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Abstract. This work presents a power-efficient wireless sensor imple-
mented using microelectromechanical system �MEMS�-based dry elec-
trodes �MDE� and a ZigBee protocol chip for physiological signal acqui-
sition. To improve signal quality with low electrode–skin interface
impedance, a silicon-based MDE is fabricated via micromachining tech-
nology. The proposed wireless sensor can provide four different chan-
nels for up to 10 kHz bandwidth, 10-bit resolution biomedical signal
transmissions. Different from other systems, the proposed wireless sen-
sor employs a novel power management method for physiological sig-
nals to reduce power consumption. The proposed wireless sensor suc-
cessfully transmits electrocardiogram �ECG� signals and four-channel
electroencephalogram �EEG� signals with power consumptions of 92.7
and 56.8 mW respectively. It consumes 46% less power than the original
sensor without power management �173 mW� in ECG acquisition and
67% less power in EEG acquisition. The circuit printed-circuit-band area
in the proposed wireless sensor is 3.5�4.5 cm, suitable for various por-
table biomedical applications. © 2009 Society of Photo-Optical Instrumentation En-
gineers. �DOI: 10.1117/1.3124190�

Subject terms: MEMS sensor; biotelemetry; signal processing; power-efficient.
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Introduction
hysiological signals such as electrocardiogram �ECG�,
lectroencephalogram �EEG� and electromyogram �EMG�
ignals are extensively used and analyzed in biomedical
pplications.1–3 In these applications, biopotential elec-
rodes transform the physiological signals from skin tissue
o the processing circuit and generate electrode–skin inter-
ace impedance, which acts as a voltage divider with the
mplifier input resistance to transport biosignals. High in-
erface impedance contributes to the thermal noise and sig-
al attenuation in the system. Accordingly, the most impor-
ant characteristic of a biopotential electrode is low
lectrode–skin interface impedance, which is to propagate
ignals without attenuation or the production of noise.4 Ad-
itionally, protocol-implemented systems are broadly ap-
lied and more convenient and comfortable for users and
atients in biomedical applications.5 The lifetime of these
ystems powered by batteries of limited size typically is too
hort for long-term applications, because the transceiver
odules of these systems consume considerable power.6

he channel bandwidth of these systems significantly ex-
eeds the requirement of the physiological signal and there-
ore, power is wasted.

This work presents various microelectromechanical sys-
em �MEMS�-based dry electrodes �MDEs� and a novel
ower-management method associated with the ZigBee
rotocol for physiological signal acquisition. Silicon-based
DE fabricated via micromachining technology is pro-

osed to improve signal quality with low electrode–skin

932-5150/2009/$25.00 © 2009 SPIE
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interface impedance. Low electrode–skin interface imped-
ance is usually required in surface-mounted sensing, be-
cause high interface impedance may cause serious signal
attenuation while recording. In other words, the signal-to-
noise ratio may be reduced. The MDE with microprobe
arrays is placed on the skin, passing through the outer skin
layer, stratum corneum �SC�, into the electrically conduct-
ing tissue layer, stratum germinativum �SG�, but not into
the dermis layer, preventing pain or bleeding. Therefore, it
avoids the high-impedance SC layer and provides superior
signal transmission to standard wet electrodes that use elec-
tric gel.7 Because MDE is expected to overcome the high-
impedance characteristics of the SC, neither skin prepara-
tion nor applications of electrolytic gel are required.

The proposed wireless sensor includes MDE and a wire-
less sensing circuit, whose block diagram is displayed in
Fig. 1. The wireless sensing circuit comprises an instrument
amplifier, a filter, an analog-to-digital converter, memory, a
microprocessor, a voltage regulator for power management,
and a ZigBee transceiver. The total power consumption
�173 mW� is measured using an Agilent U8001A dc power
supply with the voltage set to 3.6 V. The average current in
work mode and idle mode is carefully observed by an Agi-
lent DAO5012A oscilloscope. The ZigBee transceiver
�122 mW, 71% of power consumed by the whole wireless
sensor� consumes most of the power consumed by the wire-
less sensing circuit. Hence, this work develops a novel
power-management system with increased power effi-
ciency, based on the characteristics of various physiological
signal.8 For example, the required bandwidth of the ECG is
40 kHz bps �4 k sample rate, 10-bit resolution�, which is
Apr–Jun 2009/Vol. 8�2�1
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uch lower than the single-channel bandwidth of the Zig-
ee standard �250 kbps� , so that the ECG signal could be

tored six times in the memory �250 kbytes�. Then, the six
ignals in the memory are sent at one time, saving 5 /6 of
he transceiver power because the transceiver is turned off
he rest of the time. In this work, considering the ZigBee
rotocol data package characters and according to the Zig-
ee network specification,10 the value on ZigBee network
ata broadcast is 120 kbytes. So, the microcontroller with
28 kbytes of in-system, self-programmable flash program
emory is selected for this system. With the high-

erformance MDE and novel power-management approach
n the ZigBee protocol, the proposed wireless sensor can be
dopted power-efficiently for physiological signal acquisi-
ion.

Material and Methods

.1 Hardware Overview

.1.1 MDE
lectrode impedance is the most important issue in silicon
DE designs. To reduce the impedance of standard elec-

rodes, the skin must always be prepared, involving the
brasion of SC and the use of electrolytic gel to improve
lectrical conductivity. The skin anatomy is a layered archi-
ecture, which can be simply divided into three layers from
op to bottom: SC, SG, and dermis. The SC acts as a fluid
arrier and therefore exhibits electrical isolation character-
stics. This layer is constantly renewing itself and consists
f dead cells. The SG is the region where the cells divide
hemselves, grow, and are displaced. Because the SG is
omposed of living cells, which consist almost completely
f liquid, this layer of skin is an electrical conducting tissue
hat is comparable to an electrolyte. The dermis, which is
elow the SG, contains vascular and nervous components
s well as sweat glands and hair follicles; it is also electri-
ally conducting. Pain originates in the dermis. However,
omplete removal of SC is very painful and not recom-
ended; most measurements using standard electrodes in-

olve slight or no abrasion, and electrolytic gel is used,
iffusing into the SC to improve its conductivity.

In this work, the MDE with microprobe array can pen-
trate into the SC layer and reach the SG layer to reduce the
lectrode–skin interface impedance. Figure 2 presents the

Fig. 1 Block diagram of proposed wireless sensor.
. Micro/Nanolith. MEMS MOEMS 021120-
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electrical model of both standard wet electrodes and MDEs.
Comparing these two models indicates that the overall im-
pedance of the spiked electrode is less than that of the
standard electrode. Additionally, an electrode with a micro-
probe array can be anticipated to have a lower electro-
chemical noise.4

The dry electrode is fabricated using both isotropic and
anisotropic reactive ion etching-inductively coupled plasma
processes. The isotropic etching process produces the sharp
probe tip, and anisotropic etching produces a cylindrical
probe body with a height of approximately 250 �m. In the
final stage of the process, wet-etching is utilized to release
the hard mask from the probe tip. To ensure electrical con-
ductivity and biomedical compatibility, the probes are
coated with Ti /Pt by dc sputtering. Figure 3 depicts the
fabrication process.

2.1.2 Front-end circuit
The transmitter node consists of six parts: front-end ampli-
fiers, filters, flash programmable memories, a microcontrol-
ler, wireless transceivers, and a power supply. An instru-
mentation amplifier �INA327, Texas Instruments
Incorporated, USA� is used as the preamplifier for sensing
the biophysiological signals in the biotelemetry system.
The characteristics of INA327 are high common-mode re-
jection, high performance, low cost, rail-to-rail input and
output range, single-supply voltage �+2.7– +5.5 V�, and
small size �MSOP-8�. INA 327 can be enabled by applying
logic control signal from the microcontroller. A logic low-
voltage level turns off the amplifier and reduces its supply
current from 2.4 mA to typically 2 �A. These features
make it suitable for the system application.

The gain of this instrumentation amplifier can be tuned
for various biophysical measurements by trimming the re-
sistor value, and the bandwidth of the filters can be de-
signed to suit the system.

Fig. 2 Electrode–skin interface comparison between spiked dry and
electrode standard wet electrode.

Fig. 3 Fabrication process flow.
Apr–Jun 2009/Vol. 8�2�2
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.1.3 Microcontroller
high-performance, low-power AVR 8-bit Microcontroller

128 kbytes of in-system, self-programmable flash program
emory, ATMEL� is selected. The microcontroller includes
successive approximation register �SAR� analog-to-

igital converter �ADC�. It can process multisensor analog
ignals using the SAR ADC and a multiplexer and store the
igital data in flash program memory until the memory is
ull. MCU links to the radio frequency �rf� transceiver mod-
le and provides communicating data. In this system, the
icrocontroller performs the functions of power-
anagement control, enabling the front-end amplifier cir-

uits and filters, switching the sensing channels, processing
he signals, and storing data in the memory.

.1.4 Wireless transceiver
he wireless module is IEEE 802.15.4/ZigBee-compliant.

t contains a powerful 8-bit 8051 microprocessor and an rf
ingle-chip �CC2420, from Texas Instruments Incorpo-
ated� 2.4 GHz IEEE 802.15.4-compliant rf transceiver.
he rf transceiver module is employed as a communication

ransceiver in bidirectional telemetric devices. A wireless
ensor network can be built from the transceiver modules
or various applications. The transmission range of the
ransceiver is 100 m �LOS�.

.1.5 Power supply
he power-supply device consists of a +3.3 V voltage

egulator integrated circuit �IC�, RT9167-33, and bulk de-
oupling capacitors. The RT9167 IC is a low-dropout-
oltage and low-noise regulator and therefore, it is suitable
or portable applications. The shutdown mode of nearly
ero operation current makes the IC appropriate for use in
attery-powered devices. A rechargeable 3.6 V Li-polymer
attery pack �700 mA /h� provided the power to the unit.

.1.6 Connection to PC
n the receiving node, the device can be connected to a PC
ia a universal serial bus �USB� port or a universal asyn-
hronous receiver/transmitter �UART� port. The logic level
onverter �MAX232, from Maxim� is used to convert the
ransistor–transistor logic-level voltages to �12 V levels to
mplement the RS-232 serial protocol that governs commu-
ication with the PC. The custom-developed software, writ-
en in Basic and Lab-View, allows the PC to record, plot,
nd use the received data.

.2 Novel Power-Management Method
ifferent physiological signals have different characteris-

ics, which require different things of the implemented sys-
em. ECG requires 10-bit resolution and a 4 kHz sample
ate, EEG requires 10-bit resolution and a 400 Hz sample
ate, and EMG requires 7-bit resolution and a 4 kHz
ample rate. In the proposed system, the fixed-specification
DC �10-bit, 10 kHz sample rate� is applied to acquire
arious physiological signals, which are then processed to
eet the requirements described above. The bandwidth is

educed and stored in the memory until it is full. Before the
emory is full, the ZigBee transceiver is in standby mode

nd will be turned on by the microprocessor when the
emory is full. Theoretically, the ZigBee transceiver saves
. Micro/Nanolith. MEMS MOEMS 021120-

m: http://nanolithography.spiedigitallibrary.org/ on 04/25/2014 Terms of Use
66.67, 96.67, and 75% of the power in ECG, EEG, EMG
applications. Figure 4 presents the flow chart of the pro-
posed power-management method.

2.3 Firmware Overview
The firmware that drives the microcontroller is developed
in assembly language. Figure 5 shows the flow charts of the
main program, the system signal process, and power con-
trol. The program, which runs on the microcontroller, com-
prises a main routine that is divided into three portions of
code. The first part initializes the system circuits �commu-
nications module, ADC, timer� and sets the parameters of
the system signal processing. The second part is the signal-
processing function and the program loop that performs the
ADC conversions, stores digital data in memory, and sends
data through the rf transceiver module. The third part per-
forms the power-management function. The microcontrol-
ler is programmed to enable/disable the front-end signal
processing circuits, choose different numbers of sensor

Fig. 5 Flow diagram of the firmware code.

Fig. 4 Flow chart of power management.
Apr–Jun 2009/Vol. 8�2�3
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hannels according to user requirements, and switch be-
ween the system’s work/idle modes to reduce power con-
umptions.

The main state involves a program loop in which the
ystem switches to the idle mode and periodically wakes
p, acquires sensor data, and stores them in memory. As
oon as the buffer memory is full, the system sends all of
he data simultaneously through the rf transceiver device
nd starts to wait for new data. In the receiving node, the
ystem can be connected to a PC through an RS-232 port or
USB port. Stored data in the internal electrically erasable
rogrammable read-only memory are sent to the PC to be
rocessed thoroughly using the graphical interface soft-
are.
The data broadcast of the ZigBee transceiver is 120 kHz

ps, which exceeds most biomedical requirements, and can
e set more efficiently with the proposed technique. Figure

displays the flow chart of the proposed power-
anagement method. Different physiological signals have

ifferent characteristics and different requirements of the
ystem. ECG requires 10-bit resolution and a 4 kHz sample
ate, EEG needs 10-bit resolution and a 400 Hz sample
ate, and EMG requires 7-bit resolution and a 4 kHz
ample. In the proposed system, the fixed-specification
DC �10-bit, 10 kHz sample rate� is used to acquire differ-

nt physiological signals, and these acquired signals are
rocessed to meet their requirements. The bandwidth is re-
uced and stored in memory until the memory is full. Be-
ore the memory becomes full, the ZigBee transceiver is in
dle mode and turned on by the microprocessor. Theoreti-
ally, the ZigBee transceiver consumes 66.67, 96.67, and
5% less power in the ECG, EEG, and EMG applications.

Experimental Details

igures 6�a�–6�c� show the scanning electron microscopy
SEM� of the fabricated MDE. Figure 6�d� presents the
ackaged MDE. The diced dry electrodes were packaged
n a flexible printed circuit board �PCB� for convenient

Fig. 6 Fabrication and packaged result of MDE.
. Micro/Nanolith. MEMS MOEMS 021120-

m: http://nanolithography.spiedigitallibrary.org/ on 04/25/2014 Terms of Use
usage. After the fabricated MDE was packaged, steriliza-
tion was performed with a 25 Kgy gamma-ray from Cobalt
60 �China BioTech Corp., Taiwan�. Figure 6 depicts the
SEM of the MEMS sensor. The etched dry electrode con-
sists of a 20�20 microprobe array; the etch probe is ap-
proximately 250 �m high and 35 �m in diameter. A block
bulge is observed around 50 �m at the base of the probe,
caused by the isotropic etching shape in the second fabri-
cation process. Accordingly, the effective penetration
length of the probe is about 200 �m. The characterization
of the electrode–skin interface impedance is of utmost im-
portance in impedance-based biosensing.10 To verify the
performance of electrode–skin interface impedance, elec-
trode impedance spectroscopy is adopted to evaluate the
fabricated MDE. The experiment is held by two MDEs at-

Fig. 7 Measurement results of the proposed MDE.

Fig. 8 Comparison of EEG and ECG signals measured by pro-
posed MDE and standard wet electrode.
Apr–Jun 2009/Vol. 8�2�4
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ached to the skin at a distance of 4 cm from each other,
nd an electrode–skin–electrode impedance architecture is
hus constructed. The test signal is applied to the first MDE,
owed through the skin tissue, and finally passes the sec-
nd MDE. Therefore, the test results can be regarded as a
ummary of the impedance of a two-electrode–skin inter-
ace.

The measurements plotted in Fig. 7, without skin prepa-
ation, demonstrate that the MDE is superior to standard
et electrode in reducing the electrode–skin interface im-
edance. Nineteen test series of samples are adopted care-
ully in the impedance experiment, involving five subjects
nd three electrodes �wet electrode with skin preparation,
et electrode without skin preparation, and dry electrode
ithout skin preparation�. Figure 7 plots the measured re-

ults. In the frequency range of interest for EEG and ECG
0.5–100 Hz�, the impedance of MDE is at least 13 times
ower than that of the standard wet electrode.

Moreover, to validate the practical recording perfor-
ance of the proposed MDE, EEG and ECG simulta-

eously recorded by the proposed MDE and standard wet
lectrode are shown in Fig. 8. The solid line and the dotted
ine represent the measurements of the ECG and EEG sig-
als by the proposed MDE and the standard wet electrode,

Table 1 Power comparison

Signal Normal ECG

Resolution 10-bit 10-bi

Sample rate 10 kHz 4 kHz

p�transceiver� 122 mW 40.2 m

P�total�a 173 mW 92.7 m

P�save�b 80.3 mW

Delay time �0 s 3 s

aP�total�: the power consumptions consist of fro
ries, microcontrollers, and wireless transceivers
bP�save�: the saving power value in different bi

Fig. 9 Picture of the proposed wireless sensor.
. Micro/Nanolith. MEMS MOEMS 021120-

m: http://nanolithography.spiedigitallibrary.org/ on 04/25/2014 Terms of Use
respectively. The ECG signal is an Einthoven triangle, pro-
duced by an ECG amplifier with a right-leg and shield drive
circuit.9 The signals are all sensed by MDE and processed
by the front-end circuit. All of the signals are acquired by a
10-bit resolution analog-to-digital converter with a 4 kHz
sample rate; four EEG signals used independent channels
for wireless transmission. From Fig. 8, the comparison re-
sult indicates that the recordings of the MDE are the same
as those made using the standard wet electrode. Because
wet electrodes are commonly used in modern medical ap-
plications, these results demonstrate that the proposed
MDE meets modern medical monitoring requirements.

4 Results and Discussion
Figure 9 shows the whole wireless sensor. To verify the
effectiveness of the system, ECG and four-channel EEG
signals are input to measure the performance of the system.
Figure 10 plots the received EEG signals processed with
the proposed power-management method. Figure 8 displays
the received single ECG signal lead II; the significant fea-
tures of the waveform are the P, Q, R, S, and T waves, the

in different applications.

EEG* EMG*

10-bit 7-bit

400 Hz 4 Hz

4.1 mW 30.6 mW

56.8 mW 82.8 mW

116.2 mW �46%� 90.2 mW �46%�

30 s 4 s

amplifiers, filters, flash programmable memo-

al applications.

Fig. 10 Four EEG signals sensed and transmitted by proposed
wireless sensor.
table

*

t

W

W

�46%�

nt-end
.
omedic
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uration of each wave, and particular time intervals, such
s the P-R, S-T, and Q-T intervals.11 The P, Q, R, S, and T
unctions can be used for ECG monitoring applications.
rom Figs. 8 and 10, the ECG and EEG are successfully

ransmitted and the power consumption of the whole sens-
ng node is 92.7 mW �ECG� or 56.8 mW �EEG�, 46%
ECG� and 67% �EEG� less than the power consumed
173 mW� by the original system. Table 1 compares the
ower consumed by the proposed system in various appli-
ations.

Figure 9 presents the proposed wireless sensor, includ-
ng MDE, front-end circuit, microprocessor, and ZigBee

odule. Three circuit PCBs are stacked, and the connection
ines are hidden between the PCBs. The area of the circuit
CB is 3.5�4.5 cm, and the circuit is powered by a 3.6 V
i-ion battery. Although the proposed system sufficiently

educes the power consumed by the protocol-implemented
iotelemetric system, it also increases the delay between
he sensors and the receiving station. This delay can be
djusted by varying the memory and the data compression
atio. The power is theoretically reduced, but the delay al-
owed by the application must also be considered. How-
ver, in the on-site monitoring and recording, any time de-
ay is not suggested; the portability used for homecare or
ff-site recording is usually not concerned with the delay.
he equipment needing the power-saving methodology
hould mention the delay and limit the application in home-
are or off-site recording.

Conclusion

he proposed wireless sensor, including MDE and a novel
ower-management method, was successively used to ac-
uire physiological signals. Use of this system improves
omforts of wearing sensors and increases device lifetime
ubstantially. These results can be the starting point for the
evelopment of a novel and miniaturized biomedical sens-
ng device that can be either worn or implanted by the
atients and lead to more individualized health care ser-
ices.
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