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Abstract Recently, human physiological information wireless monitoring in real-time is particularly im-
portant in health analysis. As a solution, a non-contact wireless physiological monitoring system based
on pyroelectric generator (PyG), whose core part consists of a wireless circuit processing module and a
polyvinylidene fluoride (PVDF) film, has been successfully designed. Owing to the temperature change un-
der the stimulation of an external heat source, the output voltage of the PyG self-powered flexible sensor
increases with the heat source temperature variation in the range of 295-355 K. Furthermore, based on
the natural temperature oscillation between the living body and surrounding environment, the sensor can
realize human physiological information assessment, for example, temperature monitoring of the palms, fin-
gers, respiratory heat signals from mouth or nose or non-contact spatial heat mapping recognition of finger
movement via sensor array. On this basis, a portable wireless monitoring system was designed by integrating
the intelligent sensor with a signal conditioning circuit, data conversion storage module, Bluetooth module,
and power module. This system can acquire real-time human oral or nasal breathing signals in the personal
mobile app to evaluate the physiological state of individuals. Additionally, the wireless monitoring system
can be activated within 10 m, demonstrating the application of PyG sensors in remote data transmission.
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1 Introduction

With the development of artificial intelligence technology [1-3], the pursuit of lighter and smarter mobile
medical systems has drawn great interests. Among them, the intelligent electronic monitoring equipment
is one of the most significant advancements [4,5]. Compared with conventional medical systems, wireless
sensing circuits combined with advanced flexible electronics are changing traditional diagnostic methods
and endowing medical devices with portable [6-9], remote [10] and real-time [11,12] monitoring functions.
Specifically skin temperature [13,14] and respiratory frequency [15] are key indicators for evaluating
human health. Therefore, the design and development of wireless sensor circuits [16] for measuring and
quantifying physical signals provide an opportunity for the monitoring of physical diseases.

To date, wearable temperature sensors and breath sensors have made great progress in intelligent mon-
itoring. Nevertheless, the external battery is indispensable for most sensors [17-21]. To meet the growing
demand of human physiological information monitoring [22,23], some novel pyroelectric sensors have been
developed for self-powered human respiratory monitoring. Essentially, polyvinylidene fluoride (PVDF)
film has the advantages of flexibility, eco-friendliness and large voltage decay time constant [24-27], which
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presents significant potential for pyroelectric energy harvesting [28] and self-powered sensing [29]. For
example, Sun et al. [30] developed a tribo-piezo-pyroelectric composite unit to harvest biomechanical en-
ergy and monitor respiratory with a contacting mode. Xue et al. [31] introduced a wearable pyroelectric
nanogenerator, examined the integration of a PVDF film in an N95 respirator to harvest the breath-
ing energy of the human body, and demonstrated the function of self-powered breathing sensor. These
studies have greatly promoted the development of pyroelectric temperature sensitive unit respiratory
monitoring. However, it needs to be connected to the human oral surface, which may cause discomfort.
Additionally, piezoelectric [32] and triboelectric [33,34] sensors are essentially in body contact and not
suitable for portable respiratory heat signal monitoring. Currently, there are few reports of real-time and
remote physiological information monitoring combined with wireless transmission circuits. As is widely
known, an evident difference exists between the breathing gas in the mouth or nose of the human body
and surrounding environment (approximately 36°C in oral temperature), particularly in winter. Thus,
simultaneous achievement of comfort, portability, mobility, as well as long-distance human heat signal
monitoring and transmission is challenging [35].

Herein we proposed a new scheme combining PVDF film and wireless transmission circuit for acquiring
human physiological information. The waste heat energy was harvested in a non-contact manner, such as
the heat generated from skin, finger, or mouth and nose breathing. Also, the bridge between pyroelectric
signals and human physiological signals can be effectively established. The developed sensor shows a fast
response time (approximately 400 ms) at a temperature difference of 60 K. Furthermore, an intelligent
space heat distribution sensor array integrated with 3x3 units was introduced to track the moving
heat source. The sensing system consists of an eco-friendly flexible PVDF pyroelectric sensor and a
signal processing circuit, in which the signal processing circuit was assembled with these components
like power converter, signal conditioning circuit, data conversion storage module, and wireless Bluetooth
data transceiver. The intelligent system can sense the breath heat signal of human mouth or nose in
real time and the signal is finally displayed on an Android smartphone terminal. Long-distance (~10 m)
transmission of weak human signals was realized via a signal conditioning circuit. These results indicate
that the developed device has potential application in human body temperature and breathing variations
monitoring.

2 Experimental section

2.1 Fabrication of PyG sensor and architecture of monitoring system

The fabrication of the pyroelectric generator (PyG) sensor is briefly described as follows. First, the PVDF
film with a size corresponding to 3 cmx6 cmx28 um was cut (purchased from Measurement Specialties).
To be used as electrodes, all the Ag layers were connected by wires. The device was then sealed with
Kapton tape and pressed with finger pressure to further enhance adhesion between the electrode and
functional layer. Finally, the PyG sensor was connected to the test system or a wireless circuit system
(Figure 1(a)).

As shown in Figure S1 in Appendix, the power conversion module adopts universal serial bus (USB) to
5V DC potential, and the regulator chip provides a 3.3 V power supply voltage for the signal conditioning
circuit, the main control chip and the wireless Bluetooth module. It ensures the portability and long-
term power supply stability of the test system. Secondly, because the output impedance of PyG sensor is
very high and the input impedance of wireless Bluetooth circuit is very small, the input resistance of 10
M( is selected in the signal conditioning circuit to match with the wireless transmission chip. The heat
signal caused by human breathing is a low-frequency signal, usually 0.01-2 Hz. In the signal conditioning
circuit, the resistor 680 K and the capacitor 0.1 uF are selected to pass signals with a frequency below
2.3 Hz and reduce external environmental interference. Meanwhile when the heat source periodically
approaches and leaves PyG sensor, the periodic oscillating electrical signal was generated. Because half
of the oscillating electrical signal is negative values, they cannot be directly used as input signals of the
conversion memory module. Therefore, in the signal conditioning module, a level raising circuit with
the same direction addition is used to raise the whole output voltage to the positive level, so that the
signal conversion memory module can obtain the whole signal. Finally, the signal transmitted to the
mobile phone through the Bluetooth module is converted into a positive and negative component of the
oscillation signal. Although the signal is not displayed in the original scale, it provides an index for the
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Figure 1 (Color online) (a) Wireless circuit receiving system for pyroelectric signals; (b) capacitance-like structure and thermal
radiation heating principle of PyG sensor; (c¢) photograph of the flexible PyG sensor (the inset shows the dimensions of the PyG
sensor).

subsequent practical application of respiratory frequency quantification.

2.2 Device characterization

The PyG sensor was installed in a laboratory with an indoor temperature corresponding to 295 K. A
digitally adjustable flexible commercial polyimide heat source (PT) (Wuxi, China) was used to periodically
approach and leave the sensor to achieve temperature oscillation on the sensor surface. To make the
surface temperature of heat sources more accurate, a K-type thermocouple (TES-1310) was attached to
the surface to monitor the temperature of PI heat source in realtime. The output open-circuit voltage
and short-circuit current were measured via a Keithley 2611B system electrometer. At the same time,
the electrometer was used to collect the voltage output signals of fingers at different pixels of the sensor
array. Furthermore, a wireless signal processing circuit, a Bluetooth signal transmission module, and a
smartphone APP were used to receive and present signals to monitor the physiological condition of the
human body (breathing) in real-time.

3 Results and discussion

3.1 Pyroelectric output of PyG sensor under different ambient heat

As schematically shown in Figure 1(b), PyG sensor has a capacitor-like structure with the pyroelectric
crystal as its function layer. To prevent the effect of water vapor on the electrodes the Kapton tape
(3 cmx6 cm) was adhered to the flexible PyG device surface. As shown in Figure 1(c), the PyG sensor
has light weight characteristics (0.22 g). Evidently, the PyG sensor exhibits good flexibility, indicating
its wide application prospects in the field of flexible electronics.

To test the heat-electric conversion of PyG sensor easily and monitor temperature subsequently, the
experimental setup is shown in Figure 2(a). Furthermore, the heat source periodically approached and
left the sensor to ensure that the output signals were not affected by piezoelectric signals. During the
heat source approaching PyG sensor, the distance between them was kept at 1 cm. The temperature
variation curve of the heat source is shown in Figure 2(b). The sensor was heated by the heat source for
2 s, and then cooled in the air for 5 s. Figure 2(c) clearly presents the differential curve of the corresponding
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temperature change and time of the heat source. In an initial state, the surface temperature of the PyG
sensor was close to an indoor temperature of approximately 295 K. Moving the heat source close to PyG
sensor for 2 s when its temperature reached 305 K, a positive voltage pulse of approximately 0.37 V can be
measured by the test instrument. As the natural convection of the air-cooled slowly for 5 s, the opposite
voltage was observed at approximately 0.23 V (Figure 2(d)). It should be noted that the absolute value
of the positive pyroelectric output voltage exceeds that of the negative ones. A potential reason for the
asymmetrical voltage response phenomenon is that, as shown in Figure 2(b), the temperature change
rate of PyG is different under fluctuations in the hot and cold temperature (the maximum temperature
change rate of PyG sensor heated by heat source is 6 K/s, while the maximum temperature change rate
of PyG sensor cooled by air is 2 K/s).

To investigate the electrical performance of PyG sensor, the comparative experiments with various
temperature differences (20, 30, 40, 50, and 60 K) at the relative indoor temperature was set up. As
shown in Figure 2(d), the open-voltage values of the PyG sensor evidently increased with the increase of
the temperature difference. When the temperature difference was 60 K, the peak-to-peak value of voltage
reached the maximum value, which is 12 times when the temperature difference was 10 K. Finally, the
maximum positive pyroelectric voltage of PyG sensor at different initial temperatures of the heat source
was shown in Figure 2(d). The initial temperature-voltage curve was given in Figure 2(e). And the
correlation coefficient (R?) was 0.9923 for the temperature-voltage curve. The good linearity indicates
that it exhibits potential application in self-powered temperature sensing. Additionally, the open-circuit
voltage of the PyG sensor on static PI surfaces with different bending radius in the long axis direction
was tested to verify its flexible output performance under different curvatures. Meanwhile, the output
performance of the fabricated PyG under different bending radii was tested including the bending radius
of 20-40 mm in the long axis direction and 20-80 mm in the short axis direction (Figure S2). The results
indicate that the positive and negative output voltage pulses were largely unaffected within the radius of
curvature range of 35-80 mm in the long axis direction, as displayed in Figure 2(f). More importantly, the
results indicated the enormous potential of PyG sensor in temperature sensing or heat-electric conversion
on curved surface.

The mechanism underlying the effect of dipole deflection on pyroelectric output has been reported
previously [36-38]. The pyroelectric conversion mechanism of PyG is shown in Figure S3. According
to the foregoing results and theoretical analysis, the PyG sensor was selected for subsequent testing
(including the output voltage and current) at a temperature difference of 60 K under external loading
resistances (Rr). As shown in Figure 2(g), the resistance of external load was set in a suitable range of
10°-10° Q. The results show that the output voltage increases with the increase of load resistance. In
the experiments, the low output performance was primarily due to the following factors. First, during
the transient process of approaching and leaving the heat source, the heat energy was not completely
transferred to the sensor. This is the primary factor affecting the decrease of output performance. It is
assumed that the surface temperature of PVDF increased and decreased when the heat source approached
and left, respectively. Simultaneously, comsol multi-physics field software was used to simulate its output
performance (Figure S4) at a temperature difference of 60 K. A second factor causing the reduction of
pyroelectric output was the effect of thermal conductivity between different materials on the overall heat
transfer efficiency. Similarly, conversion efficiency of the thermal energy of the PyG sensor was discussed
in the supporting information.

As shown in Figure 2(h), the shortcircuit current values exhibit a trend similar to open-circuit voltage
values under the same temperature difference. The maximum current value of 75 nA was obtained for the
PyG sensor with a 28-pum-thick PVDF film. The inset presents the details of the amplified output current
curve. The responding time is approximately 400 ms, laying a foundation for self-powered temperature
sensing of the human body or environment.

3.2 Pyroelectric sensor for self-powered breathing or temperature monitoring

Given the preeminent temperature sensitivity of the PyG sensor, it is suitable as a self-powered phys-
iological monitoring device for the human body. For example, the palm or finger temperature can be
monitored owing to the temperature difference between the body and environment (while indoor temper-
ature is maintained at 295 K). It is well known that human is warm-blooded. As shown in Figure 3(a), the
PyG sensor was driven by the palm repeatedly approaching and leaving. The distance between them was
1 cm when the palm approached PyG sensor. Hence, the periodic voltage signals were measured when
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Figure 2 (Color online) (a) Schematic of the experimental setup for the PyG sensor alternately approaching and separating
from the heat source. (b) Temperature changes of heat source at an indoor temperature of 295 K. (¢) Corresponding temperature
variation rate. (d) Output voltage of the PyG sensor under different temperature fluctuations. Inset shows the detailed oscillating
voltage of PyG sensor at the cycle temperature in (b). (e) Plot and the linear fit of the open-circuit voltage of the PyG sensor
versus the heat flow temperature. (f) Output peak voltage of the PyG sensor on a static curved surface at different bending
radius. (g) Dependence of output voltage of PyG sensor on the external loading resistance (inset shows the circuit diagram).
(h) Measured short-circuit current of the PyG sensor when the temperature difference between the heat source and the environment
was 60 K (inset shows the enlarged output current pulse).

the palm (306 K) repeatedly approached (non-contact) and left the PyG sensor (Figure 3(b)). However,
as shown in the figure the experimental output voltages were non-uniform. This was due to the difficulty
of controlling the operation precision which should be investigated in future studies. Furthermore, the
palm surface temperature was estimated to be approximately 305 K by combining the experiment results
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Figure 3 (Color online) (a) Schematic of the PyG sensor driven by the palm. (b) Voltage vs. time curve measured as the palm
periodically approached and left the PyG sensor. (c¢) The output voltage of thumb, index finger, middle finger, ring finger and
little finger is close to PyG sensor respectively. (d) Linear fit for different fingers and voltages with respect to PyG sensor effective
heating area.

of Figure 2(e) and data in Figure 3(b). Inspired by palm temperature monitoring, the tiny differences in
pyroelectric output performance of five different fingers were further measured. The pyroelectric signal
amplitude of each finger is accurately monitored (Figure 3(c)), proving the potential application value of
PyG sensor in temperature monitoring. With different fingers close to the sensor, the heat affected area is
different. The pyroelectric voltage value is proportional to the heating area, and it was well confirmed by
five different output signals. When the ambient temperature and finger temperature maintain a certain
temperature oscillation, the effective heating area changed. This is a potential reason why the output
voltage increased linearly (Figure 3(d)).

Additionally, nose breathing frequency and oral temperature (309.6 K) are extremely important pa-
rameters for evaluating human health. Considering the heat exchange via water vapor from mouth or
nose breathing with the surrounding environment, generally, the heat energy generated by the water
vapor is calculated based on the following equation:

MPchTAT = LmHzo, (1)

where Mpyq, Cr, AT, L and mpu,o denote the mass of the PyG sensor (g), specific heat capacity
(1.4 J/gK) [39], temperature variation of the PyG sensor (K) heat delivered to the PVDF (2453.8 J/g at
20°) and water vapor weight (g). According to (1), when the mouth or nose is close to the pyroelectric
device, the temperature difference between the PVDF surface and environment is approximately 17 K
instantaneously, and the mass of water vapor required is calculated as 2.134 mg. Evidently, water vapor is
an important factor that produces a natural temperature difference in the heat exchange between human
respiration and the external environment. The PyG sensor breathing device used in an actual indoor
environment (295 K) is shown in Figure 4(a) (the distance between the nose and sensor was 1 cm). The
open-circuit voltage of the PyG sensor driven by normal nose breathing is shown in Figure 4(b-i). Given
its outstanding pyroelectric signal, the device is further used for frequency testing in different breathing
states of the human body. Figure 4(b-ii) presents the respiratory rate of the human body (number of
breaths per minute) under normal conditions and after running. The output voltage pulse perfectly
matches the respiratory rate of the subject in different states, such as normal breathing (13 times per
minute) and breathing 19 times per minute after running. It is known that a healthy human body breathes
12-20 times per minute. The foregoing test results are consistent with the respiratory rate of healthy
adult. Hence, the PyG sensor can successfully monitor the human respiratory rate. Additionally, the
PyG sensor can also be used for monitoring oral temperature in an indoor environment (295 K), as shown
in Figure 4(c) (the distance between the mouth and sensor was 1 ¢cm). The amplitudes of the pyroelectric
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Figure 4 (Color online) (a) Schematic of non-contact PyG sensor driven by human nose breathing. (b-i) The output voltage of
the PyG sensor driven by human nose breathing at indoor temperature of 295 K. (b-ii) Respiratory frequency of the human body
(number of breaths per minute) after normal breathing and running. (c¢) Schematic of non-contact PyG sensor driven by human
oral breathing. (d) Voltage output of PyG sensor for monitoring oral breathing at indoor temperature of 295 K.

signals for human oral respiration are approximately 0.75 V as indicated by Figure 4(d). Furthermore,
combined with the data in Figure 2(e), the oral temperature is estimated to be approximately 309 K.
Meanwhile, the long-term repeatability and reliability of the sensors are carried. As shown in Figure S5(a),
with the increase of time, when the heat source is set at 305 K (while indoor temperature is maintained
at 295 K), the output performance is almost constant after 6 weeks. And the waveform of 104 breaths of
the human nose is shown in Figure S5(b). In 480 s, the sensor successfully records the respiratory rate of
the human nose, which is 13 breaths per minute (the normal respiratory rate for a healthy adult at rest
is 12-18 breaths per minute). Thus, pyroelectric sensors have the function of detecting human health
parameters such as respiratory rate and oral temperature, and can monitor human health anytime and
anywhere owing to their long-term repeatability and reliability.

Additionally, for more accurate measurement of the spatial temperature distribution to achieve tracking
of moving heat sources, a 3x3 sensor array (each approximately 15 mmx15 mm) is prepared. The sensor
array was installed in an indoor laboratory (Figure 5(a)). Specifically, “rubbed finger” (RF) indicates
that the same initial finger rubs on the palm (Figure 5(b)) for approximately 20 times to heat it up. The
output voltages corresponding to the initial finger (302 K) and RF (304 K) approaching different pixel
points were demonstrated. Furthermore, the spatial temperature distribution of the finger at different
pixel points was obtained, which was attributed to the increase in the surface temperature of finger to
304 K after the physical rubbing stimulation. Additionally, the sensor array can be used as a human-
computer interaction interface for finger-movement tracking as shown in Figure 5(c). A finger moved
sequentially over the sensor array along the L-path. Figure 5(d) clearly records the finger movement path
and can even estimate the finger temperature based on the electrical signal. Compared to single-point or
skin thermal imaging tests, the advantage of the sensor array is that it can be dynamically tracked as a
non-invasive space heat source.

4 Wireless transmission and display of pyroelectric signals

To gain further insight into the performance of the device for practical real-time personalized health
monitoring, the wireless signal processing circuit was designed and integrated with PyG sensor. As
shown in Figure 6(a) the wireless printed circuit board (PCB) consists of the following four parts. Part 1
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Figure 5 (Color online) (a) Photograph of a 3x3 flexible temperature sensing array. (b) Photograph of output voltages and space
temperature distribution corresponding to different pixels. (¢) Schematic of finger movement along the path. (d) The corresponding
voltage output of the sensor array is used to monitor finger movement.

is a power conversion circuit, Part 2 is a signal conditioning circuit, Part 3 is a conversion storage module
between analog signal and digital signal and Part 4 is a wireless Bluetooth data transceiver. The data
were ultimately used to evaluate physiological state of the human body and displayed on an Android
phone. A detailed flow chart of an integrated system for human physiological signal detection is shown
in Figure 6(b). Here, parts 2-4 are connected to a 3.3 V voltage regulator to ensure that they function
properly. Subsequently, the human respiratory or oral temperature signals received by the pyroelectric
sensor are processed by Part 2 to obtain accurate signals, and the further processed analog signals are
converted into digital signals and stored real-time by Part 3. Finally, the cached data are transmitted to
the mobile app and displayed by Part 4. Hence, the system simultaneously achieves thermal harvesting
and physiological signal monitoring. Figures 6(c) and (d) show wireless detection schematics for oral
and nasal breathing signals, respectively. The pyroelectric sensor and wireless PCB were installed on a
table or other indoor target where the temperature was set as approximately 295 K. Figure 6(e) shows
the display status of the mobile phone interface before testing. The horizontal coordinates represent the
time (18 s) of signal acquisition and grid numbers (mV) along the vertical axis indicate the amplitude
of the test signal. It is noticed that there is no signal disturbance because the interference signal of
the electrical appliance is filtered out by the filter circuit. Figures 6(f) and (g) further illustrate the
real-time monitoring results of human exhalation and inhalation process, in which respiratory frequency
and oral respiratory signals are presented respectively. Furthermore, the corresponding test video was
displayed in real-time (Videos S1 and S2). As indicated by the waveform results at 18 s, the number
of breaths is four times, indicating that the human body breaths approximately 14 times per minute.
Compared with the pyroelectric voltage of nose breathing 0.55 V, the signal amplitude of human mouth
breathing displayed on the mobile phone interface was about 0.75 V. The slight difference indicates
the sensitivity of the PVDF film to weak temperature changes and the real-time monitoring ability
of wireless sensor system to human mouth breathing and nose breathing. Additionally, owing to the
excellent transmission performance of this system, the maximum working range for pyroelectric signal
transmission is 10 m (Video S3), which is suitable for real-time monitoring of human rehabilitation in
hospitals and personalized household health application equipment. The contrast between our respiratory
sensing system and other respiratory equipment was listed in Table 1. Compared with the previously
reported, pyroelectric breathing sensors have advantages in operating voltage and response time. At the
same time, compared with other self-driven breathing equipment, non-contact measurement solves the
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Table 1 Summary of partial breathing sensors®

Sensing Wearable/ Monitoring  Respone Detection Operating
Principle Ref

material Non-contact distance time (s) range voltage (V)
Pyroelectric PVDF Wearable  Short distance - 5°-25° Self-driven [31]
Piezoelectric PVDF Wearable - - - Self-driven [32]
Triboelectric Cu/PET Wearable - - - Self-driven [33]
Triboelectric PTFE/nylon Wearable - 0.1 - Self-driven [34]
Resistance change Silica nanoparticles Wearable  Short distance 0.7 - 9V [40]
Resistance change Graphene oxide Wearable  Short distance 1.8 12%-97% (RH) 15V [41]
Resistance change Polyaniline Wearable  Short distance - 54%-98% (RH) 1V [42]
Resistance change Micro-condensation sensor Non-contact - - - 22V [43]
Triboelectric PA6/PVDF Wearable - - - Self-driven [44]
Resistance change Cellulose paper Wearable - - 0%-90% (RH) 25V [45]

Pyroelectric PVDF Non-contact 10 m 0.4 295-355 K Self-driven This work

a) Abbreviations: polyethylene terephthalate (PET); polytetraflifluoroethylene (PTFE); Nylon 6 (PA6).

discomfort of contact measurement, and the long transmission distance solves the non-portability of wired
breath monitoring. Meanwhile, pyroelectric sensor has potential application value in human intelligent

temperature sensing.

In this study, we sought to demonstrate the universal applicability of wireless sensing systems. Here, in
an indoor laboratory, three volunteers were randomly invited to participate in oral and nasal pyroelectric
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signal tests, where the temperature was set as approximately 295 K. Figure S6 shows the respiratory
and oral signal voltage response values for different volunteers. The signal voltages response values
varied slightly among the individual, indicating the difference of participants’ breathing rate. This is
mainly attributed to factors such as the volunteers’ gender and physiological state. Although the testing
methods and equipments need to be optimized, our results indicate that the proposed sensing system has
the potential of long-term monitoring in personalized human physiological information and has important
clinical reference value.

5 Conclusion

In summary, a flexible and portable non-contact highly integrated pyroelectric signal detection system
was fabricated which includes a thermally sensitive unit and wireless Bluetooth sensing circuit. In ac-
cordance with the heat-electric conversion theory for PVDF film, a maximum peak voltage of 8 V and
peak current of 0.15 pA were obtained, respectively, under a temperature difference of 60 K. Compared
with conventional temperature sensing, linear output voltage in the temperature range of 295-355 K and
fast response time (approximately 400 ms) of PyG sensor exhibit potential for temperature monitoring.
The temperature difference between the human body and the surrounding environment makes the signals
from human palms, fingers, mouth and nose breathing be successfully captured. On this basis, the 3x3
sensing array was developed for spatial heat distribution monitoring and tracking of moving heat sources.
Additionally, human mouth or nose breathing signals can be finally displayed in real-time via an Android
phone app. Moreover, the pyroelectric signals can be wirelessly transmitted within a distance of 10 m.
This study offers new prospects in the field of rehabilitation and wellness monitoring.
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