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Body area sensors can enable novel
applications in and beyond healthcare,
but research must address obstacles such
as size, cost, compatibility, and perceived
value before networks that use such
sensors can become widespread.

nroads into coordinated, intelligent computing
are enabling sensor networks that monitor envi-
ronments, systems, and complex interactions in
a range of applications. Body area sensor net-
works (BASNs), for example, promise novel uses
in healthcare, tness, and entertainment. Each BASN
consists of multiple interconnected nodes on, near, or
within a human body, which together provide sensing,
processing, and communication capabilities.

BASNs have tremendous potential to transform how
people interact with and benefit from information tech-
nology, but their practical adoption must overcome
formidable technical and social challenges, as the Re-
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quirements for Widespread Adoption sidebar describes.
These challenges have far-reaching implications but offer
many immediate opportunities for system design and
implementation.

Although BASNs share many of these challenges
and opportunities with general wireless sensor net-
works (WSNs) and can therefore build off the body of
knowledge associated with them many BASN-specific
research and design questions have emerged that require
new lines of inquiry. For example, to achieve social ac-

ceptance, BASN nodes must be extremely noninvasive, and
a BASN must have fewer and smaller nodes relative to a
conventional WSN. Smaller nodes imply smaller batteries,
creating strict tradeoffs between the energy consumed by
processing, storage, and communication resources and the
fidelity, throughput, and latency required by applications.
Packaging and placement are also essential design consid-
erations, since BASN nodes can be neither prominent nor
uncomfortable.

As with any technology, economic concerns can affect
BASN adoption. To amortize nonrecurring engineering
costs, each BASN platform will require either significant
volume in a single application or aggregate volume across
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several applications, creating design tradeoffs between
application-specific optimizations and general-purpose
programmability.

Finally, value to the user will ultimately determine the
technology s success. BASNs must effectively transmit
and transform sensed phenomena into valuable informa-
tion and do so while meeting other system requirements,
such as energy efficiency. A BASN s value therefore rests
in large part on its ability to selectively process and de-
liver information at fidelity levels and rates appropriate to
the datas destination, whether that is to a runner curious
about her heart rate or a physician needing a patient s elec-
trocardiogram. These disparate application requirements
call for the ability to aggregate hierarchical information
and integrate BASN systems into the existing information
technology infrastructure.

Current work to address these challenges and realize
these opportunities points to a critical need for collabora-
tion between technologists and domain experts who can
help define the specifications and requirements for BASN
systems and applications. In applications targeting the
aging population, for example, such collaboration could
involve physicians, nurses, psychologists, and sociologists
to ensure that a BASN provides valuable information while
being usable by the elderly in a safe and socially accept-
able manner. The need for such collaboration is only one
of many requirements that research must satisfy to pave
the way for practical, accessible BASN use.

APPLICATION AREAS

Because of demonstrated need and market demand,
BASN research thus far has concentrated on healthcare
applications, addressing the weaknesses of traditional
patient data collection, such as imprecision (qualitative ob-
servation) and undersampling (infrequent assessment).

In contrast, BASNs can continuously capture quantita-
tive data from a variety of sensors for longer periods. By
addressing challenges such as the energy-fidelity trade-
off, BASNs will enable telehealth applications medicine
beyond the confines of hospitals and clinics' and, because
of their human-centricity, will facilitate highly personal-
ized and individual care. As Figure 1 illustrates, BASNs
integrated with higher-level infrastructure will likely excel
in healthcare scenarios, serving the interests of multiple
stakeholders.

In addition to delay-insensitive applications such as
longitudinal assessment, BASNs that can offer real-time
sensing, processing, and control will augment and pre-
serve body functions and human life. BASN researchers
are already working to improve deep brain stimulation,
heart regulation, drug delivery, and prosthetic actuation.
BASN technology will also help protect those exposed to
potentially life-threatening environments, such as soldiers,
first responders, and deep-sea and space explorers.

Finally, BASNs are well positioned to benefit from
the intersection of two formerly disparate application
areas. Physiological and biokinetic sensing applications

REQUIREMENTS FOR WIDESPREAD ADOPTION

W idespread BASN adoptionand di usionwill depend ona host
of factors that involve both consumers and manufacturers.
User-oriented requirements include the following:

» Value. Perceived value can depend on many factors, such as
assessment ability, but overall, the BASN must improve its
user s quality of life.

» Safety. Wearable and implanted sensors will need to be bio-
compatible and unobtrusive to prevent harm to the user.
Safety-critical applications must have fault-tolerant
operation.

« Security. Unauthorized access or manipulation of system
function could have severe consequences. Security mea-
sures such as user authentication will prevent such
consequences.

» Privacy. BASNs will be entrusted with potentially sensitive
information about people. Protecting user privacy will
require both technical and nontechnical solutions. BASN
packaging will need to be inconspicuous to avoid drawing
attention to medical conditions. Encryption will be neces-
sary to protect sensitive data, and encryption mechanisms
will need to be resource-aware.

» Compatibility. BASN nodes need to interoperate with other

BASN nodes, existing inter-BASN networks, and even with
electronic health record systems. This will require standard-
ization of communication protocols and data storage
formats.

» Ease of use. Wearable BASN nodes will need to be small,
unobtrusive, ergonomic, easy to put on, few in number,
and even stylish. On-body and off-body user interfaces
will need intuitive controls and presentation of
information.

Beyond user concerns, BASN manufacturers will face impos-
ing and expensive regulatory processes (FCC certi cation and
FDA approval, for example) to get products to market. Once
developed, BASN systems will likely involve a complex web of
stakeholders (users, emergency services, caregivers, physicians,
researchers, and so on). Each stakeholder will provide value to
and derive value from BASN systems. Such dynamics create
complex relationships that raise ownership and liability issues.
Who will pay for BASN systems? Who will own BASN data? How
will access to data and information be granted? Who is liable for
damages involving BASN systems? These questions must be
answered to protect all stakeholder interests and to promote
BASN systems widespread adoption and di usion.
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Figure 1. A body area sensor network and its environment. A BASN can

interact with existing systems, such as networks in hospitals and retirement
communities. Body sensors in BASN nodes provide data to the body
aggregator, which is central to managing body events. Body aggregators
perform a multitude of functions, including sensing, fusing data from sensors
across the body, serving as a user interface, and bridging BASNs to higher-level
infrastructures and thus to other stakeholders.

Consumption

Figure 2. BASN node architecture. Although the architectural components
are similar to those of a typical wireless sensor network node, a BASN

node presents unique challenges and opportunities from sensing to
communication. The sensor node (left) is the TEMPO inertial sensor node
developed at the University of Virginia.
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are increasing as athletes and fitness
enthusiasts seek to improve human per-
formance, while gaming systems are
pushing their envelope by integrating
more sophisticated interfaces based on
human movement. With the crossing of
these markets, BASNs are well positioned
to deliver the biofeedback and interactiv-
ity necessary for next-generation fitness
and entertainment applications.

BODY AREA SENSING

As Figure 2 shows, BASN nodes create
an interface to humans, typically encap-
sulating an energy source, one or more
sensors, a mixed-signal processor, and a
communication transceiver. Some nodes
also support data storage or feedback
control to body-based actuators, such as
an insulin pump or robotic prosthetic.
Although BASN and WSN nodes have sim-
ilar functional architecture, differences in
their operational characteristics sens-
ing, signal processing, communication,
caching, feedback control, and energy
harvesting present unique challenges
and opportunities for BASN nodes.

Sensors

Sensing is fundamental to all sensor
networks, and its quality depends heavily
on industry advances in signal condition-
ing, microelectromechanical systems
(MEMS), and nanotechnology. Sensors fall
into three categories. Physiological sen-
sors measure ambulatory blood pressure,
continuous glucose monitoring, core body
temperature, blood oxygen, and signals
related to respiratory inductive plethys-
mography, electrocardiography (ECG),
electroencephalography (EEG), and elec-
tromyography (EMG). Biokinetic sensors
measure acceleration and angular rate of
rotation derived from human movement.
Ambient sensors measure environmen-
tal phenomena, such as humidity, light,
sound pressure level, and temperature.
Although the number of sensors in the
BASN in Figure 1 might seem unrealis-
tic, BASN users are likely to tolerate and
accept some degree of burden if they per-
ceive enough value in doing so.

Sensors in typical WSNs are nu-
merous, homogeneous, and generally
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insensitive to placement error. BASN sensors, in contrast,
are few, heterogeneous, and require specific placement.
Indeed, ineffective placement or unintended displacement
from movement can significantly degrade the captured
datas quality. Such requirements call for strategies that
will minimize and detect placement error, such as better
packaging combined with on-node signal classification.

Commercial sensors exhibit a wide range of power
supply requirements, calibration parameters, output
interfaces, and data rates. Figure 3 shows the power con-
sumption and data rate across a sampling of commercial
systems for continuous, ambulatory monitoring. Engineer-
ing BASN nodes to accommodate this breadth of sensing
requirements could necessitate an application-specific
approach that minimizes the design space, improves ef-
ficiency, and amortizes cost over a single application.
Likewise, BASN nodes designed with a high degree of con-
figurability could amortize cost over a much larger range
of applications, including those unforeseen.

Signal processing

Signal processing is needed to extract valuable informa-
tion from captured data that stems from transient events,
such as falls, as well as from trends, such as the onset of
fever. BASNs may need to concurrently capture, process,
and forward information to different stakeholders. Time-
critical information from both events and trends would
go immediately to emergency services, for example, but
information that is not sensitive to delays would go to the
physician for review later on.

Figure 4 shows the power consumption of wireless
transceivers and microprocessors in popular BASN and
WSN platforms. It underlines two characteristics of exist-
ing embedded technology: Processing data at a given rate
consumes less power on average than transmitting the data
wirelessly, and reducing the data rate will reduce power
consumption for both wireless transceivers and micropro-
cessors. These characteristics create a tradeoff between
processing and communication: On-node signal processing
will consume power to extract information, but it will also
reduce in-network data rate and power consumption.

Arbitrary data-rate reduction will lower the trans-
mitted information s fidelity, and for lossy compression
schemes, a rate-distortion analysis would need to define
the limits of such a reduction. Low-power computational
techniques such as dynamic voltage-frequency scaling
or dynamic power management will create opportuni-
ties for dynamic adjustment of algorithmic complexity,
and therefore trade off energy and fidelity based on an
application s predefined or situational needs. Context-
awareness and predictive models might better inform and
guide processes that control data reduction.

Resource constraints challenge BASNs, including inte-
ger-only math, limited memory (< 20 Kbytes), and limited
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Figure 3. Average power consumption of continuous
ambulatory monitoring applications. These di erences
suggest the need to support multiple applications in a
narrow range of data rates (such as combining ECG, EEG,
and EMG on a single node) or to support a single application

across a wide range of data rates, such as acceleration.
ABP: ambulatory blood pressure; CGM: continuous glucose
monitoring; L, T, SPL: light, temperature, sound pressure
level; SpO,: pulse oximetry; RIP: respiratory inductive
plethysmography; ECG: electrocardiography; EMG:
electromyography; EEG: electroencephalography.

10,000

1,000

—
(=1
S

=
o

Power consumption (mW)

0.1
108 104 100 106 107 108
Date rate (bps)

Figure 4. Average power consumption of wireless
transceivers (orange) and microprocessors (blue) in
typical BASN and WSN platforms. For a given data rate,

wireless transceivers consume more power on average
than processors. Reducing an applications data rate by
extracting only the essential information will reduce power
consumption.

clock frequency (< 20 MHz). Therefore, BASN nodes must
break complex signal-processing tasks into manageable
segments to minimize algorithmic complexity while
meeting real-time deadlines. Such efforts will necessitate
operating systems that allow access to efficient hardware
peripherals. In addition, work is needed to create feature-
extraction algorithms and classification methods that are
effective yet are not so computationally complex that they
would be infeasible for resource-constrained hardware.
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