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Abstract: This work describes a bio-potential acquisition system for portable ubiquitous 
healthcare applications using flexible polydimethylsiloxane dry electrodes (FPDEs) and a 
low-power recording circuit. This novel FPDE used Au as the skin contact layer, which 
was made using a CO2 laser and replica method technology. The FPDE was revised from a 
commercial bio-potential electrode with a conductive snap using dry electrodes rather than wet 
electrodes that proposed reliable and robust attachment for the purpose of measurement, 
and attaching velcro made it wearable on the forearm for bio-potential applications. 
Furthermore, this study proposes a recording device to store bio-potential signal data and 
provides portability and low-power consumption for the proposed acquisition system. To 
acquire differential bio-potentials, such as electrocardiogram (ECG) signals, the proposed 
recording device includes a low-power front-end acquisition chip fabricated using a 
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complementary metal-oxide-semiconductor (CMOS) process, a commercial microcontroller 
(MSP430F149), and a secure digital (SD) card for portable healthcare applications. The 
proposed system can obtain ECG signals efficiently and are comfortable to the skin. The 
power consumption of the system is about 85 mW for continuous working over a 3 day 
period with two AA batteries. It can also be used as a compact Holter ECG system. 

Keywords: dry electrode; PDMS; PMMA; bio-potential acquisition system; ECG 
 

1. Introducation 

A recent surge of research on wireless bio-potential acquisition devices has made healthcare more 
convenient and comfortable [1–4]. However, more recently, the ubiquitous healthcare data acquisition 
device literature has paid increasing attention to low-power biomedical chips [5–7]. These studies have 
resulted in bio-potential recording devices and improvements in patient care. Recording bio-potential 
acquisition systems usually requires electrodes with several points, an analog-to-digital converter 
(ADC) that digitizes the amplified signals, and an analog conditioning stage that amplifies and filters 
the signal, which is followed by a processing unit that manages and processes bio-differential signals 
such as heart beat rate or QRS complex waves.  

Ambulatory bio-potential monitoring is a good method for detecting heart disease and is useful in 
many situations, including community clinics, in homes and in hospitals. Therefore, several studies 
have attempted to provide continuous bio-potential monitoring for situations occurring in everyday 
life. A good example of ECG monitoring is the Holter system [8–11]. The subject can basically record 
ECG data for 24 hours. However, bio-electrodes (e.g., wet electrodes) have been traditionally used to 
record ECG signals, and long term application of wet electrodes may result in skin irritation and signal 
degradation due to dehydration [12]. Therefore, finding comfortable and convenient methods for ECG 
measurement are very important. Moreover, this work not only provides a low-power acquisition 
system but also proposes new flexible dry electrodes for the purpose of improving ECG measurement.  

Bio-potential electrodes transform the signals from the skin tissue to the acquisition device.  
Bio-electrodes (e.g., wet electrodes) have traditionally been used to record bio-potential signals by using 
electric gel to improve electric conductivity. This method is not optimal because its long-term use can 
cause itchiness, reddening, and swelling at contact points in subjects. To overcome these disadvantages, 
stiff active dry electrodes (nonintrusive) [13–15] incorporate a buffering circuit for impedance 
transformation and signal conditioning. Stiff (nonintrusive) passive dry electrodes doesn’t require a 
buffering circuit, but need the conductive gel to fix them on the skin to reduce motion artifacts [16]. 

In recent years, considerable attention has been given to various dry electrode designs, such as  
Micro-Electro-Mechanical Systems (MEMS) dry electrodes (intrusive) [7,17–22], soft dry electrodes 
(nonintrusive) [23], dry electrophysiology electrodes using carbon nanotube (CNT) arrays  
(nonintrusive) [24], conductive textile-based electrodes (nonintrusive) [25], and flexible polymeric dry 
electrodes (nonintrusive) [26–28]. To conclude, these studies explain why dry electrodes are important 
for bio-potential acquisition devices.  
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The acquisition electrodes used affect the quality of the biomedical signal. Some dry electrodes are 
made of stiff substrates that can damage skin tissue when the electrode is removed [7,17–22]. 
Recently, Gruetzmann et al. [23] propose a soft and flexible electrode to improve the motion artifacts 
in order to reduced contact impedance for ECG measurement. Under slight pressure, the soft and 
flexible dry electrode on skin that has well contact with skin than stiff electrodes. Baek et al. were the 
first to propose a PDMS-based flexible dry electrode [26] for ECG measurement and PDMS is a  
bio-compatible material [26–29]. Kim et al. [27] and Moon et al. [28] used the same material to fabricate 
sensor substrates. However, connecting the wire to the PDMS electrode is challenging. Generally the 
conductive glue is used as the connective interface between the wire and the PDMS [26–28], which 
provides a weak interface connection and unstable data transmission because the conductive glue is easily 
detached from the PDMS-based electrode during dynamic recording sessions such as moving or 
running. This study proposes to transform a commercial bio-potential electrode with a conductive snap 
(Medi-TraceTM, COVIDIEN, Mansfield, MA, USA) into an FPDE using a CO2 laser and replica 
method technology. It does not damage skin and provides a convenient wire connection and stable data 
transmission for long-term use.  

The design proposed in this study focuses on both the comfort and performance of bio-potential 
acquisition systems in order to increase the autonomy of patients and improve their quality of life. 
Figure 1 depicts schematically the proposed bio-potential acquisition system, which includes an FPDE 
and a low-power recording circuit for portable ubiquitous healthcare applications. All low-power 
recording circuits include state-of-the-art low-power micro-controllers, a low-power front-end acquisition 
chip fabricated using the standard CMOS process, and an SD card for portable use. 

Figure 1. Block diagram of the portable recording device. 

 

The front-end bio-potential acquisition chip included an ultra-low-power instrumentation amplifier (IA), 
filter, and gain stage. Also, noises interfere with bio-potential signals coupled to the human body. 
Under these circumstances, front-end circuits with a high common mode rejection ratio (C.M.R.R.), 
power supply rejection ratio (P.S.R.R), low-noise, and filters are required to extract signals. The 
proposed processing chip has low-power consumption, low noise, and high C.M.R.R. properties. 
These features make it a feasible bio-potential signal acquisition device. Furthermore, this proposed 
recording device can process and store bio-potential signal data. It is reusable, has low power 
consumption, and is portable. Users may record their bio-potential signals anywhere without the use of 
wireless receiver devices. This device can also easily be integrated with consumer electronics devices.  
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The FPDE integrates the low-power front-end bio-potential acquisition circuit, MCU, and SD card 
for the purpose of recording the ECG signal. The proposed acquisition system can be used long-term 
and is more comfortable than other alternatives. 

2. Materials and Methods 

2.1. Flexible PDMS Dry Electrode (FPDE) 

In recent years, most laboratories have used MEMS technology to fabricate dry electrodes. For 
example, Baek et al. manufactured flexible polymeric dry electrode made of a PDMS material to 
measure ECG signals [26]. Their research proposed a bio-compatible material to solve the problems of 
using wet electrodes and MEMS dry electrodes that would cause itchiness, irritation, or skin tissue 
injury during long-term use. Typically conductive glue has been used as the connective interface 
between the wire and the PDMS [26–28]. This method provides a weak wire connection and unstable 
data transmission when the conductive glue is separated from the PDMS-based electrode. The 
proposed FPDE adopted a snap coonector instead of the glue to secure the interface connection firmly 
between the electrode and wire, as shown in Figure 2. The data transmission method is the same as a 
wet electrode that provides reliable attached for measurement, and is better than other references [26–28] 
for dynamic recording. The FPDE can provide stable signal transmission and can be combined with 
conventional hospital ECG measurement instruments. 

Figure 2. The wire connection method of FPDE. 

 

In this study, a stair-shape polymethylmethacrylate (PMMA) master was used to fabricate the 
FPDE with a commercial bio-potential electrode equipped with a conductive snap. The FPDE acquired 
the ECG signal and transmitted it to the front-end acquisition circuit via the commercial bio-potential 
electrode with a conductive snap [5,7,20]. The proposed FPDE was integrated with commercial 
Velcro. The Velcro was firmly bonded to the surface of the FPDE and the commercial bio-potential 
electrode with a conductive snap combined with a medical commercial cable line (Compumedics 
Limited, Melbourne, Australia) was used for transmitting ECG signals. Hence, the FPDE could acquire 
and transmit ECG signals from skin tissue to the proposed device. This method provides the same 
interface for integration with conventional hospital ECG measurement instruments and portable devices as 
other methods. Hence, the FPDE can directly replace a wet electrode without changing the transmission 
interface. The proposed FPDE has the following advantages: (1) it integrates with the commercial  
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bio-potential electrode with a conductive snap to achieve easy measurement, and (2) it does not cause 
itchiness, irritation, or skin tissue injury during long-term use. 

This study proposes the use of a commercial CO2 laser machine (M300-35w, Universal Laser 
System Inc., Scottsdale, AZ, USA) that can produce a minimum line width of about 100 um. The laser 
was used to carve the PMMA plate that was employed as a mask and master for two reasons: (1) to 
define the pattern of the metal film and (2) to define the FPDE structure using a replica molding 
method. The laser technique was used to fabricate the FPDE, and the universal manufacturing methods for 
electrodes are used (photolithography and metal etching processes). This method can fabricate a high 
aspect ratio 3D structure, and thus far, no studies have used this method to fabricate electrodes and as a 
mask to define a metal pattern using a CO2 laser, which not only reduces metal etching and environmental 
pollution, but also the PMMA mask and master can be reused, thus reducing production time. 

2.2. FPDE Fabrication Process 

The FPDE structure was fabricated using a 6 × 3 cm2 PMMA plate. First, the PMMA plate was 
cleaned with deionized (DI) water and alcohol. After cleaning, the cross graphics were defined on the 
sides using a CO2 laser. Then the AZ5214 (AZ5214, Clariant, Tokyo, Japan) was spin-coated on the 
master. The resist layer like a sacrificial layer can be released smoothly by acetone to protect the FPDE 
structure. The PDMS replica molding process is shown in Figure 3. 

Figure 3. PDMS molding process flow. 

 

The PDMS solution was prepared from a mixture of Sylgard 184 silicon elastomer base and silicon 
elastomer curing agent (from Dow Corning, Midland, MI, USA) with a weight ratio of 10:1. After 
mixing, the PDMS was placed into a vacuum chamber at 750 mmHg for 30 minutes to allow trapped 
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air bubbles produced during the mixing process to escape from the mixture. The PDMS solution was 
poured into the fabricated PMMA master. The PDMS was trapped in the PMMA master and cured at  
70 °C for 3 hours. After curing for 3 hours, the PDMS structure was peeled off the PMMA master. The 
PDMS surface was exposed to an oxygen plasma ion to adhere it to the metal film [30]. Hoever, the Au 
surface of FPDE could flake off slightly after long-term use without interfering with ECG 
measurements. This work applied an O2 plasma to reduce flake off phenomena. The contact of the 
PDMS was carved by the CO2 laser, and Ti (100 nm) and Au (400 nm) films were evaporated using an 
E-beam evaporator. The deposition conditions of the metal layers are summarized in Table 1. 

Table 1. Deposition conditions of metal layers (Ti and Au) on the PDMS surface. 

Parameter Conditions 
Vacuum 3 ൈ 10ି଺ torr 

Deposition rate of Ti 0.08 – 0.12 nm/s 
Thickness of Ti 100 nm 

Deposition rate of Au 0.08 – 0.12 nm/s 
Thickness of Au 400 nm 

E-beam focusing size 3 mm 
E-beam power 7 kV 

The FPDE metal patterns were implemented according to the following process: (1) the PDMS 
solution was poured, and the commercial bio-potential electrode with a conductive snap was put onto 
the PMMA master, (2) the PMMA mask and PDMS were placed in an e-beam chamber to deposit 
titanium (used as an adhesion layer). Finally, a gold pattern could be located in the center. 

2.3. Implementation of the Acquisition Chip—DDA  

Figure 4 schematically depicts the proposed front-end bio-potential acquisition circuits, which 
include three parts: preamplifiers, filters, and a gain stage.  

Figure 4. The acquisition chip. 

 

In this study, the filter and the gain stage amplifiers were normal two-stage amplifiers. The gain of 
the amplifier could be tuned for various biomedical measurements by trimming the external resistor 
value, and the bandwidth of the filters could be designed to suit the system. 
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The preamplifier adopted DDA architecture for achieving high C.M.R.R., high input impedance,  
low-power consumption, and low-noise performance. These features make it suitable for the proposed 
bio-potential acquisition system application. The advantage of DDA is its simple structure, which 
reduces the amount of power it requires. The preamplifier adopted DDA architecture for achieving high 
C.M.R.R., high input impedance, low-power consumption and low noise performance. These features 
make it suitable for the proposed bio-potential acquisition device application. As shown in Figure 4, the 
resistors, R1 and R2 only affect the amplification. The DDA transfer function is presented in  
Equation (1) [31], which reveals that the non-inverting DDA provides unity gain in dc level input 
signal, and therefore it could suppress the DC biomedical offset signal without a high pass filter:  

 (1)

The DDA of the reference paper [20,31] adopted a three-stage structure. In this study, a simple  
two-stage DDA architecture is presented for obtaining a good balance between power and gain. The DDA 
circuit is depicted in Figure 5. However, both the left and right arms of users were connected to the Vpp and 

Vpn of the DDA, and the legs were connected with a Vnn node for the purpose of measuring ECG signals. 

Figure 5. The proposed simplified DDA. 

 

Table 2. Performance summary of the DDA circuit. 

 This Work JSSC 2008 [32] JSSC 2003 [33] TCAS 1998 [34] 
Type DDA CBIA OTA CBIA 

C.M.R.R. (dB) 102 120 86 99 
P.S.R.R. (dB) 60 80 85 40 
POWER (µW) 12.28 60 80 4,500 

Input referred noise 
(µVrms) 

0.36 
(0.3–100 Hz) 

0.59 
(0.5–100 Hz) 

2.2 
(0.5–50 kHz) 

1.4 
(0.3–150 Hz) 

Impedance (Ω) >1 G  >1 G  none none 
Core area (mm2) 0.509 2 0.16 none 

Supply (V) 1.8 3 ±2.5 9 

In addition to the simple structure, the bias current of the DDA circuit can be adjusted and reduced 
as much as possible in order to decrease power consumption, but the open loop gain of the DDA 
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circuit must be sufficient to meet the specification at the same time. In order to reduce the original 
flicker noise, the input pair transistors (M1-M2 and M3-M4) are longer than those in the PMOS 
design. The second-stage amplifier is not as important for noise performance. Therefore, the input and 
load devices are sized to assist common-centroid layout and matching. Miller capacitance Cc is used to 
increase the phase margin. Table 2 shows the performance of the DDA circuit. 

2.4. Peripheral Devices for Data Transmission and Storage 

An ultra-low-power high-performance 16-bit RISC microcontroller (MSP430F149, Texas 
Instruments, Dallas, TX, USA) and an SD card were selected [35]. The microcontroller consumes  
0.62 mW in active mode and one channel is used to record ECG signal, but the adopted MCU can offer 
8-channel (max.). Its low standby power (3.6 μW), and fast wakeup time enable duty-cycle operation 
of the microcontroller. The microcontroller can process biomedical analog signals using the built-in 
ADC, and the resolution on ADC is sufficient for ECG/electroencephalogram (EEG) acquisition. The 
low-power dissipation feature is very suitable for long-term monitoring. The MSP430F149 links to a 
storage device (SD card) and provides communication data. In this system, the microcontroller 
performs the functions of processing bio-potential signals, power management, and controlling SD 
card communication. The SD card, a standard flash memory card can be used for portable application 
[36] due to small size and low power consumption. Recording for 24 hours requires about 85MB for 
2bytes per sampling with 512Hz sampling rate as Equation (2), and a SD card with 1 GB capacity 
allows data storage for more than one week: 1channel ൈ 2bytes ൈ 512Hz ൈ 24houes ൈ 60minutes ൈ 60seconds ൌ 84.375Mbytes (2)

3. Results and Discussion 

3.1. The Package FPDE 

In this study, an FPDE was successfully fabricated. The Ti (100 nm) and Au (400 nm) layers were 
deposited stably on the surface of a PDMS structure, and metal patterns were created effectively by 
using a PMMA plate as a mask, which was illustrated in Figure 6(a). The electrode layer was 
uniformly deposited on the convex shape structure, and the contact area was about 27.3 mm2. To make 
the FPDE convenient for measuring ECG signals, the FPDE was placed on a subject’s body for 
measurement and integrated with Velcro used as an adhesive, as shown in Figure 6(b and c). 

The Velcro has viscous glue that was firmly bonded to the surface of the FPDE, and a commercial 
bio-potential electrode with a conductive snap was used via a connection wire intended to transform 
ECG signals from skin tissue to the acquisition device. This provides a convenient and stable method 
for combination with conventional hospital ECG measurement instruments or portable devices.  
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Figure 6. (a) Picture of fabricated electrode (b) The FPDE placed on body for 
measurements (c) Package of FPDE. 

(a) (b) (c) 

3.2. Measuring Impedance of FPDE 

The impedances versus frequency of the FPDE and wet electrodes at (a) 20 to 1 KHz and (b) 20 to 
100 Hz are shown in Figure 7. For measuring both the impedances of the FPDE and the wet electrode, a 
precision LCR meter (Agilent E4980A precision LCR meter, Agilent Technologies, Inc., Santa Clara, 
CA, USA) was adopted. The LCR meter can support impedance measurement of two terminal 
components, such as capacitors, inductors, and resistors components [37]. Hence it was very suitable 
for measuring the impedances of the electrodes. The wet electrode and the proposed FPDE were both 
placed on the forearm. The measurement positions of the electrodes were set in the center of the 
anterior surface (between the wrist and the elbow) of the user’s arm. The impedances were recorded 
between each pair of electrodes according to the change in frequency (20–1 kHz and 20–100 Hz) with 
a signal level of 5 mV. Twenty tests were performed on five different subjects in this study, and the 
impedance value of the FPDE was similar to the wet electrode during the biomedical frequency band. 
The change trend of the impedance was also similar to that of Karilainen’s and Baek’s results [38,26]. 

Figure 7. Impedance of the FPDE (contact area:27.3 mm2) and wet electrodes  
(contact area:314.2 mm2) at (a) 20 to 1 kHz and (b) 20 to 100 Hz. 

(a) (b) 
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Figure 8 shows the significant impedance variations of wet electrodes with long-term test (6 hours) 
at 1 kHz for five subjects, but not for the proposed FPDE electrode. This is because the conductive gel 
is getting dry during long-term use [26].  

Figure 8. Impedance variations of FPDE and wet electrodes for long-term test. 

 

3.3. Bio-Potential Acquisition System  

This proposed acquisition system was implemented and integrated with novel FPDE sensors,  
low-power bio-potential acquisition chip, MCU, and an SD card. Table 3 summarizes the performance of 
the proposed acquisition device. The power consumption value of this work is better than the Holter ECG 
system [39]. In addition to these systems, Holter recorder [40], Digitrak XT [41] and Zio patch  
(iRhythm) [42] obtain more excellent power performance than this work. Nevertheless, this work provides 
not only novel FPDE but also low-power bio-potential acquisition chip for ECG signal acquisition. 
The acquisition chip consumes only 0.01% of total power consumption, while the commercial 
component (SD card, regulator and MCU) requires 99.9% power consumption for system integration. 
Especially, the commercial component SD card is not considered for low power consumption, it 
consumes most of power. In future, the power consumption, size and weight of the system may be 
significantly improved by SOC integration of all components. This will also allow the memory storage 
power consumption to no longer dominate. The resulting system would significantly outperform the 
devices listed in Table 4 in terms of size, weight and power consumption. Furthermore, the proposed 
device could be added data compression algorithm to save power for more individualized health care 
application in the future. Figure 9 shows the proposed device, including FPDE and the low-power  
bio-potential recording device. 
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Table 3. Power consumption of the proposed acquisition device. 

 The Processing Chip MCU SD Card Regulator 
Power Dissipation (mW) 0.01228 0.62 83.278 0.92 
Power Dissipation (%) 0.01 0.73 98.17 1.1 

Total Power 84.83 mW 
Device Lifetime 3 days (Two 2,500mAh AA batteries) 
Storage Value One channel ECG data 85 MB/day 

Size 5.8 × 5.0 cm2 

Table 4. Comparison between our system and other recent similar works. 

 This Work 
IEEE EMBS 

2006 [9] 
Holter ECG 
System [39] 

Holter Recorder 
[40] 

Digitrak XT 2008 
[41] 

Channel 
1  

(max. 8-channel) 
3 12 12 3 

Size 5.8 × 5.0 × 0.4 cm3 N/A N/A 8.8 × 5.5 × 2.1 cm3 9.1 × 5.5 × 1.9 cm3 
Supply (V) 3 3 3 1.5 1.5 

Power (mW) 84.83 375 312.5 25 10.7 
Storage 
medium 

SD card SD card 
Build-in storage 

memory 
Build-in storage 

memory 
Build-in storage 

memory 

Weight (g) 
38 

(exclude battery) 
N/A N/A 100 

62 
(exclude battery) 

Electrode FPDE 
Commercial 

electrode 
Commercial 

electrode 
Commercial 

electrode 
Commercial 

electrode 

Figure 9. Picture of the proposed recording device. 

 

The size of the device PCB was 5.8 × 5.0 cm2, and the device could be powered by two AA 
batteries used as the power supply. Figure 10 indicates the proposed FPDE is able to record ECG 
signals as clearly as the general wet electrodes.  
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Figure 10. ECG signals detected by the proposed FPDE and wet electrodes. 

 

4. Conclusions 

In this paper, a commercial bio-potential electrode with a conductive snap was successfully adapted 
to a proposed FPDE that could provide reliable and robust attachment for a measurement method using 
a CO2 laser and replica method technology. It increases sensing stability and comfort for the purpose 
of long-term use. Additionally, the structure of the FPDE can be successfully fabricated using the 
replica method, and the mask made by the CO2 laser can be used to define metal film with a PMMA 
plate. Hence, the FPDE fabrication process proposed in this work provides a simple and stability 
deposition method to define metal pattern on a PDMS substrate, and the FPDE can obtain ECG signals 
efficiently and comfortably. Furthermore, we also successfully propose an ultra-low-power  
bio-potential acquisition chip and a storage device using an SD card for portable ECG recording. This 
bio-potential acquisition system not only makes the sensor more comfortable to wear, but also reduces 
the power consumption of portable applications. The measurement results show that the low-power 
bio-potential acquisition system could be applied to individualized healthcare services or integrated 
with a smart sensing system for normal homecare applications. 

Acknowledgments 

This work was supported in part by the National Nano Device Laboratories (NDL, NDL99-C02S-069), 
Taiwan National Science Council (Contract No.99-2220-E-009-019, No.99-2220-E-009-072),  
I-RiCE Program under Grant (No. NSC-99-2911-I-010-101), Center for Micro/Nano Science and 
Technology in Nation Cheng Kung University provided all instruments and resources and the National 
Chip Implementation Center (CIC), Taiwan for technical support and chip fabrication service. 
  



Sensors 2013, 13 3089 
 

 

References 

1. Jung, J.; Ha, K.; Lee, J.; Kim, Y.; Kim, D. Wireless body area network in a ubiquitous healthcare 
system for physiological signal monitoring and health consulting. Int. J. Signal. Process. Image 
Process. Patt. Recogn. 2008, 1, 47–54. 

2. Lin, C.T.; Chang, K.C.; Lin, C.L.; Chiang, C.C.; Lu, S.W.; Chang, S.S.; Lin, B.S.; Liang, H.Y.; 
Chen, R.J.; Lee, Y.T.; et al. An intelligent telecardiology system using a wearable and wireless 
ecg to detect atrial fibrillation. IEEE Trans. Inf. Technol. Biomed. 2010, 14, 726–733. 

3. Dias, N.S.; Ferreira, J.F.; Figueiredo, C.P.; Correia, J.H. A Wireless System for Biopotential 
Acquisition: An Approach for Non-Invasive Brain-Computer Interface. In Proceedings of the IEEE 
International Symposium on Industrial Electronics, Vigo, Spain, 4–7 June 2007; pp. 2709–2712. 

4. Marzencki, M.; Tavakolian, K.; Chuo, Y.; Hung, B.; Lin, P.; Kaminska, B. Miniature wearable 
wireless real-time health and activity monitoring system with optimized power consumption.  
J. Med. Biol. Eng. 2010, 30, 227–235. 

5. Chang, C.W.; Chiou, J.C. Surface-Mounted Dry Electrode and analog-Front-End Systems for 
Physiological Signal Measurements. In Proceedings of the IEEE/NIH International Symposium 
on Life Science Systems and Applications Workshop, Bethesda, MD, USA, 9–10 April 2009;  
pp. 108–111. 

6. Chiou, J.C.; Ko, L.W.; Lin, C.T.; Hong, C.T.; Jung, T.P. Using Novel MEMS EEG Sensors in 
Detecting Drowsiness Application. In Proceedings of the IEEE Biomedical Circuits and Systems 
Conference, London, UK, 29 November–1 December 2006; pp. 33–36. 

7. Chang, C.L.; Chang, C.W.; Hsu, C.M.; Luo, C.H.; Chiou, J.C. Power-efficient wireless sensor for 
physiological signal acquisition. J. Micro/Nanolith. MEMS MOEMS 2009, doi:10.1117/1.3124190. 

8. Hailong, J.; Bing, M. Design of Holter ECG System Based on MSP430 and USB Technology. In 
Proceedings of the 1st International Conference on Bioinformatics and Biomedical Engineering, 
Wuhan, China, 6–8 July 2007; pp. 976–979. 

9. Lucani, D.; Cataldo, G.; Cruz, J.; Villegas, G.; Wong, S. A Portable ECG Monitoring Device with 
Bluetooth and Holter Capabilities for Telemedicine Applications. In Proceedings of the 28th 
Annual International Conference of the IEEE Engineering in Medicine and Biology Society,  
New York, NY, USA, 31 August–3 September 2006; pp. 5244–5247. 

10. Ding, H.; Hou, K.M.; Lecoq, J.; Zhou, H.; Sun, H.; Royer, L.; Bohner, G.; Ponsonnaille, J.; 
Murat, N. Toward a Low Cost and Single Chip Holter: SoC-Holter. In Proceedings of the 3rd 
International Conference on New Technologies, Mobility and Security, Cairo, Egypt,  
20–23 December 2009; pp. 1–5. 

11. Sugano, H.; Tsujioka, T.; Inoue, T.; Nakajima, S.; Hara, S.; Nakamura, H.; Takeuchi, K. Clinical 
Tests and Evaluations of a Wireless ECG Sensor for Realization of Ubiquitous Health Care Systems. 
In Proceedings of the Annual International Conference of the IEEE Engineering in Medicine and 
Biology Society, Buenos Aires, Argentina, 31 August–4 September 2010; pp. 2030–2033. 

12. Searle, A.; Kirkup, L. A direct comparison of wet, dry and insulating bioelectric recording 
electrodes. Physiol. Meas. 2000, 21, 271–283. 

13. Salvo, P.; Raedt, R.; Carrette, E.; Schaubroeck, D.; Vanfleteren, J.; Cardon.L. A 3D printed dry 
electrode for ECG/EEG recording. Sens. Actuators A Phys. 2012, 174, 96–102. 



Sensors 2013, 13 3090 
 

 

14. Jung, S.J.; Shin, H.S.; Yoo, J.H.; Chung, W.Y. Highly Sensitive Driver Condition Monitoring 
System Using Nonintrusive Active Electrodes. In Proceedings of the 2012 IEEE International 
Conference on Consumer Electronics, Las Vegas, NV, USA, 13–16 January 2012; pp. 305–306. 

15. Ribeiro, D.M.D.; Fu, L.S.; Carlos, L.A.D.; Cunha, J.P.S. A novel dry active biosignal electrode 
based on an hybrid organic-inorganic interface material. IEEE. Sens. J. 2011, 11, 2241–2245. 

16. Gargiulo, G.; Calvo, R.A.; Bifulco, P.; Cesarelli, M.; Jin, C.; Mohamed, A.; van Schaik, A. A new 
EEG recording system for passive dry electrodes. Clin. Neurophys. 2010, 121, 686–693. 

17. Griss, P.; Tolvanen-Laakso, H.K.; Meriläinen, P.; Stemme, G. Characterization of micromachined 
spiked biopotential electrodes. IEEE Trans. Biomed. Eng. 2002, 49, 597–604. 

18. Griss, P.; Enoksson, P.; Stemme, G. Micromachined barbed spikes for mechanical chip 
attachment. Sens. Actuators A Phys. 2002, 95, 94–99. 

19. Griss, P.; Enoksson, P.; Tolvanen-Laakso, H.K.; Meriläinen, P.; Ollmar, S.; Stemme, G. 
Micromachined electrodes for biopotential measurements physiological signal measurements.  
J. Microelectromech. Syst. 2001, 10, 10–16.  

20. Chang, C.L.; Chang, C.W.; Huang, H.Y.; Hsu, C.M.; Huang, C.H.; Chiou, J.C.; Luo, C.H.  
A power-efficient bio-potential acquisition device with DS-MDE sensors for long-term healthcare 
monitoring applications. Sensors 2010, 10, 4777–4793. 

21. Yu, L.M.; Tay, H.F.E.; Guo, D.G.; Xu, L.; Yap, K.L. A microfabricated electrode with hollow 
microneedles for ECG measurement. Sens. Actuators A Phys. 2009, 151, 17–22. 

22. Matteucci, M.; Carabalona, R.; Casella, M.; Difabrizio, E.; Gramatica, F.; Dirienzo, M.; Snidero, E.; 
Gavioli, L.; Sancrotti, M. Micropatterned dry electrodes for brain–computer interface. 
Microelectr. Eng. 2007, 84, 1737–1740. 

23. Gruetzmann, A.; Hansen, S.; Müller, J. Novel dry electrodes for ECG monitoring. Physiol. Meas. 
2007, 28, 1375–1390. 

24. Ruffini, G.; Dunne, S.; Farres, E.; Marcopallares, J.; Ray, C.; Mendoza, E.; Silva, R.; Grau, C.  
A dry electrophysiology electrode using CNT arrays. Sens. Actuators A Phys. 2006, 132, 34–41. 

25. Marozas, V.; Petrenas, A.; Daukantas, S.; Lukosevicius, A. A comparison of conductive  
textile-based and silver/silver chloride gel electrodes in exercise electrocardiogram recordings.  
J. Electrocardiol. 2011, 44, 189–194. 

26. Baek, J.Y.; An, J.H.; Choi, J.M.; Park, K.S.; Lee, S.H. Flexible polymeric dry electrodes for the 
long-term monitoring of ECG. Sens. Actuators A Phys. 2008, 143, 423–429. 

27. Moon, J.H.; Baek, D.H.; Choi, Y.Y.; Lee, K.H.; Kim, H.C.; Lee, S.H. Wearable polyimide-PDMS 
electrodes for intrabody communication. J. Micromech. Microeng. 2010, 20, 25–32. 

28. Wang, L.F.; Liu, J.Q.; Yang, B.; Yang, C.S. PDMS-based low cost flexible dry electrode for long-
term EEG measurement. IEEE. Sens. J. 2012, 12, 2898–2904. 

29. Kim, D.H.; Lu, N.; Ma, R.; Kim, Y.S.; Kim, R.H.; Wang, S.; Wu, J.; Won, S.M.; Tao, H.; Islam, A.; 
et al. Epidermal electronics. Science 2011, 333, 838–843. 

30. Baek, J.Y.; Kwon, G.H.; Kim, J.Y.; Cho, J.H.; Lee, S.H.; Sun, K.; Lee, S.H. Stable deposition and 
patterning of metal layers on the PDMS substrate and characterization for the development of the 
flexible and implantable micro electrode. Solid State Phenomena. 2007, 124, 165–168. 

31. Ng, K.A.; Chan, P.K. A CMOS analog front-end IC for portable EEG/ECG monitoring 
applications. IEEE Trans. Circ. Syst. I Reg. Papers 2005, 52, 2335–2347. 



Sensors 2013, 13 3091 
 

 

32. Yazicioglu, R.F.; Merken, P.; Puers, R.; Hoof, C.V. A 200 uW eight-channel EEG acquisition 
ASIC for ambulatory EEG systems. IEEE J. Solid State Circ. 2008, 43, 3025–3038. 

33. Harrison, R.R.; Charles, C. A low-power low-noise CMOS amplifier for neural recording 
applications. IEEE J. Solid State Circ. 2003, 38, 958–965. 

34. Martins, R.; Selberherr, S.; Vaz, F.A. A CMOS IC for portable EEG acquisition systems.  
IEEE Trans. Instrum. Meas. 1998, 47, 1191–1196. 

35. Texas Instruments. MSP430F149 Texas Instruments Mixed Signal ProcessorSD, 2000. Available 
online: http://www.ti.com/lit/gpn/msp430f149 (accessed on 3 March 2013). 

36. SanDisk Corporation. SanDisk Industrial Grade SD Product Manual. 2003. Available online: 
http://www.google.com.tw/url?sa=t&rct=j&q=SanDisk+Industrial+Grade+SD+Product+Manual& 
source=web&cd=2&ved=0CDkQFjAB&url=http%3A%2F%2Fwww.altec-computersysteme.com% 
2Fdownloads%2FProdukte%2FFlash_Speicherkarten%2FSD_Cards_miniSD_microSD%2FSanDisk_ 
SD_Card_I-G_PM_1.0.pdf&ei=FSwyUY_AL6XsmAWb9IHQBg&usg=AFQjCNGYCgSFncrxphwk7zojsts8kS3F5w 
(accessed on 3 March 2013). 

37. Agilent. Agilent E4980A Precision LCR Meter Programming Manual, 2011. Available online: 
http://www.home.agilent.com/agilent/redirector.jspx?action=obs&nid=536908436.3.00&lc=eng&
cc=US&ckey=776077&pubno=59894435EN&ltype=LitStation&ctype=AGILENT_EDITORIAL& 
ml=eng (accessed on 3 March 2013). 

38. Karilainen, A.; Hansen, S.; Müller, J. Dry and Capacitive Electrodes for Long-Term  
ECG-Monitoring. In Proceedings of the Eighth Annual Workshop on Semiconductor Advances for 
Future Electronics, Veldhoven, The Netherlands, 17–18 November 2005; pp.155–161. 

39. Contec Medical Systems Co., Ltd. Holter ECG System (TLC4000). Available online: 
http://www.contecmed.com/paypal/product_show.asp?id=76 (accessed on 3 March 2013). 

40. DM Software Inc. Holter Recorder (DMS300–4A). Available online: http://www.dmsecg.com/ 
products/holter/hardware.htm (accessed on 3 March 2013). 

41. Philips. DigiTrak XT Recorder, 2008. Available online: http://www.google.com.tw/ 
url?sa=t&rct=j&q=DigiTrak+XT+Recorder&source=web&cd=3&ved=0CEAQFjAC&url=http%
3A%2F%2Fwww.davismedical.com%2Fcontent%2Fpdf%2FDigiTrak_XT_Slip_Sheet_Final.pdf
&ei=OasxUdu7Cu-MmQWtag&usg=AFQjCNHoM2s-fpDKZ1ffBc7 
mvqKdzl-dEA (accessed on 3 March 2013). 

42. iRhythm Technologies, Inc. Zio® Patch ECG monitor, 2011. Available online: 
http://www.irhythmtech.com/media/files/Z100A4020.04%20-%20ZIO%20PATCH%20DATA% 
20SHEET.pdf (accessed on 3 March 2013). 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 


