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sympathetic arousal in autism [18], early diagnosis of diabetic
neuropathy [19] and providing biofeedback in treating chronic
hyperhidrosis [20], epileptic [21], and psychogenic nonepilep-
tic [22] seizures.

At present, ambulatory EDA devices are often composed of
a processing unit/A–D converter and external probes that re-
duce comfort levels. Commercial sensor systems such as Flex-
Comp [23], SenseWear [24], QPET [25], and Vitaport [26] offer
high-quality EDA recordings, but their current bulky form fac-
tors and high prices limit their widespread use for long-term
ambulatory studies. Similarly, Tronstad et al. [27] proposed a
portable logger for EDA long-term measurements, but its size is
still considerably too large (157 mm × 95 mm × 33 mm) to be
practical for continuous monitoring or to be considered a wear-
able device. The HandWave Bluetooth skin conductance sensor
represents a significant improvement in terms of size [28]. How-
ever, like many other similar devices [29], [30], the placement
of electrodes on the fingers or palms requires external connec-
tions, and is encumbering and highly susceptible to motion or
pressure artifacts [31]. A recent proposal to measure EDA un-
obtrusively through imaging means [32] offers much promise,
but the measurements carry substantial noise and quantification
remains difficult.

To achieve widespread, continuous, and long-term assess-
ment of EDA, there is a need for a sensor that not only is low
cost, compact, and unobtrusive, but also comfortable to wear and
nonstigmatizing to the user. In this paper, we present a novel
solution in the form of a wearable and fully integrated EDA
sensor that fulfills these characteristics. The study focuses on
comparing the performance of the proposed system with a Food
and Drug Administration (FDA) approved EDA measurement
system during classic arousal experiments involving physical,
cognitive, and emotional stressors. We first validate the perfor-
mance of the proposed sensor during EDA measurements from
traditional palmar recording sites. In addition, we study the use
of the ventral side of the distal forearms as a recording site for
EDA measurements that is nonencumbering. We also investi-
gate how the choice of electrode material affects performance
by comparing the use of conductive fabric electrodes to standard
Ag/AgCl electrodes. Finally, we present a week-long recording
of EDA during daily activity. To the best of our knowledge, it
is the first demonstration of long-term, continuous EDA assess-
ment outside of a laboratory setting.

II. SYSTEM DESIGN

A. Sensor Module

The overall system is illustrated in Fig. 1. Direct-current (dc)
is applied to the stratum corneum beneath measuring electrodes
for exosomatic measurements of EDA. To achieve a wide dy-
namic range of skin conductance measurements, the analog con-
ditioning circuitry utilizes nonlinear feedback automatic bias
control with low-power operational amplifiers (LTC6081 by
Linear Technology). A triple-axis accelerometer (ADXL330 by
Analog Devices, Inc.) is also included for physical activity mea-
surements. Accelerometry is a low-cost, flexible, and accurate
method for the analysis of posture and movement.

Fig. 1. Overview of the EDA sensor system architecture. The device is capable
of recording measurements onto an onboard flash memory card (data logging),
wirelessly transmitting data to a remote site (data forwarding), and performing
real-time analysis (data processing).

A digital signal controller (DSC) (dsPIC30F2012 by Mi-
crochip Technology, Inc.) acts as the control center that can
be programmed onboard through an in-circuit serial program-
ming (ICSP) interface. DSCs combine the control attributes of a
microcontroller (MCU) and computation capabilities of a digital
signal processor (DSP), thus allowing application-specific real-
time complex analysis onboard. The analog signals are sampled
at 32 Hz via an A–D with 12-bit resolution on the DSC. Power
is drawn from a single lithium polymer battery with a nominal
voltage of 3.7 V and a capacity of 1100 mAh. The battery can be
recharged directly from a universal serial bus (USB) port by an
onboard single-cell Li-ion battery charger (LTC4062 by Linear
Technology). A step-up/step-down charge pump (LTC3240 by
Linear Technology) produces a fixed, regulated output of 3.3 V
for the DSC and peripheral components.

In order to enable continuous measurements of EDA and
physical activity without the constraint of staying within range
of a base station, a data logging system is available onboard.
Using a separate MCU with dedicated firmware to implement
a FAT32 file system (uALFAT by GHI Electronics, LLC) that
communicates with the DSC through a universal asynchronous
receiver/transmitter (UART) interface, data can be written to
removable flash memory card. A 2G microSD card provides
enough storage capacity for up to 28 days of continuous mea-
surements with a sampling rate of 32 Hz. If it is desirable for the
data to be accessible to the wearer’s caregiver for analysis and in-
terpretation, or if the wearer chooses to share his/her recordings,
the proposed system can also operate as a data-forwarding de-
vice with the use of a 2.4-GHz transceiver module (nRF2401 A
by Sparkfun Electronics). In this mode, real-time measurements
can be displayed on a PC equipped with a separate transceiver
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Fig. 9. Long-term in situ EDA recordings. Continuous skin conductance mea-
surements were recorded for seven days in a natural home environment. Daily
EDA waveforms displayed are normalized.

side of the distal forearms are continuous with the palmar sites
(C6–C8), but Keegan and Garrett [39] describe the ventral side
of the distal forearms as innervated by dermatomes C5, C6, C8,
and T1. In addition, differences in moisture buildup between
the skin–electrode interfaces could also contribute to the large
variance of correlation coefficients. This was particularly evi-
dent at the end of the physical task, which resulted in negative-
correlation coefficients in 38% of participants (decreasing skin
conductance at fingers, but increasing skin conductance at distal
forearms). There is a lack of evidence to suggest a dependence
on age or gender. Nonetheless, the overall pattern of results sug-
gests that the EDA measured from the distal forearms closely
parallels EDA measured from the fingers.

Using conductive fabric as electrodes is an attractive option
in designing wearable sensors as it potentially enables greater
comfort. Although at rest and recovery, the conductive fab-
ric electrodes performed somewhat similarly to conventional
Ag/AgCl electrodes, it is important to take note that that they
have weaker ability to measure EDA changes during stressor
tasks. Given the stretchy nature of the conductive fabric, it is
likely that the electrodes do not maintain their electrical prop-
erties when in contact with the user. Furthermore, the ability of
fabric to absorb moisture and sweat also contributes to altering
their electrical properties over time and is the likely reason for
our results showing that the levels of EDA were higher after the

physical exertion task for the conductive fabric electrodes than
for the traditional Ag/AgCl electrodes. In view of this, we rec-
ommend using standard Ag/AgCl electrodes for more sensitive
analysis of EDA measurements.

Long-term assessment of EDA revealed interesting trends
in the participant’s sympathetic modulation over a week-long
period. Intervals of elevated EDA frequently corresponded to
times when the participant was studying, doing homework, or
taking an exam. This is possibly due to the increased cognitive
stress associated with these activities. The characteristic peaks
occurring during sleep have been associated with slow-wave
sleep [40] and remain a subject for future studies. We found
the sensor wristband to provide reliable and robust attachment
of the electrodes to the skin, even in the presence of forearm
motion during normal daily activities. Motion artifacts were
typically observed only when the electrode–skin interface was
disturbed such as when external pressure was applied against
the electrodes or when the wearer readjusted the position of the
electrodes.

VI. CONCLUSION

We have presented a compact and low-cost wearable EDA
sensor that enables comfortable long-term assessment of EDA.
The novelty of our system consists of the use of the dorsal
forearms as recording sites, the miniaturization of the sensor
module, as well as the design of a small wristband that allows
for unobtrusive and nonstigmatizing continuous EDA measure-
ments during everyday activities. Experimental outcomes using
Ag/AgCl electrodes correlated strongly with the FDA-approved
EDA measurement system. To the best of our knowledge, we
described the first detailed study indicating that the ventral side
of the distal forearms is a viable alternative to the more popular
palmar sites for EDA measurements across physical, cognitive,
and emotional stressors. Importantly, we also presented the first
long-term recordings of EDA during daily activity outside of
a laboratory or clinical setting. While palmar electrodes are
encumbering, easily lost, and frequently subjected to motion
and pressure artifacts, the proposed wrist-worn sensor does not
suffer anywhere near as much from these problems. Given the
versatility of the proposed system that acts both as a data for-
warding and data logging device, users are not constrained to
stay within the range of a base station, but, instead, have un-
restricted continuous measurements regardless of location. The
importance of this paper is the unprecedented ability to perform
comfortable long-term and in situ assessment of EDA that the
proposed system offers. Long-term continuous EDA measure-
ments during normal daily activity like that in Fig. 9 have, to the
best of our knowledge, not prior to this paper been demonstrated
in a practical way, and thus, the new technology developed in
this paper represents a significant advancement over existing
systems. Investigations of long-term sympathetic nervous sys-
tem activity can potentially add precious insight and enrich
understanding of widespread neurological conditions. Studies
are currently underway to evaluate the use of the proposed EDA
sensor in a variety of clinical applications, including autism,
epilepsy, and sleep disorders.
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