
20th IMEKO TC4 International Symposium and 
18th International Workshop on ADC Modelling and Testing 

Research on Electric and Electronic Measurement for the Economic Upturn 

Benevento, Italy, September 15-17, 2014 

 

Monitoring of respiration, seismocardiogram and 

heart sounds by a PVDF piezo film sensor 

P Bifulco
1
, GD Gargiulo

2
, G d’Angelo

1
, A Liccardo

1
, M Romano

1
, F Clemente

3
, M Cesarelli

1 

1 
Department of Electrical Engineering and Information Technology (DIETI), University “Federico 

II” of Naples, Via Claudio, 21, 80125 Naples, Italy
 

2 
The MARCS institute (BENS group) University of Western Sydney, Kingswood 2747 NSW 

3
 Institute of Biomedical Engineering, National Research Council (IsIB-CNR), Rome, Italy 

 
Abstract – In-vivo monitoring of patient’s cardiac 

mechanics via seismocardiogram was recently 

introduced (demonstrated).  

Usually, seismocardiogram is recorded using 

accelerometers placed on patient’s sternum. This 

study present the ability of a PVDF piezo film 

transducer to record the mechanical activity of the 

heart (seismocardiogram and heart sounds) and also 

of the respiration-related, thorax motion. The 

transducer was positioned on patient’s sternum and 

held in position by a chest strap. Patient’s ECG signal 

was simultaneously recorded to provide a time-

reference of the cardiac activity. The piezoelectric 

sensor was able to record respiratory movements, 

seismocardiogram and heart sounds: these signals can 

be obtained from the recorded signal by applying 

simple filters. The seismocardiogram waveform 

appears to be dependent on the various phases of the 

respiratory cycle. The recorded signal from the sole 

piezoelectric sensor can provide relevant information 

such heart rate, respiratory rate, timing of mechanical 

event within the cardiac cycle, etc. 

 I. INTRODUCTION 

Seismocardiography (SCG) is a non-invasive method 

based on recording the vibration generated by the 

mechanical contraction of the heart [1] [2]. The 

compression waves generated by the pumping action of 

the heart propagated through the thorax and can be 

detected, noninvasively, at patient’s outer chest wall. 

Traditionally, vibration is recorded by placing an 

accelerometer on the sternum while the patient lie supine, 

but vibrations can be actually measured all over the 

thorax (especially on the precordial area) and for any 

body position. Even if SCG is relatively recent, the 

recording of body movements associated with cardiac 

activity was proposed much earlier, as for the 

ballistocardiogram [3]. A renewed interest in these 

techniques is due to the large availability of low-cost 

sensor (e.g. MEMS accelerometers) [4] and the 

possibility to pervasively monitor patients [5].   

SCG signal contains features that corresponds to 

specific events within the cardiac cycle as mitral closure, 

aortic opening, etc., in particular simultaneous recording 

of SCG and echocardiogram allowed to recognize 

specific events timing and a SCG wave nomenclature was 

proposed  [6]. Furthermore, SCG timing can be related to 

the primary heart sounds (S1 and S2) measured on 

phonocardiogram (PCG). 

The SCG spectrum cover the infrasonic range (i.e. 

frequencies below 25 Hz) because SCG is primarily 

generated by the motion of the heart wall, while the 

audible PCG signal is mainly generated by the blood 

flow. 

As an alternative to the use of accelerometers, the 

ability to record the movements of the chest through 

different sensors has been explored.  

This study focuses on the ability to measure precordial 

accelerations on patient’s chest by means of a 

piezoelectric sensor. In particular, the research aimed to 

assess the ability of a unique, wideband sensor to 

simultaneously measure the slow respiratory movements, 

the seismocardiogram and the heart sounds. 

 II. MATERIAL AND METHODS 

Polyvinylidene fluoride (PVDF) polymeric film 

exhibits strong piezo-electricity (but also pyro- and 

ferroelectric) properties and it has therefore been used as 

a sensor and transducer material [7] and found 

application in biomedicine [8] [9] [10]. 

In particular, a PVDF piezoelectric sensor produced by 

Measurement Specialties
TM

 (CM-01B Contact 

Microphone) was selected, which is based on sensitive 

but robust PVDF piezo film combined with a low-noise 

electronic preamplifier. The PVDF piezo film is coupled 

with a round, rubber pad (7 mm in diameter) that allows 

an easy contact with patient’s body; it offers high 

sensitivity to vibration and minimizes external acoustic 

noise. The mechanical coupling with the actual PVDF 

piezoelectric sensor has a spring constant of 20 N/m. The 

sensitivity of the sensor is 40 V/mm. the frequency 

response of the sensor is broad and appears flat until 1 

kHz (showing a resonance at about 5 kHz). 

Patient was comfortably seated on a chair with a 
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backrest support. The sensor was kept in position onto the 

sternum by a belt worn around the patient’s chest. The 

patient was asked to relax and to breathe normally. 

 
Figure 1: piezoelectric sensor placement 

 

The output voltage signal from the sensor was 

amplified by 15 V/V by means of a high input 

impedance, wideband, voltage amplifier. Simultaneously, 

the ECG lead I was recorded from the patient. Both 

signals were acquired by means of an acquisition board 

(@ 10 kHz, 16-bit). Afterwards, microcontrollers were 

used to sample the signals (@ 1 kHz, 12-bit) to verify the 

feasibility to propose a portable (or even wearable) 

measurement system [11] [12]. 

The raw signal provided by the sensor was filtered to 

extract the different information contained in it. In 

particular, the following frequency bands were 

considered: 0.05 - 1 Hz for the respiratory signal; 1-50 Hz 

for the SCG signal and 50-150 Hz for heart sounds. 

 III. RESULTS 

Fig.2 shows a short section of the recorded signals.  

 

Figure2: Raw, recorded signals:  

ECG (top trace); output of PVDF piezo sensor (lower trace) 

 

The top trace shows the electrocardiographic signal, 

while the lower trace shows the raw signal coming from 

the sensor. Within the sensor signal are clearly 

recognizable six breathing movements of the patient (the 

most slow and wide fluctuations). The SCG signal is 

constituted by the smaller oscillations that temporally 

match up at the ECG QRS-waves. The heart sounds 

contained in the signal are extremely lower in amplitude 

than the previous signals and they cannot be noticed by 

eye. 

 
Figure3: Piezo signal decomposed in frequency bands:  

ECG (top trace- reference); Respiration (trace 2);  
SCG (trace 3); Heart Sounds (trace 4) 

 

Fig. 3 shows the piezoelectric signal decomposed into 

the three frequency component plotted along with the 

ECG signal (trace 1). It can therefore be noted the 

respiratory signal (trace 2 - frequency band 0.05-1Hz); 

the SCG signal (trace 3 - frequency band 1-50Hz; the 

heart sounds (trace 4 - frequency band 50-150Hz).  

The respiratory rate matchs with that obtained by using 

QRS area [13]. It may be noticed a change in the SCG 

signal according to the various phases of the respiratory 

cycle. This phenomenon has already been highlighted by 

previous studies [14] [15] [16] and probably depends on 

the different ways of propagation of heart-related 

vibration within the chest, whose volume changes during 

the respiratory cycle. However, it is worth mention that 

the variation of thoracic volume generates a different 

pressure on the sensor because of the belt wrapped 

around the chest. 
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A synchronised average of SCG waveforms relating to 

individual cardiac cycles by taking the R-peak of the 

ECG as time reference was performed to appreciate the 

temporal correlation of the ECG signal with the SCG 

signal. 

 
Figure4: Synchronized average of the ECG (top trace) and the SCG 
(lower trace) signals on a total of 36 heart beats. The R-peak of the 

ECG signal was taken as time reference. Averages are plotted as bold 

lines, while dashed lines show +/- a standard deviation.    
 

Fig. 4 shows the results obtained from the operation of 

synchronized average made of 36, consecutive heartbeats. 

In bold is shown the SCG average signal while, with a 

dashed line, is shown + / - one standard deviation. 

The large standard deviation of the SCG signal 

highlights the significant variability of this signal, which 

appears to be strongly influenced by the movement of the 

chest caused by breathing. 

 IV. COMMENTS AND CONCLUSIONS  

This study shows the possibility to monitor 

simultaneously patient’s respiration, seismocardiogram 

and heart sounds by using a single a PVDF piezo film 

sensor placed onto the sternum.  

This sensor can be easily embedded into portable 

devices for patients’ continuous monitoring [5] [17] [18] 

[19] [20] [21]. 

Furthermore, very preliminary observations proved that 

similar signals (modifications of the waveforms were 

observed) can be recorded on a large area of the patient’s 

thorax, even when there is not a direct contact with the 

ribs or other bones. However, the amplitude of the 

piezoelectric signal depends on the contact pressure of 

the sensor on patient’s skin. It is worth mentioning that, 

because of the large bandwidth of the piezo sensor, also 

the patient’s speech (superimposed on the other signals) 

is recorded.  

Piezoelectric sensors can be valid substitutes of 

accelerometers (1-axis) to monitor the SCG signal. In 

particular, piezo sensors offer better performance than 

common accelerometers for frequencies higher than 100 

Hz, useful to detect cardiac sounds. Moreover, piezo 

sensors, at least when applied via a belt wrapped around 

the chest, are able to measure much more efficiently 

breathing movements. 

Information provided by this sensor can be used (either 

alone or in combination with other signals) to compute 

the heart rate and its variability [22]. Moreover, this 

sensor can possibly find application in fetal monitoring 

[23] [24] [25]. 

 V. ACKNOWLEGEMENTS 

Authors thanks very much Mr. A. Simonetti and Dr. M. 

Formisano for their efforts in signal conditioning and 

acquisitions. This study was partially supported by 

“DRIVEr Monitoring: Technologies, Methodologies, and 

IN-vehicle Innovative systems for a safe and 

ecocompatible driving” DRIVE IN2 project, funded by 

the Italian National Program P.O.N. 2007/13 

REFERENCES 

[1] J Zanetti, DM Salerno, “A new technique for 

recording cardiac vibrations. Concept, Methods an 

initial observations”, Journal of cardiovascular 

technology, 1990 vol.9 No.2, pp. 111-120. 

[2] DM Salerno, J Zanetti, “Seismocardiography for 

monitoring changes in left ventricular function 

during ischemia”, Chest, 1991, vol. 100, pp. 991-

993. 

[3] Starr I, Wood FC, “Twenty-year studies with the 

ballistocardiograph: The relation between the 

amplitude of the first record of “Healthy” adults and 

eventual mortality and morbidity from heart 

disease”, Circulation, 1961 vol.23, pp. 714-732. 

[4] Zanetti JM, Tavakolian K, “Seismocardiography: 

Past, present and future”, Conf Proc IEEE Eng Med 

Biol Soc., 2013 vol.2013, pp. 7004-7007 (doi: 

10.1109/EMBC.2013.6611170). 

[5] Castiglioni P, Faini A, Parati G, Di Rienzo M, 

“Wearable Seismocardiography”, 29th Annual 

International Conference of the IEEE Engineering in 

Medicine and Biology Society, EMBS 2007, pp. 

3954-3957. 

[6] R Crow, P Hannan, D Jacobs, L Hedquist, DM 

Salerno, “Relationship between seismocardiogram 

and echocardiogram for events in the cardiac cycle”, 

American journal of Noninvasive Cardiology, 1994, 

vol.8, No.39, pp. 39-46. 

[7] YR Wang, J M Zheng, GY Ren, P H Zhang and C 

Xu, “A flexible piezoelectric force sensor based on 

788



PVDF fabrics”, Smart Materials and Structures 20, 

2011, No.045009, pp.7 (doi:10.1088/0964-

1726/20/4/045009) 

[8] F Clemente, C De Lazzari, M Darowski, G Ferrari, 

R Mimmo, M Guaragno, G Tosti, “Study of systolic 

pressure variation (SPV) in presence of mechanical 

ventilation”, International Journal of Artificial 

Organs. 2002, vol.25, No.4, pp. 313-320. 

[9] F Clemente, P Arpaia, P Cimmino “A piezo-film-

based measurement system for global 

haemodynamic assessment”, Physiological 

Measurement, 2010 vol.31, No.5, pp. 697-714 (doi: 

10.1088/0967-3334/31/5/007) 

[10] F Clemente, E D'Avino, M Guaragno, A Menichetti, 

“An on line technique to detect cardiac output 

variations and cardiovascular performances during 

abdominal aortic surgery”, Journal of Clinical 

Monitoring and Computing, 2004, vol.18 No.2, pp. 

81-87(doi: 10.1023/B:JOCM.0000032696.16467.3d) 

[11] Polisiero M, Bifulco P, Liccardo A, Cesarelli M, 

Romano M, Gargiulo GD, McEwan AL, D'Apuzzo 

M, “Design and assessment of a low-cost, 

electromyographically controlled, prosthetic hand”, 

Medical Devices: Evidence and Research, 2013, 

vol.6 No.1,pp.97-104.(doi: 10.2147/MDER.S39604) 

[12] Bifulco P, Cesarelli M, D'Apuzzo M, Gargiulo GD, 

Liccardo A, Pasquino N, Romano M, Schiano Lo 

Moriello R, “A Low-Cost Device for Contactless 

Detection of Pacemaker Pulses”, International 

Review of Electrical Engineering, 2013 vol.8 No.5, 

pp.1461-1466. 

[13] G B Moody, R G Mark, A Zoccola, S Mantero, 

“Derivation of respiratory signals from multi-lead 

ECGs”, Computers in Cardiology, 1985, vol. 12, pp. 

113–116. 

[14] PD Hung, S Bonnet, R Guillemaud, E Castelli, PTN 

Yen, “Estimation of respiratory waveform using an 

accelerometer”, Biomedical Imaging, IEEE 

International Symposium on, 2008, pp.1493–1496 

[15] K Pandia, OT Inan, GTA Kovacs, L Giovangrandi, 

“Extracting respiratory information from 

seismocardiogram signals acquired on the chest 

using a miniature accelerometer”, Physiological 

Measurement, 2012, vol.33, No10, pp. 1643-1660 . 

Article number 1643 (doi: 10.1088/0967-

3334/33/10/1643) 

[16] K Pandia, OT Inan, GTA Kovacs “A frequency 

domain analysis of respiratory variations in the 

seismocardiogram signal”, Proceedings of the 

Annual International Conference of the IEEE 

Engineering in Medicine and Biology Society, 

EMBS 2013, Article number 6611139, Pages 6881-

6884 (doi: 10.1109/EMBC.2013.6611139S). 

[17] Gargiulo G, Bifulco P, Cesarelli M, Ruffo M, 

Romano M, Calvo R, Jin C, van Schaik A, “An 

ultra-high input impedance ECG amplifier for long-

term monitoring of athletes. Medical Devices: 

Evidence and Research”, 2010, vol,2010 No.3, pp. 

1–9 (doi: 10.2147/MDER.S9321) 

[18] Gargiulo G, Bifulco P, Calvo RA, Cesarelli M, Jin 

C, Van Schaik A “A mobile EEG system with dry 

electrodes”, IEEE-BIOCAS Biomedical Circuits and 

SystemsConference,BIOCAS2008, art.No. 4696927, 

pp.273-276 (doi: 10.1109/BIOCAS.2008.4696927) 

[19] Gargiulo GD, McEwan AL, Bifulco P, Cesarelli M, 

Jin C, Tapson J, Thiagalingam A, van Schaik A. 

“Towards true unipolar ECG recording without the 

Wilson central terminal (preliminary results)”, 

Physiological measurement, 2013, vol.34, No.9 

pp.991-1012. (doi: 10.1088/0967-3334/34/9/991) 

[20] Gargiulo GD, McEwan AL, Bifulco P, Cesarelli M, 

Jin C, Tapson J, Thiagalingam A, van Schaik A. 

Towards true unipolar bio-potential recording: A 

preliminary result for ECG (2013). Physiological 

Measurement Vol. 34, N. 1, pp.: N1-7 

(doi:10.1088/0967-3334/34/1/N1) 

[21] G. Gargiulo, P. Bifulco, M. Cesarelli, C. Jin, A. 

McEwan, A. Van Schaik, “Wearable dry sensors 

with bluetooth connection for use in remote patient 

monitoring systems”, Studies in Health Technology 

and Informatics, 2010, vol.161, pp. 57-65, (doi: 

10.3233/978-1-60750-659-1-57). 

[22] D'Addio G, De Felice A, Balzano G, Zotti R, 

Iannotti P, Bifulco P, Cesarelli M. “Diagnostic 

decision support of heart rate turbulence in sleep 

apnea syndrome”, Stud Health Technol Inform. 

2013, vol.186, pp.150-4. (doi: 10.3233/978-1-

61499-240-0-150) 

[23] Ruffo M, Cesarelli M, Romano M, Bifulco P, Fratini 

A, “An algorithm for FHR estimation from foetal 

phonocardiographic signals”, Biomedical Signal 

Processing and Control, 2010, vol.5, No.2, pp. 131–

141 (doi: 10.1016/j.bspc.2010.02.002). 

[24] Cesarelli M, Ruffo M, Romano M, Bifulco P, 

“Simulation of foetal phonocardiographic recordings 

for testing of FHR extraction algorithms”, Comput 

Methods Programs Biomed, 2012, vol.107, No.3, pp. 

513–523 (doi: 10.1016/j.cmpb.2011.11.008). 

[25] Gargiulo, G.D., Shephard, R.W., Tapson, J., 

McEwan, A., Bifulco, P., Cesarelli, M., Jin, C., Al-

Ani, A., Wang, N., van Schaik, A, “Pregnancy 

detection and monitoring in cattle via combined 

foetus electrocardiogram and phonocardiogram 

signal processing”, BMC Veterinary Research, 2012, 

vol.8, pp.164 (doi:10.1186/1746-6148-8-164). 

 

789


