
  

 

Abstract— This paper presents a chest-worn accelerometer 

with high sensitivity for continuous cardio-respiratory sound 

monitoring. The accelerometer is based on an asymmetrical 

gapped cantilever which is composed of a bottom mechanical 

layer and a top piezoelectric layer separated by a gap. This 

novel structure helps to increase the sensitivity by orders of 

magnitude compared with conventional cantilever based 

accelerometers. The prototype with a resonant frequency of 

1100Hz and a total weight of 5 gram is designed, constructed 

and characterized. The size of the prototype sensor is 

35mm×18mm×7.8mm (l×w×t). A built-in charge amplifier is 

used to amplify the output voltage of the sensor. A sensitivity of 

86V/g and a noise floor of 40ng/Hz are obtained. 
Preliminary tests for recording both cardiac and respiratory 

signals are carried out on human body and the new sensor 

exhibits better performance compared with a high-end 

electronic stethoscope.  

  

I. INTRODUCTION 

The cardio-respiratory signal is one of the fundamental 
vital signs to assess a person’s health. Auscultation of the 
chest wall sounds which include both heart and lung sounds 
is a traditional and effective way to capture and diagnose 
many cardiovascular and respiratory diseases. The current 
solution for auscultation is the stethoscope, which is based 
on a bell-shaped air chamber to pick up and amplify sound 
signals. Although widely used in intermittent auscultation, 
the stethoscope has a number of limitations that prevent it 
from monitoring heart/lung sound continuously. For 
instance, it is difficult to be body-worn due to its bulky size.  
Furthermore, to record the signals, the stethoscope typically 
needs to be held against the skin by hands.  This will lead to 
friction noise and make the detection of weak acoustic 
signals, such as lung sounds, very challenging.  

Another approach of detecting heart/lung sounds is based 
on the accelerometer. Compared with the stethoscope, the 
miniaturized accelerometer can be taped on the chest wall for 
a more convenient and continuous cardio-respiratory 
monitoring.  However, because it is in direct contact with the 
skin and does not have an air chamber to couple and amplify 
the acoustic signal, the accelerometer itself needs to have a 
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very high sensitivity. There have been many efforts in the 
development of accelerometer based acoustic sensors for 
heart/lung sound monitoring [1-3]. Some researchers have 
used off-the-shelf accelerometers to detect heart/lung sounds.  
However, these off-the-shelf sensors are either too bulky or 
not sensitive enough to capture the details of heart sounds, 
let alone lung sounds. In this paper, we present an 
accelerometer based acoustic sensor with a high sensitivity 
for continuous cardio-respiratory sound monitoring. This 
sensor is based on a novel asymmetrical gapped cantilever 
structure which is composed of a bottom mechanical layer 
and a top piezoelectric layer separated by a gap. The 
sensitivity can be increased significantly by the asymmetrical 
gapped structure.  From the energy perspective, the majority 
of mechanical energy can be concentrated on the 
piezoelectric layer.  The overall energy conversion efficiency 
can reach about 90% for asymmetrical gapped cantilevers 
and only below 39% for conventional cantilevers.  A 
prototype with a resonant frequency of 1100Hz is designed, 
constructed, and characterized. The size of the prototype 
sensor is 35mm×18mm×7.8mm (l×w×t). With a built-in 
charge amplifier, a sensitivity of 86V/g and a resolution of 

40ng/Hz are obtained. Preliminarily tests for recording both 
cardiac and respiratory signal are carried out on human body 
and demonstrate the superior performance of the new sensor 
over commercial stethoscope. 

II. SENSOR DESIGN 

Fig. 1(a) shows the basic structure of a conventional 
accelerometer: a proof mass suspended by one cantilever 
beam. A piezoelectric layer is integrated on the surface of the 
cantilever beam. Fig. 1(b) shows the schematic structure of 
the accelerometer based on asymmetrical gapped cantilever. 
It comprises a top piezoelectric beam (w2×t2×l2), a bottom 
mechanical beam (w1×t1×l1) and a proof mass or lever (wpm 
×tpm ×lpm). The distance between middle planes of top and 
bottom layers is D.  
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Figure 1.  Comparison of the (a) conventional accelerometer (h is the 

cantilever thickness) and (b) new accelerometer design based on decoupled 

piezoelectric layer (asymmetric gapped cantilever).  

It is worth noting that the deformation of the 
asymmetrically-gapped cantilever can be decomposed into 
pure bending (rotational movement) and S-shaping modes 
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(translational movement) as shown in Fig. 2. Since the plane 
assumption is not valid in this case, conventional Euler-
Bernoulli beam theory cannot be applied here. New 
analytical model has been developed for the asymmetrical 
gapped cantilever [4-6].   

      

 

 

 
(a) Pure bending (rotational movement) 

 

 

 

 
(b) S-shape bending (translational movement) 

Figure 2.  Two deformation modes of the asymmetrically-gapped 

cantilever. 

The effective neutral plane of the asymmetrical gapped 

cantilever for pure bending mode is  
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where y1 and y2 are the vertical positions (please refer to 

Fig. 1 (b)), E1 and E2 are Young’s moduli of the bottom 

and top beams, respectively.  The bending rigidities for 

pure bending and S-shape bending RP and RS are given by  
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The spring constants of the two modes are: 
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where α = (l+lpm)/l and β = RS/RP.  Then, the total effective 

spring constant can be expressed as 
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Based on Rayleigh-Ritz method [7], the resonant frequency 

is 
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The normal strain experienced by the top piezoelectric beam 

is: 
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where a is the acceleration applied.  It can be clearly 

observed that the sensitivity is proportional to y2-yc, the 

distance between the top piezoelectric beam and the neutral 

plane of the asymmetrical gapped cantilever.  This distance 

is approximately equal to the height of the gap for 

asymmetrical gapped cantilevers. In comparison, for the 

conventional cantilever, this distance is only about half of the 

cantilever thickness (h/2) as shown in the Fig. 1 (a).  If the 

the spring constants of the two designs are the same, the 

sensitivity of the new design will be D/(h/2) times of the 

conventional cantilever. Since D can be much larger than 

h/2, the sensitivity of the new design will be orders of 

magnitude higher than the conventional one.  

The advantage of the new structure can also be 

explained from the energy perspective [4-5].  Namely, it is 

desirable to allocate as much energy as possible for strain 

sensing from the total energy applied.  Note that the 

vibration energy is distributed in different parts of the 

asymmetric gapped cantilever with different forms. 

However, what is effective in generating output voltage is 

only the energy stored in the top sensing layer in the form of 

normal strain.  Here we defined the energy efficiency  as 

the ratio of the energy stored by normal strain of the top 

sensing layer to the total mechanical energy, which can be 

calculated in two steps.  First, the ratio of the pure-bending 

energy to the total energy can be calculated from spring 

constants, which is 
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The pure bending energy is further distributed in both top 

and bottom beams. The percentage of pure bending energy 

stored in the top sensing layer in the form of normal stain is 
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where γ=(yc-y1)/D=d1/D. Therefore, the total percentage 

of the vibration energy used for strain sensing is 
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Figure 3.  Plot of efficiency η as a function of γ with different C (α =11)[5] 

    The optimal γ that results in the maximum efficiency is 
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where C=t1
2
/12D

2
   The plot of efficiency η as a function of γ 

with different C is presented in Fig. 3 [5]. Once γ0 has been 

decided, we can easily find the distance between neutral 

plane and top piezoresistive beam d2, and other related 

parameters such as w1, w2 and t2.       
In conventional piezoelectric cantilever, there is typically 

30-40% of the total mechanical energy stored in the 
piezoelectric layer in the form of normal strain, contributing 
to the output signal. In comparison, the asymmetrical gapped 
cantilever allows 87% or even higher percentage of the 
mechanical energy to be used for piezoelectric sensing. 

III. SENSOR CHARACTERIZATION AND PRELIMINARY TEST  

A. Sensor Characterization 

A prototype of the piezoelectric accelerometer with a 
resonant frequency of 1100 Hz and a total weight of 5 gram 
has been designed and constructed. The size of the prototype 
sensor is 35𝑚𝑚×18𝑚𝑚×7.8𝑚 (𝑙×𝑤×𝑡) as shown in Fig. 4.  
A built-in charge amplifier is used to amplify the output 
voltage of the sensor. Fig. 5 plots the frequency response of 
the accelerometer characterized on a mechanical shaker.  A 
resonant frequency of 1100 Hz and an average sensitivity of 
86V/g in the low frequency band are observed.  Fig. 6 shows 
the noise floor of the sensor characterized in an acoustic 

isolation room.  A noise floor of 40ng/Hz is observed 
above 100 Hz. Note that at low frequency, the acoustic noise 
from environment cannot be completely removed. The actual 
noise of the sensor is much smaller at low frequency.    

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Noise spectrum of the prototype accelerometer 

B.   Preliminary Tests 

Preliminarily tests for recording both heart and lung 
sounds are carried out on healthy volunteers in a regular 
laboratory environment. The data from the sensor is 
transferred to a PC through data acquisition board (NI USB 
6210) and further processed by LabVIEW

®
 and MATLAB

®
. 

The sampling rate is fixed to be 20 kHz. A comparison is 

made between the asymmetrical gapped accelerometer and a 
high-end electronic stethoscope (3M Littman 3200) in 
detecting heart and lung sounds.  For both accelerometer and 
stethoscope data, a filter with a bandwidth from 20 Hz to 500 
Hz is applied to extract the heart sound and a filter with a 
bandwidth from 350 Hz to 1000 Hz is applied to extract the 
lung sound. The device location is chosen to be the 5

th
 

intercostal space to the left just lateral to the sternum (right 
AV auscultation) for cardiac signal detection and a right 
anterior intercostal space above the level of the 3

rd
 rib for 

respiratory signal detection.  

Figure 7 shows the visible differences in signal quality 
between the asymmetrical gapped accelerometer and the 
electronic stethoscope in cardiac sound detection. The 
signal-to-noise ratio of the new sensor is about two times 
higher. Fig. 8 plots the lung sounds recorded by our sensor 
and the electronic stethoscope for regular gentle breathing.  
Note that lung sounds are much weaker than heart sounds 
and thus are more difficult to detect, especially for a gentle 
breathing. As can be observed in Fig. 8 (b), the lung sound 
can hardly be distinguished in the signals captured by the 
stethoscope. In comparison, the lung sound can be clearly 
detected by our sensor. It is also worth noting that these 
measurements were carried out in a regular laboratory 
environment full of air-borne noises.  It can be observed that 
our sensor is not very sensitive to air-borne noise.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Sample waveforms of heart sound: (a) detected by our new 

accelerometer; (b) detected by an electronic stethoscope. 

 

 

 

 

 

 

 

 

 

Fig. 7 A sample waveform of respiratory sound. The inhale 

and exhale breathing cycle as well as the “no breath” period 

are distinguished.  

 

 

 

Figure.4 The prototype sensor.  

 

Figure 5. Frequency response of the 

prototype accelerometer.  
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Figure 8. Sample waveforms of lung sound: (a) detected by our new 

accelerometer; (b) detected by an electronic stethoscope 

IV. DISCUSSION AND CONCLUSION 

In summary, the novel accelerometer based on 

asymmetrical gapped cantilever has the following highly 

desirable advantages for mobile healthcare: (1) very 

sensitive, which helps to improve the signal fidelity and 

capture critical subtle signals which are hard to detect by 

current acoustic sensors; (2) wearable, which enables long-

term continuous monitoring of physiological vital signs; (3) 

low cost  $20 when mass-produced; and (4) a very robust 

way of capturing heart/lung sounds  the patients can 

reliably obtain the same high quality signals as the trained 

medical personnel.  

The new wearable sensor will enable many important 

clinical applications. The first application can be heart 

failure (HF) monitoring. For HF management, it is well 

known that a single parameter or a single symptom is 

inaccurate and ineffective. Our sensor can provide 

continuous monitoring of both heart & lung sounds. From 

the heard sounds, important information for heart failure 

such as heart rate can be extracted. In addition, abnormal 

heart sounds, such as the third heart sound (S3), forth heart 

sound (S4) and systolic murmur, provide valuable 

information of the heart pathological conditions [8, 9]. It is 

also possible to measure blood pressure, a critical parameter, 

from heart sounds indirectly [10, 11]. To provide more 

comprehensive heart failure monitoring, pulmonary 

conditions, such as shortness of breath, rales, dyspnea at rest 

and paroxysmal nocturnal dyspnea, are of critical importance 

as well [12].  The new sensor developed will allow us to 

monitor pulmonary conditions continuously by detecting the 

lung sounds on the chest. Note this has not been possible 

before since the lung sounds are much weaker than heart 

sounds and thus are more difficult to detect, especially in a 

mobile setting.  Note that the noise caused by patient 

movement can be a potential obstacle for these applications. 

We are currently investigating a number of approaches to 

address this issue.  
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