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ABSTRACT

Internet of Things sensor nodes, which integrate information acquisition, processing, exchange, and execution modules, have widely been
used for unattended industrial production, environmental monitoring, and other fields. However, limited battery power constrains the
lifespan of the sensor nodes. In this paper, we propose a near-zero-power infrared relay consists of microfluidic switches and a metamaterial
absorber (MA). When target appears, the MA absorbs the infrared energy emitted from the target and uses it to turn on the microfluidic
switch. When valid information is not present, the microfluidic switch is in “off” state with a high resistance of over 109 X. The infrared relay
with a pair of microfluidic switches shows common mode suppression capability against environmental temperature variation. We further
demonstrate a sensor node consists of the infrared relay and a MoS2 photodetector. In a standby mode, the sensor node shows near-zero
power consumption. As target infrared signal occurs, the photodetector is wakened by the infrared relay and illustrates excellent optical sens-
ing performance. The simplicity of this approach provides a route for significantly extending the lifespan of sensor nodes powered by batter-
ies, especially the sensor nodes for detecting infrequent but critical events.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0168979

With the ongoing revolution of the Internet of Things (IoT), the
development of related intelligent sensing technologies has resulted in
billions of smart sensor nodes that greatly aid industrial, agricultural,
and environmental monitoring.1–4 However, their significant energy
consumption has also created a substantial burden on energy supply
and environmental sustainability.5,6 Sensor nodes deployed for field-
work often face the challenge of obtaining a reliable power supply,
which makes their batteries the primary limiting factor for the lifespan
of the sensor nodes.7 This issue is especially important when detecting
infrequent but critical events, such as forest fires and gas leaks.8,9 Since
the sensor node needs to continuously consume electrical power, most
of the battery power is consumed without acquiring any useful
information.9–11

Sensor nodes integrated with nanogenerator have the potential to
extend their operational lifespan by energy harvesting. However,
energy from environment, such as vibration energy, is not guaranteed
to be available when required. Another approach of extending lifespan
of sensor nodes is using energy management strategies. Energy man-
agement strategies need to be tailored to the specific power supply

methods, such as Li-batteries and supercapacitors. Liu et al. employed
a dynamic programming algorithm to plan the energy allocation
between lithium batteries and supercapacitors.12 It conforms to the
working characteristics of the sensor node and maximizes its lifetime.
However, the standby power consumption cannot be completely elim-
inated. Researchers also explored various wake-up approaches to
reduce the standby power. Zhu et al. developed a low power RF wake-
up receiver based on an AlN RF resonant switch.13 As a 1GHz signal
modulated at 100 kHz passed through the resonator, the RF signal was
amplified to activate the receiver module. This device can only be
awakened by RF radio signals, which limits its application. Bannoura
et al. utilized a microphone to detect sound from target and converted
it to wake-up signal by a module comprising filter, amplifier circuits,
and microcontroller.14 Rosa et al. developed a MEMS piezoelectric
transducer, which generated voltage signal as vibration is detected.15

Dudko and Overmeyer developed an optical wake-up approach.16 A
solar cell was used to produce voltage signals to control the power
management circuit. All these wake-up approaches need circuit to
generate wake-up signal. Although low-power CMOS circuits are
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applied, they cannot completely eliminate standby power consump-
tion. Therefore, the sensor nodes, which only consumes energy when
target is present, are desired.

Qian et al. utilized the thermal effect of an infrared metamaterial
absorber (MA) to convert infrared energy emitted from the target into
heat, which drove a microcantilever beam to bend downward and con-
tacted with a metal electrode, achieving a near-zero-power infrared
digitizer with almost no power consumption in a standby mode.17–19

However, the near-zero-power infrared digitizer faces challenges, such
as difficult fabrication and easy spurious triggering. Additionally, the
infrared digitizer was not self-holding, and it turned off immediately
after the infrared signal disappeared. As a result, the sensor node may
not have enough time to finish information acquisition, processing,
exchange, and execution process before turning off. As such, reliable,
easily fabricated, and self-holding near-zero-power sensor nodes are
highly desired.

In this work, we demonstrated an infrared relay based on a MA
and a pair of microfluidic switches. As target appeared, the MA inte-
grated in the microfluidic switch absorbed infrared energy and con-
verted it into heat. Owing to the thermal insulation structure we
designed, most of the heat fromMA can be used to turn on the micro-
fluidic switch. As target disappeared, the self-holding microfluidic
switch slowly turned off. The design of a symmetric pair of microflui-
dic switches largely reduced the influence of ambient temperature
variation.

Figures 1(a) and 1(b) are the schematic views of the infrared
relay, which is composed of two symmetrical thermal actuated micro-
fluidic switches. Each microfluidic switch consists of a liquid reservoir,
a 30lm-wide microchannel, and metal electrode arrays. The reservoir
and partial of the microchannel were first filled with 0.19ml kerosene

(supplied by Macklin) as an insulating liquid, and then a trace of ferric
chloride solution (�0.14 nl) was filled into the microchannel as the
conductive liquid. The detailed liquid filling method is shown in the
supplementary material. The MA was completely immersed in kero-
sene in the reservoir. The infrared signal that matched the absorption
spectrum of MA passed through an infrared transmissive calcium
fluoride window and illuminated the MA. The heat generated caused
the expansion of the kerosene in the reservoir. By connecting a micro-
channel to the reservoir, we converted the tiny volume expansion of
kerosene into large displacement. The liquid displacement Dx is

Dx ¼ DV
A
; (1)

where DV is the expansion volume, and A is the cross-sectional area
of the microchannel. As the absorbed energy exceeds a certain thresh-
old, the ferric chloride conductive solution is connected to the proper
set of electrodes to turn on the infrared relay [Fig. 1(d)]. According to
our simulation results, Dx is approximately 600lm. The electrode
width and gap are both 300lm, so that the FeCl3 solution can bridge
proper set of electrodes. Under environmental temperature variation,
the ferric chloride solutions in both microchannels move simulta-
neously without turning on the infrared relay, demonstrating common
mode suppression capability against environmental temperature varia-
tion, as shown in Fig. 1(e).

MA can effectively absorb infrared signals with excellent fre-
quency selectivity.20,21 Therefore, the near-zero-power relay can only
be turned on by infrared signal with specific frequency (or wave-
length). The MA was composed of metal antenna arrays, silicon
nitride dielectric layer, and bottom metal reflective layer.22–24 Due to
the bottom metal reflective layer, the transmittance of MA is

FIG. 1. Infrared relay. (a, b) Schematic
views of the infrared relay with MA and a
pair of microfluidic switches. (c) The infra-
red relay in “off” state. (d) The heat gener-
ated from MA causes the expansion of the
kerosene in reservoir and large displace-
ment of ferric chloride solution in the
microchannel. As absorbed energy
exceeds a certain threshold, the ferric
chloride solution bridges the proper set of
electrodes and turns on the relay. (e)
Under environmental temperature varia-
tion, ferric chloride solutions in both micro-
channels move simultaneously without
turning on the infrared relay.
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negligible. In order to achieve excellent absorption capability, the effec-
tive impedance of MA should match the free space impedanceffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l xð Þ=� xð Þ
q

¼ Z0; (2)

where l(x) is magnetic permeability, �(x) is the permittivity, Z0 is
the characteristic impedance of free space, and x is frequency. As
two metallic layers have strong magnetic resonance under the inci-
dence wave, a significant enhancement of the localized electromag-
netic field is established in the Si3N4 layer. Consequently,
electromagnetic energy can be efficiently confined in MA and con-
verted to heat. We designed a mid-infrared MA with a sharp absorp-
tion peak at wavelength of 3.65lm utilizing a finite difference time
domain (FDTD) method. The surface area of MA was 5� 5mm2.
The surface morphology of as-fabricated MA was characterized
using scanning electron microscopy (SEM) as shown in Fig. 2(a).
The linewidth error of fabrication was less than 20 nm. Important
design parameters of MA are listed in Table I and Fig. 2(b). The
absorption spectrum of MA was characterized using Fourier trans-
form infrared spectroscopy (FTIR), which exhibited a high absorp-
tion rate of 94.6% at wavelength of 3.65lm with a full width at half
maximum (FWHM) of 1.3lm, indicating excellent infrared signal
absorption capability and frequency selectivity. The experimental
results matched with our simulation results [Fig. 2(b)].

Kerosene in reservoir absorbed the heat generated from MA,
resulting in volume expansion. The kerosene volume expansion DV
can be expressed as

DV ¼ a
Cm

Q; (3)

where a is thermal expansion coefficient of kerosene, C is the heat
capacity, m is the mass of the kerosene, and Q is the heat absorbed by
kerosene. Volume expansion DV is in proportional with the heat
absorbed. Since the infrared energy emitted from target is usually
extremely low, thermal insulation is essential to minimize heat dissipa-
tion and make fully use of the energy absorbed by MA. To minimize
heat dissipation, we selected sodium-calcium glass as a substrate mate-
rial due to its low thermal conductivity of 0.81W/mK. We immersed
MA into kerosene. Owing to the ultralow thermal conductivity of ker-
osene (0.2W/mK), the heat generated from MA was mainly absorbed
by kerosene instead of glass substrate. In addition to ultralow thermal
conductivity, another important advantage of kerosene is its high

FIG. 2. (a) SEM image of MA. (b) The
absorption spectra of the MA (FDTD simu-
lation result and experimental result) and
schematic view of the MA. (c) Simulation
result of the temperature distribution in the
vertical cross section after 20 s of heating.
(d) Simulation result of the temperature
distribution in the horizontal cross section
after 20 s of heating.

TABLE I. Geometry parameters of MA.

Parameters Description Design (lm)

a Spacing between metal antennas 1.13
w Width of metal antenna 0.77
t1 Thickness of metal antenna 0.05
t2 Thickness of Si3N4 0.3
t3 Thickness of bottom metal layer 0.05
t4 Thickness of glass substrate 200
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infrared transmittance (�100%, see the supplementary material).
As such, infrared signals can pass through kerosene layer and illumi-
nate MA.

The simulation of temperature distribution in the reservoir (20 s
after infrared illumination) was performed by the finite element
method via COMSOL Multiphysics. The power density of MA was set
to 12.5W/m2. As shown in Figs. 2(c) and 2(d), the temperature rise
was concentrated around MA, and glass substrate demonstrated
almost no temperature change. According to our simulation results,
60% of the heat generated fromMA was directly absorbed by kerosene
due to its excellent thermal insulation capability. Thermal insulation
capability of kerosene largely reduces the heat dissipation rate, which
is also important for self-holding capability.

The heat generated from MA resulted in the expansion of kero-
sene in reservoir, thereby solution in the microchannel was pushed to
move forward. Two immiscible solutions are desired to realize two-
phase flow in the microchannel. Kerosene is insulating oily solution,
and ferric chloride solution is chosen as conductive aqueous liquid.
Under temperature variation of 0.2 �C, back-and forth displacement
of 4038lm of the two-fluid interface was observed for more than ten
cycles (see the supplementary material). In order to achieve reliable
switching performance, it is crucial to maintain the stability of the
two-phase flow and prevent mixing of the two types of liquids during
the kerosene expansion/contraction. Han et al. deduced a relation
between the thickness of residual liquid d on sidewall and channel
width w for noncircular microchannels:25

d �

ffiffiffi
2
p lU

r

� �2
3 2wh

wþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2 þ 4h2
p

lU
r

� �2
3

þ 1�
qU2

ffiffiffi
2
p

wh

wþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2 þ 4h2
p � dcorner

 !

r

0
B@

1
CA

2
3

; (4)

where l is the dynamic viscosity of the liquid, U is the characteristic
velocity, r is the surface tension or interfacial tension between the two
fluid phases, q is the liquid density, and h is the height of channel. It
indicates that the channel with small width w can largely reduce the
amount of liquid left on the sidewall during liquid movement. Smaller
channel width also leads to smaller Reynolds number, which can pre-
vent the occurrence of turbulent flow. We tested microchannels with
different diameters of 120, 91, 47, and 29lm. As shown in Fig. 3, a
clear residual liquid on sidewall and mixing of kerosene and ferric
chloride solution usually occurred in channels wider than 40lm dur-
ing the liquid movement. Therefore, it is difficult to realize microflui-
dic switch based on two-phase flow by using these microchannels. In
the 29lm wide microchannel [Fig. 3(d)], the two-phase flow kept sta-
ble during liquid movement. Therefore, microchannels narrower than
30lmwere chosen for our devices.

Then, we investigated the characteristics of infrared relay con-
sisted of MA and microfluidic switches by using a digital multimeter
(Keysight 34470). The experiments were carried out under atmo-
spheric pressure at room temperature. A 170-mW blackbody light
source with a calcium fluoride filter was utilized as an infrared source
to irradiate the relay. Below the relay, a microscope recorded the
movement of liquid in the microchannel. Figures 4(a) and 4(b) illus-
trate the characteristics of a single microfluidic switch integrated with

MA. Under 3.65lm infrared illumination, the microfluidic switch
turned on within �15 s and slowly turned off as the infrared source
was removed [Fig. 4(a)], demonstrating excellent switching perfor-
mance with good repeatability. The resistance of the device in the “on”
state is approximately 396 kX. It should be noted that the upper detec-
tion limit of the digital multimeter is 1 GX, so the actual “off” state
resistance of our microfluidic switch surpasses 1 GX. The I–V curves
demonstrate that the “off” state resistance is 44.3 GX (see the supple-
mentary material). The same device showed negligible response to
0.65lm illumination [Fig. 4(b)], indicating good frequency selectivity.
The measured leakage current value of 20 nA is a result of the noise
from the measuring instrument. Figures 4(c) and 4(d) illustrate the
characteristics of a single microfluidic switch without MA in reservoir.
The device showed no response to 3.65lm infrared illumination and

FIG. 3. (a) Kerosene and ferric chloride solution in microchannels with a width of
120lm. (b) Kerosene and ferric chloride solution in microchannels with a width
of 91lm. (c) Kerosene and ferric chloride solution in microchannels with a width of
47lm. (d) Kerosene and ferric chloride solution in microchannels with a width
of 29lm. Mixing of kerosene and ferric chloride solution usually occurs in channels
wider than 40lm during the liquid movement.
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maintained a high-resistance state. The device with only one micro-
fluidic switch is very sensitive to ambient temperature variation. It eas-
ily turned on and off as temperature changed within�1 �C [Fig. 4(c)].
Figures 4(e) and 4(f) illustrate the characteristics of an infrared relay
composed of a pair of microfluidic switches, and only one switch is
integrated with MA. The relay showed clear response to 3.65lm infra-
red illumination. It turned on within �15 s and slowly turned off after
�100 s as the infrared source was turned off, which demonstrated
excellent switching performance with self-holding capability. The
power needed to activate the circuit depends on the original position
of the two-fluid interface between the electrodes. The largest infrared
power needed to activate the circuit is 0.8lW. Figure 4(f) shows that
the infrared relay kept “off” state as ambient temperatures increased
(�1 �C), indicating that the symmetric pair of microfluidic switches
largely reduced the influence of ambient temperature variation. The

main source of uncertainty results from measuring instrument due to
the extremely high “off” state resistances and extremely low “off” state
currents. We tested the devices under various conditions. They were
exposed to visible light with different intensities and tested under vari-
ous temperatures. The devices demonstrated excellent switching per-
formance (see the supplementary material).

Finally, we demonstrated a near-zero-power optical sensing
node, which consisted of the infrared relay and a MoS2 photodetector
[Fig. 5(a)]. The manufacturing process of the MoS2 photodetector is
shown in the supplementary material. In the absence of infrared signal,
the infrared relay kept “off” state with high resistance to realize near-
zero power consumption, and the MoS2 photodetector had no
response to (520nm) visible light. As infrared signal was applied, the
relay switched to the “on” state. The MoS2 photodetector was waken
up and demonstrated a clear sensitivity to visible light illumination.
The resistance of the MoS2 photodetector decreased under 520nm
illumination and rapidly changed back to the original value as the visi-
ble light was turned off, demonstrating excellent repeatability [Fig.
5(b)]. As the infrared signal was removed, the sensing node slowly
switched to “off” state. Our optical sensing node demonstrated excel-
lent near-zero-power sensing capability.

In conclusion, we demonstrated a near-zero-power infrared relay
based on MA and microfluidic switches. The infrared relay can con-
vert (3.65lm) infrared signals emitted from target into heat by MA
and use the heat to turn on the microfluidic switch. We further real-
ized a near-zero-power optical sensing node, which consisted of the
infrared relay and a MoS2 photodetector. Compared with various
wake-up approaches previously reported, our relay has almost no
power consumption in the standby mode. Compared with Qian’s
near-zero-power infrared digitizer, our device is easier to fabricate.
The metamaterial absorber and microfluid switch can be fabricated
separately and then assembled. Additionally, our relay is not easy for
spurious triggering and has self-holding capability. Our strategy can
significantly extend the lifespan of sensor nodes powered by batteries,
especially the sensor node for detecting infrequent but critical events.
The near-zero-power relay can be applied in various fields, including
smart agriculture (plant irrigation and pest detection), environment
monitoring (wildfires and gas leakage detection), and automated
industrial production inspection.

FIG. 4. (a) Single microfluidic switch with MA under 3.65lm infrared irradiation. (b)
Single microfluidic switch with MA shows negligible response to 0.65lm illumina-
tion, indicating good frequency selectivity. (c) Single microfluidic switch without MA
shows negligible response to 3.65lm infrared irradiation. (d) Single microfluidic
switch (without MA) under ambient temperature variation. (e) Infrared relay com-
posed of a pair of microfluidic switches under 3.65lm infrared irradiation. (f)
Infrared relay composed of a pair of microfluidic switches under ambient tempera-
ture variation.

FIG. 5. (a) Characteristic of the near-zero-power optical sensing node, which con-
sisted of the infrared relay and a MoS2 photodetector. (b) Zoom in view of the
response of the MoS2 photodetector to visible light as the infrared relay is in the
“on” state (the purple area indicates that the visible light is turned on).
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See the supplementary material for details regarding MA fabrica-
tion, fabrication of microfluidic switch, transmission of Kerosene,
back-and-forth motion of two-fluid interface, I–V characteristic curve
of the device in “off” and “on” state, devices performance under vari-
ous conditions, and fabrication of the MoS2 photodetector.
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