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Abstract— Stroke survivors usually exhibit concurrent
motor and cognitive impairment. Historically, rehabilita-
tion strategies post-stroke occur separately in terms of
motor and cognitive functions. However, recent studies
show that hand motor interventions can have a positive
impact on cognitive recovery. In this work, we introduce
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AMBER (portAble and Modular device for comprehensive
Brain Evaluation and Rehabilitation), a new device devel-
oped for the evaluation and rehabilitation of both hand
motor function and cognition simultaneously. AMBER is
a simple, portable, ergonomic and cheap device based
on Force Sensitive Resistors, in which every finger inter-
action is recorded to provide information about finger
strength, processing speed, and memory status. This paper
presents the requirements of the device and the design
of the system. In addition, a pilot study was conducted
with 36 healthy individuals using the evaluation module of
the device to assess its psychometric properties, as test-
retest reliability and measurement error. Its validity was
also evaluated comparing its measurements with three
different gold standards for strength, processing speed
and memory. The device showed good test-retest reliabil-
ity for strength (ICC = 0.741-0.852), reaction time (ICC =

0.715 – 0.900) and memory (ICC = 0.556-0.885). These
measures were correlated with their corresponding gold
standards (r = 0.780-890). AMBER shows great potential to
impact hand rehabilitation, offering therapists a valid, reli-
able and versatile tool to comprehensively assess patients.
With ongoing advancements and refinements, it has the
opportunity to significantly impact rehabilitation practices
and improve patient outcomes.

Index Terms— Hand, upper limb, cognitive status,
rehabilitation, robotics, stroke, cognitive evaluation, hand
evaluation.

I. INTRODUCTION

STROKE is one of the leading causes of disability in
adults, occurring in around 12.2 million new cases each

year [1]. Approximately 80% of stroke survivors suffer from
some level of motor impairment in their upper limbs (UL)
[2], [3], hindering their ability to perform various activities
of daily living (ADLs) over the long term. These alterations
frequently affect hand function by provoking hand shaping
difficulties, modifying muscle tone or impairing dexterous
and fragmented finger movement [4], [5]. Besides motor dis-
ability, cognitive impairment is highly prevalent after stroke,
with 80% of stroke survivors experiencing deficits in one or
more cognitive domains. Attention, short-term memory, and
executive function are among the most frequently affected
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cognitive abilities [6], [7], [8]. Furthermore, over 20% of
survivors exhibit concurrent motor and cognitive impairment
in the long term [9]. These two pathological conditions could
be correlated, as there are shared underlying neural pathways
between motor and cognitive functions, and several studies
show an association between motor performance and global
cognition, memory and executive function [10], [11], [12],
[13], [14].

Several studies have demonstrated a distinct correlation
between handgrip strength and a hastened deterioration in
overall cognitive performance [15], [16]. Additionally, post-
stroke impairments in executive and attention functions have
been found to impact the extent of improvement in hand motor
function following training [17].

Historically, post-stroke rehabilitation strategies have typi-
cally focused separately on motor and cognitive functions [18].
These approaches, often delivered in varying intensities by
different professionals, have not fully considered their poten-
tial interdependencies [19]. However, there is a growing body
of research indicating overlapping effects between them. For
instance, hand strength training has been found to have positive
effects on cognition in healthy adults [20] and individuals with
mild cognitive impairment [21]. Therefore, a comprehensive
post-stroke rehabilitation program that incorporates both motor
and cognitive aspects is crucial for achieving optimal recovery
and the highest possible quality of life [22]. This is specially
important during the first 3 months, as it is considered a
valuable opportunity window where the own plasticity boosts
the recovery of is repeated of strength and motor control after
stroke [23], [24].

The paper is structured as follows: Section II provides an
explanation of the reviewed literature. Section III outlines
the product requirements. Section IV covers various aspects
of product development. Section V outlines the evaluation
procedure for the proof of concept, while Section VI presents
the results of the evaluation. Finally, Section VII delves into
the discussion, and Section VIII offers the conclusions.

II. EXISTING UPPER LIMB REHABILITATION DEVICES

Currently, several devices are used in clinical practice to
aid UL motor rehabilitation [25], [26]. Specifically, hand
rehabilitation devices are designed to rehabilitate any motor
aspect of the hand and to be used in any phase of rehabilitation
therapy [26]. Hand rehabilitation devices can be classified
into three different categories: orthoses, exoskeletons, or end-
effector devices.

Orthoses typically support the hand, protecting it from pos-
tures and movements that could cause structural damage. They
primarily provide support and alignment for rehabilitation and
are commonly low cost, light and easy to use, so the patient
can use them from home. However, most of them do not have
any actuators or sensors to perform therapy and to be able to
track performance data. Examples of hand orthoses used for
hand rehabilitation are: Saebo Stretch [27], Saebo Flex [28]
and Script Orthosis [29].

Exoskeletons, motorized devices designed to enhance phys-
ical performance, act on individual finger joints and can be
adjusted to fit different hand sizes. They usually have different

sensors to provide a safe and controlled rehabilitation, and a
variety of exercises to be used in different phases of rehabil-
itation. They are also portable, so the patient can use them
from home. However, their adjustment and adaptation to each
hand require time, the control algorithms are complex, and
their costs are usually much higher than orthoses. Exoskeletons
can also incorporate gamified environments. Examples of hand
exoskeletons are: X-glove [30], HandMate [31], ReHand [32].

End-effector devices tend to be stationary devices with
several sensors to provide a high level of control and feed-
back during motor rehabilitation. They can incorporate higher
sensing capabilities and games to engage the patients. How-
ever, they are usually complex and expensive, and cannot
be portable, so their use is limited to a particular location.
Examples of end-effector devices used for hand rehabilitation
are: Tyromotion Amadeo [33], HandCare [34], RehaDigit [35].

Crucially, while existing devices enhance motor reha-
bilitation, the majority are not specifically engineered to
simultaneously address cognitive rehabilitation, despite the
evidence of indirect benefits to cognitive function [36]. Among
the few devices that do explicitly target both domains are
HandyKnob and HandyBot, which combine neurocognitive
therapy with training and evaluation of motor and sensory
functions [37]. However, their use is limited due to their
non-portability and the need for specialized supervision.
In contrast, AMBER stands out for its portability and ease
of use, allowing both the evaluation and rehabilitation of
motor and cognitive functions without constant supervision.
This feature makes AMBER particularly advantageous for
integration into diverse therapeutic environments and could
be especially beneficial for home rehabilitation programs,
expanding access to comprehensive therapy for patients with
mobility restrictions or limited access to specialized centers.

Our goal was to create a small, durable, lightweight, and
portable device capable of facilitating the assessment and
training of both hand motor function (and individual fingers)
and cognition. In this paper, we present the development and
initial validation of such a device. Through a proof of concept,
we aim to show the system’s potential usability, feasibility,
and its ability to evaluate a range of motor and cognitive
functions. The study involved testing several healthy subjects
to assess their hand motor function and general cognitive
abilities. The paper offers a comprehensive description of the
device’s development process and presents the results of the
pilot evaluation.

III. DEVICE REQUIREMENTS AND USE CASES

The primary goal of the device is to facilitate the evalua-
tion and training of both hand motor function and cognitive
abilities. To achieve this, the device should possess several
key features and capabilities. Firstly, it should be adaptable
and ergonomic, capable of adjusting to both right and left
hands, adapt to different hand sizes, and allow free movement
of each of the fingers separately. Secondly, it should be
small, robust, lightweight, and portable, allowing for easy
use in various settings, including patients’ homes, without
the need for additional hardware. Additionally, the device
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should feature a user-friendly interface that supports inde-
pendent operation without the need for continuous clinician
oversight. Affordability is also crucial, ensuring the device is
cost-effective to manufacture and thus accessible to a wide
range of users. In terms of evaluation, the device should incor-
porate preprogrammed tasks that enable accurate and reliable
assessment of hand motor function and cognitive performance,
while avoiding physical or mental fatigue that could affect
test results. Clinicians should have access to assessment data
to track the individual patient progress. By meeting these
requirements, the device could effectively serve as a versatile
tool for evaluating and rehabilitating hand motor function and
cognitive abilities in various clinical settings.

IV. PRODUCT DEVELOPMENT

A. Hardware
The system architecture proposed in this paper comprises a

sensory cylinder and a website designed to function both as
a device controller and as a platform for clinicians to access
and review evaluation results.

The sensory cylinder, designed for use with either the right
or left hand, consists of four individual modules as depicted
in Figure 1. Each finger, excluding the thumb, has a dedicated
module that can be rotated and adjusted to accommodate
different hand sizes and finger lengths. The cylinders are
engineered with stops inside, allowing for limited rotation
to achieve an adjustable position without causing damage to
the inner components of the device. With a height of 24mm,
the cylinders provide ample space for finger placement, while
their outer diameter of 65mm ensures compatibility with large
hands and long fingers without overlapping the thumb when
gripped. Moreover, the cylinders are easily graspable by small
hands. The structure, designed with a 3D modeling software,
is printed using PET (Polyethylene terephthalate) filament,
a lightweight, durable, and flexible material, so the structure
of the modules is highly resistant to various stresses. Each
module features two holes: one small for a colorful light
emitter and another larger for a force sensor positioned at
the fingerprint area. The inner diameter of the cylinders is
designed to accommodate all other electronics and wiring
effectively.

The device’s electronic system, powered by batteries,
includes multiple components for data processing and control.
A Raspberry Pi microprocessor serves as the core of the
system, along with an analog-to-digital converter (ADC) called
ADS1115. Four Force Sensitive Resistor sensors (FSRs) are
incorporated to capture data, while four RGB LEDs are
included for visual feedback. A power supply ensures the
device’s operational functionality.

The ADS1115 ADC is responsible for processing the
data acquired from the four FSRs, transmitting it to the
Raspberry Pi. The Raspberry Pi is equipped with an integrated
Wi-Fi module, enabling a connection between the device and
a website. This sensory cylinder will receive control signals
from the website and transmit the data collected from the
sensors back to the website. The utilization of RGB LEDs
allows for dynamic color changes, serving different purposes
during different operating modes. Furthermore, the device

Fig. 1. The AMBER device. On the left side of the image, the sketch
of the layout of the sensory cylinder modules of the device seen from
various angles and the 3D layout. On the right side, the device prototype
made up with four modules, each with one RGB LED and one FSR.

incorporates a USB-C port input, allowing to be connected
to an external power source for charging while in use.

The prototype of the system is lightweight, weighing
252 grams, ensuring its practicality and ease of use.

B. Operation Modes
Based on the identified requirements and use cases, the

subject’s interaction with the device involves engaging with
the sensors embedded in each cylinder. The subject will be
prompted to press a specific sensor in response to one of
the two pre-programmed modes: Evaluation Mode (EM) and
Training Mode (TM). Each mode has 3 different exercises.
Table I shows the explanation of the performace of each
exercise, which differ on the feedback (which will be only
shown in the EM) and the recorded data (which will be only
in the TM).

In the evaluation mode (EM), the device assesses three
different aspects: 1) hand and finger strength through grasping
repetitions, 2) attention, reaction time, and coordination by
having individuals press specific fingers when the correspond-
ing LED lights up, 3) memory evaluation by repeating a
previously presented LEDs sequence. The patient’s interaction
with the device is recorded, and the data is stored and
transmitted to a dedicated website.

In the training mode (TM), the tasks are the same three
used in the EM but, unlike the EM, the device provides visual
feedback to the user in real-time while performing exercises.
Different colors indicate the intensity of strength, repetition
errors in sequences, or response time to stimuli. Each exercise
within the TM offers three difficulty levels.

These exercises were developed using the Python pro-
gramming language (main packages Adafruit_ADS1 × 15 and
neopixel) and integrated into a HTML website with PHP
programming languages and MySQL server for a database,
allowing for control and exercise selection for each user
through the web-based platform.

The performance of the 3 different exercises is explained in
Table I, where the column “feedback” refers to the exercises
on the TM and the column “recorded data” to the EM.

C. User Interface
The development of the device includes a website that

serves as both a controller for the device and an evaluation
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TABLE I
EXERCISES AND THEIR EXPLANATION

platform to access the recorded assessment data. The website,
designed in HTML, serves as a controller for the mode of
operation and exercises selection and allows each patient to
have a private user profile where all their evaluation informa-
tion (from the EM) is stored.

When logged in, the website first acts as a remote control,
enabling users to choose exercises and adjust difficulty levels
as desired. Upon turning on the device and login, users
(whether clinicians or patients) access the device’s website to
select the working mode: training or evaluation. In TM, users
choose the exercise and desired difficulty level to be executed
on the device. Subsequently, the exercise is initiated. In the
EM, throughout the exercise, the device records and stores all
interactions with the sensors, saving the data in CSV format
on the website at the end of each exercise, and displaying them
on the web platform. This data can be accessed by clinicians
through the web, which provides a simple interface to monitor
exercise performance and EM results, and which is accessible
remotely. Access to this information is limited to physicians
with their own private administrative accounts. The workflow
diagram in shown in Figure 2.

V. EVALUATION PROCEDURE

First of all, the device was subjected to different stress
conditions, proving to be structurally resistant and robust.
Before testing the device functioning, we performed a focus
group with 8 specialists in stroke, each with expertise in dif-
ferent areas (1 neurologist, 2 physiotherapists, 2 occupational
therapists, and 1 neuropsychologist). Usability, ergonomy and
user requirements were discussed to gather their insights and
create the best evaluation protocol for testing the device’s
performance.

As a first validation of the device, the main purpose was
to evaluate the device’s reliability as a tool for assessing
finger and hand strength and cognitive performance using its
EM. Additionally, a correlation between the evaluation results
and standardized cognitive and strength assessments was
planned.

Fig. 2. Workflow diagram of the use of the device and its website.

A. Study Design
To assess the device’s EM, a test-retest reliability and valid-

ity study was conducted. The study followed the Guidelines for
Reporting Reliability and Agreement Studies (GRRAS) [38].
All procedures were in accordance with the 1964 Declaration
of Helsinki and ethical approval was obtained by an indepen-
dent institutional review board (N◦ 22/495). All participants
gave written informed consent before enrolment.

B. Participants
Participants were recruited among personnel of the hospi-

tal, 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
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Fig. 3. Picture of a volunteer grasping and using AMBER device.

(MoCA) < 26 points), 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 (19 males), with
an average age of 43.27 ± 18.52 years, 31 of them
right-handed (assessed through the Edinburgh Handedness
Inventory), and with an average MoCA score of 28.42 ± 1.66.

C. Assessments
1) Device Evaluation Mode: The EM of the device was

administered twice to all participants, with at least 3 days apart
between sessions to assess test-retest reliability. In each ses-
sion, the 3 different preprogrammed evaluation tasks described
above were administered. As it is intentionally a very simple-
to-use device, a relevant learning factor is not expected in any
of the tasks.

Task 1 (strength) evaluated 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. As in traditional strength
assessments, they were verbally encouraged by the examiner
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.

Task 2 (tapping speed) is designed to 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 corre-
sponding 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) was designed to evaluate short-term mem-
ory at three difficulty levels: easy, medium, and hard. The
user performed each level only once with each hand. 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.

TABLE II
MEASUREMENTS OF THE FIRST DAY OF EVALUATIONS

Once the sequence was completed, the subject was asked
to recall the sequence pressing the sensors corresponding to
each finger in the correct order. Participants were explicitly
indicated that there were no time constraints to respond to
this task, and they had to prioritize accuracy over speed. The
outcome measure for this task 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.

2) Comparison With Conventional Finger Pinch Force
Evaluation: The pinch force assessment was administered
once to all participants, the same day as the first evaluation
with the device. All participants were instructed to sit on a
chair approximately 60 cm ahead of the computer monitor.
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According to the guidelines from the American Society of
Hand Therapists, the participants were supposed to have a
vertical positioning of the upper arm, a 90◦ -flex of the elbow,
and neutral positions of the wrist and forearm [39]. The pinch
force was placed over the device in a position that allowed
the “pinch force sensor” to interact with the examined finger
against the device during the full hand grip. Subjects were
asked to produce as much force as possible with each finger
using thumb pad to the evaluated finger pad pinch during
3 seconds separately with an analog baseline hydraulic pinch
gauge (MVS in motion, Belgium) [40], 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.

3) Comparison With Standardized Evaluation of Cognitive
Variables: Processing speed and tapping speed evaluation
was carried out through different computerized tasks con-
trolled by Presentation® software (http://www.neurobs.com)
as described elsewhere [41]. The first task was the Finger
Tapping (FT), used as a measure of motor speed, providing
quantitative information on slowing down of responses [42],
[43], [44]. In this task, following the Strauss application
norms [44], 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-s attempts with each
hand were performed. The average of response times (in
milliseconds) recorded between 2 consecutive taps was the
outcome measure of this first task. The second task, simple
reaction time, is inspired by the SRT task of the Computerized
Information Processing Testing battery [45]. This task was
used as a measure of information processing speed [46]. It is
the time elapsed between the presentation of a stimulus and
the execution of a motor response [47]. 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. Only 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.

Immediate and working memory, as well as phonological
learning, were assessed using the direct version of the digit test
of the Wechsler Adult Intelligence Scale-IV (WAIS-IV) [48],
[49], 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) [50], where
the subject had to memorize and tap a sequence of blocks
displayed on a table 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.

D. Usability Study
After both evaluations, a usability study was also carried

out, asking all volunteers to answer a questionnaire where

different questions were asked about the comfort and ease of
use of the device. The questions were as follows: How easy
(comfortable) was it for you to hold the device with your dom-
inant hand? How easy (comfortable) was it to hold 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 (task 1)?
How difficult were the tapping speed exercises (task 2) for
you? How difficult were the memory exercises (task 3) for
you? All questions were scored from 0 to 10, with 0 being
the lowest score and 10 being the highest score. Finally, the
volunteers were asked if they would recommend the use of
this device to a family member with brain damage.

E. Statistical Analysis
Statistical analyses were performed using SPSS v 25.0 soft-

ware (IBM Corp. Armond, NY). Specifically, the test-retest
reliability of the device was analyzed to assess 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 obtained
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,
excellent reliability, respectively [51]. Additionally, 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 [52]. Standard Error of
Measurement (SEM) was also obtained following the formula
SEM = SD ∗

√
1-ICC [53]. Test-retest reliability analysis was

performed after removing outlier observations in which, for the
same type of measurement of a specific subject, 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
the standardized assessments used as gold standards. 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 [54]. For this
analysis, alpha = 0.05 was set for statistical significance.

VI. EVALUATION RESULTS

Thirty-six participants initially enrolled in the study between
February and May 2023 and completed both assessment
sessions, 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 main results are shown in
Table III.

A. Test-Retest Reliability
Reliability and SEM results for each Task and finger,

are shown in Table III. 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
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TABLE III
RELIABILITY RESULTS OF VARIABLES MEASURED BY THE DEVICE

dominant hand compared to the non-dominant side (SEM =

0.353-0.570 kg vs SEM = 0.377-0.500 kg, respectively).
In Task 2 (tapping speed), ICC = 0.715 – 0.90 showed

moderate to good test-retest reliability. 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). Accordingly, 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). It is also
important to highlight the significant difference between levels.
Specifically, this difference takes place between the medium
and difficult levels on the dominant side: Mean Difference =

−93.96 milliseconds 95% CI [−146.40, −41.32], t(34) =

−3.63, p = 0.001.
In Task 3 (memory), ICC = 0.774 showed good test-retest

reliability.

B. Construct Validity
Correlation analysis between each Task and conventional

evaluation of finger pinch force and cognitive variables are
shown in Table IV and Table V.

In Task 1 (strength), the device showed moderate to
strong correlations with its pinch force counterparts (ρ =

0.563-0.781, all p < 0.001). Comparable correlations between
the device and pinch force were found across fingers in each
hand, and in finger pairs (i.e., index-index) across hands.

In Task 2 (ttaping speed), correlations with computerized
finger tapping were higher as the difficulty of the exercise

TABLE IV
CORRELATION RESULTS OF THE FORCE MEASURED

BY THE DEVICE AND THE PINCH GAUGE

increased (ρ = 0.383-0.702, all p < 0.05). Comparable cor-
relations were found between the device and simple reaction
time task, higher correlations were seen comparing the hardest
level of the device and also comparing the average value of
all the 3 difficulty levels for both hands with the computerized
task.

In Task 3 (memory), the device showed moderate correla-
tions with the direct version of the Digit test from WAIS-IV
(ρ = 0.637, p < 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
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TABLE V
CORRELATION RESULTS OF THE REACTION TIME MEASURED BY THE

DEVICE AND COMPUTERIZED TAPPING SPEED AND DEVICE TASKS

the forward version of the CBT, which was not statistically
significant (ρ = 0.236, p = 0.116).

C. Usability Test With Healthy Subjects
A usability test was carried out through a questionnaire

on the healthy volunteers who participated in the validation
study, with the aim of knowing how complex the use of the
device had been for them and whether they found it responsive
to its interaction. Through different questions, we saw that
90.9% of the volunteers found the device easy or very easy
to grab while using it with their dominant hand. While with
the non-dominant hand the percentage decreased to 54.5%,
with 4.5% of them finding it difficult to grasp. Regarding
understanding the functioning of the device, 95.4% found
it easy or very easy to understand how the device and its
exercises work. About the difficulty on the performance of
the exercises, 31.8% of the users did not find the reaction
speed exercises (task 2) difficult at all, while the remaining
68.2% found them easy. With respect to the memory exer-
cises (task 3), 9.1% found them quite difficult, 72.7% found
them 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. 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.

VII. DISCUSSION

An extensive review of the literature on current technolog-
ical devices for diagnosing and treating hand and cognitive
functions reveals that almost none of them are designed to
simultaneously train both skills. This finding underscores the
importance of developing and utilizing a device that integrates
both dimensions [26], [31], [33], [34], [37]. Moreover, the
majority of existing devices lack the capability for continu-
ous data recording and storage, crucial for monitoring user
progress and status. Often, these devices are often large, heavy,
expensive, and difficult to use, restricting their accessibility to
many patients. This issue is particularly relevant among stroke
patients, who frequently cannot resume daily activities and

become reliant on caregivers. Furthermore, in rural areas or
during difficult health situations, such as the recent Covid-19
pandemic, accessing a hospital for rehabilitation sessions can
be a significant challenge.

Among the few devices that do explicitly target both
domains are HandyKnob and HandyBot, which combine neu-
rocognitive therapy with training and evaluation of motor and
sensory functions [24], [37]. However, their use is limited due
to their non-portability and the need for specialized supervi-
sion. In contrast, AMBER stands out for its portability and
ease of use, allowing both the evaluation and rehabilitation of
motor and cognitive functions with the use of pre-programmed
tasks. This feature makes AMBER particularly advantageous
for integration into diverse therapeutic environments and could
be especially beneficial for home rehabilitation programs,
expanding access to comprehensive therapy for patients with
mobility restrictions or limited access to specialized centers.

Therefore, this paper aims to introduce the development
of a novel device designed for assessing and training fingers
motor functions and cognitive features in a portable, easy
and gamifying procedure, and validating the precision and
reliability of the evaluation mode of such a device.

Targeted at individuals with neurological impairments,
particularly stroke, the device underwent a comprehensive
evaluation process in line with the specified requirements, tak-
ing into consideration its intended application, human factors
as handedness, and potential future clinical use.

The device demonstrates technical capabilities that allow
the desired assessments to be performed with minimal mea-
surement error. Furthermore, the precision of its EM was
thoroughly assessed. It can measure the precise force per-
formed with each finger and is able to provide an assessment
of several cognitive functions that could be used to evaluate
processing speed, attention and memory. Test-retest reliabil-
ity for the three measurements (strength, reaction time and
memory) shows moderate to good results The results of
this preliminary study conducted with healthy subjects are
presented and discussed in the following subsections.

A. Strength
Strength measures show moderate to good reliability, com-

parable to the available gold standard (i.e. pinch force) [55].
In our study, the digit 2 (index) of the dominant hand was
the finger with lower reliability values. 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. The subjects, when confronted with this new device,
might have felt uncomfortable during their initial grip of the
device with their digit 2. This discomfort may have been the
reason they did not exert force in the same way on both days.
However, as they progressed to the second day, familiarity
with the grip of the device and the specific way they needed
to press each finger may have led to more consistent strength
measurements for the digit 2.
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Regarding the correlation between fingers strength measured
by the device and its “gold standard”, the pinch gauge, there
is a moderate to good correlation.

B. Processing Speed (Tapping Speed)

In terms of the reliability of reaction times, there is a
moderate to good correlation between the test and retest
results. To calculate this correlation, the reaction times of each
finger at each difficulty level were averaged.

Reaction time is a measure of how quickly the brain
processes information and responds to it. It includes 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, the reliability on the execution of this
task rules out the influence of motor components in cognitive
processing. The second task of our device, although it is the
simpler reaction time, is a more complex task, participants
need to detect a stimulus and respond to it while sensory and
motor components interact. Additionally, the response is done
with just one finger while inhibiting the rest, thus not only
attention but also inhibitory control is expected to be involved.

For the analysis of the results of the assessment with the
device, the finger that executed the response is not differen-
tiated. This is because the different motor control capabilities
of each finger cannot be controlled, as they largely depend on
individual differences between 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 the exercises during
the first assessment.

Regarding the correlation with the computerized evaluation
of reaction times, it is worth specifying the two reaction time
constructs used: Tapping, which is a simple motor task with
no cognitive processing involved, and simple reaction time,
a more complex cognitive task involving sensory and motor
elements. It was only evaluated the simple reaction time con-
struct 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, a significant positive correlations between the
device’s measurements and both tapping and simple reaction

times is observed. On the dominant side, the device’s mea-
surements show a moderately strong correlation with tapping
(Pearson’s r range: 0.383 to 0.592) and a relatively weaker
correlation with simple reaction time (Pearson’s r range:
0.138 to 0.422). These correlations are statistically significant
for all difficulty levels.

On the non-dominant side, it is 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
remain consistent with the overall trend. At the easy level,
the device’s measurements exhibit a moderate correlation with
tapping on both dominant and non-dominant sides. However,
for the simple reaction time task, the correlations are weaker
and non-significant, which suggests that the device’s measure-
ments might be more reflective of simple motor tasks rather
than cognitive tasks involving perception at this level.

Moving to the medium level, the correlations between
the device’s measurements and tapping are moderate and
statistically significant on both dominant and non-dominant
sides. The same occurs for the simple reaction time task.
The strength of the correlations increases compared to the
easy level, indicating that the device’s measurements captured
variations in both simple motor tasks and simple reaction time
tasks more effectively at this level.

At the hard level, the correlations between the device’s mea-
surements and tapping on both sides are strong and statistically
significant. The correlation with the simple reaction time task
are 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 simple reaction time (more
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 com-
pared to tasks requiring cognitive involvement as perception,
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.
The poorer correlation might be justified by the fact that the
stimulus presentation in the computerized simple reaction task
is variable, whereas in our device, it is done at a regular
frequency, just varying the location of the stimuli.

C. Memory
Finally, evaluating memory exercise shows 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 stim-
ulus locations that need to be memorized, leading us to also
employ the forward version of the Corsi Block-Tapping Test
(CBT) for comparison. However, the correlation with CBT was
not statistically significant (ρ = 0.236, p = 0.116). This lack of
significance may be attributed to the fact that fingers are often
associated with numerical symbols, and their memorization
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might be following the phonologic learning pathway, similar
to the digits test, rather than the CBT [56].

D. Limitations and Future Development

During the evaluations, several limitations of the device
were identified. First, the device’s operation has a drawback
in terms of battery capacity. The limited battery charge may
restrict its extensive use, often necessitating connection to a
power source for prolonged usage. This could be addressed by
incorporating higher capacity batteries to enhance its usabil-
ity. Another limitation is the absence of a specific sensor
for the thumb (digit 1). 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. Moreover,
the fact that the patient must hold the device could be a
challenge, particularly for those with impairments or limited
abduction capabilities. Survey feedback from healthy subjects
highlights this issue; specifically, 46% of participants reported
difficulties in gripping and using the device effectively with
their non-dominant hand, which they described as their less
skilled hand. This may be because of the high demand for
motor and cognitive control required to operate the cylinder
with a flexed wrist to see the LED indicators. To address
this, the design of a wrist strap or a table support will be
considered, allowing the device to be used while supported.
Future changes in light positions, so they can be seen without
flexing the wrist, may also help reduce the difficulty. However,
it should always be noted that this device is intended as a
complementary tool to other techniques and devices, and may
not be appropriate for all users. Regarding the tasks, Task
2 has a potential for improvement making it more close to
computerized finger tapping test by incorporating a simple
motor task, such as repeatedly pressing one sensor as fast
as possible. Additionally, introducing more variability in the
sequences of the LED signals during the evaluation of reaction
times may enable a more complex assessment and yield a
stronger correlation with computerized tasks. Task 3 could
be enhanced by including more sequence levels to make it
more similar to the Direct Digits task. Even the possibility of
programming an inverse sequence, after the inverse digits test
in WAIS-IV evaluation, could facilitate a more comprehensive
evaluation of memory function. Regarding the assessment pro-
cedure, the lack of a counterbalanced order for the first finger
to be tested is a limitation, as a random assignment to finger
order would have been desirable. Finally, a calibration of the
tasks according to each subject’s abilities would be very useful
to be used more easily and widely by different profiles of
patients.

Addressing these limitations would lead to an improved
and more versatile device, broadening its potential appli-
cations and increasing its overall utility in various clinical
and research settings. Since this article and study is a proof
of concept and validation with healthy subjects, subsequent
studies such as a clinical trial to test the effectiveness of
the TM, in stroke populations, are needed in the future.
This will serve to validate its usefulness as a therapeutic
tool.

VIII. CONCLUSION

The uniqueness of this device lies in its ergonomic design,
adaptability, robustness, and reliability as a comprehensive
tool for measuring force, memory, attention and coordination.
AMBER holds great promise as a valuable tool for therapists,
enabling them to conduct reliable evaluations and potentially
address motor and cognitive variables in patients using a sin-
gle, portable, and cost-effective device. It has the potential to
offer flexible programming and establish stronger correlations
with more complex cognitive evaluations. In comparison to
other hand rehabilitation devices, AMBER goes beyond them
by incorporating cognitive rehabilitation tasks, a feature absent
in existing devices.
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