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Abstract Fall risk and fall-related injuries increase with
age. With an aging population, we need to have a better
understanding of what solutions can help us cope with age-
related falls. Ambient and ubiquitous fall technologies
engage a large research community. We wanted to map
research that has been done, technology that is developed
and/or applied, current major research topics, and the
current knowledge gaps. We employed the systematic
mapping study approach. We searched systematically for
available literature where modern ICT was developed or
applied. A total of 1017 relevant abstracts were analyzed
based on a number of criteria such as type of intervention
(e.g., fall detection), type of technology (e.g., accelerom-
eters), type of research contributions (e.g., proof of con-
cepts, field trial results), focus of the solution (e.g.,
accuracy, privacy) etc. Our findings show that existing
research is largely in a proof-of-concept phase. A large
variety of technology is used. Component requirements are
in focus, while system requirements related to real-world
deployment are seldom addressed. The focus is on moni-
toring and data collection, while systems for empowering
users are less frequent. Fall detection is by far the largest
intervention type, while preventive interventions are less
frequent. We have four recommendations based on our
findings: (1) more research is needed to develop ICT-based
preventive and corrective interventions; (2) more research
is needed to develop ICT for empowering users; (3) more
research is needed to integrate component technologies
into future deployable service models; and (4) more
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research is needed to evaluate solutions in real-world
settings.

Keywords Age-related falls - Seniors - Independent
living - Ubiquitous computing - Pervasive computing -
Systematic mapping study - Literature survey

1 Introduction

This paper is about age-related falls and the role that
modern ICT—including pervasive and ubiquitous tech-
nology—plays in addressing the problem of falls. Age-re-
lated falls are undesirable falls that potentially lead to
injuries and other physical and psychological consequences
for the faller. Falls are commonly defined as “inadvertently
coming to rest on the ground, floor or other lower level,
excluding intentional change in position to rest in furniture,
wall or other objects” [1]. Another common definition used
by, e.g., the American Geriatrics Society and British
Geriatrics Society, is “A fall is an unexpected event in
which the participant comes to rest on the ground, floor or
lower level without known loss of consciousness” [2].
Falls are more common—and consequences more
sever—among seniors above 65. According to the “World
Health Organization global report on falls prevention in
older age,” approximately 28-35 % of people aged 65
and above fall each year, increasing to 32—-42 % for those
over 70 years of age. More than 50 % of injury-related
hospitalizations among people older than 65 are related to
falls. This makes falls the second leading cause of acci-
dental or unintentional injury deaths worldwide. Fall
mortality among men age 65 and older in USA is 46.2 per
100,000, increasing to 153.2 in age 85 and older. Similar
numbers apply to many European countries [1].
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Scandinavian countries are at the top of the statistics—
Oslo had almost 200 hip fractures per 10,000 inhabitants
in 1996-1997, compared to around 110 in USA [3].
Worldwide, death rates from falls have increased by 50 %
during the last decade [4]. Incidences of some fall injuries
that are common among seniors—such as fractures and
spinal cord injuries—have increased by 131 % during the
last three decades [1]. There is no doubt that falls pose a
major burden on both those who fall and the healthcare
systems in many countries. If preventive measures are not
taken in the immediate future, the numbers of injuries
caused by falls is projected to rise sharply with an aging
population.

ICT is proposed by many as a solution to addressing
the challenge of an aging population [5]. For this reason,
funding has been channeled into research and innovation
projects that try to understand how ICT can help support
independent living. Age-related falls is one of the major
research and innovation areas within independent living
(at the time of writing we identified seven EU-funded
R&D projects on the topic of falls). Falls are interesting
from a pervasive and ubiquitous technology perspective.
Falls are by nature physical and embodied in physical
environments. Pervasive and ubiquitous technologies are
traditionally concerned with bringing the computers “out
of the box” and integrating them into the user’s physical
environment [6, 7]. This is also what we see as common in
the ICT research related to falls: mobile, wearable, or
embedded devices that follow the users as they move
about in the physical world. One could argue that age-
related falls is one of the areas where pervasive and
ubiquitous technologies can make the greatest societal
impact.

In order to contribute to this impact, we have done a
systematic mapping of the literature related to ICT and
age-related falls. A systematic mapping is a process to
analyze the properties of the research papers in a research
field. Our goal has been to provide a map of the research
that is being done, and in this way to provide the basis for
a reflection process among the researchers in this field. In
what follows we will first describe why we have used the
systematic mapping approach and why we need a map-
ping of the research in the first place. Next, we describe
the research questions we have used in our study. We then
describe our data sources and our inclusion and exclusion
criteria for the systematic search and screening of the
papers we have found. Our coding, classification scheme
and the findings are then presented. Finally, we will sum
up our major findings in the discussion chapter and con-
clude with a set of recommendations that we hope will
contribute to a more informed research agenda in this
field.
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2 Method: systematic mapping

For our literature mapping we have used a method called
systematic mapping [8, 9]. Systematic mapping is a survey
method used for the analysis of published literature in a
wide research area. A systematic mapping study (SMS) is
different in its aim than the more well-known systematic
literature review (SLR) [10]. This difference is illustrated
in Fig. 1. An SLR is an in-depth study of a narrow area
using specific and pointed research questions. The aim of
an SLR is to create new knowledge through a meta-anal-
ysis of existing knowledge published in the literature. SLRs
use methodological quality as inclusion criteria when
searching for and including literature. An SMS uses the
same basic methodology for searching and analyzing lit-
erature as in a SLR. An SMS, on the other hand, aims at
creating a map of a wide research field. Methodological
rigor in the primary studies is not of importance for an
SMS. An SMS can answer high-level research questions
such as: “What are the main areas of research within age-
related falls?”; “What are the types of papers being pub-
lished in the area?” The knowledge created by an SMS can
be used as the basis for further research [9], for instance, as
a pre-study for one or several SLRs in specific areas. An
SMS can also be used to identify gaps in knowledge and
inform research funding policies [11]. In this way, SMS is
more of a policy making and strategic research tool, while
SLRs create new empirical knowledge.

Figure 2 shows the steps involved in a typical mapping
study as described in [8] and adapted in this paper with
number of search results shown for each step. The top row
of rounded boxes denotes the steps involved in the process,
while the lower row denotes the outcomes from each step.
The study starts with a definition of the research ques-
tion(s) that define the scope of the study. Search for papers
and screening of papers based on inclusion and exclusion
criteria result in a set of relevant papers. The abstracts of
these papers are then analyzed through a coding (catego-
rization) process. This coding process results in a classifi-
cation scheme which is then used in a mapping and
visualization process leading to the systematic map of the
research field. Our study has followed all these steps. The
steps and the outcomes are documented in the rest of this

paper.
2.1 The need for this mapping study

We believe there is a need for a mapping study in the
area of ICT addressing age-related falls. The research
field has grown and produces hundreds of publications
each year (approximately 250 articles in 2012 found in
our searches). We need to see what is being researched
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on and where knowledge gaps are. At the same time,
from our own experience working with ICT and inde-
pendent living in Norway, we do not see many examples
of this type of technology being deployed as part of
healthcare services. We naturally ask ourselves why,
whether enough research funding is being spent on real-
world trials, and how we can improve the impact of this
research on practitioners. How can ICT be better con-
nected to the clinical practices of preventing age-related
falls? Although the main target for our study is
researchers working in this field, we believe the results
are also of importance for research funding agencies and
policy makers [12].

We have not found any other SMS published in this
topic. However, there is a growing number of SLRs that we
knew of beforehand or we discovered during our search.
Table 1 provides for an overview of some of these SLRs.
These studies answer some very important research ques-
tions and collectively offer some indications of the overall
picture. These SLRs have also helped shape our under-
standing of the field and in forming the research questions
for our SMS. Our mapping study provides additional
macro-level knowledge about the field, such as which
phases of movement impairment gets more attention, and
what is the overall distribution of evidence, as will be
described later.

3 Definition of research questions

In this section we first provide a more in-depth analysis of
the problem of age-related falls. We then sketch a model of
age-related falls we have developed to frame and scope the
study and to guide the coding process. At the end of the
section, we will introduce the research questions that we
have addressed in our study.

3.1 Age-related movement impairment and falls

As part of the natural aging process, our bodies undergo a
number of physiological and biomechanical changes.
Although these changes are a natural part of the aging
process, they also lead to different types of movement
impairment [21]. As we age, our joint flexibility decreases
considerably, making it difficult to move smoothly and
switch among different postures. Our muscle mass is
reduced, which leads to reduction in strength and force
control, problems with balance, and gait disorders [22]. In
addition, decline in our cognitive abilities as a consequence
of aging reduces our ability to perform complex and
coordinated physical movements, to learn new physical
skills, and to switch quickly between physical tasks [23].
We use a longer time to plan and initiate complex move-
ments. Increased tremor reduces our body’s fine

@ Springer



652

Pers Ubiquit Comput (2015) 19:649-666

Table 1 Overview of relevant SLRs on technology related to detection of falls

Systematic literature review

Main research question

Main findings and/or recommendations

Howcroft et al.: “Review of fall risk
assessment in geriatric populations using
inertial sensors” [13]

Kosse et al.: “Sensor technologies aiming at
fall prevention in institutionalized old adults:
a synthesis of current knowledge” [14]

Schwickert et al.: “Fall detection with body-
worn sensors: a systematic review” [15]

de Bruin et al.: “Wearable systems for
monitoring mobility-related activities in
older people: a systematic review.” [16]

Can body-worn inertial sensors predict falls?

‘What do we know about fall rates, fall-related
injuries, false alarms, and user experience of
fall alarms among nursing home residents?

What do we know about fall documentation
and technical characteristics of recorded data
about real falls among older adults?

Which technology has been used and what
research designs are used for measuring their
effect? What are identified feasibility and
adherence aspects of wearable motion-
sensing technology? What is the clinical

Inertial sensors are promising technology.
More research needed to find the best body
position and to identify predictive
parameters in order to predict falls

The existing evidence is inconsistent. Further
research should focus on comprehensive
user requirements

There is disagreement about the methods of
capturing and documenting data from body-
worn fall detection systems. There is little
documented data from these sensors about
real falls among older adults

“Although feasible methods for monitoring
human mobility are available, evidence-
based clinical applications of these methods
in older populations are in need of further
development”

relevance?

van Diest et al.: “Exergaming for balance
training of elderly: state of the art and future

developments™® [17] control of Elderly?

Ward et al.: “Fall detectors: a review of the
literature” [18]
staff perspective?

Hawley-Hague et al.: “Older adults’
perceptions of technologies aimed at falls
prevention, detection, or monitoring: a
systematic review” [19]

adults?

What do we know about the effects of
exergame training programs on postural

What do we know about fall detector
technology from end user and social care

What do we know about the adoption and
continued use of fall technologies by older

Existing studies and systems provide only a
global indication of balance ability. More
finer measurements using body-worn sensors
are needed

The range of technologies currently available
through health and social services to users
are limited. Health and social care staff
appear to be less convinced of the benefits of
fall detectors than end users. There was also
a lack of robust evidence regarding different
approaches to technology in the
management and detection of falls

Important intrinsic factors include control,
independence, and perceived need. Extrinsic
factors include usability, feedback, and costs

 Partly systematic review

movements and control of muscles [24]. Gradually, our
ability to perform many fine motor activities of daily life
declines. Consequently, movements such as pointing,
reaching, and grasping—all of which require the ability to
balance and stabilize posture in order to perform [25]—are
affected.

Although movement impairment is a natural process that
occurs as part of the aging process, the sum of these factors
contributes to turning this process into a hinder for inde-
pendent living. Loss of mobility is one of the biggest
challenges facing an aging population [21]. Independent
living and self-management are heavily dependent on the
senior person’s ability to move freely, perform a set of
activities of daily life, and live without fear of falling [21,
26]. With the increasingly aging population and the
increase in the number of the very old, frailty becomes a
major challenge. Somewhere between a quarter and half of

@ Springer

people older than 85 years are estimated to be frail, with
substantial risk of falling and disabilities [26].

As part of the aging process, the consequences of falling
also increase due to, e.g., skeletal fragility. The bone mass
reduction process (called osteoporosis) amplifies the con-
sequences of falling—especially among women [27]. Bone
mass reduction process increases rapidly with increased
age. Skeletal fragility can also be caused by other age-
related causes, e.g., decreased ability of bones to resist a
crack [23, 27]. Consequences of falling for elderly include
injury, hospitalization, premature death, loss of indepen-
dence, social isolation, increased fear of falling, and serious
hip and other fractures [1]. Hip fractures are one of the
most costly types of fractures among seniors, psychologi-
cally, socially, and economically for the society. In Nor-
way, each year we witness approximately 9000 hip
fractures, almost one every hour [28].
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3.2 Using technology to cope with movement
impairment

Due to their being a major societal burden, falls attract
large amounts of research funding. Both quantitative and
qualitative strategies are used to generate knowledge about
the nature of falls and the impact of various preventive
actions. Clinical research focuses on the effect of various
fall prevention and risk assessment interventions. Social
scientists try to understand the consequences of falls and
fear of falling on the involved people, including fallers but
also their formal and informal caregivers. In the recent
years, also a large number of researchers from computer
sciences and related fields have been involved in address-
ing falls from a technological perspective. Understanding
and addressing falls among seniors has become a truly
multidisciplinary research area.

Our interest is mainly related to the role that ICT,
especially modern pervasive and ubiquitous technologies,
plays in this vast research field. In this paper we pose the
overall research question: What role does modern ICT and
ICT-related research play in addressing the problem of
age-related falls? As a framework to attack this problem
we have adopted a lifetime model of age-related falls, as
shown in Fig. 3. This model is based on the progression of
movement impairment as a consequence of aging, as dis-
cussed in the previous section. The arrow in the figure
denotes the aging process, active community-dwelling
seniors to the left and frail seniors to the right. The lines
inside the arrow show examples of intervention types
where ICT-based solutions have been applied. These
interventions are relevant for specific age groups. Preven-
tive interventions are normally useful before the first seri-
ous fall that leads to hospitalization and potential fractures.
ICT-based solutions to support preventive interventions
include educational portals and applications, applications
to promote physical activity, applications to support exer-
cises (e.g. gamified exercises using game consoles), and
various ICT-based risk assessment tools. ICT research in

Fig. 3 A lifetime model of
movement impairment and ICT-
based interventions used as the
framework for the mapping of
the literature

fall detection focuses mainly on falls sensors, wearable or
embedded in the user’s environment, and associated algo-
rithms for accurate detection of falls. Mechanical and
physical devices, such as hip protectors, have been used to
prevent injuries. Typical solutions in the rehabilitation
phase include exercise-related applications.

3.3 Research questions

Based on this lifetime model of movement impairment, and
at the same time focusing on age-related falls as the phe-
nomenon under study, we have addressed the following
research questions:

e In which phases of the movement impairment process
is ICT used? What types of interventions are reported?
What is the distribution of research efforts among the
various phases and types of interventions?

e What types of technology, components and systems are
being developed and used in each phase? e.g., sensors,
devices, information systems.

e What properties of ICT systems are most central? e.g.,
functionality, security, interoperability.

e What types of settings are these technologies used in?
e.g., home, nursing home, hospitals.

e What types of research are published in the field? e.g.,
concept design papers, field trials, expert opinions.
What is the distribution among these types of research?

e What portion of this research in focused on document-
ing real-world effects?

4 Data sources and search queries

Table 2 shows our search query. The first column lists
common terms used for the type of intervention, corre-
sponding to the phases in the lifetime model described
above. The population column uses some common terms to
describe seniors. The technology part is the most extensive

Falls injury prevention

- 4
Falls detection and management
4
Prevention of decline in physical function Rehabilitation
— — —_
Falls risk assessment and falls prediction
N
l Time )
t t .

Passing risk threshold

First serious fall
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Table 2 Search query used for automatic search

Intervention Population Technology

Fall detection; Fall prevention; Fall Elderly; Old

prediction; Fall recognition; Fall adult;
rehabilitation; Fall management; Senior;
Fall risk; Patient;
Fall assessment; Balance exercise; Aging
Balance training; Balance population;
rehabilitation; Gait analysis; Gait Aged
assessment; Gait evaluation population

Integrated systems or services
Technology; Information system;
Application; Telemedicine; Telecare;
Telehealth; Monitoring; Alarm

Individual technology components
Sensor; Device; Phone; Telephone;
Algorithm; Wii; Kinect; Playstation;
Game; Gaming; Exergame; Exergaming;
Virtual reality

Table 3 Overview of databases that were searched

Database Number of hits Date of
search
PubMed 1187 2013.12.18
Scopus 2000? 2013.12.18
Engineering Village 472 2013.12.19
IEEE Xplorer 1380 2013.12.19
ACM Digital Library 199 2013.12.19
The ACM Guide to 516 2013.12.20
Computing Literature
Total 5754 (4545 after

duplicate removal)

* Initially Scopus gave us 7617 hits. But Scopus Web page allows
only downloading the first 2000 hits. We sorted the results based on
relevance and downloaded the most relevant 2000

one and consists of two types of queries, one at the system
level and one at the component level.

The content of each column was put together into a sub-
query using the OR logical operator. The four sub-queries
from each column were then combined into the final query
using the AND logical operation.

We have searched only in titles and abstracts. The
search was done iteratively where we observed results from
initial pilot searches and added new terms that were
observed in search results into Table 2. We searched in a
number of databases as shown in the Table 3. In total, we
had 5754 hits. This was reduced to 4545 after duplicate
removal. Duplicate removal was done automatically in the
bibliography software (EndNote) by comparing author
name, title and year of publication.

5 Screening of papers

After the duplicates were removed, we had a manual
screening process where we used the inclusion and exclu-
sion criteria listed in Table 4. The screening was done by
Author A and Author B in parallel, each author indepen-
dently screening all the 4545 papers. We had a consensus
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meeting afterward where we compared our results. Only
papers that were included by both authors were included in
the further analysis. In total, 1017 papers were included by
both authors.

We did not include research quality aspects of the
papers, such as whether they reported empirical data, in
inclusion or exclusion criteria (which is a common crite-
rion in SLRs). Our goal is not to evaluate the quality of
individual papers but to evaluate the research field as a
whole.

6 Results from coding and our findings
from the data

We adapted the process described in [8] to code the abstracts
and to create a classification scheme. The coding was done as
a combination of top-down and bottom-up processes. We
were not sure how much information the abstracts contained
so we had a number of small iterations where we let the text in
the abstracts guide the coding. We then tried to combine the
keywords and align them with the research questions in order
to create a scheme for further coding. The final coding
includes the following dimensions:

e Type of technology used, e.g., software, hardware,
sensor, camera.

e Form factor of the technology, e.g., ambient, wearable,
portable.

e Areas of intervention e.g.,
detection.

e Intended usage setting e.g., home, hospital.

e Research contributions e.g., concept design, field
evaluation.

fall prevention, fall

The following sections document our data and our
findings. You will find a main graph for each major
categorization dimension. In addition, for each of these
main dimensions you will also see a number of com-
bination graphs where combined categories are inter-
esting to investigate (e.g., type of technology per
intervention).
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Table 4 Inclusion and exclusion criteria for the initial screening of the abstracts

Inclusion criteria

Exclusion criteria

Research is published in English
Research is addressing different aspects of falls among senior citizens

Research is addressing requirements, design or implementation, or
evaluation of ICT that aim to serve assistive or health-promoting
purposes

Research is addressing falls in general and without the application
of ICT

Not a research paper (e.g., commentary, editorial, workshop
summary, expert opinion). Thesis and book chapters are included

No abstract
Duplicate (where not detected by the bibliography software)

Fig. 4 Type and number of 250
publications per year

200

150

100 -

50

. — — — N =
1991 1997 1998 2000 2002 2003

A note to the reader: The main graphs that follow are
designed to show trends by dividing the abstracts into
yearly intervals. We have decided to limit these graphs to
show the period 2008-2013 in order to avoid overcrowded
graphs. However, our search results include both older
papers and some papers from 2014 (see Fig. 4). These total
numbers are shown in parentheses (e.g., n = 122) in the
text that describes the main graphs. You will therefore
notice that the numbers in parentheses are sometimes
higher than those shown in the main graph for the same
categories.

6.1 Bibliographic data

This section provides some data about the type of the
publications, the year of the publication, and most used
publication channels. The complete database including all
1017 citations in RIS format can be downloaded here [29].

Figure 4 shows the type and number of publications per
year. We included journals (n = 377), conferences
(n = 615), magazines/serials (n = 22), theses (n = 2), and

= Journal
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# Serial

# Book section
= Thesis
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o
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15}
N
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1=
=

book sections (n = 1). The lower number of publications
in 2013 is most probably due to the fact that our search was
done in the end of 2013, which is too early for all 2013
papers to be indexed in the databases.

Some of the most popular journals and conferences
are shown in Table 5. These numbers are based on data
automatically collected from the search engines. The
table shows only a small selection of all the journals and
conferences in our database. Our data also show a large
number of unknown values (n = 510 for conferences and
n = 208 for journals). We have not made any effort to
classify sources manually.

6.2 Technology

We coded the abstracts for the characteristics of the tech-
nology reported. One type of coding was done to classify
the type of technology, e.g., an accelerometer device or a
smart wheelchair. Additionally, we coded based on tech-
nology form factor, e.g., if it is wearable or embedded in
the physical environment.
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Table 5 Some of the most popular journals and conferences in which
research on falls-related ICT have been published

Journals Number of papers
in our database

Gait and posture 1

Biomechanics

Telemedicine and e-Health
Neural systems and rehabilitation engineering
Information technology in biomedicine

VRN EEEN BENe BN )

Medical engineering and physics

Conferences Number of papers

Engineering in medicine and biology society 50
Pervasive health

Sensors

6.2.1 Type of technology

We divided technology roughly into hardware oriented and
software oriented (see Fig. 5). Within the hardware-oriented
group, we coded abstracts into three main categories: sensor
technology (for monitoring), actuator technology (for
interacting with user and making changes in the environ-
ment), and computer networks (for data communication).
Within the software-oriented group, we ended with three
major groups: algorithms (mostly used in conjunction with
sensors to process sensor data), information systems, and
middleware (targeting developers of technology).

We defined actuator technology to be any technology
that is designed primarily to interact with the user. This
group includes various game consoles used for interactive

games, smart canes, walkers, walking aids, dance pads,
robots, and wearable devices that are used for, e.g., force
feedback. On the other hand, sensors are defined to denote
technology that is developed for monitoring, with little or
no user involvement. The information system category
includes electronic patient records, geographic IS, telecare,
Web services, administrative software, data analysis soft-
ware and other software that demonstrates holistic system/
service thinking beyond component technology.

One general finding related to technology is the sheer
number and variety of technology used. This might not
come as a surprise since we had a large scope to begin
with. For instance, we found more than 30 types of
sensors ranging from accelerometers (the most popular),
to radars, laser scanners, and thermal sensors. We also
found a wide variety of software algorithms ranging
from Bayesian networks to Markov chains and neural
networks.

As shown in Fig. 5, the large majority of the abstracts
discuss some form of sensor technology. Algorithms are
very common and are often used to process data from
sensors. Actuator technology is far less common. The same
is true for information systems. Some abstracts focused on
the network technology used, such as body area networks,
ZigBee, and Bluetooth.

6.2.2 Technology form factor

We coded the abstracts based on what we call form factor.
Form factor is the aspect of technology that is most visible
for the end user, and likely to have large impact on user
acceptance [30].

Fig. 5 Types of technology. 900
We have made a rough division
. . 800
into hardware-oriented
technologies (three columns to 700
the left) and software-oriented 600
technologies (the three columns
to the right) 500
400
300
200
100 e —_
KR L —
0 I oo eeaaaaaaaad
Comm. . .
Sensor techn. | Actuator techn. Algorithms Info.Syst. Midl.ware
Networks
=2013 148 31 23 76 11 2
%2012 208 35 19 111 10 0
#2011 152 25 22 62 8 0
2010 122 15 16 60 1 1
#2009 90 13 15 57 5 0
m 2008 100 11 14 48 3 0
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We identified four major form factor types (Fig. 6).
Ambient technologies are those that are integrated in the
lived physical environment. The largest group of ambient
technologies is fixed cameras (approximately n = 106).
These are normally used for activity recognition and
detection of abnormal situations such as falls. In the
ambient group, we also have a number of studies using
game consoles, intelligent floors, televisions, stationary
alarms connected to beds and chairs. Note that some of
these technologies, in particular game consoles such as
Nintendo Wii, also have wearable and portable parts.

In the mechanical group, we have physical products that
are neither portable nor wearable in the traditional sense.
They are mainly assistive technologies such as walkers,
robots, canes, airbags, and balance boards. As part of our
inclusion criteria, we excluded assistive technology that did
not have an ICT part. So all these mechanical devices
demonstrate some form of “smartness” implemented using
ICT. For instance, intelligent walkers and canes often have
sensors and actuators for force or audio feedback based on
user behavior [31].

The portable group includes smart phones, mobile
phones, and tablets. Most portable devices have user
interaction mechanisms such as a touch screen. However,
most of the portable devices in our results were used for
their integrated inertial sensors and could therefore have
been coded as wearables.

The second largest group, wearables, includes a variety of
sensor-based devices that are attached to the body with the
intention of being worn over longer periods of time. A more
detailed coding of this category revealed that waist was the
most frequently used location (approximately n = 55), fol-
lowed by trunk (approximately n = 31), wrist (approxi-
mately n = 19), and foot (approximately n = 15). Other
locations included head, ear, neck, hip, thigh, and clothes.

6.3 Areas of intervention and use of technology

We coded all the abstracts based on the type of inter-
vention. Some of these types followed from our initial
model (see Fig. 3). Some additional bottom-up categories
emerged from the coding. We also coded the abstracts,
where possible, according to the intended context of use,
such as home, nursing home, hospital, and community.

6.3.1 Type of intervention

Figure 7 shows the distribution of the abstracts across the
different intervention types. Some of the types that
emerged from the coding include movement analysis (e.g.,
gait analysis), movement tests (e.g., “timed-up-and-go”
tests or other clinical tests), assisted walking (e.g., using
canes and walkers), and balance control (mainly exercises).

By far the largest group of papers deals with fall detection
(n = 629). In addition, the second largest group (move-
ment analysis, n = 217) mostly includes abstracts that deal
with fall detection, albeit through generic movement
analysis technology. The fourth largest group, fall pre-
vention (n = 144), deals mostly with detecting falls just
before they happen, i.e., the pre-fall phase. Risk assessment
(n = 152), movement tests (n = 16), and physical training
(n = 33) are the main preventive interventions. Addition-
ally, a number of post-fall interventions (mainly rehabili-
tation and balance control) can probably be used as
preventive interventions.

6.3.2 Technology form factor per intervention type

Figure 8 shows what form factors are used in each inter-
vention type. We can see that wearables are the largest type
used in risk assessment, movement analysis, fall detection,
and rehabilitation. Ambient technologies are used largely
in movement tests, physical training, balance control, but
also in fall detection and prevention. Mechanical devices
are used mainly in assisted walking and some in fall
prevention.

6.3.3 Major technology types per intervention

Figure 9 shows the prevalence of major technology cate-
gories (information systems, algorithms, sensors, network
communication, and actuators) across intervention types.
Sensors and algorithms are mostly interconnected since
algorithms are mainly used to analyze data from sensors.
Sensors and algorithms are used in most of the interven-
tions. They are used to a lesser degree in physical training
and balance control, where actuators are used more fre-
quently. Actuators are also frequently used in assisted
walking. The largest occurrence of information systems is
in risk analysis, fall prevention, and rehabilitation.

6.4 Intended usage context and population

Initially, we wanted to code based on the intended popu-
lation (e.g., community-dwelling, frail), but for most
papers this information did not exist in the abstracts (be-
yond general terms such as elderly or seniors that we
searched for initially). We then decided to code based on
the intended usage context where possible. The coding was
done based on the words in the abstracts (where words like
home, hospital, clinic etc. were used). Such words were
more common than words classifying user groups. We
assume the intended usage context to some extent indicates
the target population. As shown in Fig. 10, the major
contexts that emerged are home (n = 210), community (for
community-dwelling seniors not bound to home, n = 56),
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hospital (n = 55), and nursing home (n = 34). As you can
also see, we still have a very large “Unknown” class
(n = 636).

6.4.1 Use context per intervention type

Although the large proportion of the “Unknown” makes
it difficult to conclude anything with significance about
usage context, it is nevertheless interesting to see which
intervention areas are most common in each context,
including the unknown context itself. Figure 11 shows
this distribution. As we can see, home setting is repre-
sented well in the preventive areas such as risk
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assessment, movement tests, movement analysis, and
physical training. Hospital setting is prevalent in fall
prevention, balance control, movement tests, and physi-
cal training. Nursing home is a main target setting for
balance control and rehabilitation.

6.4.2 Form factors used in each usage context

Figure 12 shows in which context the different technology
form factors are used. Homes and nursing homes are main
settings for ambient technology, while wearables are used
mostly in hospitals and home setting. Mechanical devices
are mainly used in the community.
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Fig. 8 Technology form factor
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6.4.3 Use context for major technology categories

Figure 13 shows the distribution of the major technology
categories across the user settings. It shows that sensors are
prevalent in all settings, while actuators are mainly used in
nursing homes and in the community. Information systems
have been used mainly in nursing homes and hospitals,
followed by the community.

6.5 Research contributions

It has been difficult to say much about research contribu-
tions based on the information in the abstracts. This is
partly due to the brevity and the unstructured form of a
large portion of the analyzed abstracts. In-depth informa-
tion about what new knowledge was created is difficult to
get from abstracts alone. We can, however, assume that
most authors will mention major contributions, such as

Analysis  Train.

M Info. Syst.

M Algorithm

M Sensor
 Network comm.

M Actuator

Rehab. Assit. Balance

Walking Contr.

Phys. Fall Fall
Prev. Detect.

empirical results from field studies or major technological
breakthroughs, in their abstracts. In this category we coded
the abstracts based on the high-level criteria of “ICT area
of contribution” and “scientific type of contribution.”

The ICT area of contribution says roughly what ICT-
related properties of the artifacts were in focus for each
paper. Some examples are accuracy, security, safety,
interoperability, user-friendliness, etc. The types of scien-
tific contribution is adopted from [32] and tells us whether
the paper focuses mainly on design of concepts, on
implementation of solutions, on validation of solutions, on
field trials, etc.

6.5.1 ICT area of contribution
Figure 14 shows the areas of ICT research that the papers

contribute to. The “Other” category includes more than 40
different areas with very low occurrence such as ethical
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issues, interoperability, reuse, performance, and engage-
ment. By far the largest group is “accuracy” (n = 649)
which is due to the high density of papers that report on
more sensitive and specific algorithms for sensor data
processing. Clinical validation (n = 122) includes all the
papers where the technology itself was not in focus, but the
clinical impact was reported as the main contribution.
Acceptance (n = 122) refers to papers that mentioned user
acceptance and user-friendliness as topic. Cost efficiency
(n = 117) includes mainly abstracts that promote using
off-the-shelf components (such as Web cameras) in
implementing solutions and thereby reducing the cost of
such solutions and making them more available. Unob-
trusiveness (n = 89) was mentioned as a desirable property
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of, for example, wearable sensors. Real-time behavior
(n = 51), network communication (n = 35), energy effi-
ciency (n = 39), privacy (n = 39), and safety (n = 16)
were other main categories. Service integration (n = 32)
includes papers that mention integrating with existing
services (e.g., fall detection services) as a contribution.

6.5.2 Type of scientific contribution

As we can see in Fig. 15, the vast majority of the papers are
about creating (n = 843), implementing (n = 780), and vali-
dating (n = 591) new concepts. Validation here means
experimental or laboratory-based validation of a proof-of-
concept prototype. Field evaluation (n = 92) includes those
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abstracts that reported real-world field-based evaluation of
own or others’ technology. Problem investigation (n = 50)
contains papers that try to conceptualize, or analyze some
aspect of the problem (e.g., classification of falls) or develop
models and theories. Solution selection (n = 18) refers to
papers that try to compare a set of similar technologies (e.g.,
fall detection algorithms) and provide data about, e.g., their
comparative accuracy. The last category is abstracts that report
systematic or non-systematic literature surveys (n = 29).

6.5.3 Type of contribution per intervention type

Figure 16 shows what type of research is reported in each
intervention area. Fall detection is the field with propor-
tionally the largest number of papers that try to design,
develop, and validate concepts. It is also the field with the
lowest percentage of field evaluations. One possible expla-
nation for this is the challenges of setting up fall detection
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trials with elderly users. Falls cannot be predicted, recruiting
users is difficult, and there are ethical issues involved.

On the other hand, physical training and the related area
of balance control have the largest proportion of field
studies. This might be due to the fact that training and
balance control field trials are easiest to set up because they
involve healthy elderly users. Another factor is the fact that
most of these trials use off-the-shelf game consoles, such as
Nintendo Wii and Microsoft Kinect. As such, the focus is
mainly on evaluating the effect of the technology rather
than on creating new technology.

7 Discussion
In the following sections, we present four principal findings

based on the data presented in the previous sections. We
discuss the implications of these findings with regard to
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contributing to an agenda for pervasive and ubiquitous
computing research within the area of age-related falls.

7.1 Too little focus on using ICT in preventive
interventions

Fall detection is the most frequent application area among
the papers we analyzed (see Fig. 7). In addition, the
majority of the papers dealing with movement analysis and
fall prevention (the second and the third largest groups of
papers) in reality, deal with the pre-fall phase. This focus
on falls as phenomenon can be the result of several things.
First, falls are the most visible and devastating reminder of
the challenge of age-related movement impairment. It is
easy to motivate research that deals directly with falls.
However, we need to keep in mind that falls can also be
seen as a symptom of the lack of preventive interventions.

Second, a fall can be considered as a concrete incident
that seems to be addressable by ICT components such as
acceleration sensors. This does not mean that fall detection
is easy. False positives are still a very common problem
facing fall detection technology. Our point is that fall
detection might seem to ICT researchers as conceptually
easier to isolate and address using ICT. Preventive inter-
ventions need a more complex analytic model. This model
needs to take into account a number of factors such as the
lack of physical activity, cognitive and psychological
aspects, sight, dizziness, poly-pharma, co-morbidities, lack
of knowledge and training, etc. Another major challenge is
the general resistance among community-dwelling seniors
to actually follow preventive measures [33]. In this sense,
using ICT for preventive interventions can seem a daunting
undertaking.

Despite their complexity, complex problems such as fall
prevention tend to require technology that is well diffused
and does not bear any novelty or pose any challenge to an
ICT researcher. For instance, conventional Web sites are
used successfully to disseminate information in fall pre-
vention interventions [34]. This lack of novelty might also
be a factor contributing to preventive interventions not
being so popular among ICT researchers. The solutions that
are needed are simply not challenging enough.

Detecting falls at home or elsewhere is an important
topic and will continue to attract research activities. So-
called prolonged lie after falls has shown to be extremely
dangerous, leading to not only prolonged hospitalization
and increased fear of falling [35] but also dehydration,
infections, hypothermia, pneumonia, and mortality [36].
Falls need to be detected quickly. But what we also need to
address are the preventive aspects. Mobile technology is
already used in sports and consumer lifestyle products and
services. We need to apply lessons learned from these and
similar areas, and create new technology and knowledge

about how to prevent age-related falls before they happen.
Only detecting falls is not a sustainable model for the aging
society.

7.2 Too little focus on technologies for involving
and empowering users

Our findings show that sensors and associated data pro-
cessing algorithms are by far the largest group of tech-
nology being developed. At the same time, actuators—in
our definition meaning technology that requires some form
of active user involvement—constitute a comparably very
small group (see Fig. 5). This resembles an automation
mindset in the current research in this area, with healthcare
being the “to be automated” activity. Another possible sign
of this mindset is the apparent lack of information in the
abstracts about the target user population (see Fig. 10, and
also the next finding), which might indicate a lack of
interest in understanding the users. On the other hand, the
major political mindset for a sustainable future healthcare
is concerned with active aging, patient empowerment, and
self-management [37]. There seems to be a stark contrast
between what our data show and what the political agenda
asks for.

7.3 Too little focus on addressing context of use
and future service models

Focus on context of use in the research phase is a strong
indicator of how well the technology will eventually be
accepted by the users and the market. The analyzed
abstracts, however, are mainly about technical properties of
components, such as algorithm accuracy (see for instance
Figs. 5, 14). Properties that have to do with understanding
the context of use—for instance, user acceptance, ease-of-
use, business models, and privacy—are underrepresented
in our data (Fig. 14). We know for instance that seniors are
sensitive to social stigma and often do not consider them-
selves in risk of falling nor in need of fall-related tech-
nology [33]. We also know that seniors can have problems
handling mobile and wearable technology because of, for
instance, low muscular strength and tremor [21, 38]. Not
taking such issues into consideration might mean that the
technology will not get used despite its superior technical
properties.

We also see very few papers that deal with the inte-
gration of new technical components into larger systems—
such as service integration, interoperability, telecare,
medical information systems. More importantly, abstracts
that report service integration do not seem to have this
aspect as their main focus. So they often report on con-
ventional services using innovative ICT components. The
typical setup is the administration of traditional clinic-
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based movement tests and interventions augmented with
sensors. There are very few papers that report on new
service models enabled by new ICT (for instance, self-
managed movement tests at home using smart phones).
This might mean that research in ICT is focusing on local
optimization—components of high quality are being
developed—but systemic optimizations are not being
investigated.

7.4 Too little field evaluation of new technology

The vast majority of the analyzed papers are about creating
new technology. Moreover, the data also show that almost
30 % of these papers lack any kind of validation (See
Fig. 15, where only 70 % of new concepts are validated).
We should also take into consideration that some of the
papers that deal with field evaluations are not about new
technology. They rather evaluate existing off-the-shelf
technology (e.g., off-the-shelf devices with accelerometers,
game consoles such as Nintendo Wii and Microsoft
Kinect). It seems there is a sharp separation in the research
community between those who are in charge of creating
new technology, and those few who are concerned with
field and clinical evaluation of technology.

Seniors with physical impairment are a fragile user group.
Many aspects of movement impairment involve medical and
social sciences and require multidisciplinary research. It is a
challenging area to do field evaluations with new technology.
Such evaluations require high-fidelity prototypes that can be
used by users with no ICT experience. There are ethical
issues involved in field trials of, e.g., fall detection (which is
evident in the extra low level of field trials related to fall
detection, see Fig. 16). Moreover, field trials often require
that the novelty of technology is reduced in favor of its
practical aspects. This lack of novelty might discourage ICT
researchers from getting involved in real-world evaluations.
However, these challenges should not mean that it is
acceptable to keep on creating new technology that never
gets validated and evaluated in the field. Although we can see
a slight increase in the number of field trials in the last
2-3 years (see Fig. 15), we need amuch bigger focus on field
evaluations if we are committed to solving the societal
problem of movement impairment.

7.5 Limitations of the study

SMS approach is not without limitations [9]. As opposed to
SLRs, mapping studies catalogue papers and not primary
studies. Number of papers is not a perfect indicator of the
number of primary studies. This means that our study
might contain several papers that report about the same
primary study. Moreover, we use only abstracts in our
analysis. This means that the accuracy of the cataloguing
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process depends on the quality of the abstracts. ICT-related
research publications often do not use structured abstract
[20] which results in poor accuracy when classifying
papers based solely on abstracts.

In addition to these limitations of SMS as a method, our
study specifically has a number of limitations and threats to
internal validity as summarized below:

e The automatic search and the search terms (see
Table 2) can always be improved and expanded. We
did a number of pilot searches with the goal of creating
an accurate query, but we acknowledge that the query
can be improved using additional terms.

e One of our search engines, Scopus, limited downloadable
abstracts to a maximum of 2000 even though our search
resulted in 7617 hits. What we did was to sort the results
based on relevance and download the 2000 most relevant
abstracts. We do not believe it to be a major limitation
that we omitted the remaining 5617 hits. Search engines
are normally not accurate (therefore the need for the
screening step). Moreover, SMS as a method is about
trends and we believe statistical trends would not have
been much different even if we had managed to
download the remaining abstracts from Scopus.

e Screening of the abstracts was done separately by both of
the authors, meaning each of us did a screening of all
papers. We included in the study only those abstracts that
were included by both of the authors. This resulted in
approximately 300 abstracts in total being rejected even
though each was included by at least one of the authors.

e The coding of the papers was done by only one author for
each abstract. We divided the abstracts between our-
selves and each of us coded half of the abstracts. An
alternative could have been for both of us to code all the
abstracts and merge the results. We decided to go for the
single-coding alternative mainly because of the costs
related to doing a double-coding. We did, however,
tested the coding scheme through several pilot coding
sessions, discuss the scheme extensively between our-
selves, and improved it during the coding process.

Despite these limitations, we believe SMS is a strong
methodology for demonstrating, at a macro-level, the
trends within a research field. SMS is a quantitative
method. With such a large number of abstracts as in our
study (n = 1017), the effect of the above limitations has
been reduced.

8 Conclusions
Our goal in this paper has been to map the research that has

been done in the field of age-related falls in the recent
years. In the previous sections, we have documented the
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methodology used for searching and categorizing this
research. We have four major findings based on the ana-
lyzed data. These findings were described in the previous
section.

Based on our four main findings, we propose four rec-
ommendations for a future research agenda in the area of
age-related falls:

1. More research is needed to develop ICT to support
preventive and corrective interventions, such as fall
prevention, fall risk assessment, and fall injury
rehabilitation. We also need a better understanding
of the underlying models and theories related to these
types of intervention in order to create better ICT
solutions.

2. More research is needed to find out how ICT can
empower seniors, e.g., by increasing awareness of own
condition, active participation in interventions, active
participation in the design of technology, and methods
for adherence and compliance. We need a better
understanding of the underlying values and incentives
of seniors at risk of fall and apply this understanding to
the design of new solutions.

3. More research is needed on integrating component
technologies into future deployable service models.
We also need to know what new service models are
enabled by these new technologies, how they will
affect existing care models, and what new radically
different service models can be invented.

4. More research effort should be invested in evaluating
solutions in real-world settings and collecting scientific
empirical evidence from real-world trials. We should
be more critical of fall-related technology that has not
undergone rigorous evaluation.

Of course more research effort in these four areas would
probably mean less research in other areas. We have not
aimed in this study to suggest areas where research efforts
should be reduced. We leave this exercise to the readers
and possibly to a future study based on the data presented
here.
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