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Ilkovičova 3, 841 04 Bratislava, Slovakia; stefan.cerba@stuba.sk (Š.Č.)
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Abstract: This paper presents the development and testing of the AP-NURSE monitoring tool aimed
to ease the everyday life of patients with Alzheimer’s and Parkinson’s diseases as well as those who
take care of such patients. It summarises the activities carried out as part of the international Interreg
CE niCE-life project. The team of STU designed, developed, constructed, and tested the AP-NURSE
intelligent tool. The paper starts with demographic information on Slovakia. It highlights the fact that
population aging is a significant issue, which requires measures to mitigate its consequences at local
and European levels. The next part describes the final design of AP-NURSE Home and Care devices
and their versions, including details on their hardware and software. A significant part of the paper
deals with the testing of AP-NURSE in both laboratory and authentic environments. The laboratory
testing was carried out directly at STU. The final testing in an authentic environment was conducted
in two social and healthcare centres in Bratislava and in Warsaw. After the activities described in
this paper, AP-NURSE reached TRL-6. The AP-NURSE Home platform developed based on the ESP
microcontrollers demonstrated the best functionality and has the potential to be used in real practice.

Keywords: AP-NURSE; monitoring tool; smart devices; intelligent monitoring; aging; quality of life

1. Introduction
1.1. Aging of the Population

Population ageing is one of the most significant demographic and social trends of
the 21st century, affecting nearly all countries worldwide. Increasing life expectancy is
indeed a remarkable achievement of development and healthcare. However, it also poses
obvious challenges. This global trend is expected to be particularly pronounced in the Eu-
ropean Union member countries. The latest Eurostat population projections for the period
2020–2030 indicate that the population in the age group over 65 is expected to increase
by 18%. The younger population—aged 4 to 18—is expected to shrink by 5% [1]. The
niCE-life [2] project actively responded to challenges posed by the demographic changes in
the Central European area described above and developed six digital tools. They support
the elderly in independent living, increased safety digitalisation, preventing social exclu-
sion, and helping with early disease detection. Specifically, these digital tools include the
following: AP-NURSE, advanced GPS tracking system, Monitoring Grid, Digital tool for
frail elderly, Care for Frail, and the YouBOS platform. This paper describes the development
and achievements in the testing of AP-NURSE.

The population of Slovakia is also ageing rapidly, with rising life expectancy and
declining fertility rates (see Figure 1). The share of the working-age population is expected
to shrink by about a fifth between 2021 and 2050, while the share of the population aged
65 and above will double. As a result, the old-age dependency ratio is projected to increase
substantially and surpass the EU average by 2050. The fact that people are living longer is
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an accomplishment. It brings new opportunities for workers, companies, and society, but
ageing also creates significant challenges for pension and healthcare systems. To mitigate
the adverse impacts of ageing, it is crucial to improve the sustainability of the pension
system and the efficiency of public spending, promote healthy ageing, extend working
lives, boost labour market participation, and develop intelligent technical solutions to ease
the everyday life of elderly and people taking care of chronically ill people [3].
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Figure 1. Population ageing in Slovakia [3].

Currently (2023), the population of Slovakia is 5.465 million, among which 54% is
urban and 46% rural [4]. The largest share of the urban population is concentrated in
the capital city of Bratislava, where officially 423,737 people live. According to the data
of mobile operators, calculated based on the number of active mobile sim cards, daily,
686,349 people stay or work in Bratislava [5]. The life expectancy in Slovakia is approxi-
mately 78 years, and the average age of the population is 41.39 [6] years. The aging is even
more significant in the Bratislava region. While in 2006, the average age of the residents
was 37.06 years, in 2022 it was 41.44 years, the median age was 42.5 years and share of
population in the post-productive age being 19.35% [6]. Most seniors live in their home
environment, but a significant portion also require continuous treatment due to being frail
elderly or having cognitive diseases.

1.2. Action to Be Taken

AP-NURSE is a modular and straightforward monitoring tool for patients with
Alzheimer’s and Parkinson’s diseases for home and medical applications. It encompasses
ambient sensors that can monitor activity patterns, gas concentrations, humidity, temper-
ature changes, and movement. It aims to simplify home caregivers or nurses’ work by
monitoring the patient’s fundamental interactions with their environment during night or
job duties, providing fast alerts about possible dangers and supporting the independent
living of frail elderly. The development of the system started in 2020 as part of the niCE-life
project. Before the development started, it was necessary to decide on the configuration of
sensors in order to fulfil the needs of care centres as potential future users of AP-NURSE.

As the niCE-life project had ten regular and twelve associate partners, with the ma-
jority involved in caregiving and a few operating care centres and social homes, the most
reasonable approach was to start from the experience of project participants. For this
purpose, an electronic questionnaire using the LimeSurvey [7] online platform was created.
The questionnaire consisted of 65 questions focusing on the type of diseases of treated
patients/clients, the experience of the caregivers with IoT (internet of things) solutions,
their needs, and requirements specific to their treated patients/clients.

In the survey, one-third of the respondents claimed that they already had experience
with IoT solutions for monitoring their patients’ conditions. A total of 83% claimed that



Electronics 2023, 12, 3818 3 of 24

they would use IoT solutions for monitoring the conditions of their patients or clients in the
future. (In Bratislava, the residents of the care centres are referred to as clients, in Warsaw
as patients.) The results, illustrated in Figure 2, showed that the users of the IoT solution
would prefer to use motion sensors the most. The following preferred sensors would be
sound, gas, and temperature.
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In addition, most respondents claimed that the IoT solution should provide sound
notifications to both the patient and the caregiver, and 33% of respondents thought it
is appropriate to notify the caregiver only. In a system that provides notifications on a
smartphone, tablet, PC, or laptop, the patient’s normal behaviour should be signalised by a
green light on the screen. An abnormal condition of the patient should be signalised by
a yellow light on the screen, with a modest alarm beep and message on a mobile phone.
In some cases, it would also be preferable to provide a map of the location where the
event was observed. The critical condition should be signalised by a red light, an intense
alarm, and by message to a pager or a smartphone. It would also be essential to provide
information on the patient, i.e., name, room number, and map.

2. Design of AP-NURSE
2.1. General Design Objectives

Considering the findings from the survey presented above and considering the budget
available and the project timeframe, the main design objective for AP-NURSE was to
develop a cheap and thus widely affordable solution that can monitor the basic interactions
of the patient with the environment. It is even more crucial during the night or job duties to
provide fast alert about possible dangers. Since AP-NURSE aims to be available for home
users and care centres, the development led to two branches denoted as AP-NURSE Home
and AP-NURSE Care. Both systems utilise ambient sensors, provide PC- or smartphone-
based notifications, and allow data collection and analysis; however, the main difference
is in the simplicity and, therefore, the price of the solution. AP-NURSE Care is a more
robust but slightly more expensive device requiring an information system (IS) [8] to collect
responses and provide notifications. AP-NURSE Home can also use the information system;
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however, the role of the IS can be replaced by a simple rubber bracelet, which identifies
the incoming signal and warns the caregiver or a family member to take care of the patient
by vibration. The AP-NURSE flowcharts are shown in Figure 3, where (a) represents the
minimal configuration of AP-NURSE Home with only one sensor and a bracelet to provide
notifications, and (b) the optimal configuration of AP-NURSE Home and AP-NURSE Care.
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2.2. AP-NURSE Versions

Based on the findings of the survey from Section 1.2, it was found that a single
monitoring device could not sufficiently cover all application areas. For example, some
monitored patients could be immobile or bedridden. Others could walk around the centre
and enter dining areas, toilets, common rooms, and even outdoor premises. Another
important fact is the difference in the daily and night routines of the patients and personnel.
During the day, mobile patients are usually allowed to walk in the centre; however, night
wonderings are dangerous and should be identified properly. Originally, eight AP-NURSE
versions (AP1–AP8) were proposed in order to cover all desired application areas, each
in three sub-versions, i.e., Home, Care–M5stack, and Care–Waspmote. Finally, four AP-
NURSE versions (AP1, AP2, AP4, AP6) with eleven sub-versions were developed and
prepared for testing. The summary of AP-NURSE versions is shown in Table 1. In the
table, in the sub-version ID row, the postfix “H” stands for AP-NURSE Home, “M” for
AP-NURSE Care–M5stack, and “W” for AP-NURSE Care–Waspmote. Each AP version is
linked with a safety level. Breaching safety level 1 means that the patient or the client is not
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in bed; in the case of level 2, the patient is trying to leave the room; in the case of level 3,
the patient is wandering; in level 4, the whole centre could be in danger due to a fire event.

Table 1. Summary of AP-NURSE versions.

Version Use Sub-Version Safety Level

AP1
Located under the patients’ bed to

monitor leaving the bed

AP1-H
Level 1—patient in bedAP1-M

AP1-W

AP2
Placed at the doors to monitor

leaving the room
AP2-H Level 2—patient in the room
AP2-M

AP4
Located in common areas, stairs, or
forbidden zones to prevent danger

AP4-H
Level 3—patient in the centreAP4-M

AP4-W

AP6
Located in the kitchen or cafeteria to

prevent fire events

AP6-H
Level 4—safety of the centreAP6-M

AP6-W

2.2.1. AP-NURSE Home

AP-NURSE Home is an original in-house solution, utilising the ESP8266 [9] microcon-
troller and PCB, designed and constructed directly at STU. The sensors are connected to
the appropriate headers of ESP8266 directly or by extending cables to ensure an effective
and portable casing for the whole device. The AP-NURSE Home unit usually consists of
the base (ESP8266 and at least one sensor) and the wearable, which is a vibrational bracelet.
The bracelet can be, however, replaced by the information system, designed for AP-NURSE
Care, which provides specific warnings and notifications to the users. The power supply of
the AP-NURSE Home base may be direct from the wall outlet or if necessary, from a power
bank. The power supply of the AP-NURSE Home wearables is managed from the attached
battery. There were four physical versions of AP-NURSE Home developed, and their block
schemes are shown in Figures 4–7.
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The AP1-H version was configured with light, temperature, movement, and smoke
sensors, as well as a pressure sensor installed on the mattress of the patient’s bed. Each
sensor is physically attached to the ESP8266 motherboard, which is either connected to the
Wi-Fi network and sends the data to the cloud or communicates with the bracelet worn
by the caregiving personnel through a RF 443 MHz radio band with a maximal range of
approximately 8 m. Due to the low power of ESP8266, a bridge server was implemented
between the nodes and the main server to ensure the safe transmission of encrypted
messages, first from the AP-NURSE device to the bridge and then from the bridge to
the information system. The information system runs on the main server, installed in
a physically and cyber protected location, and it treats the received data and translates
the raw data into simple notifications, which can be visualised using the graphical user
interface (GUI). The GUI can be operated on a PC, laptop, mobile, or tablet. This version
of AP-NURSE Home aims to monitor whether patients/clients stay in bed. If the patient
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leaves the bed, the configuration of sensors makes it possible to warn the caregivers about
movement in the room, opening the window, turning on the lights, turning on the gas stow,
or lighting a cigarette.

AP2-H was designed to monitor whether the patients stayed in their rooms. Compared
to AP1-H, it is a simpler version, configured only with one PIR (passive infra-red) or ToF
(time-of-flight) movement sensor and is usually attached to a door leading to an escape
route, such as a door from the room or to the balcony. It can also notify the caregiving per-
sonnel if the patient/client stacks in the toilet. Like AP1-H, the notifications can be provided
using the bracelet worn by the caregiver, a family member, or the information system.

AP4-H was designed to be installed in corridors to monitor the movement of patients
in the centre, mainly during night hours. AP4-H can be used in a house environment to
identify if the patients started to wander to warm the family members. It is configured with
only one PIR movement sensor. The communication and the management of warnings are
similar to AP2-H.

The last version, AP6-H, has been derived from AP1-H but is significantly simpler. It
requires only a PIR movements sensor, a light sensor, and a smoke sensor. This version has
been designed to be used in a kitchen or premises, where the possibility of a fire event is
considerable. In the basic design scenario of AP6-H, a patient lives in a home environment,
gets up at night, walks into the kitchen, and turns on the gas stove. In such cases, the family
member or caregiver is immediately notified.

2.2.2. AP-NURSE Care

AP-NURSE Care is a more mature solution designed for professional use with a
long service life and higher reliability. These devices are based on two available modular
systems, the M5Stack [10] and the Waspmote [11] platforms. M5Stack is modular stackable
product development toolkits based on ESP32 [12]. The core units are equipped with
several simple but robust M5stack sensors to meet the requirements of using AP-NURSE
Care in care centres. The number of sensors per module is limited to five pieces. The
configuration of sensors depends on the specific application; thus, each AP-NURSE version
can be equipped with a unique configuration of sensors. The second hardware architecture
selected for the AP-NURSE Care platform is the Waspmote, which has been specially
designed for work with extremely low power consumption. Digital switches allow for
turning on and off any of the sensor interfaces as well as the radio modules. The Waspmote
platform supports more than 120 sensors and 15 wireless interfaces, but in the case of
AP-NURSE Care Waspmote, the number of sensors per device was limited to five pieces.
Seven AP-NURSE Care versions were developed (four AP-NURSE Care M5stack and three
Waspmote). Their block schemes are shown in Figures 8–11, and the list of sensors are
shown in Table 2.
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Table 2. Summary of AP-NURSE sensors.

Sensor Type Specification Used for AP-NURSE Version

Light sensor GL5528 AP1H, AP1W, AP6M
Temperature sensor BME280, BME680, NCIR-MLX90614 AP1H, AP1M, AP1W, AP6M

PIR sensors HC-SR505, SB312 AP1H, AP2H, AP6H, AP1M, AP1W,
AP4M, AP4W, AP6

ToF sensors VI53L0X AP2H, AP2M, AP4M, AP4W
Smoke sensor MQ-135, MQ-5, BME680 AP1H, AP6H, AP1M, AP1W

Bed pressure sensor FSR402 AP1H, AP1M, AP1W

The hardware configuration of AP1-M is created using the M5StickC Plus unit (called
base), the battery holder or rechargeable 18,650 C HAT, and four sensors. Since this unit has
been configured to monitor whether the patients/clients of the care centre stay in their beds,
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the AP1-M units are configured with a PIR movement sensor, temperature sensor, smoke
sensor, and bed sensor. The AP1-M unit is connected to the data cloud through the local
Wi-Fi network. The information system treats the data sent to the cloud, and the raw data
are translated into simple notifications, which can be visualised using GUI. The AP1-W unit
consists of the Waspmote motherboard, the wireless module, and the expansion module,
which integrates sensors. In the case of AP1-W, five sensors are connected. Compared
to AP1-M, AP1-W uses an extra light sensor (red colour) with a slightly different logic of
triggering alarms but the same data cloud and information system.

AP2-M was designed to monitor the exit from the rooms to the corridors of the care
centre or the balcony or garden. The centre’s garden and corridor are usually accessible to
patients during the daytime; therefore, the alarm-triggering logic of AP2-M is set up for
night shifts. AP2-M is configured only with one ToF movement sensor. If required, the ToF
sensor can be replaced by a Hall Effect electromagnetic sensor attached to a door.

AP4-M and AP4-W have the same configuration of sensors. They are similar to AP2-M,
with the difference that they use a PIR movement sensor and are designed to monitor the
corridor of the centre or the escape routes from the controlled zone of the care centre. They
are usually placed above the doors and can monitor the corridor from the top. Like AP2-M,
these devices provide notifications only during night shifts.

AP6-M and AP6-W also use the same configuration of sensors and are installed in the
centre’s cafeteria or dining room, where food is served to patients. Usually, these rooms
have an electric kettle, microwave, or heater. Therefore, the AP6-M and AP6-W devices
were configured with a PIR movement sensor, a light sensor, and an environmental sensor,
which can measure changes in ambient temperature and humidity or concentration of gases.
Signs of a fire event can be detected from the combinations of events. These AP-NURSE
units are designed for 24 h monitoring.

2.3. AP-NURSE Versions
2.3.1. AP-NURSE Home

The AP-Nurse Home unit is fitted with custom-built firmware based on the ESP8266
Arduino core. Its firmware supports configurable multi-level alert warnings triggered by
external or internal events. The firmware also supports data collection and remote alert
notification using HTTPS requests in user demand. A more detailed description of the
firmware is shown in Figure 12 on the left. On device boot, the ESP8266 initialises its
peripherals and the AP-NURSE Home control object. After the unit is booted, the Wi-Fi
network connection is in order. On successful network connection, the firmware enters
its main program loop, consisting of unit stand-by and data update. During stand-by, the
unit waits for data update, button command interrupt, or collected data dispatch HTTPS
request. Once the data update has been initiated, the firmware reads all connected sensor
outputs and evaluates them.
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The alert handing diagram of AP-NURSE Home is shown in Figure 12 on the right.
An alert notification is provided by controlling four HT12E RF communication encoder’s
four data inputs that subsequently transmit the given notification. The AP-NURSE Home
firmware also features a button handler to distinguish between multiple button commands.
The present firmware version is configured only to respond to a long button press. This
command triggers the unit configuration mode. The unit configuration uses a local server
accessible through a Wi-Fi access point generated by the unit. Once connected, the unit can
be configured using a standard internet browser.

2.3.2. AP-NURSE Care M5stack

The AP-NURSE Care M5Stack firmware is based on the ESP32 Arduino core. The
firmware supports OTA Programming for convenient unit software upgrades. AP-NURSE
Care M5Stack is capable of handling data acquisition with the use of a variety of supported
sensors. The system supports configurable data advertisement intervals and regimes. A
more detailed description of the firmware is shown in Figure 13 on the left, and the alarm
handling diagram is shown in Figure 13 on the right.

Figure 13. Firmware and alarm handling diagram of AP-NURSE Care M5stack.

The unit firmware manages its main operation loop. After the units first boot, a
user Wi-Fi provisioning configuration is in order. Once complete, the unit enters its main
operation loop. The RTC timer of the ESP32 is configured to wake up the device to update
measured data periodically. The measured data are advertised to the information system if
a significant data swing is detected. Data advertisement also occurs in periodic intervals,
in which the measured data are stored in the device’s flash memory, bypassing the need to
advertise during every wake-up cycle, significantly reducing device power consumption.

Even further power conservation was achieved in the FW of the AP4-M unit using the
PIR motion sensor output as an interrupt for ESP32 wake-up. However, this device also
features periodic data advertisement for the so-called “deadbeat” (to let the information
system know it is alive and operational). It supplies the system with information about its
battery level. A long button press triggers the configuration of an M5Stack unit. As seen in
the AP-NURSE Home unit, the configuration uses a local server accessible through a Wi-Fi
access point generated by the unit. Once connected, the unit can be configured using any
standard internet browser.

2.3.3. AP-NURSE Care Waspmote

The AP-Nurse Care Waspmote unit is fitted with a custom-built firmware based on
the Waspmote API. It is capable of handling data acquisition with the use of a variety of
supported sensors. The firmware supports data collection and periodical notification about
current sensor states using HTTPS requests. In case of user demand, the firmware also
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supports alert warnings triggered by external events. The firmware state diagram is shown
in Figure 14.
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On device boot, the Waspmote initialises all peripherals and establishes network
connection. After successful network connection, the firmware enters its main program
loop. The main loop consists of two alternating states: data update and data sending. In
each loop, the firmware reads all connected sensor outputs, evaluates them, and updates
data package variables. The new core of the information system provides device and user
authentication using elliptic curve cryptography (ECC). This way, on device creation, a pair
of elliptic curve keys are generated: a private one, used for electronic signature generation
(these signatures are subsequently used for request authentication), and a public one, used
for the digital signature validation. The public key is then registered in the information
system database and is later used for the verification of the device request authenticity. The
private key never leaves the device. Hence, should the shared public key be compromised,
the attacker has no access to the information system, for without the private key, no valid
digital signature can be generated. The user interface features a device list, where all
devices registered under a user account can be found. From here, an individual device
detail screen is accessible, containing all relevant information.

2.4. AP-NURSE Casing

The casing for AP-NURSE was designed to cover and secure the hardware and to
position sensors and buttons. During the development, the STU team focused on the me-
chanical stability, compactness, air permeability, and user friendly and effective distribution
of buttons and other components. The final design provides easy access to all controllers,
sensors, and other electronic parts. All parts of the casing are fixed by the press and click
system. In the case of AP-NURSE Home, additional screw-based fixation is available. The
positioning of the buttons, sensors, and other electronic parts is designed to eliminate the
wiring length and the produced heat influence. The main PCB board for AP NURSE Home
and AP NURSE Care is fixed by the screws inside the casing, and other parts are fixed by
glue. On the bottom side of the AP-NURSE Home and AP NURSE Care casing, the slots for
the press-and-click-based fixation of the battery holder are located. For 3D printing, PLA
(polylatic acid) was used. The final casings for AP-NURSE Home, AP-NURSE Care, and
AP-NURSE Home wearable are shown in Figure 15.
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2.5. AP-NURSE Information System

The data collection information system (IS) was developed to manage the operation
of AP-NURSE devices, provide quick notifications to users, and analyse the gathered
data from the devices. The client part allows the manipulation of devices quickly and
intuitively via a web browser. The server part processes requests from the client, collects
the necessary data from the IoT devices, and supplies the client part with the required
device information. The IS also visualises data gathered by custom-configured AP-NURSE
units. It allows for adding an arbitrary number of sensors communicating with the IS
through a registered AP-NURSE device. The user interface allows for the creation of device
“collections”, enabling device association to groups, each of which can be assigned its
alerts. The information system allows for the clever evaluation of received raw sensor
data, wherein the additional logic (parallel signals from different sensors, specific order of
activated sensors, time difference between the signals) is applied to trigger the alarm in
GUI. The screenshot from the IS is shown in Figure 16. More information about the IS can
be found here [8].
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3. Laboratory Testing of AP-NURSE
3.1. Testing Environment

To test the correct operations of sensors, micro-controllers, and communication mod-
ules used for AP-NURSE a special testing room was designed and prepared at STU. Before
testing the AP-NURSE devices in care centres, it was important to gain practical experience
with all prototypes and validate the prepared scenarios or test cases. Therefore, the labo-
ratory testing went through all initialisation events, event chains, predictable or unlikely
sequences of the events, and proposed caregivers’ responses, and it validated the thresholds
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and the ability of the whole system to operate in case of multiple events. Thus, the testing
environment had to be similar to the real testing site. The testing room created at STU
consisted of an adjustable bed, cabinets, armchairs, tables, washbasin, shelves, household
appliances, power sockets, windows, and window blinds.

3.2. Testing Procedure

The testing procedure developed for the AP-NURSE Home and Care devices consisted
of the following three phases: I—function tests, II—test cases; and III—sensor sensitivity tests.

3.2.1. Function Tests

Several functional tests were designed to be performed for every AP-NURSE Home
and Care device. The selected tests aimed to verify the basic functionality and performance
of the developed devices. These tests are based on the events according to carefully
developed event flows. There were four basis event flows, from which 25 function tests
were derived. All function tests were performed at least ten times, and the results were
evaluated in test protocols. The example of event flow test numbers 3 and 4 is shown
in Figure 17.
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3.2.2. Test Cases

A series of test cases were created to simulate the behaviour of AP-NURSE devices.
These test cases served as a tool to find specific threshold values for sensors and test
the general practical use of the AP-NURSE devices. Three criteria drove the selection of
test cases:

• The location where the AP-NURSE devices are installed (on the wall, under the
bed, etc.).

• Type of the patient (mobile/immobile).
• Monitoring regime (day/night).

According to specific applications, individual alerts can be muted. For example,
walking in the room during the daylight. However, in general, the system must detect all
events, and the device should decide, based on the implemented logic, whether to trigger
an alert or not. After the testing procedure, it was important to set the threshold according
to the specific placement of the device. Each AP-NURSE version had its own set of test
cases, designed for testing in the physical testing environment of STU. The internal logic of
the AP-NURSE motherboard was also adjusted for each version. The final list consisted of
35 test cases for AP-NURSE Home and 23 cases for AP-NURSE Care.

3.2.3. Sensor Sensitivity Tests

The sensors used for the AP-NURSE Home and Care were tested and measured
against an available measuring device of appropriate quantity. These sensors included
the PIR movement sensor, where the maximal and reliable detection angle was defined.
This included the noise sensor; the light sensor, measured with a lightbulb, LED, and CFL
sources; the temperature sensor; and the pressure sensor.
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3.3. Testing Results
3.3.1. Function Tests

For the AP-NURSE Home and Care versions, 25 function tests were defined. Several
tests had to be omitted per each version since they required specifics of a different version.
For example, tests requiring the pressure sensor could be performed only for AP1-H, AP1-
M, and AP1-W, and tests requiring the ToF sensor could be applied only for AP2-M. The
results of function tests were evaluated as expected and unexpected. The results are shown
in Figure 18.
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The function tests identified excellent performance of the AP-NURSE Home, AP-
NURSE Care M5Stack, and AP-NURSE Care Waspmote devices in laboratory conditions.
The average success rate of AP-NURSE Home was 96%, and only three unexpected results
were achieved, each caused by the low sensitivity of the noise sensor. The success rate of
AP-NURSE Care M5Stack was 100%, and the success rate of AP-NURSE Care Waspmote
was 94%, with two unexpected results caused by the limited performance of the MQ5 air
quality sensor. Based on these results, the function tests can be seen as successful.

3.3.2. Test Cases

Subsequently, test cases were defined and performed for all AP-NURSE Home and
Care versions. The tests were evaluated as passed, failed, or limited, while the keyword
limited represents a case where the test could be successful under specific circumstances.
The results are shown in Figure 19. The overall pass rate of the AP-NURSE technology,
including the ones with limited performance, was 75%. The pass rate of individual hard-
ware platform was 64% for AP-NURSE Home, 83% for AP-NURSE Care M5Stack, and 80%
for AP-NURSE Care Waspmote. It should be noted that the tests failed only in the case of
AP1-H, AP1-M, AP1-W, and AP2-H devices. The tests for the remaining versions all passed.
The failed tests were caused in most of the cases by the humidity sensor and the detection
angle of the AP1 PIR sensor. This problem was solved in the testing in a real environment
by correctly placing the devices under the patients’ beds. In general, it should be concluded
that the test cases showed valuable results and the achieved success rate is acceptable.
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3.3.3. Sensor Sensitivity Tests

The AP-NURSE sensor sensibility tests were carried out for the PIR (movement), noise,
light, temperature, and pressure sensors. In the case of the PIR sensor, it was found that
placing the device further from the source was not helpful as the so-called reliable detection
distance represents the distance in which the signal was detected in the case of each test.
The test of the light sensors showed that the sensor strongly depends on the type and
quality of the light source; therefore, its parameters must be set based on the specifics of the
real application site. The temperature sensor was appropriate for the broad temperature
range (approximately 10–40 ◦C), even though its response time is not short. The tests
also confirmed that the pressure sensor is a good choice for monitoring the patients in
bed. However, the sensor should be placed correctly. Finally, it was found that, in the real
application, the ToF sensor needs to be separately calibrated according to the environments
in which it is used.

3.4. Finalisation and Prototype Production

After the completed tests, the porotype production started. The production process
of AP-NURSE Home devices was divided according to individual PCB boards for the
AP-NURSE Home base and the AP-NURSE Home wearables. The production started
with clean PCB boards, continued with mounting the SMD components, and verified the
functionality using in-circuit testing. Regarding the AP-NURSE Care platform, only the
battery holder required PCB production. The assembling of AP-NURSE Home devices
started with the initial testing of each sensor. First, the headers had to be removed from
the peripheral sensors and components and replaced by a cable that provided an input
connected to the PCB board. The finalisation of AP-NURSE Care M5stack and Waspmote
devices was done based on the technical documentation provided by the manufacturer
and the sensor connection and encapsulation scheme prepared by STU. The core units
with connected sensors were precisely placed in the 3D printed casing. In the final step,
the software was installed for each device, based on the intended application. Finally,
production tests were established to complement the production process.
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4. Testing in Real Environment
4.1. Definition of the Testing Pilots
4.1.1. The Aim of the Pilots

The next step in developing AP-NURSE devices was testing in the real environment,
called pilot testing. Its aim was to evaluate the features of AP-NURSE for patients suffering
from dementia, Parkinson’s disease, and Alzheimer’s disease, or frail elderly who require
care or treatment. The next aim of the pilot was to find out whether AP-NURSE can simplify
the work of caregivers in institutional care. The pilots had the following eight objectives:

• To install the AP-NURSE smart monitoring tool in two pilot sites and to maintain it in
operation as long as possible, but at least two months without interruption.

• To test the information system designed to collect data from AP-NURSE devices.
• Train the selected centres’ personnel to use the information system and the AP-NURSE

devices, maintain the nodes in operation, and provide sufficient feedback.
• Collect feedback from the caregivers and the representatives of the centre.
• Based on feedback from caregivers, further improve the system.
• Collect and analyse operational data from the devices.
• Determine whether the system has improved the work of caregivers.
• Identify areas of further development and conditions to be used in the care centre.

4.1.2. Overview of the Testing Sites

Two sites were selected for testing, the Social Care Centre in Bratislava (SCC) and
the Social Care Home in Warsaw (SCH). The Social Care Home in Warsaw has been part
of the Alzheimer’s Centre of Warsaw since 1 June 2011. It is a co-educational facility for
120 chronically ill people, especially those suffering from dementia or Alzheimer’s disease.
The services provided include 24 h care; nursing and care activities; food (three meals a day,
including diets); and health, psychological, pastoral, and social care. The total number of
patients treated in the SCH at the time of testing was 117, out of which there were 75 female
and 42 male patients. A total of 47 people were bedridden, 52 were walking with support,
and 18 were without support.

Regarding the age structure, 5 patients were less than 60 years old, 45 were between
60–79 years, and 67 were over 80 years old. The pilot testing of AP-NURSE devices was
performed in building 1 of the Social Care Home. This building is in a controlled area and
is connected to the park and the administration building through two corridors (main and
side) with doors allowing the passage of authorised personnel only. In the controlled area,
seven monitoring zones were selected, which are shown in Figure 20. In these zones, four
monitoring levels were set up: I—monitoring of patients in their rooms, II—monitoring
of intersections of corridors, III—monitoring of emergency exits, and IV—monitoring of
kitchens and dining rooms. In level I, only the patients were monitored, but in levels II–IV,
also the staff of centre using the corridors were under surveillance.

The second pilot was performed in the Social Care Centre Bratislava, which is involved
in caregiving for elderly people with a broad range of diseases. The total capacity of the
centre is 30 people. The clients are accommodated in single or double rooms based on
age, disease, mobility, and daily activity pattern. During the pilot, the age of clients varied
between 63 and 100 years, with the average age of clients being 82 years, out of which the
average age of female clients was 83 years, and the average age of male clients was 80 years.
The centre generally treats mobile, partially mobile, and immobile patients with chronic
and post-traumatic diseases of low and intermediate severity. The building of the Social
Care Centre Bratislava is shown in Figure 21. The centre is located on two floors, where
the following monitoring levels were set up: I—monitoring of mobile clients in rooms,
II—monitoring of immobile clients in rooms, III—monitoring of corridors, IV—monitoring
of kitchens, and V—monitoring of restricted areas. Level I and II involved monitoring of
patients only, whereas levels III–V also included the monitoring of the centre’s staff.
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4.1.3. Installation of Devices

The installation and testing of the AP-NURSE devices in both pilots were performed
based on a specific procedure. It consisted of the selection of the rooms, installation, testing
of functionality, and replacement if necessary. The summary of monitored targets involved
in the pilots is shown in Table 3, and the summary of installed devices in the pilots is in
Table 4. Photos of the installed AP-NURSE devices from the pilot are shown in Figure 22.

Table 3. Summary of monitored targets in the pilots.

Testing Pilot Patients Formal Caregivers Professionals

Warsaw 117 13 8
Bratislava 20 7 3

Total 137 20 11
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Table 4. Summary of installed devices in the pilots.

AP-NURSE Version Installed in Warsaw Installed in Bratislava

AP1-H 9 8
AP1-M 8 -
AP1-W 5 -
AP2-H - 2
AP2-M 13 -
AP4-H 8 3
AP4-M 1 -
AP4-W 1 -
AP6-H - 1
AP6-M - 1
AP6-W 3 -

Total 48 15
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4.2. Evaluation Procedure
Local Indicators

The local indicators for the pilot were defined based on the set objectives and in
cooperation with the involved project partners. Their relation is shown in Figure 23.
Regarding technology acceptance and usability, a tailored questionnaire was created using
the LimeSurvey online open platform. The technology reliability of AP-NURSE was
evaluated using electronic forms to monitor the status of devices. In this status, monitoring
forms two criteria were evaluated, whether the devices are online and whether they send
and receive the data packages correctly. In terms of accuracy, the responses of caregivers
were collected on a two-weeks basis. The role of the caregivers was to confirm or refute the
correctness of the notifications. The applicability was evaluated based on the quality of the
gathered data from the devices. The evaluate these indicators the following success criteria
were defined:

• Acceptance -> confirmed by 60% of respondents.
• Usability -> confirmed by 70% of respondents.
• Reliability -> operational 70% of the time.
• Accuracy -> Rate of false alarms <20%.
• Applicability -> Confirmation of a specific event from at least two sensors or one

sensor and caregivers.
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4.3. Results of the Evaluation
4.3.1. Warsaw Pilot

During the monitoring in SCH Warsaw, 11,940 notifications were collected in the IS.
This represents 244 notifications per AP-NURSE device. Among all notifications, 96.93%
were evaluated by the caregivers as correct notifications and 3.07% as false alarms. A
total of 60% of the notifications came from the AP-NURSE Home platform, 30% from the
AP-NURSE Care M5stack, and only 10% from the AP-NURSE Care Waspmote platform.
Even though 43% of the installed devices were AP-NURSE Care M5stack units, most of
the notifications came from the AP-NURSE Home platform. Regarding versions, 44% of
notifications came from AP1 devices, 30% from AP4 devices, 18% from AP2 devices with
Hall Effect sensors, 4% from AP6 devices, and 2% from AP2 devices with ToF sensors. The
summary of local indicators from the Warsaw pilot can be found in Table 5.

Table 5. Summary of local indicator from the Warsaw pilot.

Version AP1 AP2 AP4 AP6

Acceptance
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It should be noted that due to technical problems, mainly battery issues, and wrong
sensor setting, the AP6 and AP2 versions were retired during the testing procedure. In the
case of AP6 devices, the issues with the battery resulted in a lack of notifications, and in
the case of AP2, the wrong sensor threshold led to false alarms. Considering all criteria, it
can be concluded that the AP1 and AP4 devices met and passed the evaluation procedure.
Nevertheless, there is a space for improvement for these devices. For commercialisation,
improving their accuracy and reliability will need to exceed at least 95%. Unfortunately,
the AP2 and AP6 devices failed the evaluation; however, after some modifications and
upgrades, these devices can be further tested and used in practice.
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4.3.2. Bratislava Pilot

During the monitoring in SCC Bratislava, 254 notifications were collected, representing
18 notifications per AP-NURSE device. The lower number of evaluated notifications
compared to the Warsaw pilot was caused by the requirement to reinstall all devices due
to measures taken in the centre to mitigate the emerging COVID-19 situation. Among all
notifications, 81.42% were evaluated by the caregivers as correct notifications and 18.58%
as false alarms. It was found that 77% of the notifications came from the AP-NURSE
Home platform and 23% from the AP-NURSE Care platform. Regarding versions, 77% of
notifications came from AP1 devices and 23% from AP4 devices. The summary of local
indicators from the Warsaw pilot can be found in Table 6. Here, the acceptance and the
usability criterion were evaluated for the whole AP-NURSE system. However, due to the
complexity of the installation and operation of AP-NURSE devices, the reliability, accuracy,
and applicability were evaluated separately for each version.

Table 6. Summary of local indicator from the Bratislava pilot.

Version AP1 AP2 AP4 AP6

Acceptance
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All versions met the acceptance and usability criteria. However, AP2 and AP6 could
not meet the reliability, accuracy, and applicability criteria. This was caused by the wrong
sensor threshold of AP2 and by high humidity in the kitchen, leading to false alarms from
AP6. AP1-H and AP4-M devices met all the criteria and passed the evaluation procedure.
Nevertheless, there is a space for improvement for these devices. For commercialisation,
improving their accuracy and reliability will need to exceed at least 95%. Unfortunately, the
remaining devices failed the evaluation; however, after some modifications and upgrades,
these devices can be further used.

4.4. Collected Feedback
4.4.1. False Alarms

For data analysis, mainly to evaluate the local indicators, caregiver forms were dis-
tributed to the Social Care Home Warsaw and Social Care Centre Bratislava personnel,
collected on a two-week basis and evaluated by the STU team. These forms were also used
to analyse the reported errors individually. Over the monitored period, 529 errors were en-
countered in Warsaw and 47 in Bratislava. These errors can be divided into four categories:

• False alarms: open balcony, patient not in bed.
• Missed notifications: movement, leaving the bed.
• Physical damage: dismantled sensor, unplugged device.
• Other: system errors, delays, failed restart, etc.

Among all errors in Warsaw, 2/3 represented a missing notification for movement in
the room for AP1. The second most frequent error was a false alarm for an opened balcony.
To find out the cause of these errors, the STU performed an analysis, which revealed that in
the case of AP2 devices, a faulty sensor setting was used, which could have been corrected
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by the recalibration of sensors. It was also found that the missing notifications were caused
by the wrong orientation of the PIR and ToF sensors, which can be mitigated by proper
maintenance. From the 48 false alarms reported in Bratislava, the majority corresponded to
a false alarm indicating that the patient was not in bed and a false alarm reporting a fire
event in the kitchen. Similarly to the Warsaw pilot, here, the false alarm of a patient leaving
the rom was caused by the wrong orientation of the PIR sensor.

4.4.2. Verbal Feedback

The verbal feedback was collected using the LimeSurvey online questionnaire by
answering three questions. For the question “What would you change, modify or correct
on the interface of the Information System?”, 12 verbal responses were collected; however,
the majority (10 out of 12) concluded that they were satisfied and would not change the
system. The remaining two respondents claimed they would appreciate it if the notifications
in the IS would relate to a sound alarm. Regarding the advantages of the AP-NURSE system,
the following answers were the most frequent ones:

• Easier or better control of clients Easier or better control of clients.
• Better monitoring of clients at night.
• Better control of the working shifts.
• Better overview of what is happening in the centre.
• Prompt handling of exceptional situations.

In terms of the disadvantages of the AP-NURSE system, the following responses
were collected:

• False alarms.
• The failure rate of the system.
• Generality of messages.
• Checking the detectors too frequently.
• Patients can dismantle the equipment.

Regarding the maximal price of the AP-NURSE system, the respondents claimed
prices in a range between EUR 100 and 10,000 with an average price of EUR 1905 and a
median of EUR 650. Due to the EUR 2894 standard deviation, it is impossible to judge
whether the respondents claimed the price of one device or the whole system.

5. Deployment and Commercialisation

At the beginning of the niCE-life project implementation, a survey of the available
technical solutions on the market was performed (available in D.1.3.1 of the niCE-Life
project [2]). The results of the survey may be summarised as follows. There already exist
many possibilities on how to track the movement of the patients, how to partially monitor
them, and how to process all the data and alert the right personnel. Most of the systems
use GPS tracking combined with an attachable device to a patient clothes/shoes/body
as a vital component, which is an advantage when the patient has no intention to get rid
of such devices and therefore can be monitored in a limited way also outside the house.
These systems are therefore designated for patients, or elderly people, with not-so-serious
diagnoses. If considering a strongly diseased patient with Alzheimer’s or Parkinson’s
disease, such devices are not sufficient to monitor the patients’ behaviour, such as opening
the doors and windows, turning on the gas, or other hazardous situations. Although some
systems offer similar peripheral sensors, they are expensive. Many systems also offer
smartphone and computer applications for reporting or monitoring purposes. However,
none of the studied devices already obtained CE marking for medical devices valid in
the EU.

Naturally, AP-NURSE tried to fill the gaps identified in the survey. The most chal-
lenging part of the development itself was the sustainability and introduction of the newly
developed tool into the market. The successful work done serves as steppingstone for
the further commercialisation of this system; however, several technical issues, precisely
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identified during the testing in real environment, need to be solved. The technical readiness
level of AP-NURSE reached TRL-6 or TRL-7. Anyhow, to reach the market introduction,
further TRL levels (TRL 7-9) need to be reached to finalise the tool.

To perform the first thought experiment, the Bratislava region was analysed. With a
population of 686,349 as of 31 December 2020 [5], the Bratislava region accounted for 12.4%
of the total population of Slovakia. Approximately 15.5% of the population of the Bratislava
region is in the post-productive age (above 65y). Regarding the demand for such devices
and according to a web search, there are more than 25 retirement homes and care centres in
the Bratislava region and 3 specialised geriatric clinics. It is important to note that almost
every location in the Bratislava region could be reached by car in less than one hour, which
allows for the establishment of just one technical support centre near the geographic centre
of the region. Based on these facts, we assume the potential to implement the AP-NURSE
solutions as relevant where the density of the relevant institutions and the number of
frail elderly people allow for the sustainable and cost-effective first implementation of the
AP-NURSE system. The further exploitation of the system can then be performed also in
the more rural villages and regions with a lower density of inhabitants.

Respecting the nature and the current stage of the development of AP-NURSE solu-
tions and the following aim to introduce the tool to the market, several important steps
need to be performed as follows:

• Implementation of small technical upgrades to the devices and information system
based on the results from the pilot action.

• Development of blueprints for mass production.
• Final testing in the real environment.
• Selection of the production company with an implemented QA system.
• Certification according to the EU Medical Devices Regulation (MDR 2017/745).

Based on the steps defined above, the initial investment costs needed to introduce
the AP-NURSE solution to the market and allow its sustainability were calculated to be
EUR 150,000. Principally, two pricing strategies exist, differing in the need to cover initial
investments by a loan or the availability of a starting grant. Based on the above-mentioned
assumptions and that the investments costs must paid from the proceeds, it seems that at
least eight parallel implementations with 50 devices each without the need of continuous
support make the critical mass, allowing for the financial sustainability of the AP-NURSE
tool in the Bratislava region. Further details can be found in the deliverable D.T4.2.4 of the
niCE-Life project [2].

6. Conclusions

This paper summarised the development and testing of the AP-NURSE intelligent
monitoring device aimed to increase the quality of everyday life of patients suffering from
Alzheimer’s and Parkinson’s diseases, frail elderly, and those who take care of such patients.
The first part of the paper presented Slovakia’s demographic information. It highlights
that population ageing is starting to be a significant issue, which will require measures for
mitigating its consequences at local and European levels. It described the final design of
AP-NURSE Home and Care, defines its versions, selects based on the needs of potential
users, and provides details on the hardware and software implementation. Currently, there
are four versions of the AP-NURSE Home platform (AP1-H, AP2-H, AP4-H, and AP6-H),
four versions of the AP-NURSE Care M5Stack platform (AP1-M, AP2-M, AP4-M, and
AP6-M), and three versions of the AP-NURSE Care Waspmote platform (AP1-W, AP4-W,
and AP6-W).

In the next part, the procedure of laboratory testing was presented. A set of function
tests, test cases, and sensor sensitivity tests carried out at the special testing room created
at STU are described. For the AP-NURSE Home and Care versions, 25 function tests were
defined. The results of function tests were evaluated as expected and unexpected. The
function tests identified the excellent performance of the AP-NURSE Home, Care M5Stack,
and Care Waspmote devices. The average success rate of AP-NURSE Home was 96%, and
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only three unexpected results were achieved, each caused by the low sensitivity of the noise
sensor. The success rate of AP-NURSE Care M5Stack was 100%, and the success rate of
AP-NURSE Care Waspmote was 94%, with two unexpected results caused by the limited
performance of the MQ5 air quality sensor.

Subsequently, test cases were defined and performed for all AP-NURSE Home and
Care versions. The tests were evaluated as passed, failed, or limited, while the keyword
limited represents a case where the test could be successful under specific circumstances.
The overall pass rate of the AP-NURSE technology, including the ones with limited perfor-
mance, was 75%. Individual hardware platform pass rate was 64% for AP-NURSE Home,
83% for AP-NURSE Care M5Stack, and 80% for AP-NURSE Care Waspmote. It should be
noted that the tests failed only in the case of AP1-H, AP1-M, AP1-W, and AP2-H devices;
the tests for the remaining versions were all passed. In general, it should be concluded that
the test cases showed valuable results, and the achieved success rate is acceptable. It was
also found that all tests strongly depended on placement and sensor sensibility.

The last part of the paper dealt with testing the AP-NURSE technology in real environ-
ments. Two sites were selected for testing, the Social Care Centre in Bratislava (SCC) and the
Social Care Home in Warsaw (SCH). This chapter described the installation procedure and
performance evaluation based on local indicators. These local indicators were technology
acceptance, usability, reliability, accuracy, and applicability. For each indicator, a specific
evaluation procedure was defined. The data for the evaluation of indicators were gathered
using a targeted LimeSurvey online questionnaire, caregiver forms collected regularly, and
through the evaluation of notifications and raw data from the information system used for
the management of AP-NURSE units. The results showed that the AP1 and AP4 devices
met all the criteria and passed the evaluation procedure.

Nevertheless, there is a space for improvement for these devices. It will be necessary
to improve their accuracy and reliability to exceed at least 95% for commercialisation. Un-
fortunately, the remaining devices failed the evaluation. However, after some modifications
and upgrades, these devices can be further tested and used in practice.

The most important finding of the testing was that most caregivers in both pilots had
positive thoughts about the AP-NURSE system. In the online questionnaire, they claimed
that AP-NURSE “eased the control of clients”, “increased their safety”, “gives a better
overview of what is happening in the centre”, “can promptly handle dangerous situations”,
or “it shortens the reaction times of the staff in case of an event”. At the same time, they
claimed that there were some outages of the system and would require sound notifications.
All the required features will be implemented in the future.

The participation of the STU team in the Interreg niCE-life project stimulated the
technical development, which has brought relevant results able to improve the quality
of life of the vulnerable elderly population. Moreover, implementing the AP-NURSE
system brought caregiving to the 21st century. Technically simple but logically advanced
devices could decrease the response time of the caregivers and the stress of the Care
Centre staff. The technical development performed was based on the actual needs acquired
during the early stages of the project and was translated to the construction of AP-NURSE
tools accompanied by a robust information system. The complexity of the needs was
surprising for the STU team; thus, significant knowledge and experience were gathered
and further developed. The identified needs in care centres outside the project focus
served as motivation for several diploma theses offered to students and then successfully
defended. Moreover, the enormous amount of raw data collected might be used in further
research where techniques such as machine learning could be used to identify specific
patterns in the sensor signals and thus might improve the effectiveness of detection of
dangerous situations.

The system and tools implemented are thoroughly described in this paper and may
serve as a steppingstone for the further commercialisation of this system. Several technical
issues need to be solved but were precisely identified during the testing in a natural
environment. We consider the technical level reached as TRL-6 or TRL-7. We strongly
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believe that after further improvement, the AP-NURSE tool developed in the niCE-life
project will become a helpful tool and ease the everyday life of chronically ill people treated
either in care centres or in their home environments as frail elderly in general.
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