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a b s t r a c t

The depth and rate of human respiration reveal important and diverse sets of physiological information
for evaluating human health. Here, we introduce an ultrathin, skin-integrated respiration sensor based
on the thermal convection effect. The device features a filamentary fractal design of the gold heating
electrode, a mini sensor (0.6 mm � 0.3 mm � 0.23 mm) with high thermal sensitivity and an ultrasoft
encapsulation package to enhance the overall flexibility and biaxial stretchability of the system.
Adjusting the input power of the heating electrode, i.e., increasing the temperature difference between
the thermal sensor and environment, can further improve the sensitivity of the respiration sensor. The
real-time monitoring respiration sensor can competently distinguish various breathing patterns (sitting,
frightening, sleeping, meditating, and gasping) through breath rate/depth of detection subjects. In
addition, the respiration sensor can effectively capture, in real time, the respiration of a volunteer while
exercising, resting, or sleeping for prolonged periods of time. The combination of advanced mechanics,
high sensitivity, and good stability make this respiration sensor a great candidate for potential use in
real-time monitoring of human health.

© 2020 Elsevier Ltd. All rights reserved.
Introduction

Over the past decade, wearable electronics have attracted sig-
nificant attention around the world for their high flexibility, mul-
tifunctionality, and continuous data measurement [1e8]. The on-
going advances in engineering science include elaborate structural
designs [9e14] and innovative materials [15e17] that accelerate the
development of flexible electronics integrated with intrinsically
rigid functional materials. To meet the increasing demand for real-
time monitoring of human health, many efforts have been made to
develop a comprehensive catalog of flexible health-care electronics,
), wenjli@cityu.edu.hk (W. Li),
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aimed to eliminate the traditional rigid-interface platforms
[18e21]. Among the various physiological human health parame-
ters of interest, continuouslymonitoring the respiration rate/breath
can provide valuable medical data for human health assessments
[22]. Currently, the types of respiration sensors that have been re-
ported are mainly based on humidity-sensitive materials [23e27],
pyroelectric materials [28,29], and triboelectric devices [30,31]
(Table S1). Although many respiration sensors based on humidity
sensitivity declared their excellent performance at high relative
environmental humidity [24,32], the sensors tend to malfunction
as the ambient relative humidity approaches 100%. The respiration
sensors that aim to take advantage of pyroelectric and triboelectric
effects to increase the accuracy of the measurements have bulk
designs that limit their applications in daily life [28,31,33].
Compared with the aforementioned respiration sensors, epidermal
electronics based on thermal convection effect for monitoring hu-
man respiration were seldom investigated.

Although it remains a relatively new field of investigation, a few
researchers have used flow sensors based on the thermal
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convection effect with low power consumption [34,35]. The re-
ported flow sensors exhibit a high-temperature resolution and can
achieve extremely low air flow velocity measurement (<1 cm/s)
[35], demonstrating their great potential in detecting human
respiration. However, the rigid circuit platforms currently used own
many limitations in the applications of wearable health-care
monitoring because they are not mechanically compatible with the
curvilinear morphology of the human body. To accurately detect
human respiration, we demonstrate the capabilities of a highly
flexible, stretchable, and lightweight thermosensitive respiration
sensor. The key functional component is a negative thermal coef-
ficient thermistor, highly sensitive to the ambient temperature. To
further increase the temperature variation between the breathing
(inhale or exhale) gas and the thermistor, a thermal actuator with a
fractal curve design distributes the heat around the thermistor,
remarkably enhancing its sensitivity to inhaling (or exhaling) gas.
Guided by theoretical modeling, the advanced structure design
enables conformal integration with the skin under large mechani-
cal deformations. By accurately detecting the five different respi-
ration patterns, the sensor provides a new strategy for real-time
monitoring of human respiration.

Experimental section

Assembly of the respiration monitoring device

The fabrication process started on a quartz glass, which had
been cleaned by acetone, isopropanol, and deionized water (DI
water) sequentially. A thin film of poly(methyl methacrylate)
(PMMA; thickness, ~200 nm) was spin coated onto the glass at
2,000 rpm (solution concentration of 20 mg/ml) for 30 s and then
baked on a hot plate at 200 �C for 20 min, serving as the sacrificial
layer. A thin layer of polyimide (PI; 2 mm) was formed on PMMA by
spin coating (poly(amic acid) solution ¼ 12.0 wt % ± 0.5 wt %, at
3,000 rpm for 30 s, baked at 250 �C for 30 min), serving as the
supporting layer. Next, Au/Cr (200/10 nm) was sputtered onto the
PI film and then patterned by photolithography, yielding thin metal
traces of the designed geometries. Here, a positive photoresist (PR;
AZ 5214; AZ Electronic Materials) was spin coated on the metal film
at 3,000 rpm for 30 s, soft baked on a hot plate at 110 �C for 4 min,
then exposed to ultraviolet light for 5 s, and finally developed for
15 s in a solution (AZ 300MIF). After metal etching, the PR was
removed by acetone and rinsed by DI water. Then, another layer of
PI (2 mm)was spin casted on top of themetal traces at 3,000 rpm for
30 s and annealed at 250 �C for 30 min. Selective dry etching of the
top PI layer was carried out by reaction ion etching (RIE; Oxford
Plasma-Therm 790 system) at the power of 200 W for 10 min,
forming the top encapsulation layer and exposing the area for the
electrodes. Here, selective etching was realized by protecting the
patterns defined by photolithography (AZ 4620 as the PR, AZ
Electronic Materials). The sample was immersed in acetone for 12 h
to dissolve the PMMA sacrificial layer. Next, water soluble tapes
(WSTs) were used as stamps to pick up the PI-encapsulatedmetallic
electrodes and sputtered with another thin layer of SiO2 (50 nm).
Polydimethylsiloxane (PDMS; thickness of ~0.11 mm, elastic
modulus of ~145 kPa) substrates and the WSTs were exposed to
ultraviolet-induced ozone (UVO) for 10 min. The WSTs were
attached onto the PDMS substrate and then heated in an oven at
70 �C for 10 min, forming strong chemical bonding between the
electrode and the substrate. Owning to the water-soluble charac-
teristcis of the WSTs, immersing the sample in water for 5 min to
remove the WSTs could realize soft stretchable electrodes. Next, a
miniaturized negative temperature coefficient thermistor (ther-
mal-sensitive constant, B ¼ 3786 K; resistance at temperature T,
RT¼25�C ¼ 100 kU) was connected to the electrode patches using a
silver paste, then dried at 250�C for 3 min using a blower gun. It is
found that the device can still operate as original after over 1500
stretching at a constant elongation of 10%. Finally, a thin layer of
PDMS (~0.11 mm, elastic modulus of 145 kPa) was spin coated on
top at 1,000 rpm for 30 s and cured at 110 �C for 5 min, serving as
the top encapsulation layer.

Mechanical modelling

The finite element analysis (FEA) commercial software ABAQUS
was used to design the fractal heating electrodes and the overall
device layout for decreasing the strain level of the device when
subjected to different typical mechanical loads. The PDMS encap-
sulation was modeled by hexahedron elements (C3D8R), whereas
the thin PI and Au layers weremodeled by shell elements (S4R). The
minimal element size in the model was one-fourth of the width of
the Au wires (12.5 mm) to guarantee both the convergence and
accuracy of the simulation results. The elastic modulus and Pois-
son's ratio used in the analysis were 78 GPa and 0.44 for Au,145 kPa
and 0.5 for PDMS, 2.5 GPa and 0.34 for PI, and 119 GPa and 0.4 for
the thermistor, respectively.

Thermal modeling

The commercial software ABAQUS was used to study the tem-
perature change of the mini thermistor as a function of the heat
convection coefficient for different input powers of the heating
electrode. The entire device was modeled by hexahedron heat-
transfer elements (DC3D8). Mesh convergence of the simulation
was ensured in all the cases. The thermal conductivity, heat ca-
pacity, and mass density used in the simulations were
1.0 W m�1 K�1, 2,200 J kg�1 K�1, and 840 kg m�3 for glass;
130Wm�1 K�1, 490 J kg�1 K�1, and 6,150 kgm�3 for the thermistor;
318 W m�1 K�1, 128 J kg�1 K�1, and 19,300 kg m�3 for Au;
0.15 W m�1 K�1, 1,510 J kg�1 K�1, and 1,000 kg m�3 for PDMS; and
0.21 W m�1 K�1, 2,100 J kg�1 K�1, and 909 kg m�3 for PI,
respectively.

Characterization

The resistance data were collected using a data acquisition/
multimeter system (DAQ6510, KEITHLEY). Thermal analysis was
conducted by capturing images with an infrared camera (FLIR C3).
The airflow rate monitoring was calibrated using a gas mass flow
meter (MF5706-N-25, SIARGO Ltd.).

Results and discussion

Fig. 1a presents a schematic illustration of the fabrication pro-
cess for a respiration sensor. To ensure surface smoothness and
fabrication compatibility, a quartz glass was used as the substrate
first, with a spin-coated PMMA thin film on top as a sacrificial layer
and a thin PI film as a metal electrodeesupporting layer. Metallic
layers (Cr/Au) were deposited on PI and patterned by photoli-
thography, serving as the electrode for thermal actuators (Fig. S1,
see Experimental section for details). Spin casting another PI and
selectively dry etching by RIE provided a top encapsulation layer for
the thermal actuators and thus guarantee a reliable and robust
structure. Dissolving PMMAwith acetone enabled transfer printing
of thermal actuators/circuits onto a PDMS substrate, which relied
on peeling off through a WST. To enhance the bonding strength
between the thermal electronics and the PDMS substrate, the sur-
faces of both electronics attached WST and PDMS were treated by
UVO for creating chemical bonds. The miniaturized thermistor
(height of 0.6 mm, width of 0.3 mm, thickness of 0.23 mm) was



Fig. 1. Respiration sensor fabrication process and optical images. (a) Schematic illustration of the epidermal respiration sensor fabrication process. (b) Schematic diagram and
optical images of the respiration sensor with enlarged areas of the thermal actuator, the fractal electrodes, and the thermistor. (c) Optical image of the respiration sensor attached on
top of the fingertip. (d) Optical images of the respiration sensor mounted on top of the upper lip with two motions, including pouting (left) and compressing lips (right).
PI ¼ polyimide; PMMA ¼ poly(methyl methacrylate); PDMS ¼ polydimethylsiloxane.
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mounted on the electrode patches using silver paste. The tiny ge-
ometry of the thermistor provided great flexibility and stretch-
ability of the whole device even under large mechanical
deformations (Figs. S2 and S3). Finally, an additional layer of PDMS
was spin coated on top of the electronics to encapsulate the
exposed electronic components. As per both experimental and
theoretical studies, the ultrathin PDMS encapsulation layer has a
negligible effect on the thermal convection between human
respiration (inhaling or exhaling) and the sensor but provides a
mechanically compliant and robust system. Fig. 1b presents the
schematic illustrations and optical images of the stretchable
respiration sensor, wherein the enlarged areas show the detail of
the electronic design and the sensor. The metal traces were used as
both electrodes and thermal actuators, wherein the fractal curved
design enables its two-dimensional stretchability. The ultralow
weight (~0.013 g) and compact overall size
(8.3 mm � 6.3 mm � 0.22 mm) afford flexibility and comfortability
of use by a person. Fig. 1c and d show the optical images of the
device mounted on the fingertip and upper lip of a human subject,
demonstrating great flexibility and compatibility with human skin.
The mechanical design, selection of filamentary fractal Au heating
electrode patterns, and geometrical layouts of the entire device
were guided by FEA in commercial software ABAQUS. Especially,
the mechanical neutral plane of deformation for the thin Au elec-
trodes between PI/PDMS layers minimizes the strain level during
mechanical loadings because the thickness of PI/PDMS at both sides
of the Au traces is the same. Therefore, the resulting device
exhibited great flexibility and stretchability, which afforded a
comfortable, non-irritating interface with the skin (Fig. S4). The
breathability and air permeability of the sensor can be further
improved by creating arrays of small holes or using a breathable
spandex substrate [20].

The optical images in Fig. 2a and the corresponding computed
distributions of strain of the Au layer in Fig. 2b show great



Fig. 2. Experimental and theoretical analysis of the respiration sensor. (a and b) Optical images and strain distribution (FEA) of a respiration sensor under stretching, bending, and
twisting deformations. (c) Electrical response of a respiration sensor to parallel air flow at 18.5 �C at a constant ambient temperature of 21 �C. (d) Temperature distributions of the
device (marked by the boxed area) obtained by FEA and thermal imaging for a fixed airflow rate of 0.99 m/s. (e) Electrical response of the sensor intermittently flowing at a constant
frequency of 0.35 Hz under periodic air flow. (f) The optical images presenting the temperature distribution of the respiration sensor for both trough and peak cycle conditions as
shown in (e). FEA ¼ finite element analysis.
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mechanical properties of the respiration sensor. For instance, three
typical deformations of stretching, bending, and twisting were
studied. The equivalent strains remain below the elastic limit (0.3%)
for ~18% stretching, ~180� bending (bending radius ~2 mm), and
~90� twisting. These results highlight the range of robust and
elastic responses, which is necessary to accommodate realistic
physiological motions. Considering the accuracy of the electrical
signal of the respiration sensor, a high signal-to-noise ratio is an
essential point. Owing to the small temperature difference between
the area of the upper lip (~35 �C, Fig. S5) and exhaled air (~32 �C)
[35,36], the resistance change of the sensor only exhibits a very
small variation from 61 kU to 61.4 kU without additional amplifi-
cation for recording respiration pattern of sitting (Fig. S6). A ther-
mal amplifier associating with a heating actuator with a fractal
curve design (resistance of 714 kU) introduced here can distribute
the heat around the thermistor and therefore increase the tem-
perature gradient between the sensor and the exhaled air. As a
result, resistance change of the sensor is significantly amplified. For
instance, an extended resistance ranging from 43.7 to 44.7 kU can
be realized under the respiration pattern of sitting.

To find out the proper input power for the thermal actuator, we
investigated the signal-to-noise ratio for various power inputs. Here,
the device was fixed in an airtight box (environmental temperature
of 19 �C; relative humidity of 68%), with an artificial breathing path
controlled by a mass flow regulator, as shown in Fig. S7. For a con-
stant heating power of 0.140 W and without any air flow, the tem-
perature around the device stabilizes at 44.7 �C and the resistance of
the thermistor (RS) reaches 49.6 U, as shown in Fig. S8. The RS in-
creases linearly from 49.6 U to 66.4 U, with the square root of the
airflow rate from 0 to 1.41 m1/2/s1/2(Fig. 2c). Similar trends can also
be found in otherdifferentpower inputs. Another observation is that
the sensitivity of the sensor can be significantly enhanced by higher
input power. The experimental results agree very well with the
theoretical model, indicating great reliability of the respiration
sensor. The relationship between the resistance RS, airflow v, and
temperature of the thermistor is as follows [37]:



Fig. 3. Five respiration patterns recorded by the device. (a) Electrical signal measured by the respiration sensor under five respiration patterns, including panting, frightening,
meditating, sitting, and sleeping. (b) Electrical signal amplitudes of the five respiration patterns.
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where RS0 is the resistance of the thermistor at temperature T0, T* is
the thermistor temperature without heating, p is the input power
for the thermal actuator, B is a constant value for a given thermistor,
and DT(v) is the temperature change under the airflow with
p ¼ 1 W. In our case, with an R0 of 100 kU, B of 3,786 K, T0 of
298.15 K, and T* of 292.15 K, DT(v) is determined by FEA (Fig. S9),
wherein the relationship between the heat convection coefficient h
and v is as follows: h ¼ 13.6 v, and the unit is W/K m2 [38].

The sensitivity of the device can be improved significantly with
higher input power, as shown in Fig. 2c. The temperature of the
device mounted on the upper lip is always lower than 40 �C during
normal breath, but can reach up to ~52.5 �C with a 0.140-W heating
power when the human subject suddenly holds his/her breath
(Fig. S10). Here, the sudden rise of temperature can be also
considered as another potential parameter for detecting any
respiration arrest. However, considering the uncomfortable
sensation of humans under high temperature for long terms, higher
input power should not be further considered even if it can improve
the sensitivity. Here, 0.140 W is adopted as the heating power to
ensure proper functionality while maintaining comfortable tem-
perature sensation (<40 �C during breath) for the human subjects.
The right panel in Fig. 2c presents the dynamic RS values of the
device at a constant air flow rate of 0.99 m/s, demonstrating its
electrical stability during the operation. Fig. 2d compares the
theoretical and experimental results of temperature distribution
for the respiration sensor at a constant airflow rate of 0.99 m/s,
showing good agreement between FEA and experiments. To further
investigate its stability, we measured the electrical signal of the
device under various mechanical deformations, including static,
stretching, bending, and twisting, and it was found that these
mechanical deformations had few impacts on its performance
(Fig. S11). Next, we studied the dynamic response of the respiration
sensor to the periodic on and off of a fixed air flow, as shown in
Fig. 2e and S5. The air flow rate was fixed at 0.99 m/s, on/off was set
at a periodic time interval of 4.3 s (~0.35 Hz), and the respiration
sensor can accurately capture the on and off of the air flow that
revealed oscillatory changes in the electrical resistance from 57.0 to
59.1 kU (highlighting the peak and trough in Fig. 2e). The temper-
ature distributions of the device associating with peak and trough
in Fig. 2e were obtained by infrared camera (IR) imaging at a
minimum temperature of 35.2 �C and maximum temperature of
40 �C, respectively (Fig. 2f). Fig. S12 presents the ambient temper-
ature and relative humidity effect on the performance of the sensor.
Obviously, the electrical signal decreases with the increase of the
ambient temperature ranging from 19 to 29 �C as the temperature
and airflow rate of the inflow gas are 19 �C and 0.99 m/s, respec-
tively. In addition, the ambient relative humidity has a negligible
effect on the signal response, possibly resulting from the excellent
waterproof characteristics of the encapsulation layers (PDMS).

Fig. 3a presents the measurement results of a volunteer for five
different respiration modes, including gasping (2 Hz;
57.6e58.7 kU), frightening (0.67 Hz; 46.4e47.7 kU), meditating
(0.17 Hz; 47.8e54.0 kU), sitting (0.25 Hz; 43.7e44.7 kU), and
sleeping (0.14 Hz; 37.4e38.4 kU), wherein the distance between the
sensor and nostril is fixed at 3 mm. Evidently, each respiration
mode has a unique signal response corresponding to different
amplitudes and frequencies which rely on the flow rate and fre-
quency of exhaled breathing. For those low-frequency respiration



Fig. 4. Demonstrations of real-time monitoring of respiration. (a) Measurements of human respiration by the sensor during exercising and resting. The inset images show the
exercising and resting states of the volunteer. (b) Optical images of real-time sleep monitoring of a volunteer, in which the sensor is mounted on the upper lip. (c) Dynamic
measurement results of respiration by the sensor during the sleeping state of the volunteer.
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modes, such as sitting, sleeping, andmeditating, the sensor was not
only able to fully detect both inhaling and exhaling processes (see
Supplement Video S1) but also able to clearly distinguish the
respiration rate. Combination of this information can provide
important clinical relevant information for sleep monitoring,
intensive care unit, and many others. For the higher frequency
respiration modes, such as gasping and frightening, the device
exhibits higher sensitivity as RS variation is higher, as summarized
in Fig. 3b. Fig. S10 shows the electrical response as the human
subject suddenly holds breath, imitating the situation when a pa-
tient in critical condition stops breathing unexpectedly. The
absence of thermal convection from respiration leads to a higher
temperature around the thermistor, causing the resistance of the
sensor to start decreasing. By including an additional alarm system
for life-threatening scenarios, i.e., unexpected prolonged inter-
ruption of breath, the respiration sensor can rise to become a
promising human health monitoring choice in the health-care
fields.

The following is the supplementary data to this article:Video
S1. To further investigate the device capabilities in clinically
relevant respiration monitoring, the respiration status of a volun-
teer under physical exercise and rest was measured. Fig. 4a shows
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the real-time respiration signal measured by the device during
exercising (~0.5 round per minute) and rest. The fast respiration
rate (~0.4 Hz) caused by the strenuous exercise significantly con-
tributes to the thermal convection between the device and
breathing gas, leading to a relatively high RS response, ranging from
47.9 to 51.6 kU. Moreover, large signal amplitude fluctuations
reflect the random respiration and breathing air flow rates of the
human subject during exercising. During the break, the decreasing
respiration rate (~0.34 Hz on average) contributes to a lower ther-
mal convection, leading to the electrical signal response eventually
approaching to the sitting respiration mode previously shown in
Fig. 3a. Next, sleep monitoring by the epidermal sensor was
demonstrated as shown in Fig. 4b, in which the optical images
show a volunteer turning his head during a nap and thus imitate
three sleeping statuses of static, 45� head turning, and 90� head
turning. Three obvious fluctuations of the RS happened during the
nap, and the real-time monitoring of the sensor clearly recorded
these signals, demonstrating that the device can accurately
monitor the body motions during sleeping, potentially providing a
quantitative approach to record a patient's sleep history overnight.
During the static head mode, the RS ranges from 37.5 to 38.5 kU,
similar to the sleeping respiration result in Fig. 3a. As a result of the
increasing gas flow and headmotions during sleep, the heat around
the device significantly dissipates, resulting in an evident increase
of RS, as shown in Fig. 4c. In addition, it was found thatmore intense
head motions contribute to greater signal fluctuations, 41.7 kU and
47.9 kU at the peak for turning the head 45� and 90� are detected,
respectively.

Conclusion

In summary, a skin-integrated, flexible, and stretchable respi-
ration sensor based on thermal convection effect is developed to
monitor human respiration in real time. By introducing a thermal
actuator consisting of fractal structure metal traces, the sensor
becomes highly sensitive to human respiration at a broad range of
frequency. The nature of the thermal convection effect allows the
measured electrical signal amplitudes and frequencies to be easily
distinguished under different respiration modes and thus proves
easily analyzed and relevant clinical standard data. In addition,
real-time monitoring of the respiration rate/depth during periods
of physical exercise, rests, and prolonged rest (siesta) demonstrates
the feasibility of the sensor to be featured in future diagnostic
breath analysis and respiration status recognition.
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