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Abstract. This paper provides an overview of current research and open
problems in sensor-based mobility analysis. It is focused on geriatric
assessment tests and the idea to provide easier and more objective results
by using sensor technologies. A lot of research has been done in the field
of measuring personal movement/mobility by technical approaches but
there are few developments to measure a complete geriatric assessment
test. Such automated tests can very likely offer more accurate, reliable
and objective results than currently used methods. Additionally, those
tests may reduce costs in public health systems as well as set standards
for comparability of the tests. New sensor technologies and initiatives for
data standardization in health processes offer increased possibilities in
system development. This paper will highlight some open problems that
still exist to bring automated mobility assessment tests into pervasive
clinical and domestic use.
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1 Introduction

1.1 Medical Background

Personal mobility, i.e., the ability to move around and get into and keep up
certain body positions, is known to be an important prerequisite for pursuing
an independent lifestyle [40]. Mobility normally changes during age. There is
no pathological reason for that change at all. Starting at the age of 60 years,
elderly peoples’ mobility characteristics change [14], i.e., the self-selected gait
velocity decreases each decade by 12 %–16 % during self-imposed activities. The
decrease is often caused by a reduced step length whereas the step frequency
remains stable. This age-related change in gait patterns contributes to a more
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stable gait and it is not pathological [52]. If there are pathological reasons for
an impairments of mobility the changes of gait parameters are more significant
than in age-related changes [52]. Neurological diseases, especially dementia where
mobility impairments are an early indicator [111], are one of the most frequent
pathological reasons for mobility impairments. In general, severity of gait and
balance disorders increases with severity of neurological disorders [100]. Gait and
balance disorders have shown being related to a higher risk of falling. Especially
slow self-selected gait velocity has found being related to an increased risk for
falls and need of care [75]. Due to their often severe gait and balance disorders
dementia patients suffer from an increased risk of falling [110].

Costs due to the high need of care of demented people [3] and fall-related
costs are two of the major factors influencing the proportionally higher costs to
the health care system caused by elderly people. From a clinical perspective long-
term monitoring of changes in mobility has a high potential for early diagnosis
of various diseases and for assessment to determine the risk to fall [8]. This may
help delaying need of care or preventing acute incidents like falls and may thus
help saving costs. On a more personal level early detection may help supporting
an independent lifestyle by enabling early and purposeful prevention and may
therefore increase quality of life for affected people, relatives, and carers.

Therefore, assessment of mobility is an important part of treatments in var-
ious medical branches. In the medical domain, mobility is diagnosed in terms of
gait and balance respectively in spatio-temporal parameters quantifying these
domains. Today, those parameters are either assessed by a medical professional
performing a visual analysis or by using highly specialized technical equipment
performing either kinetic or kinematic gait or balance analysis. Both alterna-
tives are often not available in less specialized wards and a visual gait analysis
is known to be dependent on the subjective capabilities of the analyzing profes-
sional. Therefore, some branches of medicine have developed so-called assessment
tests in order to enable less specialized physicians to assess a patient’s mobility to
a certain degree. Geriatrics, the branch of medicine that deals with the illnesses
of elderly and multimorbid patients, is such a branch that uses standardized
assessment tests in the field of mobility. However, execution of such assessment
tests also yields several problems like the required time effort due to manual doc-
umentation and the need to deliberately ignore details of a patient’s mobility in
order to keep the tests easy to use. Additionally, if physicians want to provide
prevention and rehabilitation in patients homes most of such assessment tests are
not suitable for being executed in domestic environments and cannot be easily
executed unsupervised or at least lose their reliability if executed without super-
vision. Therefore, research was pursued in biomedical engineering of devices for
supporting mobility assessment (tests) in clinical and domestic environments.

1.2 Scope of This Paper

The general analysis of personal movement is a wide area (for example sports
movement analysis). This paper explicitly focuses on measuring mobility (or sin-
gle parameters of mobility) in elderly persons using sensor technologies. Since
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this can be done in various ways, three gold-standard assessment tests are taken
as measure for checking the state-of-the-art in technical assessment execution.
These three belong to the most common assessment tests used in judging per-
sonal mobility: the Timed-up-and-Go test [88], Tinetti test [108] and Berg-
Balance-Scale test [10]. A common ground of these tests is to observe people
doing several mobility-related tasks like walking, standing or balancing. The
tests gain scores which lead to an estimation of the mobility state of a person.
More details can be found in the original test descriptions, an extensive selection
of those tasks (which are, or can be broken down into, so-called components) is
listed in Table 2. This state-of-the-art overview first lists the technologies avail-
able and then is matched against the requirements the assessment tests are
setting up.

2 Glossary

– Ambient Sensors - Sensors that are attached in the environment of the user,
usually installed in homes etc. For example presence detectors, motion detec-
tors or cameras.

– Berg-Balance-Scale (BBS) - Assessment test invented by Katherine Berg et al.,
detailed description see [10].

– Body-worn Sensors - Sensors that are attached directly to the body or inte-
grated in clothing etc. For example accelerometers, gyroscopes or strain gauges.

– Clinical Document Architecture (CDA) - standardized XML-based markup
format for specifying the encoding, structure and semantics of clinical docu-
ments for exchange.

– International Classification of Functioning, Disability and Health (ICF) -
classification of the health components of functioning and disability coordi-
nated by World Health Organization WHO.

– Kinematic (approaches) - classical mechanics describing the motion of points,
and objects without consideration of the causes of motion.

– Kinetic (approaches) - classical mechanics concerned with the relationship
between forces and torques.

– Light Detection And Ranging (LIDAR) - sensor measuring distance by calcu-
lating times between emitting and receiving light (laser) impulses.

– Mobility - in this context the term mobility relates to personal mobility, i.e.,
the ability of a person to change its body position. Infrastructural mobility in
terms of being able to change places e.g., by using transport systems is not
considered here.

– Personal Health Record (PHR), Electronic Health Record (EHR); record
where health data and information related to the care of a patient is stored
and made accessible to involved third parties.

– Three Dimensional Layer Context Model (3DLC), model which defines the
appropriate level of abstraction of data generated by medical applications to
be stored inside the PHR, for details see [46].

– Timed Up & Go (TUG) - Assessment test requiring both static and dynamic
balance, detailed description see [88].
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– Tinetti-Test (TTI) - Assessment test invented by Mary Tinetti et al., detailed
description see [108]. Also known as Tinetti Gait and Balance Examination,
Tinettis Mobility Test, Tinetti Balance Test or Performance Oriented Mobility
Assessment (POMA).

– Ultrasonic sensor (US) - Sensor measuring distance by calculating times
between emitting and receiving high-frequency sound waves.

3 State-of-the-Art

3.1 Overview

This state-of-the-art will try to give an overview of current sensor technolo-
gies and approaches to measure personal movement parameters. In [33], sensor
technologies for measuring single or multiple mobility parameters have been
evaluated. Those technologies have been divided into kinetic and kinematic sen-
sors as well as body-worn/ambient usage. An overview is given in Table 1. This
section is followed by a comparison of requirements of assessment tests and which
requirements are matched by these sensor technologies up to now.

Table 1. Classification of approaches for mobility analysis [33]

Body worn Ambient

K
in
e
ti
c 1. Pressure and force sensors

in shoes [59, 21, 7, 50, 107, 83, 95,
44, 127]

1. Pressure and force sensors
on the ground [107, 29] /
in treadmills [57, 29] /
in furniture [16, 76, 123, 58] /
in walkers [20, 86, 2, 109]

K
in
e
c
m
a
ti
c

1. Time of flight
ultrasound [114, 60, 1, 53, 51, 118]

2. Visual
marker based [6, 79, 106, 29]

3. Electrical impulse
electromyography [105, 29]

4. Inertial forces
(accelerometers, gyroskopes)
body worn [69, 28, 12, 92, 47, 71,
128, 74, 129, 5, 77, 13, 121, 4, 24,
54, 72, 122, 26]
in clothing [65, 92]

5. Bending forces
electro-goniometer [105, 29, 19]

1. Time of flight
RADAR [64, 124, 32, 112, 49, 90,
130, 81, 39]
LIDAR [82, 93, 37]

2. Visual
marker less [61, 98, 102, 63, 116,
41]
fluoroscopic [6]

3. Presence sensors
home automation [84, 85, 92, 87,
15, 17, 113, 94, 18]
RFID [22]

Commonly used technical approaches to the assessment of mobility like
marker-based vision systems, force plates, and electromyographs, are very
expensive, time-intensive in use and not mobile. This means that they are only
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available in specialized wards, can only be used by trained personal, and cannot
be executed at point of care which makes their use time-intensive. Therefore,
new technical approaches were developed which either use body-worn or ambi-
ent, i.e., integrated into the environment, sensor systems. Body-worn sensor, i.e.,
accelerometers and gyroscopes, are used more widely due to their advantage of
being clearly linked to a single person in any environment. Several approaches
(e.g., [65,129]) have demonstrated the ability to support the execution of mobil-
ity assessment tests and to compute spatio-temporal parameters of gait and
balance using body-worn sensors. Some research projects meanwhile made their
way into products. However, results of all approaches are very sensitive to sensor
placement and even small misplacements can invalidate all assessment results.
Over longer time periods assessment results perish due to sensor drift. Addi-
tionally, regarding unsupervised use in domestic environments it is questionable
whether layman and especially elderly or demented people may be able to han-
dle those sensors on their own or will be willing to wear those sensors in their
daily life. Only a single approach to executing mobility assessments in domestic
environments unsupervised by use of body-worn sensors, called Directed Routine
(DR), has been proposed so far but was not evaluated yet [126]. Ambient sen-
sors are placed in the environment and do thus not require any explicit handling
by patients and results are not dependent on correct sensor placement. Sensors
used for mobility analysis include home automation sensors [22,84], cameras
[61,104], and laser range scanners [34,84] and have been evaluated in domestic
environments several times. However, ambient sensor data are not assigned to
a certain person and often sophisticated algorithms are required to filter those
sensor recordings which represent a person to be monitored. Currently, there is
neither a body-worn nor an ambient sensor system available that supports the
execution of mobility assessment (tests) in supervised clinical and unsupervised
domestic environments. However, some approaches are currently evaluated and
will be available in the near future.

3.2 Kinetic Approaches

The following sections give a short overview of sensor technologies that are used
in mobility analysis, for references to current research, see Table 1.

Pressure and Force Sensors. Three types of sensors can be distinguished:
binary switches, pressure sensors and force reaction systems. Binary switches
are the simplest form using binary information e.g., if a step was made or not.
Pressure sensors can provide more detailed information, e.g., the weight distribu-
tion and sequence of movements. Force reaction systems are usually mounted on
ground plates and not only measure weight forces but shear forces as well which
is especially interesting in balance analysis. The most common use of body-worn
pressure and force sensors is integration of those sensors in shoes. In ambient
setups the sensors can be placed in furniture or moving aids so that pressure
information is generated. Pressure and force sensors are relatively cheap and
easy to use so they are adequate for being used in pervasive systems.
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3.3 Kinematic Spproaches

Time-of-Flight Sensors. Time-of-flight sensors use a system of sending and
receiving signals and calculating distance information. Classical types are ultra-
sound (US), light detection and ranging (LIDAR) and radio detection and rang-
ing (RADAR) sensors. US sensors emit an ultrasound impulse and record the
reflection of that impulse. Typically the sound beam has a quite broad disper-
sion so detection of small objects is difficult. Additionally detected objects can
not exactly be localized (using one sensor), because the exact direction of the
reflected signal is not known. The same holds for RADAR sensors which use an
electromagnetic wave impulse. The advantage of RADAR sensors is that they are
able to measure through walls for example. LIDAR sensors usually emit a laser
beam which is quite narrow and so a relatively detailed environment recognition
can be performed.

Since LIDAR and RADAR sensors are usually not suitable to be worn at
the body up to now, only ultrasound sensors are available in the body worn
category. This normally means that US markers are attached at the body and
a fixed base-station is used to provide exact localization [53,60,114]. Ambient
approaches attach US sensors e.g., to the ceiling and try to recognize persons and
their movements [99]. Multiple sensors have to be used to be able to calculate an
exact position of an object. RADAR sensors are rarely used compared to US and
LIDAR but some researchers were able to extract gait information from RADAR
data [97,117]. LIDAR sensors are quite common in robotics and industry mostly
for navigation and safety purposes. Due to the exact data object recognition
and tracking is relatively easy. In contrast, most systems are producing only 2D
information, 3D-LIDAR sensors are quite expensive at the moment.

Visual Sensors. Visual observation of movement is based on video-frame data
where movement is calculated by comparing each frame and checking for moved
objects. In general this can be divided into tracking based on markers (body-
worn, e.g., [29,106]) or marker-less (ambient, e.g., [38,89,102,103]) approaches.
Marker-based systems extract movement by tracking active or passive mark-
ers that are attached to the observed body parts. The advantage is the exact
and defined recognition of the selected moving objects. The attachment of the
markers can be a drawback as well because the position is crucial and should
not change during a test. Since human skin is not fixed to the bone structure
it may be necessary to attach the markers to the bones directly which is inva-
sive. Marker-less techniques use image recognition algorithms to extract moving
objects without the need of invasive marker positioning. On one hand this is
easier to set up but on the other hand the recognition precision is usually not as
high as marker systems provide. Visual sensors are a common tool for movement
observation, the cost heavily depends on the accuracy.

Electrical Impulse. Electromyography detects activity by measuring electrical
power/impulses that are used to contract muscles. The measurement can be
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performed by attaching either non-invasive electrodes or needle electrodes which
are able to measure in deeper muscle areas but also cause pain during muscle
movement. The attachment of the electrodes though requires good expertise of
the investigator. Since there is no general correlation of electrical energy and
muscle movement, electromyography is only used in combination with a second
modality to observe the actual movement (e.g., camera systems). In general this
setup is only suited for laboratory (clinical) environments.

Inertial Forces. Inertial forces are detected by accelerometers and gyroscopes.
Since such sensors are small and use few energy, a lot of research has been done
on using inertial forces for movement analysis (see Table 1; e.g., [5,92,121]).
Those developments and products nearly completely belong to the category of
body-worn sensors because inertial forces can’t be measured from distance (using
accelerometers or gyros). Sensors can be directly attached to the body or inte-
grated in clothing. Multiple sensors can be integrated into sensor networks (e.g.,
body area network). Developed systems mainly differ in number of sensors and
area of attachment. The accuracy of measurements depends on correct attach-
ment of the sensors and in general only relative movement can be measured
because no absolute position is available. These sensors are also relatively low
priced and wide spread.

Bending Forces. Bending forces as used in electro-goniometers are mostly used
to measure angles of extremities (arm, leg). Since the sensors are attached to
the joints directly, they are filed to body-worn sensors. Electro-goniometers are
precise in general but not all joint movements of the body can be measured. Most
common use is on elbow and knee joints (e.g., [55]). Since there is only relative
information, a second modality is necessary to get absolute position information.

Presence Sensors. Presence sensors are ambient sensors that can be placed in a
variety of environments. Common presence sensors are cheap but normally inac-
curate as there is the information about a detected movement but no directional
information is provided. By adding more sensors positions can be determined
more accurately. Single body parts can’t be observed so information is reduced
to movement of a person through an environment (e.g., gait speed) [18,43]. Such
sensors are often included in smart home setups.

3.4 From Assessment Test to Assessment Components

To be able to track and quantify assessment tests with technical approaches it
makes sense to break a single assessment test down into different components.
These components are sequences of movements that can be distinguished from
other movements within the same test. In case of the TUG test this means
that a set of small components are combined to a complete test: Stand up -
walk there - turn around - walk back - sit down. Each of those components
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can be analyzed separately to gain more information than the complete test
itself. A usual TUG test only provides the duration of the complete test in
seconds. The division into single components enables the measurement system
to provide much more detailed information: time duration of single components,
movements, movement speeds, balance parameters etc. are a few examples of
such information. Each of such movements can be measured by one or more of
the sensor technologies mentioned above. Up to now, no approach is able to track
all required components with a single sensor setup. Table 2 therefore provides a
classification of identified components, technologies that are currently used to
measure them and references to research work.

3.5 Assessment Components and Measurement Approaches

Systems to perform a complete mobility assessment test either in a clinical or
domestic environment are rare. As shown before, a lot of research has been done
in using different kinds of sensors to measure individual movement parameters.
Few systems use one single or a combination of sensors to measure a complete
assessment test. Table 2 shows the components that are assessed during the tests
and recent approaches to observe them. It also includes a list of sensor technolo-
gies that are used to measure the according physical movement. The list of
commercial systems is used as an example, more systems exist that mostly have
at least a slight different focus (like rehabilitation or sports movement analysis).
Four main categories of movement have been identified: transfer sit/stand, gait,
balance and turning/moving (body motion). It is obvious that the three selected
mobility assessment tests focus on different types of movement but are overlap-
ping in most areas. A combination of all three tests covers the whole spectrum
of movements. It can be observed as well that there is no system that is capable
of measuring all components and consequently there is no system that could
perform all three assessments even if they have quite an overlap in necessary
components. Additionally, there are some movement components that are cur-
rently not explicitly considered by any research the authors know of. Though
technically most of them are measurable.

A result of this overview is the obvious fact that some movement parameters
are more intensive investigated than others. It seems that instead of concentrat-
ing on single movement analysis, an overall effort should be made to coordinate a
complete assessment setup. For example gait analysis is quite common in mobil-
ity analysis whereas ‘reaching with arm forward’ is not tracked by any approach.
In some cases it may even be necessary to adapt the test descriptions to match
the requirements of technical analysis. But since the less examined components
are not completely out of reach from a technical point of view it seems possible
to develop a system that is capable of analyzing the used group of assessment
tests. Regarding sensor types there is a distribution as well (e.g., preferred usage
of accelerometers and pressure sensors) this might be an indication of availability
(price, usage) of such sensor technologies.
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Fig. 1. aTUG apparatus as approach to offer standardized TUG assessments in clinical
environments

3.6 Own Approach and Work Conducted

Our own novel approach, called Automated Timed Up & Go (aTUG, see Fig. 1),
to supporting the execution of mobility assessment tests in clinical and domestic
environments utilizes exclusively ambient sensor technologies and may be per-
formed in domestic environments without creating a test situation. Compared to
approaches using body-worn sensors, aTUG saves more time since no calibration
or donning of sensors is required. Patients are not directly aware of being techni-
cally measured. Additionally, the technical support provides more details about
the patients than a manually executed test by performing a gait and balance
analysis, if requested.

Part of the aTUG approach is the aTUG apparatus which was developed
from sketch starting in 2008 by demand of physicians from the field of geriatrics
in order to make the aTUG approach applicable in daily clinical practice. The
general idea of the apparatus is to integrate required sensor technologies with
a battery and a display in order to enable physicians to transport all required
equipment for performing an assessment and gait analysis at point of care. The
basis of the apparatus is a blood withdrawal chair. A laser range scanner is
used for performing kinematic gait analysis and is installed under the seat of the
apparatus. Four force sensors are integrated into the legs of the chair and enable
performing kinetic balance analysis while standing up and sitting down. The
apparatus may be accompanied with a set of home automation sensors i.e., light
barriers in order to provide even more details and to validate computations. For
long-term use at home those sensors can be placed in the environment. After an
initial proof of concept, the prototype was used as a basis for a complete redesign
with the objective of putting the aTUG chair into circulation as a medical prod-
uct. After a risk analysis, the construction, and safety tests, a new prototype
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was technically validated for support of the TUG tests in a residential care facil-
ity [36] and its gait analysis results were compared to a commercially available
marker-based tracking system. Additionally, the approach was evaluated in a
field trial in order to demonstrate the ability to perform TUG unsupervised dur-
ing daily life [35]. Currently, the aTUG apparatus is in a clinical trial of medical
products [56] in which it is clinically validated against manual measurements
and the GaitRite system at the Charité in Berlin.

The aTUG device can easily be placed and used in clinical environments.
Regarding the integration into domestic environments the aTUG has its draw-
backs. First of all, the device is certainly recognized as medical analytic device.
Persons using the apparatus are aware of being monitored. As already men-
tioned, this can lead to biased results since the persons try to perform as good
as possible in the case they are observed by someone. Additionally, the aTUG
device has a (somewhat) fixed position and recognition area so it has special
requirements for being installed (e.g., free path of 3–4 m) so it can’t be placed
in narrow spaces. As a consequence of these drawbacks the idea of the aTUG
apparatus was extended to use the same algorithms on a mobile robot platform
(see Fig. 2). The main task of doing gait analysis with aTUG is accomplished by
using a LRF sensor. This type of sensor is used in most of current state-of-the-art
mobile robot systems for navigation purposes. So this sensor is already available
on most robot systems and can easily be used to do the same gait analysis. The
major difference to aTUG is the mobility of the platform. The robot is able to
follow a person through the home, monitoring gait at various places, under dif-

Fig. 2. Mobile robot platform equipped with LRF and Kinect sensor. Approach to
bring the aTUG idea to domestic environments.
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ferent circumstances and over longer distances even if there is no straight line to
perform a classic TUG test. To extend the system even more, 3D sensor infor-
mation was added to analyze balance parameters and movement characteristics.
In this case, the well known Microsoft Kinect sensor was used. The idea is to
enable every typical mobile service robot to do such analysis, not to create a
new type of robot. So people buy the robot to fulfill any type of service (e.g.,
cleaning, personal assistance, telepresence) and the mobility monitoring is done
in the background (with approval by the user) and after some time the user is
not aware of the test situation anymore. So the results of the measured mobility
parameters are much more realistic than any test can provide. Using this sys-
tem, the following major advantages are gained: (1) mobile data acquisition (no
need to place many sensors at different locations in the home), (2) gait and full
body movement analysis, (3) monitoring over long periods of time, (4) getting
mobility data in everyday life, no test situation.

The robot is designed to record the observed movements in a data base so
that further analysis can be done by e.g., medical personnel. Open questions are
still the communication with medical personnel in terms of data standards and
comparability of test results. See Sect. 4 for a more detailed analysis of problems.

4 Open Problems

aTUG and some other body-worn approaches are close to being available as
medical products. In daily clinical practice their main advantage will be to pro-
vide more detailed and more objective results than manual assessment tests and
to save time by digital documentation of results. However, in order to save costs
in the future, only more effective procedures in clinical environments are not
sufficient. One possibility to save more costs is by early prevention and more
sustainable rehabilitation on an individual basis for which domestic assessments
may provide the required data. Currently, there are three main open problems
in this field: (1) How to implement clinical assessment tests in domestic envi-
ronments unobtrusively, (2) how to document domestic assessment results in a
standardized manner and (3) how to compare these to clinical assessment results.

4.1 Acceptance of Technical Innovations

First of all - if a system shall be used either in clinical or in domestic envi-
ronments, without acceptance by the users the system will fail. This is even
more crucial in the case of domestic environments. It is very hard to predict
reactions of users to new technologies brought into their own homes. If there
is no real use-case and obvious benefit the system will be rejected usually. In
professional environments this is not as serious as in home environments but
especially medical personnel is used to work with common tools and new tools
are accepted mostly if there is also a benefit for the operator (e.g., faster exe-
cution, less stress). So the selection of sensors has to be made in the first place
based on acceptance, prices are less important and get even less important due
to price decreases through industrial developments.
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General Technology Acceptance. Of course all conclusions of acceptance
research have to consider the fact that technical developments in recent years
also changed the way people react to them [48]. People that will reach the age
of the target group of geriatric treatment in 10 or 20 years will have a totally
different perspective to new technology than people that are in need of care at
present. For example even today’s elderly people are used to computer systems
etc. since they already worked with them. Ten years ago, this was not the case.
The more experience people have, the better they can estimate how this could
effect their lives. Perspectively, the group of technically experienced elderly will
grow and the other group will scale down [27]. Anyhow, technology is accepted
to a greater extend if the benefit of usage is clearly visible [27,73].

In a meta study called Body-Worn Sensor Design: What Do Patients and
Clinicians Want? Bergmann and McGregor examined the results of multiple
studies regarding sensor and technology acceptance of body-worn sensors in med-
ical application areas [11]. They identified 11 studies that provide information
about this specific user acceptance. Since the focus of such studies was broad
they ware able to draw some overall conclusions like one of the main recurring
factors was the preference for small and embedded sensors, indicating that user
are keen to minimize the physical impact of any wearable system, as well as the
less notable the device is the higher the patient’s acceptance will be, which in
turn will improve the quality of gathered data, as patient’s behavior will then be
closer to his/her normal routines. As already mentioned, this has to be taken
into account when designing person monitoring systems. On the other hand,
clinicians were concerned with issues such as restricted recording time due to a
limited storage capacity, techniques for attaching the device to the patient and the
fact that data should be available in real-time to make instant diagnosis possible.
Which again sets some crucial requirements for hardware and software design.

Robotic Acceptance. An intense study regarding acceptance of robots was
conducted in 2011 [9]. It was not focused on elderly but on a broader selection of
people. The result of this study was a list of open questions for robot development
which also included age dependent acceptance as open problem.

In 2009 there was a survey of the acceptance of service robots comparing
different age groups (ages 18–25 and 65–86) [31]. There was no significant differ-
ence between these groups as long as the benefit is sufficiently visible. However,
elderly persons were more open-minded regarding critical functionality (emer-
gency services) of robots. Another study of the same research group revealed
similar results [30].

Smarr et al. gave an overview of robotic assistance systems for elderly people
in 2011 [96]. Especially robots assisting at activities of daily living were selected.
The study was based on internet and database research which lead to, depending
on usage of the system, from 61 to 147 different robot systems. This shows high
interest in technological assistance however one conclusion was that there is no
comprehensive study that concentrates directly on needs and requests of elderly
people.
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Concluding this short selection of acceptance research it can be stated that
acceptance is crucial for (medical) technical systems but there is still a lack of
comprehensive studies which can provide a general guideline for designing such
systems. This does not mean that there is no research of acceptance in general,
there is a lot, but the diversity of technical solutions is huge and it is hard to
create general statements by studying single applications. So every system has
to be elaborated carefully for meeting the expectations users have in each case.

4.2 Clinical Assessment Tests in Domestic Environments

Today, several technical approaches to conduct domestic (mobility) assessments
have been implemented and are currently evaluated in the field - many will still
follow. The most important remaining technical problem is how to implement
tests in a way that patients accept these in their daily life. Tests will have to
be unobtrusive and should ideally be performed continuously without requiring
patients to perform an explicit test. Some researcher i.e., our own work [35] and
the work of Stone and Skubic [104] have already shown that assessment tests may
be implemented without creating a test situation and thus can be implemented
unobtrusively. Some of the lessons learned from the first real world experiences
are considered here.

If sensors are used to precisely analyze personal movements those should be
broken down into single movement aspects (e.g., the before mentioned compo-
nents) this will allow better comparability between established test scenarios.
The measurement results itself should not remain on a detailed technical level,
they should be classified into categories. The ICF already provides a framework
for such classification (see next section). Another aspect is data integration.
In clinical environments there are established data communication and sharing
standards but in home environments there is no such infrastructure. This needs
to be considered when systems shall be deployed at home environments but still
be useful in the complete medical service environment.

It should not be the goal to try to recreate established tests completely. In
fact the original test descriptions have been designed in such a way (being sim-
ple) to compensate the lack of technical capabilities. So it is more important to
understand the ideas behind the tests and to transfer these to the new circum-
stances (e.g., home environment). Technical approaches can deliver much more
detailed analysis which may provide new insights whereas classical approaches
are not able to.

Working within the health sector is often driven by the need of reducing
costs. This can be accomplished by introducing automated assessment tests both
in preventive as well as actual care scenarios. Though this heavily depends on
the costs of the final automated measurement system. Additionally, as men-
tioned above, in professional medical environments a two-step approach seems
to be more realistic. Firstly common techniques should be supported by the
new developments which then can be extended to fully replace the former com-
mon strategies. Only known and proven technologies are accepted. So adding a
completely new technology can face high barriers.
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Fig. 3. Sit-stand-sit cycle analyzed by Kerr et al. [55] in laboratory environment (a)
and same analysis performed by mobile robot in domestic environment (b, own work).
Results seem to be comparable but how to compare such results with clinical practice?

The use of service robots in domestic environments is intensively investigated
currently. Using a service robot to perform assessment test analysis is quite new.
Since the development of domestic service robots is still at the early stages,
questions about acceptance and usability of such a special service is highly spec-
ulative. First user tests with robot prototypes have been conducted and results
are promising but still far from real world usage (see Fig. 3). This figurative
example shows that state-of-the-art systems like robots are able to reproduce
results that coincide with former approaches but there is still no way to actually
compare both of them. Even more important - there is currently no connection
to standard medical procedures that would incorporate these results.

In general an assessment analysis with either robot or other ambient technol-
ogy can be regarded as feasible. However, the results of different domestic and
clinical assessment systems are not comparable to each other today. The main
reason for this and another open question is a missing common classification and
document format for the results.
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4.3 Standardization of Results

Even if technologies for performing mobility assessments in peoples’ homes are
available, results of such domestic assessments are not directly comparable to
clinical assessment tests. Three main problems can be found:

1. Incompleteness of assessment results: Assessments in domestic environments
will have to be performed as part of every-day activities without creating a
test situation in order to be accepted by patients. Often, not all aspects of
clinical assessment tests can be tested during every-day activities.

2. Contextual dependency on assessment results: While clinical assessment results
are obtained under standardized conditions during a test, domestic assess-
ment data is gathered in peoples’ homes which may contain unclear influence
factors even if people have to perform a test at home. Such unknown con-
textual influences factors may have an unclear influence on the assessment
results.

3. Uncertainty of assessment results: Assessments in domestic environments will
have to be performed unsupervised by use of sensor technologies in order to
be cost-efficient. Such implementation implies that there will always remain
a certain amount of uncertainty whether sensor recordings and evaluations
do really reflect the abilities of a patient in a certain assessment domain.

Therefore, a common classification for aspects of clinical and domestic assess-
ment results and for expressing contextual influence on these and their uncer-
tainty is currently missing. Additionally, as soon as assessment information has
been obtained in peoples’ homes it has to be transferred to physicians and care-
givers for being considered when making a medical decision. Personal Health
Records (PHRs) have the ability to store and exchange this user generated data
with Electronic Health Records (EHRs) of the professional domain. Mapping
a classification for assessment results to an established semantically annotated
document format would enable long-term storage and transfer of fine-grained
assessment information on a machine interpretable level. Providing such a com-
mon classification and a mapping to standardized document-format would not
only enable physicians to use domestic assessment data in their every-day deci-
sion making but maybe also enable them to gain new insights into people’s daily
performance.

In order to make data from clinical and domestic assessments comparable, a
common classification for the results is required. Such a classification will have
to solve the three described problems of incompleteness, contextual dependency,
and uncertainty of assessment results. Additionally, a standardized document-
format for transferring and presenting assessment results encoded by a common
classification is required. Therefore, we propose three main methods for making
clinical and domestic assessment results comparable by machines and medical
decision makers:

1. To use component codes from the International Classification of Functioning,
Disability and Health (ICF) [80] to decompose clinical and domestic assess-
ment tests into common parts. Therefore, an assessment test will comprised
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a sequence of several components from the ICF. Such break down of assess-
ment tests solves the first described problem by enabling the standardized
description of even incomplete assessments.

2. To use qualifiers from the ICF’s list of activities and participation, i.e., capac-
ity and performance, for expressing contextual influence on assessment results.
Encoding assessment results as capacity values expresses low environmental
influence; performance values indicate high environmental influence. Usage of
aid may be encoded as well.

3. To map assessment results encoded according to our first two methods to
the Clinical Document Architecture (CDA) [45] in order to enable a stan-
dardized transfer of results between PHRs/EHRs and to provide a machine-
interpretable and human-readable representation of results. Additionally, to
use CDA in order to annotate uncertainty of assessment results, an extension
of CDA must be made.

4.4 Integration and Co-Existence of Clinical and Domestic
Assessments

Even if domestic assessment results will be available to physicians in the near
future in a common document format, a third open question is how recognized
changes over time and differences to clinical assessment results will influence
a medical decision. The explanatory power of domestic assessment results and
their relationship to clinical results have to be investigated. In order to foster this
process, the 3DLC model was developed [46]. 3DLC is a first step towards cate-
gorizing available assessment results and to explaining the relationship between
clinical and domestic results. Within the proposed model, assessment data is
categorized on three axes: relevance to clinical decision, recording frequency,
and context dependence of results. Recording frequency refers to the tempo-
ral intervals in which the assessment results are obtained. While assessments in
professional environments have a low frequency, i.e., once per week or twice per
hospital stay, domestic assessments can be performed continuously or at least
one per day. The higher frequency should provide a better insight into patients’
abilities. However, domestic assessment results are more context-dependent. In
a clinical setting a standardized test situation is created which makes results
comparable. In a domestic setting, unclear influences, e.g., different floor covers,
may results in different assessment results. Since those influences may not be
clear, context dependence of results is high. These former two axes influence the
third axis - the relevance to the clinical decision. The higher the result frequency
and the lower the context dependence the more relevant are assessment results
to a clinical decision. New technical systems for implementing both clinical and
domestic (mobility) assessment tests should adhere to a common results classifi-
cation and document-format in order to make their results comparable to other
approaches and usable during medical decision making. In order to be accepted
by patients in their homes, domestic assessment systems should be implemented
unobtrusively. The question how obtained results are used during clinical deci-
sion making and how changes over time and differences between clinical and
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domestic assessment results have to be interpreted remains future work after
more usable data was collected.

5 Future Outlook

Summarizing the current open problems and development activities, the fol-
lowing conclusions can be drawn (see Sect. 4 Open Questions for more detailed
analysis):

1. A lot of different approaches for mobility analysis already exist. It lacks of a
combined effort to bring these single-focused approaches into complete assess-
ment systems.

2. A major factor of providing domestic technology is user acceptance - research
has to put emphasis on acceptance by end-users as well as professionals for
seamless integration in common work flows so that high user-acceptance is
achieved. In the field of automated assessment execution there is no reliable
data on user acceptance available.

3. The results of technical analysis have to be transferred into a common lan-
guage which allows consistent processing. The ICF provides parts of such a
tool set. This should be discussed for inclusion.

4. If data is exchanged between home and professional environments, compre-
hensive standards are necessary. Currently an equivalent to the PHR/EHR
systems of the professional domain is missing/not sufficiently integrated in
the home environment.

5. The focus should not be to completely copy common procedures but enhance
them with the additional information that can be provided by technical analy-
sis systems.

6. One future way of bringing sensors in domestic environments will be service
robots. These robots usually will be designed for a different major task but
they bring a set of sensors ’for free’ that can clearly enhance domestic mobility
analysis. Of course, robot technology itself has a lot of open research questions
to be solved as well before they can be used as reliable source.
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M., Gövercin, M., Wahl, F., Haux, R., Steinhagen-Thiessen, E.: Vermessung von
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