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Abstract— The forced oscillation technique (FOT) provides a
simple and accurate approach for pulmonary function testing.
However, most current devices are large and high cost, hence
the test remains sparingly used. To address this problem, we
verified the feasibility of a smart and portable forced oscillation
device based on a small subwoofer and ultrasonic sensor that
is targeted at point-of-care pulmonary function testing. In this
paper, we first develop and optimize the signal processing
algorithm for impedance estimation. Then we characterize the
signal quality of programmable oscillatory waveforms with
varying frequency, amplitude and duration. Finally, we evaluate
the performance of the device against both mechanical models
and human subjects. The results show that the coherence
function is above 0.9 for all frequencies and the measurement
error is less than 10%. The device yields good repeatability and
satisfies the clinical diagnostic requirements.

I. INTRODUCTION

Respiratory diseases have become a major health threat
and affect nearly 10% of world’s population [1]. To provide
simple and robust lung function tests, a variety of methods
have been developed [2]. Among them, spirometry is the
gold standard for measuring pulmonary functions. However,
it provides no structural information and is not suitable to
several patient categories such as young children, senior
subjects due to cooperation difficulty [3] [4]. As an al-
ternative, the forced oscillation technique (FOT) minimizes
patient cooperation by measuring the passive response of the
respiratory system to external pressure oscillations [5][6][7].
However, currently available FOT devices are bulky and high
cost, and hence not often used.

In this paper, we investigate if a portable device based
on a small subwoofer and ultrasonic sensor could meet the
FOT guidelines [8], and provide simple and accurate forced
oscillation tests. To verify the feasibility of the device, we
first optimized the impedance estimation algorithm for the
portable device for the case with low SNR. Then, we pro-
grammed the device to generate varying oscillatory pressure
waveforms and studied the influence of measurement dura-
tion, pressure amplitude, and frequency on the output signal
quality. Finally, we evaluated the accuracy of the device by
measuring 2 mechanical models with calibrated resistive load
and assessed the repeatability of the device by conducting
multiple tests with 6 human subjects. In this work, we
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approached the problem from a signal design perspective,
and compensated for the low SNR of the portable device with
specially designed oscillatory waveforms to ensure reliable
measurement results.

In the past, several studies have been conducted to study
the feasibility of portable FOT devices [9][10][11][12]{13].
For example, a portable device based on a small speaker and
microcontroller has been developed and is able to measure
lung resistance at 5 Hz [9]. Another FOT device based on the
piezoelectric actuators has also been reported and indicated
the development of light weighted single frequency FOT
device is feasible [13]. However, past works only measure the
respiratory impedance value at a single frequency and thus
do not provide sufficient diagnostic information for all lung
conditions. Moreover, both devices use pneumotachometer
for flow sensing, which results in considerable signal atten-
vation. In this work, we systematically studied the signal
quality of the portable device and designed programmable
input signals to accurately measure respiratory impedance
at multiple frequencies. The healthy human subjects in
this study are aged between 24 and 45 years old with
no smoking history. The experimental procedures involving
human subjects described in this paper were approved by the
Institutional Review Board (IRB No. 825430-1). The results
indicate that the device meets the FOT guidelines and is able
to provide sufficient diagnostic information [8].

II. BASIC PRINCIPLE OF FOT

The forced oscillation technique determines respiratory
mechanical parameters by superimposing external pressure
oscillations on spontaneous breathing and measuring the
resultant flow. The respiratory impedance value Z,.s is
estimated as the complex ratio between oscillatory pressure
P, and flow Vs with respect to frequency f, and the
diagnostic decisions are made based on the respiratory
resistance R, and reactance X,., as follows [5]:

D=7

where R, corresponds to the frictional force exerted on
airflow by the airway, and X, represents the elastic and
the inertial components of respiratory system [5]. Fig. 1
shows the representative tracings of lung resistance R,.; and
reactance X, ¢ from a previous study [14].

Based on the physical properties of respiratory system,
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Fig. 7. Filtered signals using 3rd order Butterworth filter.
(a) high frequency oscillation signal; (b) low frequency
breathing noise.
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Fig. 8. Mean resistance and reactance value and standard
deviation of 6 human subjects. Circle: resistance value.
Square: reactance value.

sufficient SNR. Artifacts such as coughing, glottis closure,
and strong turbulence created by forceful breathing will also
result in the test failure.

From the result we observe that the resistance values are
within the range of 0.1-0.4 kPa/L/s and show a frequency-
independent pattern. The reactance values are negative
at 5Hz and gradually increase to some positive values
with the zero-crossings between 5-18Hz. The measurement
result is consistent with clinical empirical values of healthy
subjects. The typical standard deviation of resistance and
reactance value is lower than 0.08 kPs/L/s and 0.005
kPa/L/s, respectively. The results from multiple tests verified
the good repeatability of the device.

V. CONCLUSION

In this paper, we verified the feasibility of a portable
forced oscillation device for pulmonary function tests. We
developed and optimized the signal processing algorithm for
impedance estimation, and studied the impact of frequency,
measurement duration, pressure amplitude on signal quality.
The device was tested against both calibrated mechanical

models and healthy human subjects. It shows good repeata-
bility during multiple tests, and is able to achieve a coherence
value > 0.9 and a relative measurement error < 10% for
all frequencies between 5-30Hz. The result shows that the
prototype meets the guidelines for FOT tests, and satisfies the
clinical requirements for point-of-care pulmonary function
testing. In the future, we plan to carry out a large-scale
clinical trial in India with Asthma and COPD patients and
further demonstrate the feasibility of the device.
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