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to the tenets of the Declaration of Helsinki. Before the experiment, the procedure was explained in
detail to each subject.

2.1.2. Sensors

Inkjet printing (IJP) is a promising technology in the fabrication of stretchable and wearable
sensors. Compared with other fabrication techniques, IJP has less sophisticated process and lower
cost [18–21]. The IJP RR sensor was fabricated on polydimethylsiloxane (PDMS) substrate using
conductive silver nanoparticle ink, as shown in Figure 1a which was presented in [22]. During
respiration, the sensor acted as a variable resistance whose value increased during inhalation and
decreased during exhalation, due to the volume change in the ribcage or the abdomen. The change in
resistance was obtained by a Wheatstone bridge circuit with three fixed resistances, amplified by an
instrumentational amplifier, and finally fed into an Arduino microcontroller to derive RR.
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Figure 1. (a) The Inkjet printing (IJP) respiration rate (RR) sensor. (b) The reference e-Health RR sensor. 

(c) The derived respiratory signals in 30s. 
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Figure 1. (a) The Inkjet printing (IJP) respiration rate (RR) sensor. (b) The reference e-Health RR sensor.
(c) The derived respiratory signals in 30s.

The reference RR value was measured by a thermal nasal e-Health sensor (e-Health AirFlow sensor,
Cooking Hacks), shown in Figure 1b, which has been validated previously in the literature [23,24].
The e-Health sensor detects the thermal changes in airflow during inhalation and exhalation. Due to
the difference in working principle between IJP and reference RR sensors, their respiratory signals
fluctuated in opposite directions with a phase shift, as shown in Figure 1c.
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2.1.3. Measurement Procedure

During the measurement, the IJP sensor was mounted at the xiphoid process using adjustable
fabric belt with e-Health sensor mounted at the nostril as shown in Figure 2. The IJP sensor was tested
at five different body postures in randomized order: sitting at 90◦, 45◦ Fowler’s position, standing,
supine, and right lateral recumbent, as shown in Figure 3. In the lateral recumbent, Flower’s position
and supine, the test subjects had their heads resting on a pillow. Only the right lateral recumbent was
included without the left one, because the bilateral respiratory movements have been proved to be
similar [25]. At each posture, the test was repeated twice in order to investigate the repeatability. The
RR recording lasted for one minute in each trial, with a 60 s break between the two trials. The test
subjects were asked not to move during the test and to breathe normally.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 10 

The reference RR value was measured by a thermal nasal e-Health sensor (e-Health AirFlow 
sensor, Cooking Hacks), shown in Figure 1b, which has been validated previously in the literature 
[23,24]. The e-Health sensor detects the thermal changes in airflow during inhalation and exhalation. 
Due to the difference in working principle between IJP and reference RR sensors, their respiratory 
signals fluctuated in opposite directions with a phase shift, as shown in Figure 1c. 

2.1.3. Measurement Procedure 

During the measurement, the IJP sensor was mounted at the xiphoid process using adjustable 
fabric belt with e-Health sensor mounted at the nostril as shown in Figure 2. The IJP sensor was tested 
at five different body postures in randomized order: sitting at 90°, 45° Fowler’s position, standing, 
supine, and right lateral recumbent, as shown in Figure 3. In the lateral recumbent, Flower’s position 
and supine, the test subjects had their heads resting on a pillow. Only the right lateral recumbent was 
included without the left one, because the bilateral respiratory movements have been proved to be 
similar [25]. At each posture, the test was repeated twice in order to investigate the repeatability. The 
RR recording lasted for one minute in each trial, with a 60 s break between the two trials. The test 
subjects were asked not to move during the test and to breathe normally. 

Figure 2. Mounting the IJP sensor at the xiphoid process using adjustable belt and the e-Health sensor 
at nostril. 

   
Sitting at 90	Ԩ Standing Lateral Recumbent 

e-Health Sensor 

IJP Sensor 

Figure 2. Mounting the IJP sensor at the xiphoid process using adjustable belt and the e-Health sensor at nostril.
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Figure 3. The RR measurement at different body postures. 

2.2. Respiratory Rate Derivation 

An algorithm was developed on MATLAB (R2018b, MathWorks Inc., Natick, MA, USA) to 
extract the RR values from the respiratory signals. Firstly, raw data were input into the bridge circuit 
at a sampling frequency of 100 Hz. The signal was then filtered to remove the direct current (DC) 
component and some extremely high and low frequencies using a band-pass filter with lower and 
higher cut-off frequencies of 0.05 Hz and 1.5 Hz. Finally, fast Fourier transform (FFT) was used to 
determine the respiration frequency, which is the frequency with the highest amplitude. RR was 
derived as: RR = 60	ൈ	respiratory frequency. Figure 4 shows the derivation procedure of the RR from 
the IJP sensor. Note in Figure 4 that the sharp peak is considered as noise since it exceeds the 
amplitudes of adjacent respiratory cycles with time period of less than 0.1 s, which is impossible for 
a respiratory cycle even for maximum inhalation or exhalation [11]. 
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Figure 3. The RR measurement at different body postures.

2.2. Respiratory Rate Derivation

An algorithm was developed on MATLAB (R2018b, MathWorks Inc., Natick, MA, USA) to extract
the RR values from the respiratory signals. Firstly, raw data were input into the bridge circuit at
a sampling frequency of 100 Hz. The signal was then filtered to remove the direct current (DC)
component and some extremely high and low frequencies using a band-pass filter with lower and
higher cut-off frequencies of 0.05 Hz and 1.5 Hz. Finally, fast Fourier transform (FFT) was used to
determine the respiration frequency, which is the frequency with the highest amplitude. RR was
derived as: RR = 60 × respiratory frequency. Figure 4 shows the derivation procedure of the RR
from the IJP sensor. Note in Figure 4 that the sharp peak is considered as noise since it exceeds the
amplitudes of adjacent respiratory cycles with time period of less than 0.1 s, which is impossible for a
respiratory cycle even for maximum inhalation or exhalation [11].
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Figure 4. RR derivation flow chart from the IJP sensor. The raw data was input into band-pass filter
to filter out the high frequencies and the noise. The RR was then extracted by Simulink (R2018b,
MathWorks Inc., Natick, MA, USA). The arrow in the first subfigure shows the spike caused by noise.


