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Abstract. Wearable computers, embedded in clothing or seamlessly in-
tegrated in devices we carry with us, have a tremendous advantage to
become the main gateway to personal health management. Current state-
of-the-art devices allow to monitor basic physical or physiological para-
meters. Applications include e.g. improving performance in sports, early
fall detection for elderly people, long-term heart monitoring in order to
quantify recovery after surgery.

Those devices however tend to focus on elementary physical or physio-
logical aspects of health management. In this article we point out that
future wearable device will need to take into considerations social as well
as mental aspects in addition to physical and physiological information
in order to deliver truly personalized, proactive, wearable health or life
style management systems. We highlight open research topics that need
to be addressed to make this vision a reality.

1 Introduction

The current health care system faces many challenges in view of the aging pop-
ulation. Reducing health costs while maintaining universal and high quality of
care are among the toughest challenges nowadays. At the same time, with an
increasingly mobile life style, people desire more flexibility in their relation to
the health care system, such as the possibility to get in touch with health care
professionals anywhere and anytime.

Wearable computing has the potential to revolutionize health care by de-
centralizing it, giving more control to the patient, and shifting the focus from
treatment to prevention. Wearable computers may become the main gateway
to personal health management, therefore becoming personal health assistants.
Current state-of-the-art devices already allow to monitor basic physical or physi-
ological parameters. Applications include e.g. early fall detection for elderly peo-
ple, or long-term heart monitoring in order to quantify recovery after surgery,
as well as improving performance in sports.

The health care system nowadays is mostly designed to address “life threat-
ening” situations that have an immediate effects on survival chances (e.g. heart
conditions, diabetes). However, individual life style may have a strong influence
on future health prospects, even if it has no immediate impact on survival. For



example adequate nutrition habits, or practicing sports, may reduce the risk
of cardiovascular diseases in the long run. The management of these lifestyle-
related factors is difficult to integrate in the current health care system which
is mostly based on sporadic visits of the patient to the health care professional.
Implementing a health-friendly life style may also be a difficult task for the pa-
tient himself. Since the life style may not have immediate effect on the patient’s
health, there is no strong incentive to change one’s behavior, and even if the
patient perceives the need for a change, this may be a daunting task if unaided.
Wearable computing has the potential to become an ubiquitous tool to help
patients manage their life style in a more efficient way, and thus signal a shift
toward user-centric health-management or lifestyle-management.

Health-management addresses a wider population than the current health
care system, targeting the more general “health-savvy” citizen, rather than pa-
tients suffering from critical conditions. Furthermore, health is more than the
mere absence of illnesses. Indeed the World Health Organization defines health
as [...] a state of complete physical, mental and social well-being and not merely
the absence of disease or infirmity [1]. We envision that, in addition to supporting
lifelong health-management, wearable devices will shift toward supporting the
more all-encompassing concept of “well-being” along the three axes of physical,
mental and social well-being.

This in turn will require new tools, technologies and algorithms to understand
the user’s state and provide him with adequate feedback on how to improve
his condition. We argue that one of the key mechanism of wearable computing,
context recognition, will need to be expanded significantly in order to understand
higher level, more complex, contexts than what is currently state of the art. In
particular, the detection of cognitive, social or emotional states may be required
for the system to understand the current state and needs of the user.

In this article we highlight the open questions and future research topics
that need to be addressed by the research community in order to make of this
vision a reality. We describe our vision of life style management in section 2. We
then review in section 3 current state of the art wearable devices, that mostly
address the physical aspect of well-being. In section 4 we describe recent results
evidencing that the detection of mental as well as social states is possible, and
therefore that the combination of the three aspects of physical, mental and social
well-being in a device may be a likely outcome. In section 5 we highlight the open
questions that must be addressed. In particular, recognizing the user context,
his daily routine, together with his social interactions, emotional or cognitive
states, and correlating these with a sense of well-being or with potential long
term clinical outcomes, are research topics that have not yet been tackled in the
wearable computing community. Finally we conclude this paper in section 6.



2 Toward life style management

A picture of the physiological state of a patient can be painted by combining vital
parameters like heart rate, temperature and motion activities with the person’s
context, e.g. sleep patterns, social interactions and other health indicators.

Recent developments in micro-and nanotechnology, low power computing,
and wireless communication as well as in information processing have paved the
way to non-invasive and mobile biomedical measurements and health monitor-
ing [2] providing the technological platform for the advent of personal health
assistants (PHA).

Figure 1 depicts a potential implementation of a PHA. Several sensors, dis-
tributed in clothes, transmit the measured physiological and context data over
a body area network (BAN) to a computing unit (e.g. a PDA), which fuses the
sensor data, estimates the health status and communicates with the surrounding
networks.

Caontext Sensors
accelerometers, gyro,
COmpass

light, micraphone, GPS,

Smartphone, PDA

Communication:
Bluetooth, WLAN
GEM

Body Area Metwork:
wired, wireless

Fig. 1. Architecture of a Personal Health Assistant. Sensors, distributed in clothes,
estimate the health status of the user. Feedback may be provided to the user or recorded
signals sent to surrounding networks for further processing.

Yet health is not the mere absence of illnesses. According to the World Health
organization, health is a state of complete physical, mental and social well-being
and not merely the absence of disease or infirmity [1]. This definition is very
broad and close to a definition of “happiness” [3] and therefore difficult to quan-



tify and model, yet it is undeniable that physical, mental and social factors are
all important in achieving a balanced life style.

Visually, one may think of a life balance “sphere” along three axes represent-
ing the physical, mental and social states (figure 2). If the life balance “vector”,
that is the current user state, falls within this sphere, he may be considered in
a “healthy” state. If the life balance “vector” falls out of this sphere however,
actions must be taken to compensate for these deviations.

We envision that future wearable personal health assistants will tend to support
everyday well-being, or quality of life, along the three axes of physical, mental
and social states.

These wearable devices will thus need to detect the user state, or context
along those three axes. Based on the user state, together with the knowledge of
past events, the wearable device may provide feedback or hints to the user in
order to improve his life style. In order to personalize the system, the position and
the size of the individual life balance sphere have to be adjusted by a calibration
procedure, e.g. after recreative vacations of the user.

Such wearable devices target the “health-savvy” citizen rather than patients
suffering from critical conditions. As such, they operate alongside the traditional
health care system, and complement it by providing continuous, lifelong, moni-
toring, together with real-time feedback about one’s health status.

Nowadays, personal health assistants tend to focus mostly on the aspect of
physical health. In the future mental and social aspects will be integrated as
well. As a consequence, research in this field will have to draw not only from
medical science, but also from cognitive science, behavioral and social science,
neurobiology, psychology, making it an extremely inter-disciplinary field of re-
search.

Mental
A

X—~ Physical

Social

Fig. 2. According to the World Health Organization, health is a sense of physical,
mental and social well-being. Visually, an individual life balance “sphere” may repre-
sent the ideal conditions for well-being. The arrow indicates the current user’s state
measured by the wearable device.



3 Evaluation of the physical state

At the moment, the detection of the physical state of the user (e.g. user activity,
user location, physiological parameters) is more advanced in comparison to the
detection of social or mental states. Normally, few and distinct features define
physical states; additionally, sensor data and the physical state are closely related
facilitating the classification process. As a consequence, most personal health
assistants nowadays rely on information about the physical context of the user
to infer his health status.

The user physical state can be picked up by transducers that convert physical
activity or physiological signals into electric signals that are then processed by
personal health assistants. Table 1 summarizes the non-invasive sensors which
can be implemented in a daily outfit, and the information which they may re-
veal about the user. In recent years, several wearable health systems have been
developed using a subset of the sensors listed in table 1, depending on the target
application.

Sensors ‘Observation
Sensing of vital parameters
ECG Heart rate, heart rate variability (HRV)
EMG Muscle activities and fatigue
Galvanic Skin Response |Skin perspiration
Temperature Skin temperature, health state (fever)
Respiration Breathing rate, physical activity
Blood oxygen Status of the cardiovascular system, heart rate
Blood pressure Status of the cardiovascular system, hypertension
Sensing of the user’s context
Accelerometer Motion patterns of the body and limbs
Microphone Speaker recognition, localization by

ambient sounds, activity detection,
speech features

Visible light sensor Localization of light sources

Rotation (gyroscope) Body movements

Compass Orientation of the body and the head
Air Pressure Vertical motion in elevator or staircase
IR light sensor Sunshine, localization of lamps

UV light sensor Localization of fluorescent light tubes
Environment temperature|Outdoor, indoor

Humidity Location, weather conditions

WLAN / GSM / CDMA |Location, user environment

Bluetooth, ZigBee Services and devices nearby

Table 1. Overview of sensors used for the detection of vital and context parameters.



The flexible belt of Polar! accommodates a one-channel ECG and accelerom-
eter. The analysis of the heart rate enables the management of fitness, weight,
rehabilitation as well as professional training. The Bodymedia HealthWear Arm-
band? is worn on the back of the upper right arm; focusing on weight man-
agement, it measures movement, heat flux, skin temperature, near-body tem-
perature, and galvanic skin response, allowing accurate calculations of energy
expenditure. VivoMetrics® developed a “LifeShirt System” affording the contin-
uous ambulatory monitoring system of pulmonary, cardiac and other physiologic
data, dedicated mainly for research. ECG, accelerometers and sensors for respira-
tory measurement are embedded in undershirt garment; an external PDA stores
the data and extracts the vital parameters. The Stanford Lifeguard system*
has been designed for extreme environments. It comprises physiological sensors
(ECG /respiration electrode patch, pulse oximeter, blood pressure monitor), a
wearable cigarette packet sized box, and a base station.

Several projects have been initiated to monitor the physical health status
based on wearable systems. The EU-Project MyHeart [4] focuses on the design
of a PHA capable of early and mobile detection of atrial fibrillation, allowing
immediate treatments e.g. by medication. Post-stroke neurological recovery can
be stimulated by exercise and perhaps by medications [5]. Wearable sensors
within the PHA are necessary to capture the motor activity and to assess the
effects and efficacy of treatment interventions. In [6], an accelerometer system,
fastened by an elastic waist belt to the subjects back in the lumbosacral region,
enables the assessment of the motor recovery system and of the effectiveness of
physical therapy of post-stroke hemiplegic patients.

Status and open problems Over the last years, systems detecting the basic
physical state have achieved a mature level allowing first commercial application.
Several research groups are active to improve the robustness of theses systems
and to extend their functionality. What are the main road blocks preventing a
further proliferation at the moment 7

Smart clothes pose two critical challenges. On the one hand, the acceptance
of the potential users wearing smart clothes everyday demands for a high level
of wearing comfort and intuitive handling. On the other hand, cooperations
between clothing manufacturers, electronic suppliers and the retail have to be
established to close the manufacturing, trading and maintenance chain.

Most of the sensors mentioned in table 1 require a close, permanent and
mostly large-area contact to our skin to ensure sufficient signal quality. On the
other hand, many people prefer casual clothes with an as small as possible con-
tact pressure. Textile design and signal processing are requested to reduce the
motion artifacts in the sensor signals. Yet, the signal performance achieved in a

! nttp://www.polar.fi/

2 http://www.bodymedia.com

3 http://www.vivometrics.com/

4 http://lifeguard.stanford.edu/



standard medical setup can not be guaranteed in a mobile environment. Methods
have to be provided to correlate the clinical and mobile data.

The interaction between the user and the wearable system remains an open
research topic. Conflicting demands - unobtrusiveness of the device v.s. intuitive
handling, reduced attention v.s. short-term acuteness - have to be balanced and
adapted to the actual situation

Furthermore, the PHA as a mobile and communicating device has to be
embedded in the local and national IT landscape, involving network providers,
as well as private and public health services.

4 FEvaluation of the social and mental state

It is relatively common nowadays to extract contextual informations about the
activities of a user. Yet social and mental states are also an important part of
well-being [7, 8]. In particular, social networks were shown to positively influence
life expectancy [9], as well as happiness, or positive emotions [10].

We take the possibly surprising stance that social and mental state may
be evaluated using only wearable devices. We believe that even accelerometers,
microphone, galvanic skin response (GSR), temperature and ECG sensors are
sufficient in combination with local communication devices (e.g. WLAN) to de-
tect the basic mental states like stress, fear, depression, as well as basic social
states like interactions or communication styles.

A series of recent research approaches motivates our confidence. In the social
context, wearable devices were devised to analyze relations between individuals
based on measured interactions [11], or by automatic conversational analysis [12],
and it was shown that aspects such as people’s status in a social networks can
be detected from vocal signaling [13]. Understanding social networks may help
to design more efficient systems for data distribution [14], but could also be used
to detect the amount of social interactions of persons and take measures when
e.g. elderly remain alone for extended periods of time by messaging relatives.

Mental states include emotions, or contexts such as concentration, stress or
depression. Emotion classes may be detected from brain signals [15], or phys-
iological signals such as cardiovascular patterns [16,17]. See [18] for a review
of how emotions may be detected. Recently, these findings in psychology and
physiology were demonstrated in interactive applications (e.g. emphatic paint-
ing [19]) and are the topic of several research projects. In [20] e.g., four wearable
sensors (EMG, SpO2, skin conductance, respiration sensor) have been applied
to detect and to classify eight different emotions like anger, grief, joy or hate
with a classification accuracy between 60 and 70 percent. Within the project
AUBADE® a wearable platform for analyzing the emotional states in real time
is devised, using signals obtained from the face. The HUMAINE project investi-
gates human-machine interactions based on emotions®. In [21], a model of user’s
emotions has been presented which combines a sensory apparatus, an ontology

® http://www.aubade-group.com
S http://emotion-research.net/



of emotion concepts and an active interface adapting to the user’s perceived
emotional state. Using only GSR, temperature, and heart rate data, five emo-
tional states - neutrality, anger, fear, sadness and frustration - could be detected
with a recognition rate better than 70 percent. Correlation between depression
and gait velocity allows the evaluation of depression using accelerometers only
[22]. Signs of depression may also be detected from vocal signals [23]. Cogni-
tive “contexts” may also be detected. In particular the level of concentration
was shown to influence EEG recordings [24], and wearable systems were able
to detect stress in ambulatory settings [25]. Cognitive assistants were devised
to help people with memory problems or huge workloads [26]. The INTREPID
project” aims at developing a multi-sensor context-aware wearable system for
the treatment of phobias.

Clearly, these few examples only illustrate particular aspects of the mental
or social states. On the other hand, the full potential of a continuous on-line
monitoring based on multi-model sensor data acquisition at the human body
has not been exploited yet.

5 Open questions

Several challenges must be tackled before personal health assistants may exploit
social and mental modalities in addition to physical information. Detecting social
and mental states is still a recent and challenging topic, especially since these
states do not generally translate to simple physical outcomes that could be picked
up by single sensors. Objective measures of quality of life from physical, mental
and social parameters must still be investigated, together with the minimal set
of sensors required to acquire the necessary data. Furthermore, defining the
kind of feedback that a wearable device could provide to improve well-being
remains an open research topic. We foresee devices that take proactive measures,
for instance to improve the social contacts of elderly people. Also, we argue
that simply providing daily summary and trends of the “well-being parameters”
may be enough for the user to become conscious about his own life style, and
support him implementing changes, therefore paving the way toward a “life style
management” device. In the following we will highlight several open questions
in more detail.

Feature selection and data recording Depending on the aimed application
a set of physical and physiologic parameters will be selected for continuous moni-
toring in a first step. Aiming at obtaining proper models and classification results
in subsequent steps, it will be important to guide this selection process by life
style related needs and technical feasibility. Inter-disciplinary cooperations have
to be established to answer two important open research questions: (i) What are
the signals required to detect context, social interaction and activity? (¢i) What
is the minimum set of signals to achieve a desired performance?

" http://www.cordis.lu/ist/directorate_c/ehealth/projectbooklet/projects.
html



Data base design From the viewpoint of data collection, a continuous record-
ing of vital and context parameters (as presented in table 1) offers high-resolution
data incorporating time-stamps. In the medical domain various types of long-
term data bases can be identified - ranging from registries (only few core data
elements) up to research data bases (in-depth data about a defined population
subset) [27]. Integrating these valuable data sources with ongoing mobile data
in a data warehouse system would allow to correlate objective measures with
health or subjective well-being. However, current medical data bases focus on
unhealthy people. Aiming at detecting social and mental status too, additional
data bases (e.g. for “stressed” people) are needed. In [21] it was suggested to cre-
ate a data base of emotional concepts, in order to be able to categorize emotions
and to infer emotional trends over time.

Modeling In health science, well studied human models are available, for exam-
ple to estimate the risk of postoperative incidents or to evaluate health-related
quality of life [28], [29]. Augmenting these models by contextual data, social in-
teractions or activities of daily living, could dramatically increase the predictive
power [30]. To ensure a broad acceptance in health care related applications, a
transparent modeling is highly indicated.

Adaptivity and calibration Aiming at providing truly personalized, proac-
tive wearable health management systems, adaptivity and personal calibration
are very important. Although there are objective measures to detect abnormal
physiological conditions (e.g. heart condition), when it comes to social or men-
tal contexts it is likely that people will experience different levels of well-being
even in similar environmental conditions depending e.g. on age, social class,
past history. As a consequence, a personal calibration is necessary, together with
adaptive algorithms for context recognition. Traditionally, context-recognition
algorithms relying on off-line training are used to detect physical status. In the
present case however, on-line learning may be a prerequisite to achieve personal
calibration. This new breed of adaptive context recognition algorithms may make
use of bio-inspired techniques, which were shown to provide adaptivity and learn-
ing in other fields [31].

Liability and privacy Fostering well-being through wearable computers is
complementary to the traditional health care system and does not apply to the
same population class. In particular, wearable computers are not currently en-
visioned in life-critical situations, but more as a support tool, as a personal
adviser, for the health-savvy citizen. In case of critical conditions, the tradi-
tional health care system takes over. Privacy may be guaranteed by developing
standalone wearable devices that do not transfer data to on-line services. When
database creation is envisioned, procedures that guarantee anonymous data col-
lection must be the rule.



6 Conclusion

In this article we described a vision for the future of personal health assistants,
which encompass the three axes of well-being as defined by the World Health
Organization: social, mental and physical well-being. We reviewed the current
state of the art personal health assistants, that mostly deal with the physical
aspect of well-being. We highlighted recent results showing that some social
or mental states can be detected automatically by wearable devices. We are
thus confident that these three aspects of well-being will be integrated in future
personal health assistants. These will go beyond current state of the art, and not
only address patients suffering from critical conditions but also the health-savvy
citizen that desires to analyze and improve his life style in order to better his
health prospects.

As social and mental aspects, as well as physical aspects, are considered in
personal health assistants, research will have to draw not only from medical
science, but also from cognitive science, behavioral and social science, neuro-
biology, psychology, making it an extremely inter-disciplinary field of research.
The generalization of personal health assistants will allow to collect data from
a much larger population than what is currently standard in clinical trials, to-
gether with accurate and detailed contextual information and time stamping.
As a consequence, we believe that fruitful exchanges are likely between the field
of wearable health assistants and medical science as well as “soft” sciences.

While several major obstacles remain along the way, we believe that in the
near future, with the joint work of the research community, we will see this vision
of life style management devices become a reality.
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