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Elaborate manipulation of heat transfer renders
proper operation of diverse thermal-related technologies.
However, accurate implementation of thermal-based or
transduction sensing on a thin flexible film over unusual
surfaces remains challenging. Herein, eflicient thermal
management realizes highly accurate flexible multifunctional
sensor sheets using a low thermal conductive medium as a
thermal barrier. An approximately 50-fold enhancement in the
thermal sensing accuracy, which is nearly independent of the
changes in the external surroundings, is achieved. Such
rational control of heat convection and conduction allows to

not only dynamically monitor air flow, but also sight the large-scale air flow distribution on curved surfaces using a flexible
thermal flow sensor array. Additionally, accurate wearable skin temperature monitoring independent of the sudden
surrounding variations is achieved. This work addresses the formidable challenge of untethered heat transfer induced

imprecise thermal related sensing, which universally exists in skin-inspired Internet of Things (IoT) applications.

thermal management, flexible sensors, wearable electronics, thermal flow sensor array, internet of things

udicious regulation of thermal energy transfer propels the

development of ubiquitous modern technologies such as

integrated electronic devices,' light-emitting elements,’
aircraft and aerospace units,3 energy generation and storage
systems,” and elaborate textiles.” In principle, heat transfer
involves thermal conduction, convection, and radiation. These
processes account for the majority of thermal energy-related
techniques. For instance, one strategy to maintain body
temperature through dexterously regulating heating and cooling
is radiative thermoregulatory textiles. Such textiles diminish
building-level energy consumption while simultaneously
improving human-body comfort.”~” Furthermore, the rapid
miniaturization of electronic systems with ever growing power
densities poses challenges as thermally conductive yet insulating
materials must continually be developed to effectively dissipate
heat in the case of performance degradation.”™"’

Another promising subfield based on thermal management is
skin-inspired thermal sensing. This is typically used to monitor
the targeted temperature itself' ' or transduction of the thermal
signals into other valuable physical and biological information
such as pressure/strain,lz’13 wind ﬂow,14 respiration,15 or
blood'® through heat transfer. Among these flexible thermal-
based sensing systems, temperature sensors are generally
incorporated for detection of temperature fluctuations or
thermal compensation.u’17 However, accurate thermal related
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sensing based on a thin flexible film is challenging due to the
untethered heat transfer between an objective surface and its
surroundings. Consequently, thermal perception is generally
limited to a localized governable space.

To realize precise thermal associated sensing over a variety of
surfaces, this study proposes a multifunctional flexible thermal
management-based sensing sheet by incorporating a low
thermal conductive medium. The fundamental properties of
thermal barriers are investigated under extreme ambient
changes. By rationally arranging the sensor configuration
based on a calorimetric sensing mechanism, the macroscale
flexible device enables to dynamically monitor the air flow
distribution without disturbing the pristine nature of flow.
Flexible macroscale sheet-based air flow mapping is imple-
mented on high thermal conductive stages and curved surfaces
by deliberately manipulating thermal conduction and con-
vection. Furthermore, accurately monitoring temperature
fluctuations on skin is realized on the basis of such efficient
thermal management even if the temperature of the surrounding
changes abruptly. This work affords a pathway to conceive
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Figure 1. Thermal management-based flexible sensors. (a) Schematic of flexible flow sensors insulated by PDMS air cavities and (b) the
corresponding photo. (c) Photo of a large-scale flexible thermal flow sensor array. (d) Principle of the temperature variation using different
thermal shields (thickness and structure w/wo air cavity). Inset red graphs are thermal distributions along the material thickness extracted from
FEM simulations when the top surface has a lower temperature (T4.) than the bottom temperature (Tobject). AT is the temperature difference
between T and the temperature sensor surface (Tsensor) at Touesige- (€) Normalized resistance change ratio of the temperature sensor as a
function of temperature.

Figure 2. Fundamental characteristics of the temperature variation based on thermal management. FEM simulations of the heat distribution for
devices (a) without and (b) with an air cavity. (c) Calculated temperature change between both sides of the PET film extracted from FEM
simulations. (d) Real-time measurements of different thermal insulators on the sensor affected by ice on top of the sensor. Experimental and
calculated AT ( Tobject — Tensor) as functions of (e) air cavity and (f) PDMS thicknesses influenced by ice and the Al plate.
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thermal-based or transduction flexible sensors for emerging
Internet of Things (IoT) applications.

RESULTS AND DISCUSSION

To precisely monitor the targeted thermal intensity on unusual
surfaces without being influenced by uncertain environments,
air, which is a superior facilely accessible insulator with a low
thermal conductivity (~0.024 W m™ K" at 0 °C), is applied.
Polydimethylsiloxane (PDMS) caps embedded with air cavities
are seamlessly integrated onto flexible temperature sensors by a
solution-based process. To demonstrate the reliability of the air
cavity-protected temperature sensors, a large-scale flexible
thermal flow sensor array is developed based on the calorimetric
sensing mechanism (Figure la—c). This flexible thermal flow
sensor can monitor the air flow characteristics on diverse
surfaces due to its flexibility and accurate detection of heat
transfer. Figure 1c shows a flexible thermal flow sensor array
sheet where each pixel consists of eight temperature sensors
surrounding a heater. Each sensor represents a different air flow
orientation. The kernel concept of the air cavity-shielded
temperature sensor is to dramatically decrease the temperature
difference (AT) between the objective surface and the
temperature sensor surface, allowing precise monitoring of the
thermal status of the targeted surfaces (Figure 1d). The inset in
Figure 1d shows the temperature profiles extracted by the finite
element method (FEM). Although increasing the thickness of
the PDMS insulators reduces AT (AT1 to AT2 in Figure 1d),
AT is still too large to detect small temperature changes from the
objective surface. In contrast, employing a PDMS film
embedded with an air cavity drastically reduces AT (AT3 in
Figure 1d).

As a key thermal sensing element, a highly reliable flexible
temperature sensor consisting of solution-based SnO, nano-
particles and single-walled carbon nanotubes is applied.'™"” The
sensors are integrated on a polyethylene terephthalate (PET)
film with screen-printed silver (Ag) as the interconnect
electrodes. Then the polymer is encapsulated for long-term
stability. The resistance R of the temperature sensor decreases
linearly as the temperature increases and exhibits a negative
temperature coefficient behavior (Figure le). Owing to an
electron-hopping mechanism, R can be expressed as a function
of temperature as

= ool

© P\ 2kt (1)
where Ry is the resistance at the preliminary temperature, k is the
Boltzmann constant, E, is the activation energy, and T is the
measured temperature. The trend in the resistance variation
agrees well with this equation. A long-time testing of the flexible
temperature sensor was performed using a commercial environ-
mental oven by changing the temperature from 0 to 44 °C,
presenting a highly stable output (Figure S1). The flexible
temperature sensors have an average sensitivity of 0.97 +
0.62%/°C extracted from 96 devices (Figure S2). The sensitivity
is high enough for the application demonstrated in this study.
Owing to the relatively high sensitivity variation from sample to
sample, output temperature was calibrated by using each
temperature sensor characteristic.

First, it is crucial to investigate the heat transfer behavior
within different barriers. Parts a and b of Figure 2 show the FEM
results of the two-dimensional spatial heat distribution in PDMS
with and without air cavities on a PET film, assuming that the

temperatures of the bottom and top edges are 312.5 and 273.1K,
respectively. Owing to the temperature difference between the
two plane surfaces, energy is transferred from the warmer to the
colder end via steady-state thermal conduction, which follows
Fourier’s law”’

q = —kAT )

where q is the heat flux, k is the thermal conductivity, and AT is
the temperature gradient. The heat transfer in PDMS with an air
cavity is dramatically suppressed due to the low thermal
conductivity of air, allowing the temperature to be precisely
measured. More intuitively, AT between the surfaces of the
temperature sensor and the object is extracted (Figure 2c). In
the region where only PDMS is in contact with PET film, AT is
approximately 2.6 °C. In contrast, AT significantly drops to 0.5
°Cin the area in contact with the air cavity, indicating that the air
cavity is a superior thermal insulator.

To explore the optimal structures as thermal barriers for
temperature sensors, real-time measurements were conducted
by placing ice on the temperature sensors covered by different
thermal shields (Figure 2d). The temperature sensors were
placed on a heat source (hot plate) at a constant temperature of
39.4 °C (Figure S3a). The temperature dramatically decreases
by approximately 11.2 °C using a PET film as a protection layer
due to the film thickness (38 ym) and relatively high thermal
conductivity (~0.14 W m~" K™' at 23 °C). Assuming that the
PDMS layer and PET film have similar thermal conductivities,
the temperature change becomes smaller as the thickness of the
protective PDMS layer increases. However, the temperature
variation (nearly 1 °C) is too high to precisely monitor the
temperature in practical sensing applications. To further reduce
the temperature change, PDMS layers with air cavities and
varying thicknesses were applied as thermal shields. The
temperature drop tends to be quite small as both PDMS and
the air cavity become thicker (Figure 2d, inset). Specifically,
when the thicknesses of PDMS and the air cavity are 2.0 and 1.5
mm, respectively, the temperature becomes almost steady with a
very subtle change of ~0.2 °C. This is a nearly 50-fold and 4-fold
enhancement compared to the devices using a PET film and 2.0
mm thick PDMS as thermal barriers, respectively. Additionally,
the relatively longer time measurements render a larger
temperature drop for thermal insulators without air cavities
(Figure S3b).

The temperature variations of the sensors with protective
layers induced by an aluminum (Al) plate (temperature 22.4
°C) were monitored in real time (Figure S3c). Figure 2e plots
AT as afunction of air cavity thickness with a 2 mm-thick PDMS
by extracting the temperature change before and after attaching
a cold source. Both the experimental and theoretical results are
shown. AT exhibits a similar descending tendency as the air
cavity thickness increases because a PDMS cap with a thicker air
cavity lowers the effective thermal conductivity. This yields a
larger temperature gradient between the cold source and the
temperature sensor, resulting in a smaller AT between the hot
plate surface and the sensor for a given heat flux (Figure S3d).
The experimental results agree well with the FEM simulations,
except for PDMS without an air cavity as the protective layer,
which is attributed to a contact issue between PDMS and the
temperature sensor. At a constant air cavity thickness of 0.5 mm,
the temperature variation gradually decreases with PDMS
thickness (Figure 2f). Additionally, the thickness of PDMS
without an air cavity increases up to 3.0 mm, and the
temperature change due to the ice is relatively high (~0.55
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Figure 3. Fundamental properties of the flexible thermal flow sensors. (a) Schematic of a flexible thermal flow sensor on an object based on the
principle of thermal regulation. (b) Photo of a flexible flow sensor with the downstream and upstream temperature sensors shielded by PDMS
air cavities. FEM simulations of the thermal distribution (c) without and (d) with air flow. AT between the downstream and upstream of the
thermal flow sensors measured by the integrated temperature sensors as a function of flow rate at different (e) heater powers and (f) distances
between the temperature sensor and the heater. (g) AT of the thermal flow sensor with and without the PDMS air cavity on an Al plate. Infrared
thermal images of the heater influenced by air flow with (h) a PDMS air cavity and (i) a PET film on the Al plate. (j) Real-time measurement of

the thermal flow sensors on the Al plate.

°C) (Figure S3e). Likewise, by placing a heater (~73.6 °C) on
the sensor, the absolute value of AT also presents a decreasing
trend with air cavity thickness (Figure S4). To precisely detect
the temperature while simultaneously preserving the flexibility
of the temperature sensors, 1.5 mm thick PDMS with a 1.0 mm
thick air cavity was employed for the following applications.
One promising use of the proposed flexible temperature
sensors based on thermal management is to monitor the
distribution of gas or water flow by manipulating thermal
conduction and convection. These sensors have potential in
many applications that demand monitoring of two-dimensional
gas or fluid flow properties such as sweat, blood flow, respiration,
spirometer, and capillary microcirculation. Although consid-
erable advances have been made in thermal flow sensors that rely
on bulk silicon-based microelectro-mechanical system (MEMS)
technology, large-scale flow monitoring over diverse surfaces
without disturbing the nature of pristine air flow remains a
challenge. Herein we develop a flexible thermal flow sensor
based on a calorimetric mechanism. It is composed of at least
one heater and upstream and downstream temperature sensors
seamlessly encapsulated by PDMS air cavities on PET films
(Figure 3a,b). Flexible thermal flow sensors can monitor not
only flow intensities but also flow directions over diverse
surfaces such as highly thermal conductive objects. Further-

more, employing a screen-printing technique should form a
macroscale flexible thermal flow sensor array, which can render a
flow map on diverse surfaces, including a curved object. The
optimized air cavities serve as thermal barriers to enhance the
efficiency and accuracy of thermal convection induced by air
flow. For an elementary calorimetric flow sensor, in principal,
the temperatures of the upstream and downstream sensors in
symmetrical positions with respect to the heater are identical at a
flow rate of zero (Figure 3c). However, applying air flow
generates an asymmetrical temperature profile, driving AT
between the downstream and upstream transducers (Figure 3d),
which is expressed as”"**

AT = Ty(eld — ¢l (3)

where T is the temperature of the heater and Iy and I, are the
distances to the downstream and upstream sensors from the
heater, respectively. Parameters y4 and y,, are associated with the
velocity, thermal diffusivity of air flow, and boundary layer
thickness.

An advantage of the proposed flow sensor is that it can detect
relatively low flow velocities, which present an almost linear flow
dependence with the sensitivity down to 0.08 °C-s/m (Figure
3e). At a certain air flow rate, AT reaches the peak position.
Further increasing the air flow decreases AT because the
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Figure 4. Flexible thermal flow sensors integrated with multiple temperature sensors. (a) Photo of the flow sensor comprised of eight
temperature sensors surrounding a heater. (b) Infrared thermal images of the heater with (i) no air flow and (ii), (iii), (iv) air flow from different
directions as indicated by the arrows. AT before and after air flow of each temperature sensor caused by different (c) flow rates and (d) flow
positions. Applied heater power: 0.3 W. (e) Schematic of the setup to monitor flow distribution over a high thermal conductive plate with BFS.
(f) Side-view and (g) top-view photos of (e). Each pixel consists of four temperature sensors and a heater. (h) Corresponding two-dimensional
thermal change profile acquired from experimental mapping of the pixel signals. (i) Cross-sectional 2D FEM simulation of the air flow
distribution over the BFS. Inset expression of dp/dx represents the air pressure gradient.

downstream sensor is cooled, which is consistent with the FEM
results (Figure SS). Boosting the heater’s power to 0.4 W
saturates AT at a higher air flow rate of nearly 3.0 m/s. A similar
behavior is observed for the flow sensor at a gap distance of 5
mm (Figure S6a). Notably, the temperature exhibits an almost
positive linear variation as a function of the applied heater power
(Figure S6b). Furthermore, the distance from the heater to the
sensor determines the sensitivity and the maximum AT related
to the air flow rate (Figure 3f). A smaller distance between the
heater and temperature sensor leads to a higher sensitivity and a
larger saturated AT with a higher air flow rate.

After investigating the fundamental characteristic of the
flexible thermal flow sensor, the air flow over an aluminum (Al)
plate was monitored (Figure 3g). Obviously, the flexible thermal
flow sensor encapsulated by the PDMS air cavity works properly.
Regardless of the air flow rate, the flexible flow sensor separated
by a PET film layer over the Al plate surface shows AT of almost
zero. Hence, the sensor cannot precisely measure the temper-
ature change. This was verified by infrared thermal images of the
heater. For the flow sensor protected by a PDMS air cavity, an
anisotropic temperature distribution is generated due to the
efficient convective thermal transfer along the orientation of air
flow (Figure 3h). However, heat is still isotropically distributed
even at an air flow rate of 1.5 m/s for the flow sensor without the
PDMS cap (Figure 3i). Furthermore, the temperature of the
heater dramatically decreases, owing to the conductive energy
transfer from the heater to the Al plate provided with a high
thermal conductivity (237 W m™" K™'). Thus, neither the
upstream nor downstream sensor can precisely monitor the

desired temperature, as discussed in the previous section. As a
proof of concept for a practical application of the proposed
flexible thermal flow sensor, the air flow was successfully
detected over the Al plate surface in real time (Figure 3j). For the
thermal flow sensor encapsulated by the PDMS air cavity cap,
AT gradually increases as the air flow rate is increased from 0 to
1.5 m/s. In contrast, the thermal flow sensor without the PDMS
cap fails to monitor flow rate dynamically.

As elaborated in the previous section, the proposed flexible
thermal flow sensor can simultaneously monitor the air flow
intensity and direction. To maximize the capacity of flow sensing
in various directions, eight temperature sensors homogeneously
surrounding a heater were conceived and fabricated (Figure 4a).
Without an applied air flow, the heat distribution is almost
isotropic (Figure 4b (i)). Upon applying a certain air flow, the
anisotropic thermal transfer depends on the air flow directions
(Figure 4b (ii—iv)). Such a flow induced convective thermal
transport influences the heat distribution, resulting in temper-
ature variations of the temperature sensors (i.e,, T1— T8). The
air flow direction can be deduced by comparing the temperature
change of each sensor (Figure 4c). As AT is defined by the
temperature variation with and without air flow, AT of unit TS
shows a larger temperature change compared to the other units
when air flow is generated from the T1 side. Hence, increasing
the air flow rate enhances AT, which agrees well with the results
discussed in Figure 3. Similar trends are also observed when the
air flow comes from T2 and T8 (Figure S7). For example, three
different flow directions generate three different peaks, as shown
by T4—T6 in Figure 4d. These peaks correspond to the air flow
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Figure 5. Demonstrations of macroscale flexible thermal flow sensor arrays and a wearable skin temperature sensor patch based on thermal
management. (a) Photo of a macroscale flexible 4 X 3 thermal flow sensor array over a curved surface. (b) Thermal variation profile obtained
from experimental flow mapping of the pixel signals. Arrows indicate the flow directions measured by the flexible flow sensors. (c) Photo of a
flexible 3 X 2 thermal flow sensor array attached onto a pipe with a 7.5 cm diameter and (d) thermal mapping image under air flow
corresponding to the flow direction monitoring. (e) 2D cross-sectional FEM simulation of the air flow distribution affected by a circular
obstruction. (f) Photo of the skin temperature sensor patch with and without PDMS air cavity protection attached onto a volunteer’s arm. (g)
Real-time monitoring of skin temperature in different ambient environments. Measurement occurred at 10:39 pm on 23 February 2019 in

Osaka/Japan.

directions from the upstream sensors. This suggests that a
flexible flow sensor consisting of multiple temperature sensors
has potential for large-scale flow monitoring. To demonstrate
such a capability, three flow sensors arranged in a straight line
were developed for flow separation and backflow monitoring
over a high thermal conductive plate with a backward-facing step
(BFS) (Figure 4e). The flow separation behavior usually occurs
due to an adverse pressure-gradient-induced boundary layer
separation or a geometrical obstacle. In many situations,
separation is undesirable, including in aircrafts, wind turbine
blades, micro aerial, and underwater vehicles because the airfoil
efficiency decreases or large pressure fluctuations emerge.”’
Consequently, precise monitoring is crucial to reduce or even
remove the flow separation effect. As a representative model for
a flow separation dynamics study, BFS flow has attracted
research and industry interests as it contributes to the
investigation of the flow reattachment process by minimizing
the flow separation process.”* A controllable laminar flow serves
as the inflow from a tube to the downstream step with the height
of 1.5 cm (Figure 4f—g). A row of thermal flow sensors where
each pixel is composed of four temperature sensors shielded by
PDMS air cavities is placed on an Al plate. Figure 4h shows the
measured two-dimensional (2D) thermal mapping extracted
from real-time monitoring (Figure S8). The air flow direction
over flow sensors #2 and #3 maintains the original flow
orientation (dp/dx > 0). In contrast, the flow sensor closer to

BEFS indicates an inverse flow direction owing to the opposite
pressure gradient (dp/dx <0). Furthermore, the intensity of air
flow over the middle flow sensor (#2) with a distance of
approximately 6.0 cm to the step is slightly smaller than that of
its downstream #3 pixel. This is attributed to the reattachment
zone of the flow on the step. This flow separation was also
observed in the FEM simulation (Figure 4i). Overall, the
proposed flexible thermal flow sensors afford a pathway to
investigate the phenomenon of separated flows that commonly
occur in aerodynamic devices.

Since the flow sensors are fabricated on a flexible PET film,
they can be attached onto a curved surface to detect air flow. As a
proof of concept, a 4 X 3 large-scale thermal flow sensor array
was fabricated and measured (Figure Sa and Figure S9). Due to
the planar sheet-type thermal flow sensor array, it can monitor
flow without disturbing the initial air flow characteristics. As
shown in Figure Sb, injecting air flow from the central position of
the flexible flow sensor array allows the air flow to spread along a
curved surface. The flow distribution can be extracted according
to the heat variation of each temperature sensor in the respective
pixel (Figure Sb, arrows). To monitor the flow distribution over
a complex surface precisely, a 3 X 2 flexible flow sensor array
where each pixel consists of eight temperature sensors is
demonstrated. The sensor array sheet was attached onto a tube
with a 7.5 cm diameter and air inflow was from one side of the
pipe (Figure Sc). Interestingly, the flow on the opposite side of
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the pipe exhibits an unconventional distribution, as shown in the
flow mapping image of Figure Sd extracted from the real-time
flow monitoring (Figure $10). This is most likely attributed to
the flow turbulence caused by the three-dimensional pipe
structure working as the obstruction.” This turbulence flow was
also simulated by the 2D FEM (Figure Se).

This thermal management structure for a thin film-based
flexible thermal sensor can be applied to a variety of applications.
In addition to a thermal flow sensor array, this structure can be
expanded to wearable sensing, which accurately monitors the
skin temperature even if the ambient conditions change
abruptly. To highlight the superior reliability of the proposed
thermal-regulated temperature sensor, we experimentally
compared the difference between the flexible temperature
sensors with and without a PDMS air cavity by attaching a skin
temperature sensor patch onto a volunteer’s arm using a double-
sided tape (Figure Sf). Initially, both temperature sensors
provide almost the same result for the skin temperature (~34
°C) due to the thermal dynamic equilibrium (Figure Sg). After
140 s, the volunteer walked from a room at ~26.5 °C outside,
which had a much lower ambient temperature of ~7.0 °C. This
decreased skin temperature due to heat transfer between the
human body and the environment. It can be seen that the
intensity of the temperature sensor shielded by a PDMS air
cavity exhibits a steady decreasing trend, and the values become
26.8 °C after several minutes. This result agrees well with that of
a commercial infrared sensor. By comparison, the temperature
sensor without a thermal-regulated structure shows a subtle
discrepancy and is accompanied by slight temperature
fluctuations. The value is more than 2 °C lower than that
using a commercial sensor. This is because the outside ambient
temperature and wind affect the output of a sensor without a
thermal-regulated structure due to issues of heat transfer. When
the volunteer reentered the room, the bare temperature sensor
presents a faster increase in temperature compared to the two
other sensors owing to the abrupt rise in the surrounding
temperature. These results indicate that a flexible temperature
sensor encapsulated by the thermal shield can precisely monitor
the skin temperature without being influenced by external
stimuli. Such accurate real-time monitoring of skin temperature
changes coupled with other functional wearable sensors can
provide clinically important physiological information such as
fever, insomnia, cardiovascular diseases, metabolic functionality,
and other syndromes.”*™*’

CONCLUSIONS

We demonstrate a versatile strategy to realize a highly accurate
multifunctional flexible temperature-based sensing sheets based
on efficient thermal management by introducing a low thermal
conductive medium. By tailoring the parameters of thermal
barriers, an approximately 50-fold enhancement is achieved with
respect to the stability of thermal sensors, which are almost
independent of external changes in the ambient conditions. The
rational manipulation of heat convection and conduction can
realize flexible thermal flow sensors to monitor air flow on a
variety of surfaces. As a proof of concept, the flow distributions
over the BFS and curved surfaces are successfully monitored by
integrating a flexible thermal flow sensor array. Furthermore, a
thermal-regulated flexible temperature sensor as a wearable
sensor patch can precisely diagnose variations in the skin
temperature in real time, even if the surrounding conditions
change suddenly. Although skin-inspired thermal sensing has

been around for almost two decades, traditional flexible

temperature sensors usually focus on improving their character-
istics such as sensitivity, response, intrinsic accuracy, repeat-
ability, or portability.”>’' Environmental conditions strongly
affect the thermal detection due to the thin-film distance
between the targeted surface and temperature sensor in flexible
and thin film-based temperature sensors.*"** Our work, which is
based on deliberate thermal management, not only realizes
precise localized temperature sensing even if the external
surroundings change suddenly but also implements thermal flow
sensing over a large-scale spatial domain by elaborately
manipulating heat transfer.

In the future, a plurality of tasks such as seeking lower thermal
conductive media to form thinner effective thermal barriers,
system integration with other sensors for exact healthcare
monitoring, and a larger working range of thermal flow sensors
need to be addressed. To further improve thermal sensing
accuracy and enhance wearable comfort, vacuum-insulated
panels are excellent candidates to serve as thermal insulations
with thermal conductivity as low as 0.004 W/(m-K), providing
around one-sixth the thermal conductivity of air. In addition, to
minimize the electrical interconnections for macroscale
applications, multiplexed detection strategy should be devel-
oped in future. Based on the concept and device demonstration,
this platform should provide guidance to realize other thermal-
based or transduction sensors that operate in harsh uncertain
environment.

METHODS

Device fabrication. Ag electrodes were printed on a 38 ym thick
PET film by a screen-printing method and were subsequently cured in
an oven at 70 °C for more than 1 h. The active materials of the resistive
temperature sensor were composed of mixtures of single-walled carbon
nanotubes (concentration 0.01%, 20 L), SnO, nanoparticles (40 mg),
and deionized water (4 mL). A drop-casting method was then applied
to form the solution over the Ag electrodes. The electrodes were cured
at 110 °C for 10 min on a hot plate and washed with hot deionized water
to remove residues. Afterward, the sensor was baked at 90 °C for 8 h.
Finally, to protect the temperature sensor against scratching and
humidity, a polymer (SIFEL2661, Shin-Etsu Chemical, Japan) was
coated onto the sensor as the passivation layer. For flexible thermal flow
sensors, the Ag electrode with a narrower line width was designed as the
heater.

Thermal Shield Fabrication. PDMS air cavities were prepared
from a mold fabricated by acrylic plates. A PDMS solution with a curing
agent ratio of 10:1 (Dow Corning Sylgard 184) was poured into the
mold. After curing at 70 °C for 2 h, PDMS was peeled from the mold.
Subsequently, PDMS caps were attached onto the temperature sensors
with the PDMS solution as the adhesion agent followed by baking at 70
°C for 2 h. The thicknesses of the PDMS caps (i.e., inner and outer
depth) were precisely tuned by controlling the acrylic plate thickness.
For thermal insulators without air cavities, the PDMS solution was
directly poured onto the temperature sensor, which had dimensions
defined by the acrylic plate mold, followed by oven curing. The acrylic
plate mold was finally peeled from the device.

Characterization of Thermal-Regulated Temperature Sen-
sors. The fundamental characteristics of the temperature sensor were
investigated by a hot plate as the surface temperature rose in 5.0 °C
steps. To study the thermal transfer behavior of the temperature sensors
protected by different thermal barriers, the sensor was placed on a hot
plate at a constant temperature of 39.4 °C. Then ice or an Al plate was
applied on top of the thermal shields to induce a temperature gradient.

Demonstration. The air-flow rate was controlled by a commercial
flow meter (Testo 425). The air flow was guided by an air tube with a
6.0 mm diameter. A DC power supply (Keysight Technologies,
E36312A) afforded thermal energy for the heater, and the heater
temperature was monitored by a commercial infrared thermal sensor
(Keysight Technologies, US855A). The flow was measured in real time
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by connecting the sensor to a data logger (Hioki, LR8400) based on
voltage divider circuits. For the real-time monitoring of skin
temperature, the devices were attached onto the arm using a double-
sided tape to make sure the seamless contact between the skin surface
and sensors. The wearable temperature sensing was carried out in
compliance with the protocol approved by Osaka Prefecture University.

FEM Simulations. Numerical simulations were performed based on
FEM (COMSOL Multiphysics software). The thermal-barrier-depend-
ent heat transfer behavior was based on the mode of heat transfer in
solids. To study the flow sensing feature, physics models of laminar flow
coupled with heat transfer in fluids and solids were applied. To
investigate the flow distribution over BFS and around a circular
obstacle, laminar flow was incorporated into the simulation. The
adaptive mesh refinement approach was applied. All simulations were
conducted in steady states.
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