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treatment or service can adapt to the patient'sviithaal

Abstract—Widespread use of affective sensing in healthcare affective state and state-influenced needs. Fompla a

applications has been limited due to several pradal factors such
as lack of comfortable wearable sensors, lack of weless
standards, and lack of low-power affordable hardwae. In this

paper, we present a new low-cost, low-power wirelessensor
platform implemented using the IEEE 802.15.4 wirelss standard,
and describe the design of compact wearable sensdos long-term

measurement of electrodermal activity, temperature, motor

activity and photoplethysmography. We also illustate the use of
this new technology for continuous long-term monitdang of

autonomic nervous system and motion data from actées infants,
children, and adults. We describe several new agphtions
enabled by this system, discuss two specific weatatdesigns for
the wrist and foot, and present sample data.

Index Terms—Affective computing, autonomic nervous system,
electrodermal activity, heart rate variability, fabric electrodes,
network, radio, wearable sensors, autism, sleep, ziety disorders.

|I. INTRODUCTION

Affective Computing has a growing number of appgiimas in
healthcare, motivated by over a decade of findifrgsn
neuroscience, psychology, cognitive science, aeditts about
how emotion influences human health, decision-ngkand
behavior. While there is still no widely accepteafidition of
emotion, many scientists agree that its main dimesscan be
described as arousal (calm or excited) and valémegative or
positive) [1]. The ability to measure changes inusal and
valence accurately, comfortably, and continuousijthout
injecting cumbersome wires or boxes into peopletviies,
has the potential to revolutionize health therapied services,
especially through advancing personalized therapiesre a
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majority of relapses in smoking are linked to fremnd stress
management is a strong contributing factor of sssfte
cessation [2, 3]. A wearable, autonomic device timt
unobtrusive, low-cost, and comfortable enough famtinuous
wear, might help the wearer who wants to quit smgkb see
whether and when stress is affecting his or heratieh —
perhaps influencing use of tobacco or drugs, oe¢ing, or
other health problems. Help might then be custodiiaebetter
managing that affective state and its causes, pergen at a
moment well timed to the triggering event [4]. Theare also
many potential uses of affect sensing in developing
physiological and behavioral measures to classifpt@®nal
states associated with pre-clinical symptoms ofchagis,
mood, anxiety, and personality disorders, as wall ia
monitoring physiological and behavioral reactioms thilor
medications to an individual [5].

A challenging application area of interest to oesaarch,
which informed the design of the system describdtis paper,
is the communication and characterization of enmaticautism.
People diagnosed with ASD (Autism Spectrum Disas}jer
especially those who are non-speaking, are oftesarited as
having unexpected “meltdowns,” where they appeafepty
calm and yet suddenly become disrupted and maygenga
behavior that is self-injurious or injurious to eth [6].
Measurements have shown instances where an autistic
individual can appear outwardly calm while havingiaternal
state of extremely high autonomic arousal [7-8JefEhis reason
to believe that such “unseen stress” may be brdaaityin ASD
[9], especially where a person may be unable talsps
otherwise communicate feelings accurately. We wdilgkel to
create technologies that these individuals can tosenore
accurately express their internal state to pedyag trust.

Arousal is a dimension of emotion that occurs wtheme is
activation in the Autonomic Nervous System (ANShieh has
two main branches: Sympathetic and Parasympathetic.
Generally speaking, the Sympathetic Nervous SygieNs)
dominates in emergency conditions and initiatesegjdead
and profound body changes, including acceleratidreart rate,




increased electrodermal activity, dilation of theorchioles,
discharge of adrenaline, inhibition of digestiond &levation in
blood pressure. The Parasympathetic Nervous Sy@edis)

contains chiefly cholinergic fibers that tend tduice secretion,
increase the tone and contractility of smooth masschnd slow

heart rate. The SNS and PNS work together to maintamilli-amp hours,

homeostasis: a dynamic equilibrium in which continsi
changes occur, yet relatively uniform conditionsvail [10].

In this paper, we describe the design, constructamd
evaluation of iCALM (Interactive Continuous Autonomic
Logging and Monitoring), a new device that is rel&@
low-power, low-cost, and comfortable enough to waarund
the clock by adults, children, and infants for logg and
communicating personal autonomic data.

Il. ENGINEERING AND DESIGN CHALLENGES

Over the past few years, several commercial sesgstems
have begun to emerge in the sports, fithess, ame in@althcare
markets that are comfortable to wear for shortquisriof time
and capable of wirelessly transmitting autonomit¢ade a
nearby computer. For example, the Polar and FitSeeart rate
(HR) monitors transmit and log average HR and #gtiwsing a
chest-worn strap and pedometer information [11]:[1Zhile
these systems are relatively low-cost and comftertéd wear
compared to the bulky A-D converters used
psychophysiology researchers, they do not
electrodermal activity (EDA) (sometimes called gaic skin
response), a signal of particular interest in nwimng SNS
activation since the skin is the only organ pumahgrvated by
the SNS [13]. The BodyMedia armband measures EDpAiom
and thermal information and wirelessly transmiis thata to a
wristwatch [14]. However, these commercial systemes still
relatively large, do not support customization aitiple sensor
nodes, and they employ proprietary software andopuods,
making them impractical for widespread use in dffec
computing and medical research. We have also fahad
long-term (weeks) of continuous wear using rubleetiz
electrodes is uncomfortable, as is long-term usstahdard
metal medical electrodes and the adhesive padstasagply
them: Both of these have caused us skin irritatihan the skin
does not breathe for many days of use. Other \giselgearable
recording systems developed for research,
accelerometers [15], and the Handwave skin conduoeta
sensor [16] are specialized to sense and transnhjt ane
physiological parameter. Commercial general-purmystems
such as FlexComp [17], Brainquiry [18], or Vitapf®] enable
high quality recordings and are nicely customizahlavever,
they have cumbersome form factors and cost thossahd
dollars each, limiting their use outside the lab lfrge-scale,
long-term (24/7) studies. Vivometrics’ LifeShirt jerhaps the
most comfortable, flexible, ambulatory ANS monitayisystem
available; however, its high price ($10,000 - $090makes
researchers reluctant to let participants takemér and puts it
out of the price range of most long-term multi-gdbjstudies.
In addition to performance, form factor, and castpther

e.g. MIT@

important concern with existing systems is battéig. In
chronic conditions (e.g. autism, sleep disordengilepsy,
PTSD, bipolar disorder, etc.), there is a need aodect
physiological data continuously over weeks and manGiven

a typical coin cell battery with a capacity of avféundred
this requires that the average ¢ow
consumption of the wearable system be less tharilitvant.
This level of power consumption cannot be achiebgdhe
radio hardware design alone; it also requires prolesign of
the sensing hardware and controller firmware.

In the remainder of this paper we present the desiga
compact, comfortable, low-cost, low-power wirelegsarable
system for autonomic sensing and communication that
optimized for outpatient and long-term researchdisti
Section 1l presents the design and operation ef sansor
hardware. In Section IV we discuss the wirelessllvare and
network architecture. Section V describes the féanotor and
software interface. In Section VI we illustrate gensor data.

Ill. SENSORHARDWARE

A. Design Objectives

Our primary objective was to design a low-cost, fartable,
and robust sensor module that provided the negessarof

pyneasurements needed for affective sensing. Iniaddithe
capturénsor hardware needed to be small and low-power.

B. Choice of Sensors

For sensing autonomic changes due to the SNS, esedbiDA,
measured as small changes in conductance acrossrihee of
the skin. For sensing changes due to both the PNSAS, we
measure peaks of photoplethysmograph (PPG) sigakds,
known as Blood Volume Pulse (BVP), and computeufiesst of
heart rate variability (HRV). Details of the PPGdaBRDA
circuits can be found elsewhere [20].

Because motion and environmental temperature can
influence a person'’s electrodermal and cardiovasaignals, a
low-power temperature sensor and motion sensor \ak@
included. For temperature measurement, we useNdtienal
Semiconductor LM60 sensor IC, and for motion semsiwe
used an analog motion sensor (Signalquest SQ-SBINgith
an integrator circuit. The latter sensor was usetead of a
-axis accelerometer because it draws less thaicrbamp of
current and costs only US$1.50. A version of taessr band
with 3-axis accelerometer is also available for enprecise
motion data at the expense of increased cost andrpo

C. Circuit Design

Our sensor board implements an exosomatic measoterfie
EDA, such that a small voltage is applied to thim €lnd the
resulting potential drop is measured. The primaghnical
challenge in creating this circuit was to achieviow-power
design while still maintaining good dynamic rangfeis well
known that baseline skin resistance can vary ofewaorders
of magnitude from 100 KOhms to approximately 10 M@h
yet, it is necessary to detect minute changessnviiue, which



is somewhat challenging with low voltage powergg2.5V).

In order to preserve good precision over aewdgnamic
range, an automatic gain control circuit was imgatad using
two op-amps with non-linear feedback. Using an oypswith
low-leakage current (such as the AD8606) it wassimbs to
achieve a measurement circuit with sufficient dyitarange
and low power consumption (<1 mA at 2.5V).

In order to maximize battery life and maintain abdt
voltage rail for the op-amps and sensors, a lowgvdew-noise
regulator was added (LM1962). This regulator hagsower
enable pin to turn off the power to the entire semsodule in
between sensor readings, thus reducing the powsuaaption
of the entire sensor module to less than 20 micttswand
enabling several days of continuous use on a sitglege.

For measuring HR and HRV information, a speciasigar of
the sensor board was constructed which includedpdional
photoplethysmography (PPG) circuit for measuringobl
volume pulse (BVP). The PPG circuit consisted biiomeywell

SEP8706-003 800 nm LED and an Advanced Photonix

PDB-169 photodiode configured for a reflectance sneament
from the perfused skin. At present, only the ®n§0D0 nm
wavelength was used since it is an isosbestic pathtrespect
to blood oxygen saturation; however, an addition
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alFigure 1. Wireless Network Architecture for iCalm.

measurement at a second wavelength (e.g. 680 nomili cozighee [21]. Ultra-WideBand standard IEEE 802.15ida@

readily be added for the purpose of measuringiveldilood
oxygen level at the expense of greater power copsam

We also designed our system to use rechargealileribat
This not only eliminates the need to purchase hedslrof
batteries that may be needed for each study, ables the

battery to be completely embedded inside the wéarab

package, such as a shoe or sock, for weatherpgpafid safety
reasons (e.g. for use in infant monitoring).

IV. WIRELESSPLATFORM

A. Design Objectives

The overall design objective for the wireless nekwwas to
enable wireless data collection and easy sharidgagoess to
the physiological data across a variety of devidesluding
personal computers, mobile phones, and the Interimet
addition, we were interested in supporting datéectibn from

possible alternative in the future, but chipsete aot yet
available. Although higher-level transport protacauch as
Zigbee support multi-hop routing and mesh netwagkiwe
chose instead to adopt a star topology for our okin order
to minimize processing overhead and power consampti

C. Operating frequency

Many wireless sensors operate in the UHF range483MHz,
915 MHz; however, we chose to operate with 2.4 GHarder
to enable a smaller antenna size and achieve naitdr indoor
radio propagation in typical buildings and homeg do the
smaller wavelength.

D. Command Layer

In order to dynamically configure various paramgten the
iCalm sensor band (such as sampling rate, transt@t and
transmit power), a command protocol was added utiieg

multiple (e.g. dozens) radio modules simultaneouslycommand and response” paradigm. To send a comitaad
Additional primary design objectives for the radiodule were SPecific radio module, the user first sends theroand to the

to minimize size and maximize battery life.

B. Network Architecture and Wireless Protocol

To meet the needs of most health applications aadical
research, we chose the wireless network architechiown in
Fig. 1 for communication between the radio modulesse
station, mobile phones, and personal computers.

radio base station. The command is then storedhénbase
station “command queue” until the specific radiodule wakes
up and transmits its data packet to the readee (ktasion). The
radio module then receives and immediately exectites
command before going back to sleep.

E. Radio Module

Several radio protocols and open standards are ndi€ radio module (Figure 2) consists of an Atmehéga328

available; however, most do not support multiplasses and
are not compatible with low-power radio hardwarer Ehis
reason, we chose IEEE 802.15.4, which in recentsybhas
emerged as the dominant wireless protocol for |ower
sensor networks, and is also the physical-layetopod for

microcontroller and a Chipcon CC2420 radio modulae
radio module was designed to expose six 10-bit péBts on
the microcontroller for interfacing with the sensoodule. The
reference voltage on these inputs can be configrieedireless
commands from the radio base station.
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Fig. 2. (left) Electronic modules (sensor + radio+dttery)
used for embedding in a shoe; (right) module with
integrated PCB antenna for use with wrist strap.

The IEEE802.15.4 protocol was implemented in firmava
with independent sampling and transmission intasrdaht can
be set via wireless commands from the base stakwary
transmission cycle, the radio module wakes up bad in turn
activates the power enable pin on the sensor madyplewer up
the sensors. After a 10 ms delay, the radio modafgures a
10-bit A/D sample from each of the sensors, tratssthie data
packet to the base station, and then goes bad&dp.s

F. Radio Module Antenna

For better omni-directional performance, at the exge of
increased module size, we also used a versiorawithtegrated
printed circuit board antenna. A bent-dipole, hehge-shaped
antenna (Fig. 2) was designed using Ansoft Higlg&eacy
Structure Simulator resulting in a compact desigwifg a
nearly isotropic radiation pattern.

G. Data Transport and Sampling Rate

Although the IEEE 802.15.4 communication hardwaigerts
a 250 kbps data rate, the data packet length amgdrission
rate were reduced in order to minimize power. SBDA data
has a relatively low rate of change, we selectslbwa rate of 2
Hz for sampling and packetized data transmissioan@ble a
very low operational duty cycle and long battefg.li

For the PPG version of the sensor board, the stdnda

sampling rate of 2 Hz was obviously insufficiernidowever,
rather than using a much higher sampling rate mmsmitting a

long stream of raw analog values — which would have

significantly increased power consumption — a catghy
different measurement method was employed. Ttezdid PPG
waveform was hard-limited and fed to an interrupteh ICP
capture pin on the radio module microcontrollett hi@cisely
measures the elapsed time between successive edges on
the BVP waveform. Thus, instead of wirelessly $raiiting
raw ADC values, the BVP information was succinehcoded
in the transmitted data packet in the form of twmnbers: the
moving average of the past 10 pulse intervals thedifference
between the current pulse interval and the runairegage. The
PPG version of the sensor board could be progranimean
continuously or to only measure BVP periodicallyg(@nce per

minute) in order to save power.

H. Time Synchronization and Collision Mitigation

For medical applications that monitor data from tiple radio
modules (e.g. on both left and right wrists), itniscessary to
synchronize time between multiple sensors. The ad-h
asynchronous nature of the network does not autoatlst
provide a common time base; thus, we programmedaitiie
base station to time stamp each arriving data pacla@der to
generate a proper time base of the measurements.

As part of our firmware implementation of IEEE 802.4
MAC Layer, we also implemented the CSMA (CarrienSe
Multiple Access) algorithm, which provides exponaht
back-off in the case of colliding transmissionswesn two or
more radio modules.

I. Transmission Power and Operating Range

The CC2420 radio IC has a maximum transmission pofvé

milliwatt (O dBm), which provides a wireless detentrange of
50-75 meters in free space using a 5 dBi gain vecegintenna.
Indoor range is significantly less and dependshentiuilding

layout, but is approximately 15-20 meters for thedode with

integrated antenna and 8-10 meters for the vewgithnexternal
antenna. These wireless operating distances afieienif for

our current health and medical research needs. rai®

module also has controllable output power, so therating

distance can be reduced to less than 1 meter asfaeveral
ways to address data privacy (see below).

J. Security and Privacy
Privacy and data security are important concerraliof our
research. In addition to controlling the radiopuitpower, the
CC2420 radio IC includes hardware support for 1R8AES
encryption, which can be turned on as an option. s€amsor
devices also contain a user controlled ON/OFF $éwdto the
user can choose to turn off the data transmissteemvdesired.

K. Radio Base Station
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Fig 3. Web Server Architecture used for iCalm.
showing connection to PC as well as mobile phone
platforms.

We have developed several different types of radge stations



Figure 4. Photograph of several form factors usedbaby
sock with sewn electrodes (upper left); wrist wornband
(upper right); foot/ankle sensor band (bottom)

Figure 5. Sample textile electrode configurationssed

for wrist sensor.

or readers that are used to collect data from plaltiadio
modules and sensors. The most popular base statitime
ZR-USB, which has a USB interface to plug into P@rsl

network and Bluetooth network. We named this device

“PAN-HUB” (Personal-Area-Network Hub). The PAN-HUB
is powered by a 1760 mAh rechargeable battery anthins a
Micro-SD card slot for expandable data storage. st@u
software installed on the phone enables the phomentnect

automatically when a given PAN-HUB is in range and

gracefully manage disconnection when the user gog¢f
range.

M. Web Server, iCalm.org

A web site was created to store, analyze, ancestaltected
data. The server architecture is shown in Figurd Be site,
iCalm.org, runs ASP.net (on IIS Server) and draats drom
an MSSQL database backend. Clients enter datteibkes in a
parsed format via an SQL Object Model, greatly céaly
client-side table row insert errors and server lddds data is
dynamically read by an ASP.net client via asynchbumn
post-backs to deliver database content to end-uBelause
data transfer from front end to backend is asynubus, live
data can be read quickly and updated in neardreal t

iCalm.org has a front end ASP.net client. iC&nline was
designed both to manage the iCalm Server and tsazclient
itself. The key feature of the web client is thihtiata inserted
into the MSSQL databases is available in real-tané in
graphical form to data consumers. Users may salettview
both current and previously recorded files from database
and see if any other users are sharing publicatathe server.
Additionally, iCalm.org allows users to filter thrgh archived
or live data by turning off data channels viewed the
graphical display. This is particularly useful toralyzing data
from a specific channel (i.e. acceleration).

V. FORM FACTOR AND USER INTERFACE

A. Packaging and Electrodes

Great attention and effort were dedicated to thaeralgle form
factor design and choice of materials to ensureaafort and
good signal integrity. Instead of the typical sihgdver chloride
electrodes commonly used in medicine, we chose shatde,

laptops. This base station comprises the Atmegal6&énductive material that allows the skin to breathaintains

microcontroller, CC2420 radio IC, and the FTDI232RSB
interface chip. A 50-Ohm antenna port permits detya of
commercially available 2.4 GHz antennas to be used.

To enable applications that require sending phygio&l
data to a remote web site without a PC, we aldalies a radio
base station (TagSense ZR-HUB) which includes apeeleed

elasticity, and provides consistent contact with gkin: the
medical grade silver plated Stretch Conductive Egba251")
Nylon (92%) and Dorlastan (8%) sold by Textronixe\&lso
used stainless steel electrically conductive threzate by
Baekart to connect the electrodes to the sensoulmaircuit
board. This enables greater comfort and greatebdity since

Linux computer that is programmed to upload datghe conductive thread does not exhibit strain €atigike

automatically to a remote web server, and suppodsVA API
capable of running application-specific programs.

L. Bluetooth Gateway

For certain applications involving a health carerkeo or
researcher, it is desirable to receive and displaysiological
data directly on a mobile phone. For this purpesedeveloped
a Bluetooth gateway device that contains two raBbsetooth
+ 802.15.4) and is capable of bridging an IEEE 8B2

traditional metal wires.

B. Form Factor and Fitting

The use of washable electrically conductive falamd thread
facilitates integration into wearable garments, andbles the
use of metal clothing snap connectors. Using thesterials, it
is possible to create a variety of comfortable fdators. For
example, in Fig. 4 and Fig. 5, we show various féantors that
can easily be put on and taken off, and which alte Wvashable



after slipping the electronics out of a small pauchorder to
maintain good fit and continuous contact with thénsthe
conductive fabric electrodes are sewn onto a $taéle fabric
mesh substrate with a Velcro tab, which enablesbta to
remain snug at all times while still providing vitation to the
skin.

The wrist or ankle is not a standard locafmnmeasuring
EDA since the sweat glands there tend to be lesselle
distributed than those on the palm or fingers, @hebA is
traditionally measured. This issue, coupled with ase of dry
electrodes, means that it usually takes at leasinitutes
(depending on humidity and the individual's tempera)
before the moisture buildup between the skin ardteddes is

sufficient to show a range of responsiveness. Thainm Pushbutton

advantage of sensing EDA from the wrist or ankl¢hist the
sensor can be comfortably worn for long periodsroé (days
and weeks) by adults and by small children (agé} Bithout
interfering with daily activities, such as sleepingashing
hands, or typing.

In Figure 4 we also show a version customized tarwa the
feet of newborn infants (whose hands and wristsoéten in
their mouths, and thus undesirable for sensingg. Sdie of the
foot has eccrine sweat glands like the palm ohtinred, and this
site provides a more traditional measurement of EDH. In

PPG sensor for HR and HRV measurement.

C. Software Interface

Several versions of data collection software ateffaces were
designed for platforms including Microsoft Windows,
Macintosh, and Linux. The software displays eithdive plot
of sensor data or displays pre-stored data, andratords data
for future use and upload to the Internet. A pbodph of the
platform (here, using OLPC’s XO laptop) for datélection for
our medical research on infants is shown in Fig. 6.

Often it is important to synchronize annotationthvdata. The

software enables the user to insert data markeaariotate the
data as it is being collected. In medical expenitiea separate
“remote control” wireless device camubed by the

person conducting the experiment to insert wiretkga packet
indicating specific events or timestamps

VI. DATA COLLECTION AND TESTING

One challenge in designing sensors is determitiadéest way
to compare new sensors to state-of-the-art, FDAeyzul

medical sensors that gather the same signal infavmaelow

we present results from both quantitative and tptale

laboratory tests as well as provide sample data.

A. Testing and Calibration of Heart Rate Sensor

this form factor, soft electrodes are sewn intcks@nd attached The PPG heart rate sensor used in our system Wdated and

via small magnetic clothing snaps to the sensochvis safely
sealed into the top of the shoe so the infant dagabto the
small parts. This foot-worn sensor will be use@imupcoming
study at Massachusetts General Hospital with isfaotn into

families where there is a child diagnosed with smati These
siblings have an elevated likelihood of developagism [22],

so inclusion of our sensors in this research cbhald determine
if reliable autonomic patterns can be detectedfamicy to assist

Figure 6. Sample data collection platform, consigtg
of laptop and USB receiver module.

with diagnosis [23] and if these patterns changeegponse to
early intervention [24]. Currently, EDA, tempenay and
motion sensors are included in the infant shoe/smtkage,
while the adult wrist sensor package also inclualesptional

tested using the commercial ECG device made by eAliv
Technologies as well as by manual pulse measursmefte
found that when subjects were at rest, the readingsthe PPG
and ECG devices correlated within 10% of each other
However, since the PPG sensor hardware did noadechny
error correction algorithm or compensation for motartifacts,
the PPG signal was not reliable during motion efhlands. If
necessary, a signal processing algorithm can bdiedpfo
correct for motion artifacts [25]; furthermore should also be
noted that there are many times during the 24 Hayror night
when a person’s wrists are still, thus allowing fetiable
shapshots of HRV.

B. Testing and Calibration of EDA Sensor

The process of validating and calibrating a new E§@Asor is
complex given that many parameters contributeg¢aalv EDA
signal, including: circuit design (precision, dyrianmrange,
noise level), electrode design (shape, contact, ansderials
selection, placement, contact pressure), and ctnatiem of
eccrine and other sweat glands at each specificunement
site.

We carried out two types of tests to addressé factors.
First, independent of human configuration, we usthe
isolated EDA circuit. We used a series of 1% fixedistors
ranging from 100K to 4.6M ohms in place of the &leges and
human body. This range approximates the normalerasfg
human skin resistance, allowing for assessment haf
performance over the normal operating range ofséngsors.
The measured resistance from our sensor was cothpara
laboratory multimeter, accurate to better than T%e resulting

—
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Figure 7. Sample data showing comparison betweema
FDA- approved system on fingers and iCalm on wrists

error across all resistance values ranged from 3946Qo
-0.630%, with a mean of -0.148%.
In order to evaluate wrist electrodes on a pera@ncarried

Figure 8. Radial 24-hour plots of EDA data from fou days
of wearing iCalm sensor bands on wrists. Skin conaditance
level is proportional to distance from the origin.

In addition to these controlled tests, we have essftilly

out a series of classic startle tests designetbiyee an arousal colected data 24/7 from several people wearings#resors as

response and collected data simultaneously from EDA
sensor (iCalm) attached to left and right wristsl fiom an
FDA-approved “gold standard” system (FlexComp bypidht
Technologies) connected to electrodes on fingedfgsft and
right hands. During the experiment, participantsesseated
and asked to relax for five minutes. At every onaute
interval, a loud noise was generated using anain to startle
the participants. Data was collected from 12 peophe of
which is shown in Fig. 7. As expected, skin condace values
were usually higher on the fingertips given thehkigdensity of
sweat glands; however, the data from the wristeddes on the
iCalm device faithfully reproduced all the phasatures found
in the data from the FlexComp system.
conductance level was higher than the left in bloghFlexcomp
and iCalm recordings, which could be due to latdif¢rences
following strong acoustic stimuli as reported ire thterature
[26-27]. We also observed a slow increase indh&tvalue of
the iCalm data over time (particularly evident lne recording
from the right hand iCalm unit in Fig. 7), whichlikely due to
the fact that the test subjects did not wear tmsaeband for
sufficient time before the experiment began in otdeallow the
skin electrode contact and tonic value to stahilieeom other
longitudinal EDA measurements, we have observet ttiea
sensor band should be worn for approximately 15utes or
more to achieve a stable skin-electrode interface.

The righin sk

they go about their natural life activities. Fagllustrates EDA
data collected around the clock from one of sevadalts who
wore the wrist sensor for weeks without disrupttondaily
activities (sensor removed only for showering)s imteresting
to note that these plots include data at night: BiI2& been
shown to be of interest to sleep research [14}sée®p disorders
are common in ASD [28].

VII.

As demonstrated in this paper, recent advanceswpbwer
radio electronics and wireless protocols are engblihe
development of new technology for long-term, coneble
sensing of autonomic information in new areas dltheand
medical research. New wearable materials, coupiddsmall
long-lasting batteries, now provide the means titecbdata
over much longer time scales and in non-clinic#iregs, and
the means for individuals to control the collecti@md
communication of data by easily putting on or tgkoff the
sensor (not needing the help of a researcher, @irftbrwing data
sensed from them if they do not want to be send#@)have
shown data and evaluations in this paper to inditaat these
new sensors, while non-traditional in their placemand
design, are capable of gathering data comparableata
gathered with traditional sensors of EDA and HRu§ hthe
sensors we have developed provide an importantibation
over existing systems for gathering data in longaite
naturalistic settings. It is our goal to help mdightweight
portable sensor platforms such as the ones presdmgee
accessible to a wider number of researchers ailiaiduals
who wish to have help understanding and commumigatieir
internal state changes. We envision that the stommmection
between Affective Computing and health will alsadeo new

CONCLUSIONS ANDFUTURE WORK



forms of understanding, diagnosing, and suppottiegyrowing
number of people who suffer from autonomic and cliffe
disturbances.
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