In: Neuroscience & Biobehavioral Reviews 132
(2022), pp. 818–837.

[245] Courtney C Walton et al. “Cognitive training for freezing of gait in Parkinson’s
disease: a randomized controlled trial”. In: npj Parkinson’s Disease 4.1 (2018),
p. 15.

[246] Paul Freudenberger et al. “Fitness and cognition in the elderly: the Austrian
stroke prevention study”. In: Neurology 86.5 (2016), pp. 418–424.

[247] Anne Martine Bertrand et al. “Reliability of maximal grip strength measure-
ments and grip strength recovery following a stroke”. In: Journal of Hand Ther-
apy 28.4 (2015), pp. 356–363.

[248] Jung Hyun Bae et al. “Relationship between grip and pinch strength and ac-
tivities of daily living in stroke patients”. In: Annals of rehabilitation medicine
39.5 (2015), pp. 752–762.

[249] Chwen-Yng Su et al. “The role of processing speed in post-stroke cognitive
dysfunction”. In: Archives of Clinical Neuropsychology 30.2 (2015), pp. 148–
160.

[250] Sarah E MacPherson et al. “Processing speed and the relationship between Trail
Making Test-B performance, cortical thinning and white matter microstructure
in older adults”. In: Cortex 95 (2017), pp. 92–103.

[251] Songjun Lin et al. “Dual-task Stroop Paradigm for Detecting Cognitive Deficits
in High-functioning Stroke Patients”. In: JoVE (Journal of Visualized Experi-
ments) 190 (2022), e63991.

[252] Michel Loranger et al. “Information-processing speed and assessment of early
response latency among stroke patients”. In: Psychological Reports 87.3 (2000),
pp. 893–900.

[253] Noor Kamal Al-Qazzaz et al. “Cognitive impairment and memory dysfunction
after a stroke diagnosis: a post-stroke memory assessment”. In: Neuropsychiatric
disease and treatment (2014), pp. 1677–1691.



Bibliography 203

[254] Regulation (EU) 2017/745 of the European Parliament and of the Council of 5
April 2017 on medical devices. Accessed: [fecha de acceso]. 2017. url: https://
eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32017R0745.

[255] ISO 13485: Medical devices – Quality management systems – Requirements for
regulatory purposes. 2016.

[256] IEC 62304: Medical device software – Software life cycle processes. 2006.
[257] ISO 14971: Medical devices – Application of risk management to medical devices.

2019.
[258] Jan Kottner et al. “Guidelines for reporting reliability and agreement studies

(GRRAS) were proposed”. In: International journal of nursing studies 48.6
(2011), pp. 661–671.

[259] Virgil Mathiowetz et al. “Reliability and validity of grip and pinch strength
evaluations”. In: The Journal of hand surgery 9.2 (1984), pp. 222–226.

[260] George F Hamilton, Carolyn McDonald, and Thomas C Chenier. “Measurement
of grip strength: validity and reliability of the sphygmomanometer and jamar
grip dynamometer”. In: Journal of Orthopaedic & Sports Physical Therapy 16.5
(1992), pp. 215–219.

[261] Isabelle Buard et al. “Finger dexterity measured by the Grooved Pegboard
test indexes Parkinson’s motor severity in a tremor-independent manner”. In:
Journal of Electromyography and Kinesiology 66 (2022), p. 102695.

[262] Aida Arroyo-Ferrer et al. “Computerized Simple Reaction Time and Balance
in Nondemented Parkinson’s Patients”. In: Neurodegenerative Diseases 20.5-6
(2021), pp. 193–199.

[263] Helen M Bronte-Stewart et al. “Quantitative digitography (QDG): a sensitive
measure of digital motor control in idiopathic Parkinson’s disease”. In: Move-
ment disorders: official journal of the Movement Disorder Society 15.1 (2000),
pp. 36–47.

[264] Esther Strauss, Elisabeth MS Sherman, and Otfried Spreen. A compendium
of neuropsychological tests: Administration, norms, and commentary. American
chemical society, 2006.

[265] Ralph M Reitan and Deborah Wolfson. “Relationships between specific and
general tests of cerebral functioning”. In: The Clinical Neuropsychologist 10.1
(1996), pp. 37–42.

[266] Lindsay I Reicker et al. “Reaction time: An alternative method for assessing
the effects of multiple sclerosis on information processing speed”. In: Archives
of clinical neuropsychology 22.5 (2007), pp. 655–664.

[267] Silvana L Costa et al. “Information processing speed in multiple sclerosis: Past,
present, and future”. In: Multiple Sclerosis Journal 23.6 (2017), pp. 772–789.

[268] Lauren Strober et al. “Symbol digit modalities test: a valid clinical trial endpoint
for measuring cognition in multiple sclerosis”. In: Multiple Sclerosis Journal
25.13 (2019), pp. 1781–1790.

[269] James A Holdnack. “The development, expansion, and future of the WAIS-
IV as a cornerstone in comprehensive cognitive assessments”. In: Handbook of
psychological assessment. Elsevier, 2019, pp. 103–139.

https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32017R0745
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32017R0745


204 Bibliography

[270] Terek Arce and Kyla McMullen. “The Corsi Block-Tapping Test: Evaluating 
methodological practices with an eye towards modern digital frameworks”. In: 
Computers in Human Behavior Reports 4 (2021), p. 100099.

[271] Oke Gerke. “Reporting standards for a Bland–Altman agreement analysis: A 
review of methodological reviews”. In: Diagnostics 10.5 (2020), p. 334.

[272] Aakshi Kalra et al. “Decoding the Bland–Altman plot: basic review”. In: Journal 
of the Practice of Cardiovascular Sciences 3.1 (2017), p. 36.

[273] Leonardo Furlan and Annette Sterr. “The applicability of standard error of 
measurement and minimal detectable change to motor learning research—a be-
havioral study”. In: Frontiers in human neuroscience 12 (2018), p. 95.

[274] Patrick Schober, Christa Boer, and Lothar A Schwarte. “Correlation coefficients: 
appropriate use and interpretation”. In: Anesthesia & analgesia 126.5 (2018), 
pp. 1763–1768.

[275] Sheik N Imrhan. “Trends in finger pinch strength in children, adults, and the 
elderly”. In: Human Factors 31.6 (1989), pp. 689–701.

[276] Joy C MacDermid et al. “Individual finger strength: Are the ulnar digits “pow-
erful”?” In: Journal of Hand Therapy 17.3 (2004), pp. 364–367.

[277] Feray Güngör et al. "Tele-assessment of core performance and functional capa-
city: reliability, validity, and feasibility in healthy individuals". In: Journal of 
tele-medicine and telecare 30.6 (2024), pp. 1017-1025.

[278] Monserrat Ríos-Hernández et al. "User-centered design and evaluation of an 
upper limb rehabilitation system with a virtual environment". In: Applied 
Sciences 11.20 (2021), pp. 9500.


	Abstract
	List of Figures
	List of Tables
	List of Acronyms
	Introduction
	Stroke
	Pathophysiology of stroke
	Stroke treatment
	Stroke aftermath: motor and cognitive sequelae

	Stroke rehabilitation
	Motor rehabilitation
	Cognitive rehabilitation
	Combined motor and cognitive rehabilitation

	Technologies for rehabilitation
	Technologies for upper limb motor rehabilitation
	Technologies for cognitive rehabilitation
	Importance of gamification


	Objectives and Hypothesis
	Objectives
	Main objective
	Secondary objectives

	Working hypothesis
	Thesis organization

	Objective 1: Synthesize evidence on the impact of hand rehabilitation in post-stroke cognition 
	Methods
	Eligibility criteria
	Study selection process
	Data collection and qualitative synthesis
	Quantitative synthesis: Bayesian Network Meta-Analysis
	Risk of bias assessment

	Results
	Selection process
	Study characteristics
	Participant characteristics
	Intervention characteristics
	Outcome measures
	Risk of bias assessment
	Effects of hand motor interventions on global cognition: qualitative synthesis
	Effects of hand motor interventions on specific cognitive domains: qualitative synthesis
	Effects of hand motor interventions on global cognition: Bayesian NMA

	Discussion

	Objective 2: Design a portable device capable of gathering data from the interaction with the patient’s hand through sensors and colorful light stimuli
	Methods
	Design
	Development

	Results
	Discussion

	Objective 3: Design a set of tests and tasks that can be carried out through the interaction with the device allowing the evaluation and training of hand motor variables and cognitive variables
	Methods
	Design
	Development

	Results
	Discussion

	Objective 4: Validate the capacity and reliability of the device to extract motor and cognitive variables from the user
	Methods
	Validation study
	Device evaluation
	Statistical analysis

	Results
	Evaluation measurements
	Test-retest device reliability
	Motor validation
	Cognitive validation

	Discussion
	Strength
	Processing speed (reaction time)
	Memory


	Objective 5: Determine the usability of the device by therapists specialized in rehabilitation 
	Methods
	Usability study with stroke therapists
	Usability study with healthy volunteers

	Results
	Results from stroke therapists
	Results from healthy volunteers

	Discussion

	General discussion
	Limitations and future lines
	Conclusions
	Scientific contributions
	Patent
	Scientific Papers
	Conference Contributions

	Appendix
	Appendix A: Supplementary information from the Systematic Review
	Appendix B: Supplementary pictures of AMBER device
	Appendix C: Patent documents
	Appendix D: Approval of the Research Ethics Committee
	Appendix E: Healthy volunteer affiliation form
	Appendix F: Informed consents for validation study
	Appendix G: Paper Archives of Physical Medicine and Rehabilitation Journal

	Bibliography
	Untitled
	Untitled
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page

