


  
  

SSeennssoorrss  &&  TTrraannssdduucceerrss  

  

Volume 110, Issue 11 
November 2009 

www.sensorsportal.com  ISSN 1726-5479 

 
Editors-in-Chief: professor Sergey Y. Yurish, 

Phone: +34 696067716, fax: +34 93 4011989, e-mail: editor@sensorsportal.com 
 

Editors for Western Europe 
Meijer, Gerard C.M., Delft University of Technology, The Netherlands 
Ferrari, Vittorio, Universitá di Brescia, Italy 
 

Editor South America 
Costa-Felix, Rodrigo, Inmetro, Brazil 
 
 

Editor for Eastern Europe 
Sachenko, Anatoly, Ternopil State Economic University, Ukraine 

Editors for North America 
Datskos, Panos G., Oak Ridge National Laboratory, USA 
Fabien, J. Josse, Marquette University, USA 
Katz, Evgeny, Clarkson University, USA 

 

Editor for Asia 
Ohyama, Shinji, Tokyo Institute of Technology, Japan 
 

Editor for Asia-Pacific 
Mukhopadhyay, Subhas, Massey University, New Zealand 

 

Editorial Advisory Board 
 

Abdul Rahim, Ruzairi, Universiti Teknologi, Malaysia 
Ahmad, Mohd Noor, Nothern University of Engineering, Malaysia 
Annamalai, Karthigeyan, National Institute of Advanced Industrial Science 

and Technology, Japan 
Arcega, Francisco, University of Zaragoza, Spain 
Arguel, Philippe, CNRS, France 
Ahn, Jae-Pyoung, Korea Institute of Science and Technology, Korea 
Arndt, Michael, Robert Bosch GmbH, Germany 
Ascoli, Giorgio, George Mason University, USA 
Atalay, Selcuk, Inonu University, Turkey 
Atghiaee, Ahmad, University of Tehran, Iran 
Augutis, Vygantas, Kaunas University of Technology, Lithuania 
Avachit, Patil Lalchand, North Maharashtra University, India 
Ayesh, Aladdin, De Montfort University, UK 
Bahreyni, Behraad, University of Manitoba, Canada 
Baliga, Shankar, B., General Monitors Transnational, USA 
Baoxian, Ye, Zhengzhou University, China 
Barford, Lee, Agilent Laboratories, USA 
Barlingay, Ravindra, RF Arrays Systems, India 
Basu, Sukumar, Jadavpur University, India 
Beck, Stephen, University of Sheffield, UK 
Ben Bouzid, Sihem, Institut National de Recherche Scientifique, Tunisia 
Benachaiba, Chellali, Universitaire de Bechar, Algeria 
Binnie, T. David, Napier University, UK 
Bischoff, Gerlinde, Inst. Analytical Chemistry, Germany 
Bodas, Dhananjay, IMTEK, Germany 
Borges Carval, Nuno, Universidade de Aveiro, Portugal 
Bousbia-Salah, Mounir, University of Annaba, Algeria 
Bouvet, Marcel, CNRS – UPMC, France 
Brudzewski, Kazimierz, Warsaw University of Technology, Poland 
Cai, Chenxin, Nanjing Normal University, China 
Cai, Qingyun, Hunan University, China 
Campanella, Luigi, University La Sapienza, Italy 
Carvalho, Vitor, Minho University, Portugal 
Cecelja, Franjo, Brunel University, London, UK 
Cerda Belmonte, Judith, Imperial College London, UK 
Chakrabarty, Chandan Kumar, Universiti Tenaga Nasional, Malaysia 
Chakravorty, Dipankar, Association for the Cultivation of Science, India 
Changhai, Ru, Harbin Engineering University, China 
Chaudhari, Gajanan, Shri Shivaji Science College, India 
Chavali, Murthy, VIT University, Tamil Nadu, India 
Chen, Jiming, Zhejiang University, China 
Chen, Rongshun, National Tsing Hua University, Taiwan 
Cheng, Kuo-Sheng, National Cheng Kung University, Taiwan 
Chiang, Jeffrey (Cheng-Ta), Industrial Technol. Research Institute, Taiwan 
Chiriac, Horia, National Institute of Research and Development, Romania 
Chowdhuri, Arijit, University of Delhi, India 
Chung, Wen-Yaw, Chung Yuan Christian University, Taiwan 
Corres, Jesus, Universidad Publica de Navarra, Spain 
Cortes, Camilo A., Universidad Nacional de Colombia, Colombia 
Courtois, Christian, Universite de Valenciennes, France 
Cusano, Andrea, University of Sannio, Italy 
D'Amico, Arnaldo, Università di Tor Vergata, Italy 
De Stefano, Luca, Institute for Microelectronics and Microsystem, Italy 
Deshmukh, Kiran, Shri Shivaji Mahavidyalaya, Barshi, India 
Dickert, Franz L., Vienna University, Austria 
Dieguez, Angel, University of Barcelona, Spain 
Dimitropoulos, Panos, University of Thessaly, Greece 
Ding, Jianning, Jiangsu Polytechnic University, China 

Djordjevich, Alexandar, City University of Hong Kong, Hong Kong 
Donato, Nicola, University of Messina, Italy 
Donato, Patricio, Universidad de Mar del Plata, Argentina 
Dong, Feng, Tianjin University, China 
Drljaca, Predrag, Instersema Sensoric SA, Switzerland 
Dubey, Venketesh, Bournemouth University, UK 
Enderle, Stefan, Univ.of Ulm and KTB Mechatronics GmbH, Germany 
Erdem, Gursan K. Arzum, Ege University, Turkey 
Erkmen, Aydan M., Middle East Technical University, Turkey 
Estelle, Patrice, Insa Rennes, France 
Estrada, Horacio, University of North Carolina, USA 
Faiz, Adil, INSA Lyon, France 
Fericean, Sorin, Balluff GmbH, Germany 
Fernandes, Joana M., University of Porto, Portugal 
Francioso, Luca, CNR-IMM Institute for Microelectronics and 

Microsystems, Italy 
Francis, Laurent, University Catholique de Louvain, Belgium 
Fu, Weiling, South-Western Hospital, Chongqing, China 
Gaura, Elena, Coventry University, UK 
Geng, Yanfeng, China University of Petroleum, China 
Gole, James, Georgia Institute of Technology, USA 
Gong, Hao, National University of Singapore, Singapore 
Gonzalez de la Rosa, Juan Jose, University of Cadiz, Spain 
Granel, Annette, Goteborg University, Sweden 
Graff, Mason, The University of Texas at Arlington, USA 
Guan, Shan, Eastman Kodak, USA 
Guillet, Bruno, University of Caen, France 
Guo, Zhen, New Jersey Institute of Technology, USA 
Gupta, Narendra Kumar, Napier University, UK 
Hadjiloucas, Sillas, The University of Reading, UK 
Haider, Mohammad R., Sonoma State University, USA 
Hashsham, Syed, Michigan State University, USA 
Hasni, Abdelhafid, Bechar University, Algeria 
Hernandez, Alvaro, University of Alcala, Spain 
Hernandez, Wilmar, Universidad Politecnica de Madrid, Spain 
Homentcovschi, Dorel, SUNY Binghamton, USA 
Horstman, Tom, U.S. Automation Group, LLC, USA 
Hsiai, Tzung (John), University of Southern California, USA 
Huang, Jeng-Sheng, Chung Yuan Christian University, Taiwan 
Huang, Star, National Tsing Hua University, Taiwan 
Huang, Wei, PSG Design Center, USA 
Hui, David, University of New Orleans, USA 
Jaffrezic-Renault, Nicole, Ecole Centrale de Lyon, France 
Jaime Calvo-Galleg, Jaime, Universidad de Salamanca, Spain 
James, Daniel, Griffith University, Australia 
Janting, Jakob, DELTA Danish Electronics, Denmark 
Jiang, Liudi, University of Southampton, UK 
Jiang, Wei, University of Virginia, USA 
Jiao, Zheng, Shanghai University, China 
John, Joachim, IMEC, Belgium 
Kalach, Andrew, Voronezh Institute of Ministry of Interior, Russia 
Kang, Moonho, Sunmoon University, Korea South 
Kaniusas, Eugenijus, Vienna University of Technology, Austria 
Katake, Anup, Texas A&M University, USA 
Kausel, Wilfried, University of Music, Vienna, Austria 
Kavasoglu, Nese, Mugla University, Turkey 
Ke, Cathy, Tyndall National Institute, Ireland 
Khan, Asif, Aligarh Muslim University, Aligarh, India 
Sapozhnikova, Ksenia, D.I.Mendeleyev Institute for Metrology, Russia 



Kim, Min Young, Kyungpook National University, Korea South 
Ko, Sang Choon, Electronics and Telecommunications Research Institute, 
Korea South 
Kockar, Hakan, Balikesir University, Turkey 
Kotulska, Malgorzata, Wroclaw University of Technology, Poland 
Kratz, Henrik, Uppsala University, Sweden 
Kumar, Arun, University of South Florida, USA 
Kumar, Subodh, National Physical Laboratory, India 
Kung, Chih-Hsien, Chang-Jung Christian University, Taiwan 
Lacnjevac, Caslav, University of Belgrade, Serbia 
Lay-Ekuakille, Aime, University of Lecce, Italy 
Lee, Jang Myung, Pusan National University, Korea South 
Lee, Jun Su, Amkor Technology, Inc. South Korea 
Lei, Hua, National Starch and Chemical Company, USA 
Li, Genxi, Nanjing University, China 
Li, Hui, Shanghai Jiaotong University, China 
Li, Xian-Fang, Central South University, China 
Liang, Yuanchang, University of Washington, USA 
Liawruangrath, Saisunee, Chiang Mai University, Thailand 
Liew, Kim Meow, City University of Hong Kong, Hong Kong 
Lin, Hermann, National Kaohsiung University, Taiwan 
Lin, Paul, Cleveland State University, USA 
Linderholm, Pontus, EPFL - Microsystems Laboratory, Switzerland 
Liu, Aihua, University of Oklahoma, USA 
Liu Changgeng, Louisiana State University, USA 
Liu, Cheng-Hsien, National Tsing Hua University, Taiwan 
Liu, Songqin, Southeast University, China 
Lodeiro, Carlos, University of Vigo, Spain 
Lorenzo, Maria Encarnacio, Universidad Autonoma de Madrid, Spain 
Lukaszewicz, Jerzy Pawel, Nicholas Copernicus University, Poland 
Ma, Zhanfang, Northeast Normal University, China 
Majstorovic, Vidosav, University of Belgrade, Serbia 
Marquez, Alfredo, Centro de Investigacion en Materiales Avanzados, 
Mexico 
Matay, Ladislav, Slovak Academy of Sciences, Slovakia 
Mathur, Prafull, National Physical Laboratory, India 
Maurya, D.K., Institute of Materials Research and Engineering, Singapore 
Mekid, Samir, University of Manchester, UK 
Melnyk, Ivan, Photon Control Inc., Canada  
Mendes, Paulo, University of Minho, Portugal 
Mennell, Julie, Northumbria University, UK 
Mi, Bin, Boston Scientific Corporation, USA 
Minas, Graca, University of Minho, Portugal 
Moghavvemi, Mahmoud, University of Malaya, Malaysia 
Mohammadi, Mohammad-Reza, University of Cambridge, UK 
Molina Flores, Esteban, Benemérita Universidad Autónoma de Puebla, 

Mexico 
Moradi, Majid, University of Kerman, Iran 
Morello, Rosario, University "Mediterranea" of Reggio Calabria, Italy 
Mounir, Ben Ali, University of Sousse, Tunisia 
Mulla, Imtiaz Sirajuddin, National Chemical Laboratory, Pune, India 
Neelamegam, Periasamy, Sastra Deemed University, India 
Neshkova, Milka, Bulgarian Academy of Sciences, Bulgaria 
Oberhammer, Joachim, Royal Institute of Technology, Sweden 
Ould Lahoucine, Cherif, University of Guelma, Algeria 
Pamidighanta, Sayanu, Bharat Electronics Limited (BEL), India 
Pan, Jisheng, Institute of Materials Research & Engineering, Singapore 
Park, Joon-Shik, Korea Electronics Technology Institute, Korea South 
Penza, Michele, ENEA C.R., Italy 
Pereira, Jose Miguel, Instituto Politecnico de Setebal, Portugal 
Petsev, Dimiter, University of New Mexico, USA 
Pogacnik, Lea, University of Ljubljana, Slovenia 
Post, Michael, National Research Council, Canada 
Prance, Robert, University of Sussex, UK 
Prasad, Ambika, Gulbarga University, India 
Prateepasen, Asa, Kingmoungut's University of Technology, Thailand 
Pullini, Daniele, Centro Ricerche FIAT, Italy 
Pumera, Martin, National Institute for Materials Science, Japan 
Radhakrishnan, S. National Chemical Laboratory, Pune, India 
Rajanna, K., Indian Institute of Science, India 
Ramadan, Qasem, Institute of Microelectronics, Singapore 
Rao, Basuthkar, Tata Inst. of Fundamental Research, India 
Raoof, Kosai, Joseph Fourier University of Grenoble, France 
Reig, Candid, University of Valencia, Spain 
Restivo, Maria Teresa, University of Porto, Portugal 
Robert, Michel, University Henri Poincare, France 
Rezazadeh, Ghader, Urmia University, Iran 
Royo, Santiago, Universitat Politecnica de Catalunya, Spain 
Rodriguez, Angel, Universidad Politecnica de Cataluna, Spain 
Rothberg, Steve, Loughborough University, UK 
Sadana, Ajit, University of Mississippi, USA 
Sadeghian Marnani, Hamed, TU Delft, The Netherlands 

Sandacci, Serghei, Sensor Technology Ltd., UK 
Saxena, Vibha, Bhbha Atomic Research Centre, Mumbai, India 
Schneider, John K., Ultra-Scan Corporation, USA 
Seif, Selemani, Alabama A & M University, USA 
Seifter, Achim, Los Alamos National Laboratory, USA 
Sengupta, Deepak, Advance Bio-Photonics, India 
Shearwood, Christopher, Nanyang Technological University, Singapore 
Shin, Kyuho, Samsung Advanced Institute of Technology, Korea 
Shmaliy, Yuriy, Kharkiv National Univ. of Radio Electronics, Ukraine 
Silva Girao, Pedro, Technical University of Lisbon, Portugal 
Singh, V. R., National Physical Laboratory, India 
Slomovitz, Daniel, UTE, Uruguay 
Smith, Martin, Open University, UK 
Soleymanpour, Ahmad, Damghan Basic Science University, Iran 
Somani, Prakash R., Centre for Materials for Electronics Technol., India 
Srinivas, Talabattula, Indian Institute of Science, Bangalore, India 
Srivastava, Arvind K., Northwestern University, USA 
Stefan-van Staden, Raluca-Ioana, University of Pretoria, South Africa 
Sumriddetchka, Sarun, National Electronics and Computer Technology 

Center, Thailand 
Sun, Chengliang, Polytechnic University, Hong-Kong 
Sun, Dongming, Jilin University, China 
Sun, Junhua, Beijing University of Aeronautics and Astronautics, China 
Sun, Zhiqiang, Central South University, China 
Suri, C. Raman, Institute of Microbial Technology, India 
Sysoev, Victor, Saratov State Technical University, Russia 
Szewczyk, Roman, Industrial Research Inst. for Automation and 

Measurement, Poland 
Tan, Ooi Kiang, Nanyang Technological University, Singapore, 
Tang, Dianping, Southwest University, China 
Tang, Jaw-Luen, National Chung Cheng University, Taiwan 
Teker, Kasif, Frostburg State University, USA 
Thumbavanam Pad, Kartik, Carnegie Mellon University, USA 
Tian, Gui Yun, University of Newcastle, UK 
Tsiantos, Vassilios, Technological Educational Institute of Kaval, Greece 
Tsigara, Anna, National Hellenic Research Foundation, Greece 
Twomey, Karen, University College Cork, Ireland 
Valente, Antonio, University, Vila Real, - U.T.A.D., Portugal 
Vaseashta, Ashok, Marshall University, USA 
Vazquez, Carmen, Carlos III University in Madrid, Spain 
Vieira, Manuela, Instituto Superior de Engenharia de Lisboa, Portugal 
Vigna, Benedetto, STMicroelectronics, Italy 
Vrba, Radimir, Brno University of Technology, Czech Republic 
Wandelt, Barbara, Technical University of Lodz, Poland 
Wang, Jiangping, Xi'an Shiyou University, China 
Wang, Kedong, Beihang University, China 
Wang, Liang, Advanced Micro Devices, USA 
Wang, Mi, University of Leeds, UK 
Wang, Shinn-Fwu, Ching Yun University, Taiwan 
Wang, Wei-Chih, University of Washington, USA 
Wang, Wensheng, University of Pennsylvania, USA 
Watson, Steven, Center for NanoSpace Technologies Inc., USA 
Weiping, Yan, Dalian University of Technology, China 
Wells, Stephen, Southern Company Services, USA 
Wolkenberg, Andrzej, Institute of Electron Technology, Poland 
Woods, R. Clive, Louisiana State University, USA 
Wu, DerHo, National Pingtung Univ. of Science and Technology, Taiwan 
Wu, Zhaoyang, Hunan University, China 
Xiu Tao, Ge, Chuzhou University, China 
Xu, Lisheng, The Chinese University of Hong Kong, Hong Kong 
Xu, Tao, University of California, Irvine, USA 
Yang, Dongfang, National Research Council, Canada 
Yang, Wuqiang, The University of Manchester, UK 
Yang, Xiaoling, University of Georgia, Athens, GA, USA 
Yaping Dan, Harvard University, USA 
Ymeti, Aurel, University of Twente, Netherland 
Yong Zhao, Northeastern University, China 
Yu, Haihu, Wuhan University of Technology, China 
Yuan, Yong, Massey University, New Zealand 
Yufera Garcia, Alberto, Seville University, Spain 
Zagnoni, Michele, University of Southampton, UK 
Zamani, Cyrus, Universitat de Barcelona, Spain 
Zeni, Luigi, Second University of Naples, Italy 
Zhang, Minglong, Shanghai University, China 
Zhang, Qintao, University of California at Berkeley, USA 
Zhang, Weiping, Shanghai Jiao Tong University, China 
Zhang, Wenming, Shanghai Jiao Tong University, China 
Zhang, Xueji, World Precision Instruments, Inc., USA 
Zhong, Haoxiang, Henan Normal University, China 
Zhu, Qing, Fujifilm Dimatix, Inc., USA 
Zorzano, Luis, Universidad de La Rioja, Spain 
Zourob, Mohammed, University of Cambridge, UK 

Sensors & Transducers Journal (ISSN 1726-5479) is a peer review international journal published monthly online by International Frequency Sensor Association (IFSA).  
Available in electronic and on CD. Copyright © 2009 by International Frequency Sensor Association. All rights reserved. 



  SSeennssoorrss  &&  TTrraannssdduucceerrss  JJoouurrnnaall  
 
  

CCoonntteennttss  
  

Volume 110 
Issue 11 
November 2009  

www.sensorsportal.com  ISSN 1726-5479 

 
 

Research Articles 
 

Sensors Based on Nanostructured Materials: Book Review 
Sergey Y. YURISH .............................................................................................................................  I 
  
Glucose Binding Protein as a Novel Optical Glucose Nanobiosensor 
Majed DWEIK .....................................................................................................................................  1 
  
Hydrogen Sensor Based on Carbon Nano-tube Fortified by Palladium 
A. Kazemzadeh, A. F. Hessari, M. Kashani, H. Azizi and N. Jafari ...................................................   9 
  
Nanostructured ZrO2 Thick Film Resistors as H2-Gas Sensors Operable at Room 
Temperature 
K. M. Garadkar, B. S. Shirke, Y. B. Patil and D. R. Patil..................................................................... 17 
  
Pull-in Phenomena and Dynamic Response of a Capacitive Nano-beam Switch 
Farid Vakili-Tahami, Hamed Mobki, Ali-asghar keyvani-janbahan, Ghader Rezazadeh ...................  26 
  
Palladium Surface Modification of Nanocrystalline Sol-Gel derived Zinc Oxide Thin Films 
and its Effect on Methane Sensing 
P. Bhattacharyya, S. Maji, S. Biswas, A. Sengupta, T. Maji, H. Saha. ............................................................................................   38 
  
Gas Sensing Properties of Indium Tin Oxide Nanofibers 
Shiyou Xu, Yong Shi ........................................................................................................................... 47 
  
Design, Modeling and Optimization of a Piezoelectric Pressure Sensor based on a Thin-
Film PZT Membrane Containing Nanocrystalline Powders 
Vahid Mohammadi, Mohammad Hossein Sheikhi..............................................................................  56 
  
Synthesis and Properties of Thin Film Nanocomposites Sn-Y-O for Gas Sensors 
Stanislav Rembeza, Ekaterina Rembeza, Elena Russkih, Natalia Kosheleva ..................................  71 
  
Electroanalytical Nanoparticles Electrode based on NanoTiO2/MWCNTs Mixture 
Ganchimeg Perenlei, Wee Tee Tan ...................................................................................................  78 
  
Structural Properties of Nanosized NiFe2O4 for LPG Sensor 
N. N. Gedam, A. V. Kadu, P. R. Padole, A. B. Bodade and G. N. Chaudhari ...................................  86 
  
Low-Cost Wireless Nanotube Composite Sensor for Damage Detection of Civil 
Infrastructure 
Mohamed Saafi, Lanouar Kaabi. ........................................................................................................  96 
  
Cross Linking Polymers (PVA & PEG) with TiO2 Nanoparticles for Humidity Sensing 
Monika Joshi and R. P. Singh ............................................................................................................  105 
  
Resolution Enhancement of Thermal and Optical Nanolithography Using an Organic Dry 
Developing Resist and an Optimized Tip 
Salman Noach, Michael Manevich, Naftali P. Eisenberg and Eli Flaxer............................................  112 
  



Wireless Sensor Network: Modeling and Analysis of MEMS based Nano-Nodes 
Rohit Pathak, Satyadhar Joshi.. .........................................................................................................  120 
  
Respiration and Heartbeat Measurement for Sleep Monitoring using a Flexible AlN 
Piezoelectric Film Sensor 
Nan Bu, Naohiro Ueno and Osamu Fukuda.......................................................................................  131 
  
Design Optimization of Cantilever based MEMS Micro-accelerometer for High-g 
Applications 
B. D. Pant, Shelley Goel, P. J. George and S. Ahmad ......................................................................  143 

 
 

Authors are encouraged to submit article in MS Word (doc) and Acrobat (pdf) formats by e-mail: editor@sensorsportal.com 
Please visit journal’s webpage with preparation instructions: http://www.sensorsportal.com/HTML/DIGEST/Submition.htm 

 
International Frequency Sensor Association (IFSA). 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 

  



Sensors & Transducers Journal, Vol. 110, Issue 11, November 2009, pp. 131-142 

 131

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

ISSN 1726-5479
© 2009 by IFSA

http://www.sensorsportal.com   
 
 
 
 
 
 

Respiration and Heartbeat Measurement for Sleep Monitoring 
Using a Flexible AlN Piezoelectric Film Sensor 

 
Nan BU, Naohiro UENO and Osamu FUKUDA 

Measurement Solution Research Center, National Institute of Advanced Industrial 
Science and Technology (AIST), 807-1, Shuku-machi, Tosu, Saga 841-0025, Japan 

Fax: +81-942-81-3698 
E-mail: bu@ieee.org 

 
 

Received: 21 August 2009   /Accepted: 24 November 2009   /Published: 30 November 2009 
 
 
Abstract: Respiratory and heartbeat monitoring during sleep provides basic physiological information 
for diagnosis of sleep disorders. This paper proposes a new method for non-invasive and unconstrained 
measurement of respiration and heartbeat during sleep. A flexible piezoelectric film sensor made of 
aluminum nitride (AlN) material is used for signal acquisition. The total thickness of this sensor is less 
than 40 μm; the thin thickness makes it imperceptible when integrated into a bed. In addition, the AlN 
film sensor has good sensitivity, so that pressure fluctuation due to respiration and heartbeat can be 
measured when a subject is lying on this sensor. The pressure fluctuation measured can be further 
separated into signals corresponding to respiration and heartbeat, respectively. In the proposed method, 
the signal separation is achieved using an algorithm based on empirical mode decomposition (EMD). 
From the experimental results, it was found that respiration and heartbeat signals can be successfully 
obtained with the proposed method. Copyright © 2009 IFSA. 
 
Keywords: Aluminum nitride (AlN) film, Piezoelectric sensor, Sleep monitoring, Cardio-respiration 
measurement, Empirical mode decomposition 
 
 
 
1. Introduction 
 
Sleep apnea syndrome (SAS) is one of the common sleep disorders, and it has attracted increasing 
interest during the past decades. It is of clinical importance to be able to diagnose SAS in early stages. 
Up to present, overnight polysomnography (PSG) has been widely recognized as a standard method for 
sleep researches, which measures simultaneously airflow, electrocardiogram (ECG), 
electroencephalogram (EEG), electro-olfactogram (EOG), body movements, etc. during sleep [1]. 
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However, the measurement requires attachment of a lot of sensors, such as thermistors and electrodes for 
EOG and EEG, to patients' body, this may cause patients feel uncomfortable and consequently affects 
their sleep. Another problem of PSG is that the measurement needs specialists and it is mostly available 
in clinical environments and laboratories. 
 
To deal with these problems, a lot of researches have been carried out in order to assess physiological 
information during sleep in non-invasive and unconstrained manners. One approach to the problems is to 
utilize visual information based on camera systems to achieve in-sleep respiration monitoring [2-4]. 
However, the measurement systems are costly, so that these methods are not appropriate for public 
healthcare and at-home medical applications. In addition, besides respiration movements, further 
information, such as heartbeat rate, is desired. 
 
Cardio-respiratory measurement systems have been developed with wearable sensors. For example, 
Paradiso et al. have proposed knitted bioclothes, where strain fabric sensors based on piezoresistive 
yarns and fabric electrodes are integrated into clothes [5]. Similar systems have also been developed by 
Gramse et al. [6] and Catrysse et al. [7]. Furthermore, Choi and Jiang proposed a belt-type wearable 
device, which is composed with a couple of conductive fabric sheets and a piezoelectric film sensor for 
heartbeat and respiration detection, respectively [8]. 
 
Alternatively, many attempts have been made to measure pressure fluctuation induced by respiration 
and heartbeat during sleep using pressure sensitive mattress/bed. One category of these researches uses 
pneumatic or hydraulic pressure measurement [9]-[13]. A mattress, filled with air or water, is placed 
under body. During measurement, pressure fluctuation acts on the filling in the mattress, and a highly 
sensitive pressure sensor is used to detect the corresponding pressure changes. 
 
On the other hand, from 1989, piezoelectric thin films, made of polyvinylidene fluoride (PVDF) 
piezopolymer, have been investigated as a means to directly sense the pressure fluctuation induced by 
respiration, heartbeat, and body movements [14-17]. Since the PVDF piezoelectric film has small 
thickness, it can be easily installed in sheets and beds used in daily life, it can measure the physiological 
variables unobtrusively. Due to piezoelectric effect this sensor is only sensitive to change of pressure, 
and this feature offers a possibility to measure ballistocardiogram (BCG) during sleep. However, one 
major disadvantage of PVDF material is that the working temperature is low; PVDF is denatured at 
about 60 degree [15]. So that it is difficult to solder PVDF film to make electric connection. Usually, 
conductive epoxy or spring clips are used instead, which may then lead to problems of stability and 
fatigue durability. 
 
In this paper, we propose a novel method for non-invasive and unconstrained measurement of 
respiration and heartbeat during sleep. A flexible piezoelectric thin film sensor is used for signal 
acquisition. This sensor is made of oriented aluminum nitride (AlN) thin film. The AlN layer is 
deposited on a polyimide film, and a laminated sensor structure is adopted to obtain high sensitivity and 
flexibility. Since AlN keeps piezoelectric characteristics at temperature up to 1150 degree, this sensor 
shows excellent thermal and chemical stability, and this property facilitates a variety of practical 
applications. 
 
Another contribution of the present paper is a signal analysis method based on empirical mode 
decomposition (EMD), which is proposed in order to extract signals corresponding to respiration and 
heartbeat from the data measured. This decomposition method is totally data-driven, any complicated 
signal can be decomposed into a definite number of high frequency and low frequency components, 
which are called intrinsic mode functions (IMFs) [18]. The EMD technique is suited for analysis of 
nonlinear and non-stationary biosignals [19-20], and can extract local temporal structures like heartbeat 
superimposed on respiration signals [21]. 
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This paper is organized as follows: Section II briefly introduces the flexible AlN piezoelectric thin film 
sensor. Then Section III explains the proposed signal acquisition system using the AlN film sensor and 
the EMD-based algorithm for extraction of respiration and heartbeat signals. In Section IV, performance 
of the proposed method is verified with experiments. Finally, Section V concludes this paper. 
 
 
2. Flexible Piezoelectric AlN Thin Film Sensor 
 
2.1. Aluminum Nitride (AlN) Film 
 
Aluminum nitride (AlN) is one of piezoelectric ceramic materials. Because of its properties, epitaxially 
grown crystalline AlN has been deposited mostly on silicon wafers or sapphire substrates. Previous 
researches have reported that highly c-axis oriented AlN thin film can also be deposited on other flexible 
substrates, like aluminum foil [22], polyethylene terephthalate (PET) [23], and polyimide films [24]. 
Good piezoelectric properties can be obtained when AlN crystals grow with c-axis perpendicular to 
substrate (See Fig. 1). In this study, the AlN layer is deposited on polyimide film substrate. Polyimide 
film is reputed for its high thermal stability and low flammability; the upper working temperature is 
about 400 degree. Thicknesses of AlN layer and polyimide film are 1 μm and 8.5 μm, respectively. In 
addition, two platinum (Pt) electrode layers (0.1 μm) are evaporated to obtain induced electric charge. 
Stack structure of the AlN film is Pt-AlN-polyimide-Pt. For details of the preparation of AlN film, please 
refer to [24]. 
 
 

 
 

Fig. 1. AlN columnar crystal grown on substrate. (a) Oriented AlN crystals with c-axis perpendicular  
to substrate provide good piezoelectric properties, (b) AlN crystals with random orientation. 

 
 
2.2. A Flexible AlN Thin Film Sensor 
 
A flexible piezoelectric sensor is developed based on the thin AlN film and a laminated sensor structure 
is used to obtain high sensitivity and flexibility. Structure of the flexible AlN thin film sensor is shown in 
Fig. 2. An AlN film is folded up, so that we have two AlN layers laminated back to back. This makes the 
inner electrode be totally shielded by the outer electrode, so that (1) leakage of the induced electric 
charge can be prevented, and (2) the charge output may not be affected by changes in the environment 
electric field, this sensor is more robust to noise. On the other hand, this structure doubles the sensor 
sensitivity [24]. 
 
 

 
 

Fig. 2. Cross-sectional structure of the flexible AlN film sensor. 
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An access hole is made at one corner of the AlN film for the inner electrode (See Fig. 3 (a)). The sensor 
is covered with a copper film, which is deposited on a polyimide substrate film. Fig. 3 (b) is a picture of 
an AlN thin film sensor. Finally, the AlN film layers and the copper cover film are glued together using 
silicone rubber, and coagulation of silicone rubber is achieved by pressing the sensor between two 
plates. Total thickness of the AlN thin film sensor is less than 40 μm. An example of the cross-section of 
AlN thin film sensor is shown in Fig. 4. 
 
 

 
 

Fig. 3. The flexible AlN film sensor. (a) Folding up an AlN film to obtain a laminated sensor structure, a hole is 
made on one AlN film layer to enable access to the inner electrode. (b) A picture of an AlN thin film sensor. 

 
 

 
 

Fig. 4. Cross-section of an AlN thin film sensor, the thickness of this sensor is 30 μm. This picture was taken with 
a digital microscope (VHX-100, Lens: VH-Z450, Keyence). 

 
 
When external force is applied to the sensor in its thickness direction, electric charge is generated on the 
electrodes. Then, a charge amplifier is used to convert the sensor's output into voltage signals. Suppose 
that an AlN film sensor is in the x-y plane. Given the external force as f, the output charge Q is 
 
  

x y
dxdyyxdQ ),(33 , (1)

 
where d33 is the piezoelectric charge coefficient, and ),( yx  represents the stress distribution over the 
sensor. It is assumed that d33 is 1.3 pC/N for this sensor [24]. For stress with uniform distribution, Eq. (1) 
can be derived as 
 
 AdQ 33 , (2)
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where   is the uniform stress, and A is the electrode area. Fig. 5 gives a typical frequency response (for 
the range of [0.1, 70] Hz) of the AlN film sensor when external force is applied in the thickness direction. 
Similar frequency response of AlN films has also been reported in previous researches [23-24]. 
 
 

 
 

Fig. 5. Frequency response characteristics of the AlN thin film sensor. 
 
 
3. The Proposed Method 
 
3.1. Signal Acquisition using a Flexible AlN Film Sensor 
 
A schematic view of the proposed signal acquisition system is shown in Fig. 6. The expansion and 
contraction of the lungs and heart result in movement of the thorax. When a human being lies in a supine 
position, the movement of thorax causes pressure fluctuation, f(t), on the contact interface between his 
back and the bed, which can be detected and further used to extract physiological information on 
respiration and heartbeat. 
 
 

 
 

Fig. 6. Schematic view of the proposed signal acquisition system. 
 
 
For signal acquisition, a flexible AlN film sensor is placed under one's back, and the location close to the 
heart is preferred. The thin thickness and flexibility makes this sensor fit well with surface of human 
body. Fig. 7 depicts examples of the pressure fluctuation signals. It is clear that small waves are riding on 
a basal wave corresponding to respiration movements. 
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Fig. 7. Examples of the pressure fluctuation measured with a flexible AlN film sensor. 
 
 

3.2. Extraction of Respiration and Heartbeat Signals 
 
1) Decomposition: The pressure fluctuation f(t) is decomposed using the empirical mode decomposition 
(EMD) technique. The EMD method is a sifting process that estimates intrinsic mode functions (IMFs) 
[18]. The IMFs must fulfill two conditions: the number of extremes and that of zero-crossing must differ 
at most by one; the mean value between the upper and lower envelops must close to zero. The EMD 
process involves the following steps: 
a) Initialize residue series r=f(t), and the index number of IMF i as 1. 
b) Identify the extremes (both maxima and minima) of r. 
c) Generate the upper and lower envelopes by connecting the maxima and minima points separately 

with cubic spline interpolation. 
d) Point by point average the two envelops to determine the local mean value m. 
e) Subtract out m from r to obtain an IMF candidate h=r-m. 
f) Test whether h is an IMF or not: 

 If h is not an IMF, replace r with h and repeat from step (b); 
 If h is an IMF, extract the ith IMF hi = h. 

g) Update the residue series as r=r- hi, and the index i=i+1, repeat steps (b) to (f) by sifting the residual 
signal. The process ends when r satisfies a predefined stopping criterion. 

 
The sifting process decomposes f(t) into locally orthogonal modes that are zero-mean oscillatory 
components. Since the process is adaptive, no deformation would be introduced like wavelet analysis 
and band-pass filtering. For details of EMD, please refer to [18]. Also, an on-line version of the EMD 
method has been introduced in [25]. 
 
2) Reconstruction: After the EMD process, the pressure fluctuation f(t) can be expressed as 
 
 rhtf

n

i i   1
)( , (3)

 
where n is the number of IMFs. Then, the IMFs corresponding to respiration and heartbeat are 
determined according to their peak frequencies. In this study, the IMF whose peak frequency,  
PFi (i=1,2,…,n), is in the range of 0.1-0.5 Hz is determined as a component of respiration, while the 
range for heartbeat is 1.0-10 Hz. Then, we can reconstruct the signals of respiration and heartbeat as 
 
 )Hz]5.0,1.0[(   ii ir PFhx , (4)

 
 )Hz]10,0.1[(   ii ih PFhx , (5)
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respectively. With these data, further investigation can be conducted to estimate respiration sinus 
arrhythmia (RSA), heart rate variability (HRV), sleep status, etc. 
 
 
4. Experiments 
 
In order to evaluate the proposed method, signal measurement and decomposition of respiration and 
heartbeat components were conducted. 
 
 
4.1. Experimental Conditions 
 
A flexible AlN piezoelectric film sensor was attached to the mattress using signal-coated tape. 
Dimension of the AlN sensor was 20 mm in width and 30 mm in length. Signals of the AlN sensor were 
input into a charge amplifier (Model-4001B, Showa Sokki Corp.). The sensitivity of the charge amplifier 
was set at 20 mV/pC. In order to evaluate the proposed method, recordings of respiration and ECG 
signals were performed via a telemetry system (MT11, NEC Medical Systems Corp.). A belt-type 
respiration sensor was wrapped around subject's epigastric region, and the locations of electrodes for 
ECG measurement were right shoulder (positive), left waist (negative), and left shoulder (ground). Then, 
the voltage signals from both the AlN sensor and the telemetry system were acquired with a 14-bit A/D 
converter (USB-6009, National Instruments), and the sampling frequency was 500 Hz in these 
experiments. During the experiments, the subjects slept comfortably on a mattress, and they were 
instructed to relax. Measurement of the sensor signals was conducted when subjects fell asleep. 
 
 
4.2. Experimental Results 
 
Fig. 8 shows examples (60 seconds) of the IMFs and the residue decomposed from the pressure 
fluctuation f(t) of one subject (female, 25 years old). The EMD process produces thirteen IMFs and one 
residue signal. The first three IMFs can be treated as noise signals, while the 12th and the 13th IMFs are 
trend in the data. The major part of the recordings is contained in the other IMFs. According to the 
frequency ranges mentioned in the previous section, the IMFs corresponding to respiration and heartbeat 
are determined. The power spectra of these IMFs are illustrated in Fig. 9. 
 
Then, xr and xh are reconstructed using Eqs. (4) and (5), respectively. The respiration component, xr, 
which is sum of the 9th to the 11th IMFs, is shown in Fig. 10. It can be observed that the respiration 
component agrees well with the respiration signals measured with the traditional sensor. Since the 
locations of two sensors differ, a small time lag can be found between two signals. 
 
Fig. 11 depicts the first ten seconds of ECG signals and the heartbeat component extracted from the 
pressure fluctuation f(t) shown in Fig. 8. A temporal structure, which is surrounded by a dotted square, 
can be recognized in the extracted heartbeat component in Fig. 11. This temporal structure repeats, and 
each one corresponds to a heartbeat in the ECG signals. The heartbeat component, xh, can be considered 
as a kind of ballistocardiogram (BSG) [26]. Using indexing techniques of time series, e.g. dynamic time 
warping [27], such temporal structure can be recognized for calculation of heartbeat rate. 
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Fig. 8. Examples of the IMFs and the residue decomposed from the pressure fluctuation f(t). 
 
 

 
 

Fig. 9. Power Spectra of the IMFs corresponding to respiration (left) and heartbeat (right). 
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Fig. 10. Examples of respiration signals (top) and the component of respiration xr(t) (bottom). 
 
 

 
 

Fig. 11. Examples of ECG signals (top) and the component of heartbeat xh(t) (bottom). 
 
Fig. 12 depicts examples of the experimental results of another subject (female, 37 years old). It should 
be noticed that the data of heartbeat in Figs. 12 (c) is the first ten seconds. The data is enlarged to show 
the details. From this figure, the patterns of both respiration and heartbeat can be clearly recognized; the 
temporal structures corresponding to heartbeat are marked with dotted squares. 
 
In Fig. 12 (b), xr does not agree well with the respiration signals around 25 second. During the 
experiments, the subject snored occasionally. As the amplitude of pressure fluctuation is small, the 
extraction algorithm may be sensitive to artifacts or relatively large noises. Also, the locations of the 
AlN sensor and the traditional respiration sensor should be considered as well. The respiration sensor 
was used to measure respiration movement of the abdomen, while the AlN sensor was installed under 
the thorax. The disagreement may correctly represent different movements of the abdomen and the 
thorax during snoring. Further experiments are needed for detailed investigation. 
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Fig. 12 Examples of experimental results. (a): Pressure fluctuation f(t); (b): Respiration signals and the extracted 
respiration component xr(t); (c): ECG signals and the extracted heartbeat component xh(t). 

 
 

5. Conclusions 
 
In this study, a non-invasive and unconstrained method has been proposed for measurement of 
respiration and heartbeat information during sleep. The proposed method utilizes a novel flexible AlN 
piezoelectric film sensor for signal acquisition. Since this sensor is sensitive, both movements due to 
respiration and heartbeat can be measured. To separate the signals from noise and background trend, an 
EMD-based algorithm is used. Results in the evaluation experiments suggest that the proposed method 
can measure and extract signals of respiration and heartbeat successfully. 
 
In the future research, we would like to increase the number of subjects, additional experiments are 
needed to evaluate the proposed method over other subjects. Comparison between healthy subjects and 
patients with sleep apnea is helpful to improve the proposed method. In addition, we would like to 
enhance the signal extraction algorithm used in the proposed method. Also, sleep conditions, such as 
thickness of clothes, characteristics of bed and placement of sensor, should be investigated. Moreover, a 
temporal recognition method is required for automated detection of the temporal structures in the 
signals. 
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