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Abstract: Sustainable technologies are being increasingly used in various areas of human life. While
they have a multitude of benefits, they are especially useful in health monitoring, especially for certain
groups of people, such as the elderly. However, there are still several issues that need to be addressed
before its use becomes widespread. This work aims to clarify the aspects that are of great importance
for increasing the acceptance of the use of this type of technology in the elderly. In addition, we aim
to clarify whether the technologies that are already available are able to ensure acceptable accuracy
and whether they could replace some of the manual approaches that are currently being used. A
two-week study with people 65 years of age and over was conducted to address the questions posed
here, and the results were evaluated. It was demonstrated that simplicity of use and automatic
functioning play a crucial role. It was also concluded that technology cannot yet completely replace
traditional methods such as questionnaires in some areas. Although the technologies that were tested
were classified as being “easy to use”, the elderly population in the current study indicated that
they were not sure that they would use these technologies regularly in the long term because the
added value is not always clear, among other issues. Therefore, awareness-raising must take place in
parallel with the development of technologies and services.

Keywords: home health systems; sleep monitoring; sustainable technologies; technology acceptance

1. Introduction

According to the United Nations, technologies are one of the enablers of achieving
sustainability objectives around the world [1]. Concerning the health monitoring of the
elderly, new technologies can provide new ways to improve the quality of life for these
people without worsening conditions for future generations, which is the goal of sus-
tainable development. In recent years, there has been a steady evolution of home health
systems, with a concurrent increase in understanding that sustainability is essential for
the development of new systems [2]. Among the reasons for this is that they are able to
provide several benefits to different user groups. For example, home health technologies
could be used in rural areas where traditional healthcare providers are more challenging to
reach. This could lead to decreasing the necessity of travelling to hospitals/family doctors,
resulting in resources being saved. These types of technology could be especially beneficial
for the older generation. As a result, they could serve to increase the quality of life of this
population [3] and could also simultaneously reduce inequality, which is one of the goals
stated by the United Nations [1].

Furthermore, home health technologies could be used, for example, to continuously
monitor the health conditions of older people in their home environment [4]. This could
result in people staying in their own homes longer rather than moving to an assisted
environment, as described in reference [5]. According to the United Nations, this would
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help to overcome economic and social challenges, which is also one of the sustainable
development goals set by the United Nations [1].

The topic of sustainable technologies for the elderly has seen significant developments
in recent years, as described in reference [6]. In that study, scientific publications in this
domain were analysed, and the conclusion that was drawn indicated that technologies
for the elderly can, among other things, improve connections with society and health
professionals but could also enable the early detection of health problems and could
enhance wellbeing.

Another paper [7] describes digital services in relation to the sustainability of elder
care. It also concludes that technologies can provide many benefits if used appropriately.
However, it is not always necessary to develop and use new technologies because older
technologies can be used in new and innovative ways in certain cases.

There are already numerous devices on the market that can be used to measure various
biomedical or health-related signals and values in patients, including, for example, heart
signals, blood oxygen saturation, respiration, muscle movement, temperature, falls, and
sleep patterns [8,9]. To date, these devices and their associated applications have only
been used to a limited extent for various reasons. In practice, it is apparent that assistive
technologies face a multitude of barriers [10]. They usually only offer isolated solutions:
each device often has its own app and data collection method. There is great potential for
these technologies if they choose to use integrated data (fusion of data), which is hardly
the case at present.

However, the barriers to these types of applications are not only technological or
business-related. Two other aspects play a significant role: first, the user has to consider
about data protection: how are the data transmitted and stored? Specifically, how are they
stored and used in the data centre (in the “cloud” of the service providers)? How can
privacy be protected through anonymization or pseudonymization, if necessary, but how
can they also serve the advancement of science? Particularly, these questions represent a
major cross-border challenge, as they are heavily dependent on national legislation.

On the other hand, current devices and systems do not always consider the aspects
of user-friendliness sufficiently (both in terms of usability and user experience) [11–16].
These systems need an intuitive concept of use, often not only for the patient but also
for his or her social environment or (informal) caregivers, patient groups, or other social
groups. This is organized and perceived differently in different countries and therefore
represents a further challenge. The accessibility of technologies is another significant point
to consider [17].

Numerous scientific publications have dealt with the topic of the technology accep-
tance model to answer the question of which aspects of implementation and use lead to an
increase in acceptance [18,19]. The results of this research should provide a scientific basis
for planning how certain technologies are used.

The presented work focuses on a conceptual home health system that emphasizes
certain health domains that can be implemented with AAL approaches. Stress and sleep
are the baseline health phenomena for the analysis of technologies. The choice of areas is
not arbitrary and is justified by their relevance. Stress is perceived as an extreme burden by
up to 30% of the population; it leads to serious chronic diseases or is prevalent in many
cases [20]. It is known that a large proportion of sleep disorders is related to stress, some
of which are already chronic, and only 35% of US citizens describe their sleep quality as
being “good”, while 22% describe it as “moderate”, and 12% describe it as “poor” [21].
Furthermore, obstructive sleep apnoea is believed to affect approximately 936 million
people between the ages 30–69 years old worldwide, according to an AHI criterion of five
or more apnoea events per hour and the AASM criteria [22]. Many sleep disorders, such
as sleep apnoea, could be detected with a home sleep monitoring system, allowing early
therapy and ultimately enhancing health and quality of life [23,24]. Other sleep disorders,
particularly in the elderly, are increasingly recognized as essential challenges, and methods
for overcoming these problems are being investigated [25]. To improve personal well-being,
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various rehabilitation techniques could be used preventively or therapeutically. The effect
of rehabilitation could, in turn, provide indirect or, in some cases, direct feedback through
the measurement of stress and sleep parameters [26].

The importance of the selected topics is also confirmed by the presence of other
publications such as [27], where systems that are not only able to monitor stress and sleep
but that are also able help users in the struggle against stress and poor sleep quality are
described. In this work, the system design is described in detail, and an evaluation is
performed with eight subjects, the results of which demonstrated positive feedback from
the users as far as the system’s usability is concerned.

To be successful and user friendly, sustainable health services should be universal
and should accompany the patient or user through the entire cycle: counselling, planning,
implementation, operation, and support. People are in charge of providing such services,
and AAL technologies support and offer those services. Fairness, non-discrimination,
and user acceptance strongly influence the sustainability of solutions, but cost-effective
implementation and pricing models and transparency also play an important role [28].

The main objective of the present work is to find out which aspects play an important
role in the development of health monitoring systems for the elderly to enable their
sustainable use as well as the simultaneous increase of user acceptance. To facilitate 24 h
monitoring, two types of devices were selected for assessment: one that can be placed in the
bed to monitor vital signs during the night, and another that is worn on the arm to measure
heartbeats during the day. General and as well as device-specific recommendations should
also be drawn up as best they can. Another important research question to be clarified is
whether existing home health technologies (objective measurement) can ensure a sufficient
level of accuracy in the recording and analysis of health parameters compared to the sleep
medicine questionnaires (subjective measurement) that are commonly used in multiple
areas in measuring, for example, sleep quality. Another objective is to investigate whether
older people are in favour of the use of sustainable technologies if the relevant aspects are
taken into account during their implementation.

2. Materials and Methods

Because the objectives of this work can best be achieved through an evaluation of
practical implementation, conducting a field study with a subsequent analysis of the results
was chosen as the primary approach. In the following subsections, the general study
design is first presented in detail, followed by an explicit description of the methods used
to address study queries. It is important to mention that the presented domain “Sleep” was
analysed both quantitatively and qualitatively, whereas the domain “Stress” was included
exclusively in the qualitative measurement. For this purpose, a device was used that
represents, by example, the group of devices for cardiac activity measurement that can also
be used for stress measurement after the appropriate analysis, which is explained in more
detail in the last subsection of the “Materials and Methods” section. However, direct stress
measurement was not carried out in the context of the described study. This has led to
differences in the level of detail in the description of these two areas.

2.1. Study Design

Since a specific target group was identified for the study, the following inclusion
criteria were elaborated for application in the selection of study participants:

• Age over 65 years old.
• Most of the household work is completed independently.
• In addition, the following exclusion criteria were considered:
• Unable to perform leg training seated with an exercise trainer for about 20 min for a

maximum of 10 days over a two-week period.
• Unable to stand up, walk 3 m, walk back 3 m, and sit down again without the active

assistance of another person.
• Unable to understand and complete paper format questionnaires.
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• Advanced dementia.

A group of 10 individuals (five men and five women) participated in the study. One of
them lived in a residential community for older adults, and nine others lived in their own
homes. The mean age of the participants was 72.5 years age, with a standard deviation
(SD) of 6.2. The mean weight of the study participants was 80.8 kg (SD = 12.6), while the
mean height was 167.6 cm (SD = 7.9).

To the best of our knowledge, the study participants did not have severe acute illnesses.
They received all of the study information in advance (for example, a detailed description of
the procedure, study objectives), and participation was voluntary and could be terminated
at any time without giving a reason. All of the study participants received a written consent
form, and the participants read and signed a data protection form after the study organizers
had answered any remaining questions. The study procedure, including study information
and consent forms, was reviewed by ethics officers from the HTWG Konstanz and the
University of Applied Sciences Kempten, Germany.

The expected duration of the study was 14 days. On the first day, the study organizers
installed and explained all of the necessary technical solutions in the participants’ homes:

• The sleep monitoring device was placed under the mattress across the bed. According
to the device’s instruction manual, its position should be approximately below the
chest area, as described in reference [29].

• The device for monitoring the heartbeat was put on the arm of the test person, and
the organizers explained how to use and charge it.

• A third hardware element was installed at the subjects’ homes to ensure that the used
devices had proper Internet connectivity through an access point with an Internet-
capable sim card. Therefore, the system was able to function autonomously and was
not dependent on the Wi-Fi network of the test subjects.

Furthermore, interviews with general questions (age, sex, height, weight, and health
status) were also conducted on the first day of the study. Any possible questions about the
study procedure or the use of the equipment were also answered. To conduct the study
as realistically as possible, the subjects were asked to continue with their regular daily
routine and to contact the organizers only if they had any questions or problems. The
questionnaires to be completed every day were explained and given to the subjects:

• Sleep diary.
• Graphical questionnaire on sleep quality.

The participants used the devices for 14 days. During this time, they were visited
every 3–4 days by one of the study organizers (public welfare AWO staff) to check if
everything was going well or if there were any problems or questions.

On the last (15th) day of the study, the study organizers collected the technical solu-
tions, and the final questionnaires were filled out together with the participants in the form
of an interview:

• Pittsburgh Sleep Quality Index.
• Questionnaire to assess the acceptance of the technologies used, including free-

form comments.

All the devices and questionnaires mentioned above are presented in detail in the
following sections.

2.2. Subjective and Objective Measurement Using Home-Health Technologies

As mentioned above, one of the study’s objectives was to determine whether existing
technologies can guarantee results that are sufficiently accurate compared to health-related
questionnaires. For this purpose, sleep analysis was selected as an essential health field
that can also be monitored in a home environment [30]. There are two significant types of
measurement for sleep-related data: objective and subjective [31]. In the case of subjective
measurement, the person’s perception is measured. Typically, different questionnaires
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or sleep diaries are used for this purpose [32]. In objective measurement, health-related
values are measured with the appropriate sensors [33].

In sleep medicine, subjective measurement is often used to measure some parameters,
such as sleep quality in the detection and treatment of insomnia [34]. Therefore, it was
essential to determine whether an objective measurement was able to provide results
that were comparable to subjective measurement. For this purpose, we compared the
two types of measurement over two weeks [31]. We asked the test subjects to fill out
a daily questionnaire determining their sleep quality for subjective measurement. For
this, we prepared a graphical representation of sleep quality, as shown in Figure 1 [31].
Subjects were asked to mark the spot on the graph that best corresponded to their perceived
sleep quality each morning. After collecting the completed questionnaires, the graph was
divided into ten sections, and a number between 1 and 10 corresponding to sleep quality
was derived.

Figure 1. Graphical questionnaire to determine sleep quality. Reprinted with permission from
Gaiduk et al. (2021). © Springer 2021 [31].

The technology that was used to measure objective sleep quality was the EmFit QS+
system [35]. This device has been described and evaluated in several scientific publica-
tions [36,37]. It uses a ballistocardiography approach and can measure several sleep-related
parameters (such as heart rate, respiratory rate, sleep quality, and identification of sleep
stages). One of the important points that was considered when selecting the technology
was the possibility of automatic functioning without the need for user action. The following
formula, Formula (1), which proposed by the EmFit company and evaluated in several
scientific publications, was used to calculate sleep quality [31,35–37]:

Sleep Quality = [(total sleep duration + (duration o f REM ∗ 0.5) + (duration o f DeepSleep ∗ 1.5)
−8.5 ∗ (0.5 ∗ awake duration / 3600 + number o f awakenings / 15)]/10

(1)

The result is a value between 0.1 and 10, which can be directly compared to the
subjective measurement of sleep quality described above. We conducted and finally
evaluated the recordings with the selected device for the two weeks of the study, which is
described in detail in the “Results” section. Any other system that provides a measurement
of sleep duration [38] and sleep stages [39] could be used instead of the device used to
calculate objective sleep quality.

The use of technologies for the subjective measurement of health-related parameters
is also possible. For this purpose, technologies (for example, smartphones, smart watches,
or tablets) can be used to fill in the questionnaires [40,41]. This can bring advantages in
achieving direct and automatic data transmission and evaluation because of the electronic
form of the data collected from the first moment. However, this approach was out of the
scope of the study performed and could be considered in future work.

We selected sleep analysis as an example field of home health technologies for the
study. To address whether this field is relevant for determining health status, we decided to
use a recognized method for determining sleep quality. This would allow us to determine
if there is an underdiagnosis of sleep-related disorders that could be overcome with the
broad approach of sustainable technologies. Our method of choice was the Pittsburgh
Sleep Quality Index (PSQI) [42]. It is commonly used for the assessment of sleep quality
in sleep disorders, especially insomnia. This is a recognized questionnaire in professional
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circles and has undergone multiple evaluations [43,44]. We used a German version of the
questionnaire proposed by reference [45].

Standardization in the true sense does not exist for the PSQI. PSQI classification
results from the cut-off value of 5; it was calculated in the original work [42] based on the
classification of people with sleep disorders and healthy individuals. A total of 18 items are
used for quantitative evaluation. They were assigned to seven components, each assuming
a value range from 0 to 3. The total score results from the summation of the component
scores and can range from 0 to 21. A higher score corresponds to a lower quality of sleep.
There is an empirically determined cut-off value (of 5) that allows a division into “good”
and “bad” sleepers. A representative study for the German-speaking area [46] surveyed
1049 participants. Here, a proportion of 32.1% of the participants had a PSQI total score > 5.
This survey might be used to compare the findings within our study.

2.3. Acceptance of Technologies by the Elderly

Since the acceptance of technologies plays an essential role in their widespread use,
this aspect was addressed in the study. Based on the literature review, several points
were selected to be considered during the implementation period in order to enable an
evaluation afterward:

• The technologies should be self-explanatory and should not require extensive training.
• The devices should function automatically as much as possible;
• The devices should be comfortable and safe to use.

To allow a comprehensive analysis, the following methods were selected:

• Surveying with a questionnaire.
• Free conversations with test participants to receive unstructured feedback.
• Systematic analysis of occurrences and irregularities during the study.

In preparing the questionnaire, an emphasis was placed on ease of use, safety during
use, and readiness and suitability of the technologies for regular use. It was also planned to
analyse whether there were any difficulties with the use of the devices and the reasons for
those difficulties. For this purpose, in addition to answering the standardised questions,
the test subjects were asked to provide a free comment (related to the respective device) in
case of irregularities/problems with one of the devices being used. Questions were asked
during the visits that took place over the 14 days and on the last day, together with the
final questionnaire.

To evaluate the acceptance of technologies for different health-related concerns, the
system was used that not only included the EmFit QS+ sleep analysis device described
above but also included the Polar OH1 heart rate monitor. This kind of device (photo-
plethysmography based on PPG) can be applied to measure stress levels, which was not
performed as part of the presented study. Currently, heart rate variability is often used to
detect stress [47,48]. However, existing studies have shown that heart rate variability may
be often substituted by pulse rate variability (which can be obtained by PPG measurement),
especially at rest [49]. Moreover, some studies have presented the possibility of stress
detection by analysing pulse rate variability [50]. However, it is important to note that the
Polar OH1 device in this study was used exclusively for qualitative and not quantitative
measurement and should only represent a wearable that should be placed on the upper
or lower arm and that could be used for stress measurement after appropriate analysis.
During the study, the OH1 was to be placed on the right upper or lower arm daily for a
fortnight. When the sensor was close to the provided smartphone with the app installed
and when new data were available, it paired with the application, and the data were
collected for future analysis. The test subjects only had to place the sensor on the upper
arm and turn it on by pressing a button. It was also necessary to charge the sensors at night.
No other actions were required from the test subjects.
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3. Results

After the quantitative analysis of the sleep measurement as well as the qualitative
analysis of the devices for both the sleep and heart rate measurements were conducted, a
set of results was obtained, which are presented below.

The difference between subjective and objective sleep quality measurement was anal-
ysed. Figure 2 shows a corresponding box plot diagram for the ten participants. The vertical
axis represents the average differences between subjective and objective measurement for
all of the subjects who participated in the study. We can see a clear tendency to underesti-
mate subjective sleep quality compared to the value measured with the electronic device.
This underestimation remains relatively stable, with a median value of approximately 13%
and a mean value of approximately 10%. However, there are also individuals for whom
the difference between objectively and subjectively measured sleep quality is notably more
significant. This fact should be taken into account when planning the use of technologies to
measure sleep quality. For two subjects, there are significant differences in the number of
objective and subjective measurements available. For these subjects in particular, there can
be discrepancies in the evaluation of the differences between the subjective and objective
measurement, which can also lead to some variation in the results. With the total number
of available recordings (115–objective and 90–subjective), it is nevertheless to be assumed
that the results are also transferable to the overall population, which is also confirmed
below with the calculation of margin of error.

Figure 2. Analysis of the differences between objective and subjective measures of sleep quality for
ten subjects. Negative values—subjective sleep quality is underestimated.

To give an idea of the possible differences between objective and subjective measures
of sleep quality, the comparison of the measured values (possible values are in the interval
from 1 to 10) for a subject with the most significant differences participating in the study is
shown in Figure 3.

It can be seen that the median value of sleep quality for the total two-week study
period is more than twice as high for the objective measurements taken with the help of
an electronic device (approximately 9.2 points of sleep quality) than it is for the subjective
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measurements taken with the questionnaire (approximately four points of sleep quality).
When analysing these results, one can identify two main reasons for this difference: firstly,
if there is a large difference between the number of recordings available for both (objective
and subjective) measurement methods, then there is more a likelihood that the difference
that is measured is greater; secondly, since different parameters are measured in the
objective and subjective measurements, the perceived sleep quality may differ significantly
from the measured one because measurement with a device cannot take into account all
aspects that have an impact on human perception. People typically do not divide sleep
quality into the sum of parameters but perceive an overall impression.

Figure 3. Comparison of subjective and objective measurements for a subject with the most significant
differences between two measurement methods.

The results of the PSQI survey are shown in Table 1. From this, it can be seen that
there were significantly more people identified themselves as “bad” sleepers than in the
previous study reported in reference [46]. There may be several reasons for this, such as:

• The study by reference [46] analysed a broad demographic. In our study, only subjects
over 65 years of age were included. Therefore, the results may differ significantly due
to the different age groups.

• About 20 years has passed between the study conducted by reference [46] and
our study. During this period, the prevalence of sleep-related disorders may have
been changed.

Table 1. PSQI screening results.

PSQI Value Percentage

≤5 40%
>5 60%

The results of the interviews that were conducted at the end of the study are presented
in box plots in Figures 4 and 5. Furthermore, the results are analysed and discussed in the
following text.

As a result of the analysis of the box plots in Figure 4, the following conclusions can
be drawn:

• There was no agreement among test participants on whether they would use the
devices regularly. It should be noted that the devices were used over a two-week
period, which, among other things, means that the subjects did not have long-term
experience with the devices and therefore could not assess whether they would use
the devices regularly in the long term well.
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• The questions regarding the complexity of the devices, ease of use, and the need for
support to use the devices, there is a clear trend in the answers, which is more in
favour of the devices being relatively easy to use independently without external
support. Moreover, despite the novelty of these types of devices for the subjects,
no unnecessary complexity was perceived. According to the technology acceptance
model, these points indicate that the proposed concept can increase acceptance [51].

Figure 4. Box plot of the interview results. 1—totally disagree, 5—strongly agree: (a) I can imagine
using the devices regularly. (b) I find the devices to be unnecessarily complicated. (c) I find the
devices easy to use. (d) I think I would need technical support to use the devices.

Figure 5. Box plot of the interview results. 1—totally disagree, 5—strongly agree: (e) I find that there
are too many inconsistencies in the devices. (f) I can imagine that most people learn to handle the
devices quickly. (g) I find the operating of the devices very complicated. (h) I felt very safe using the
devices. (i) I had to learn many things before I could handle the devices.
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Analysing Figure 5, one can see that at several points, an obvious conclusion can be
drawn that:

• The subjects do not believe that there are too many inconsistencies (confusing or
unclear functions or components) with the devices utilized.

• According to the subjects’ opinions, the majority of people can quickly learn how to
handle the devices.

• The operation of the devices is not very complicated according to the subjective
perception of the test participants. However, it should be noted that several people
noticed some irregularities in the functioning of the proposed devices, which are
described in detail below.

• There was no concern about safety while using the equipment. This means that
the perceived risk of using the technologies was relatively low, which according to
references [52,53], is essential for the acceptance of technologies.

• It was possible to use the devices without having to learn much new information be-
forehand. In summary, from the answers to question (e), question (b), and question (c),
it can be concluded that the presented concept, where the subjects had to interact with
the devices as little as possible, gives a sense of simplicity to users, which can also
lead to an increase in the acceptance of such systems [54–56].

When interpreting the results obtained from the surveys, it can be said that the two-
week study periods provided the test subjects with sufficient information to be able to
assess the ease and safety of using the devices, which can be seen from the fairly clear
answers. On the other hand, the strong variance and tendency towards “not sure” in the
answers to the question of whether the test participants could imagine using the devices
regularly shows us that a significantly longer period of use or familiarization is necessary
in order to obtain a clear answer to this question.

Another point that can be observed is the fact that there is at least one outlier in the
majority of answers to the questions. There may be different reasons for this. One of
them is that it is possible that some questions were misunderstood, resulting in a reverse
answer being given. For example, instead of “strongly agree”, the answer becomes “strong
disagree”. This could be caused by the fact that some questions deliberately include two
variants in questionnaires to make sure that people answer the questions consciously, the
so-called control mechanism. In individual cases, it can lead to misunderstandings or
show us that people answer some questions without understanding them precisely. In
general, however, it helps to exclude the questions that are not carefully considered by the
participants before answering to be excluded from the analysis. Another explanation for
the presence of the outliers could be the fact that the individual rare occurrences with the
devices, which only happened to a single person, led to this being very distinct from the
majority opinion. This could be, for example, a technical malfunction that only occurs once
to one person.

A total of 10 participants participated in the study due to the targeting of a specific
group of users and the use of not only questionnaires but also the use and installation of
the hardware for several devices to be used over a fortnight. Considering this fact, the
question arises as to whether the difference to the expected results by the entire population
would differ greatly. This point needs to be subject to deep scientific discussion in order to
make a well-founded statement. In the following, this question is analysed and supported
by statistical evaluation.

To forecast a maximum possible deviation between the results of a study carried out
with a sample (ten people in our case) and the entire population, the parameter called
“margin of error” is typically used. We have also followed this scientifically recognized
approach. According to references [57,58], we calculated the value of the margin of error
for each question. For that, (2) was used:

d = t
√

N − n
N − 1

√
S2

n
(2)
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where t is the Student’s t-critical value for normal distribution, N is the size of the popula-
tion, n is the sample size, and S is the population standard deviation.

Considering the fact that the population size is substantially larger than the used

sample size,
√

N−n
N−1 tends towards «1». Due to the impossibility of calculating the standard

deviation of the entire population, S can be replaced by s (standard deviation of the sample).
Taking into account the mentioned factors, Equation (1) can be transformed as follows:

d = t
s√
n

(3)

The t value for the sample size of 10 with 9 degrees of freedom and for the significance
level α = 0.05 (for the confidence level of 95%) can be found in the corresponding table and
is equal to ±2.262156 (two-tailed). Knowing this, the margin of error for every question
was calculated with Equation (2).

The results with a confidence level of 95% are presented in Table 2. The possible range
of a mean value for the entire population according to the calculation of the margin of error
is represented in Figures 4 and 5, with a coloured rectangle representing each question.
Analysing that, even in the case of the maximum possible deviation of the mean value
for the entire population from the sample mean according to margin of error calculation,
for all of the interview questions except for “I can imagine using the devices regularly”,
the values still indicate clear agreement or disagreement with the corresponding question,
which was also the case for the sample from the current study. This is due to the fact that
the responses are very homogeneous and provide us with a clear picture, even with the
available number of test persons. Out of that, taking into account the performed margin of
error calculation, the results of the study conducted with 10 subjects may be extrapolated
to an entire elderly population and can provide a significant scientific added value due
to the clear and explicit distribution of the responses. Therefore, it can be stated that no
meaningful difference in the results is expected in cases where the study is performed with
a large sample size, even for the entire population.

Table 2. Margin of error calculation.

Measure Question

(a) (b) (c) (d) (e) (f) (g) (h) (i)

SD 1.6865 1.3375 0.8498 1.4944 0.0000 0.8433 1.2649 0.6325 0.3162
Mean 3.2000 1.7000 4.5000 1.7000 1.0000 4.6000 1.6000 4.8000 1.1000

Sample standard error 0.5333 0.4230 0.2687 0.4726 0.0000 0.2667 0.4000 0.2000 0.1000
Margin of error 1.2065 0.9568 0.6079 1.0691 0.0000 0.6032 0.9049 0.4524 0.2262

Similarly, the margin of error value can be calculated for the obtained difference
between objective and subjective measurement. Performing the calculations according to
(3), the margin of error for this measurement with 10 subjects is equal to 1.35, which means
that for a 95% confidence level, the mean value of difference for the entire elderly population
would be within the interval −2.37–0.33 (−1.02 for the sample of 10 subjects). This means
that even in the case of the maximal possible deviation of the mean value of the difference
between the objective and subjective measurement, there will still be a clear correlation
between these two methods of measurement for the entire population, and the difference
will be between 3.3% and 23.7% (0.7–21.1% for a 90% confidence level). This allows one
to extrapolate the results of the study conducted with 10 subjects to the entire elderly
population with the confidence level mentioned and by considering possible deviations.
Based on a statistical evaluation performed using the margin of error calculation, the study
results with 10 subjects provide high qualitative and scientifically significant results. It
is also important to mention that although only 10 subjects participated in the study, the
total number of test nights for the calculation of the difference between subjective and
objective measurements was equal to 140, which is a significant number and also increases
the reliability of the results that were obtained, as the exact number of evaluation nights
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(and not only the number of subjects) is relevant for the calculation of the differences
between the two types of measurement.

Although the survey results have shown that test persons see the proposed tech-
nologies as easy to use, some irregularities can be observed when analysing the available
recordings. As shown in Table 3, neither for the objective measurement nor for the subjec-
tive measurement of sleep quality are all recordings for all 14 days of the study available.

Table 3. Availability of measurements per person (study duration—14 days).

Measurement
Subject

1 2 3 4 5 6 7 8 9 10

Subjective 8 10 14 9 11 13 7 7 5 6
Objective 7 6 14 14 14 14 9 10 13 14

If we visualize the number of available recordings as in Figure 6 and analyse them,
we can see significantly more recordings with the objective method. This is because the
test participants did not have to make any extra effort. After all, the device automatically
took recordings. In the case of subjective measurement, the subjects had to tag a perceived
sleep quality on their own. However, even in terms of the objective measurements, there
were some days where there were no recordings. According to the interviews that were
conducted, there were two main reasons for this: the subject did not sleep in the bed that
night, or the device was turned off from the power socket, which was not necessary but
allowed. Sometimes, as the subjects self-reported, they forgot to plug the device back into
the socket before going to bed.

Figure 6. Box plot representing the number of days with available measurements for all subjects for
both approaches.

There was only one person who filled out the questionnaire on all 14 days. All of
the device recordings were also available for this person. Furthermore, although the
questionnaire was created, there was an attempt to make it as simple and as motivating as
possible. That is why the graphic form was chosen. It follows that the more effort a method
requires from the user (even if it is minimal), the more incompleteness there will be in the
data collected.
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It is important to address the fact that there is a certain imbalance between the number
of objective and subjective measurements in order to assess whether this led to a distor-
tion of the results when evaluating the differences between the objective and subjective
measurements presented above. We have a total of 115 nights for the objective measure-
ment and 90 nights for the subjective measurement, which corresponds to a difference
of only about 20%. For the majority of people, there are more objective measurements
than subjective ones. However, it is important to note that there are also people who have
more subjective measurements than objective ones, which means that the differences in
evaluation can exist in both directions, but this affects the overall evaluation less than
a one-sided shift in the number of measurements. Since the total number of nights is
significant (as there is an imbalance exactly in the number of night measurements and not
in the number of subjects) in our study and since the evaluation is already statistically
significant both at 90 and 115 nights independently, it can be assumed that this imbalance
only plays a minor role in the overall evaluation. Another important point is that the
difference in the number of subjective/objective measurements is relatively small for most
subjects. Only in two subjects (9 and 10) are significant differences present in the number of
objective and subjective measurements. These two subjects are mainly responsible for the
imbalance (18 out of 25 nights of total difference). With these subjects in particular, there
are indeed discrepancies in the evaluation. However, the overall evaluation should remain
statistically significant.

Another important finding is that 50% of the test subjects noticed anomalies in the
functioning of the home health devices. After a detailed analysis of these reports, it turned
out that the main reason for this was the Polar OH1 heart rate measurement device. There
were two main problems with it:

• Firstly, the switching button was tiny and partially placed in the device’s body. This
made it difficult for the subjects to press the button, especially when their fine motor
skills were not perfect.

• The second problem was the lack of direct feedback from the device. Therefore, the
test subjects did not immediately recognize whether the device was already switched
on or not. After evaluating the test results, we found that several recordings were only
a few seconds long. This means that the subjects switched on the device, but because
they were unsure whether it worked, they tried to switch on the device again, which
eventually led to the device being turned off.

It is important to note that the evaluation mainly tried to cover the general points
that would also be transferable to other technologies, e.g., the automatic functioning of
the system without the need of user actions or the need for feedback from the device
will be equally relevant for other technologies. Nevertheless, it is not excluded that, in
case of using another system, there may be some differences, which are also listed further
in limitations.

4. Conclusions

The study allowed us to collect and analyse relevant data on the use of technologies for
older adults. Several conclusions that provide new information to the scientific community
can be drawn from the evaluation and are presented below.

One of the questions to be addressed in the study framework was whether an objective
measurement with an electronic device could replace a subjective measurement of sleep
quality, which is typically conducted through the use of a questionnaire. The analysis that
was carried out confirms the possibility of this substitution when it comes to evaluating the
sleep quality of a group of people and when the overall average result is of interest. For
example, it could be used to conduct a comprehensive study of sleep quality in a region or
among a specific subset of people. Considering the accuracy obtained for each person, a
substitution is not recommended because it has been shown that the differences between
the two measurement methods may be extreme in some infrequent exceptional cases. It is
important to note that the results of the study do not mean that a subjective measurement
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will produce more accurate results. It only means that in some people, the results will differ
significantly, and in the practice of sleep medicine, a subjective measurement of several
sleep parameters has been the most commonly used method (e.g., for the detection of
insomnia [59]). Therefore, this method is a standard procedure, and because it has been
used for such a long time, health care professionals have a great deal of experience in
evaluating and interpreting these kinds of measurements. For some other measurements,
objective measurement methods are used in sleep medicine, for example, for the detection
of sleep phases [60]. Therefore, a combination of subjective and objective measurements
can currently be recommended to obtain a comprehensive analysis of sleep that includes
its different characteristics.

Another critical point examined in the study is whether the elderly are comfortable
with the existing technologies for measuring health-related parameters and which aspects
should be considered when implementing home health systems.

The concept of implementing the technologies created for the study had a few
key points:

• The use of devices that required minimal action on the part of the users. For example,
no actions are required except (voluntary) for the unplugging and subsequent re-
plugging of the sleep analysis device into the power socket. In the case of the device
measuring heart rate during the day, only pressing a button was necessary, and
the evaluation of the study showed that even this minimal necessary action led to
problems. A possible solution would be to use a device with a more prominent and
easier-to-use button to turn it on.

• The technologies should be self-explanatory, and no complex training or support from
a third person should be necessary. This goal was achieved according to the results of
the interview, as explained in detail below.

• When using electronic devices, there should be a sense of safety. This means that the
devices should not contain any parts that could be considered dangerous. Additionally,
users should be assured that when using the technologies, they cannot be easily
broken. For this, the devices should be robust enough and have as few as possible
easily breakable parts.

Another point that was not considered when planning the concept, but which became
apparent during the evaluation, is that direct feedback from the devices to the user would
increase the feeling that the device was working correctly. This would also help to avoid
certain operating errors. The experiences during the study are in line with the usability
heuristics known from reference [61].

A significant result was obtained when subjectively measuring sleep quality with
PSQI—60 % of the test subjects were identified as “bad” sleepers. This clearly shows that
the broad use of sleep monitoring technologies would enhance early diagnosis because
many test subjects were not even aware that they might have sleep problems that could
be treated. Additionally, currently, when the constant development of technologies and
algorithms allows new and less invasive methods to detect sleep stages [62], it is possible
to make this early detection easier and more convenient for users.

By directly comparing objective and subjective measurement methods, it can be seen
that in the case of automatic measurement using technologies, it is possible to expect better
data completeness and consistency than the manual filling out of questionnaires. This may
ultimately lead to more relevant data being collected and analysed early, improving the
quality of life and possibly the users’ health.

The test subjects used the provided devices for a fortnight and finally gave their
assessment during an interview. The results allowed us to conclude that the proposed
concept is a successful model in terms of the simplicity of independent device operation
o and a sense of security when using them. However, the test subjects were not sure
as to whether they would use the devices regularly. One explanation for this is that the
benefits of using these devices are not always clear to the subjects—there was feedback
that they did not think that using these devices would improve their quality of life. To
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overcome this barrier, a sustained educational effort is needed to communicate clearly
and understandably the potential benefits the elderly population using such types of
technology. Without this development of motivation to use the technologies, widespread
use is complicated, even though handling is not necessarily a big problem, as the conducted
study has shown.

There are some limitations in the work presented:

• Only a few technologies could be used and evaluated within the study framework.
Therefore, it cannot be excluded that the results could deviate with a different selection
of devices. However, it is always necessary to select a specific subset of technologies
because it is impossible to test all available devices at once.

• The number of test subjects was limited to 10. In order to obtain statistically relevant
data, the period of 14 days was chosen for the study, resulting in a total of 140 person-
days of study. In addition, the same proportion of male and female test subjects
was ensured. Furthermore, the proposed study contained a certain type of usability
testing, which included questionnaires and a free-form interview to understand if
there were any problems with the usability of devices. According to reference [63],
only 10 ± 2 subjects are necessary to discover 80% of usability problems. Moreover,
the analysis of the transferability of the results to the entire population of persons
aged 65 and older with the approach of the statistical parameter “margin of error” was
carried out and presented in the section “Results”. The margin of error scientifically
confirmed the significance of the results that were obtained.

• Since the study target group was people aged 65 years of age and older, the results
cannot be directly transferred to other age groups.

• The technologies were not connected to a common platform that could be accessed by
the participants directly. Therefore, it was impossible to assess whether the possibility
of directly viewing the results of the recordings by the test subjects could have a
positive impact on acceptance.

To overcome the limitations mentioned above and to gather additional valuable
information, the next step could be planning and organizing a new extended study. This
could involve more subjects and could allow a wider range of technologies connected to
a common platform to be tested. Furthermore, further work could be conducted on the
selection and design of questionnaires for the collection of relevant data for analysis.
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