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Smart dust, which refers to miniaturized, multifunctional sensor 
motes, would open up data acquisition opportunities for Internet of 
Things (IoT) and Environmental protection applications. However, 
critical obstacles remain challenging in the integration of high-density 
sensors, further miniaturization of device platforms, and reduction 

of cost. Here, we demonstrate the concept of smart digital dust to 
address these problems, the results of which combine the benefit of 
( i ) maturity of complementary metal-oxide semiconductor (CMOS) 
processing approaches and ( ii ) unique form factors of emerging flex- 
ible electronics. As a prototype for smart digital dust, we present a 
millimeter-scale multifunctional optoelectronic sensor platform con- 
sisting of high-performance optoelectronic sensor cores and commer- 
cially available integrated-circuit components. The smart material- 
assisted optoelectronic sensing mechanism enables real-time, high- 
sensitivity hydrogen, temperature, and relative humidity (RH) sens- 
ing based on a single chip with ultralow power consumption. Such a 
microsystem presented here introduces a viable solution to the multi- 
functional sensing need of IoT and could serve as a building block for 
the rapidly evolving future framework of smart dust. 

Keywords: Smart dust, Flexible electronics, Nanomembrane devices, 
Multifunctional sensors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

INTRODUCTION 

Emerging internet of things (IoT) technologies envision a fully connected
future 1 , 2 . As data becomes the "new oil" of the digital era, the dearth of
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data collection techniques, particularly for the diverse data IoT requires,
becomes a rising problem. The idea of smart dust in this context, proposed
as a sand-grain-scale platform deployed massively into the environment,
integrated with sensing, signal processing and communication capabili-
ties 3-5 , can exactly handle the data collecting issue. Beginning with initial
work of smart dust from almost two decades ago, recently developed work
each focus on a single topic, the embodiments range from signal process-
ing 6-8 to power management 9-11 , and to wireless communication 12-14 . Of
particular note is in emerging technologies of microfliers 15 , in which bio-
inspired 3D morphology brings regulated motion in air, providing a solu-
tion to the long-standing challenge of the deployment of a large number
of smart dusts 5 , 16 . 

In spite of the advances achieved in recent years, few microsystems
have come close to accomplishing the original vision of smart dust and
becoming commercially viable 11 . Due to the diversity of IoT applications,
it is essential to integrate multipurpose sensors and to take a modular ap-
proach to reduce design and manufacturing costs. Sensors may work un-
der different principles such as detecting the impedance variance for a
metal oxide gas sensor 17 , 18 and monitoring the capacitance change of a
relative humidity (RH) sensor 19 , which complicates the design and hin-
ders miniaturization. Recent works of stacked chips 20 and downsizing of
functional areas 13 , 21 have shown the potential to reduce the system dimen-
sion. However, the former increases cost due to the tailor-made assem-
bly and packaging process, while the latter reduces device characteristics
due to the increased impact of flicker noise. Consequently, it is difficult
to strike a balance between miniaturization, sensor integration, and cost
reduction. 

To address these problems, we proposed the idea of smart digital
dust 22 

, which appears in Fig. 1 . In an ideal scenario, the smart digital dust
consists of ( i ) a photovoltaic power input, ( ii ) a pulse-position modulated
optical output, ( iii ) optoelectronic multifunctional sensors, and ( iv ) flexi-
ble analog and digital circuits, as shown in Fig. 1 a. Due to the impractical-
ity of replacing batteries for systems so small and numerous, photovoltaic
power inputs will be the ideal option for long-term energy supply 23 . Pulse-
position modulation of optical output can be generated under low-voltage
conditions and delivers the information with high efficiency 11 . Sensing
multiple environmental signals with a single optoelectronic mechanism
saves the expense and effort of constructing and installing numerous dis-
tinct sensors under varied conditions of IoT 

24 , 25 . Another feature of impor-
tance is the mechanical flexibility for both footprint reduction and man-
ufacting cost-saving concerns. In the macroscopic domain, folding and
rolling are instinctive approaches to reduce footprint size, and they have
been proved to be effective in the microscopic and mesoscopic dimen-
sions 26-28 . Therefore, folding the flexible system up reduces the planar
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Fig. 1 | Schematics of a fold-up approach to miniaturized smart digital dust footprint. a , The essential functional parts of an ideal smart digital dust integrated with 

full sensing, computing, and communication ability. b , Folded-up for m of the smar t digital dust with reduced volume and intact function. c , Exploded-view schematic 

illustration of the smart digital dust prototype realized upon flexible silicon-nanomembrane optoelectronic sensor array and other commercially available components. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

dimensions similar to stacking multiple chips while the majority of the
system can be fabricated on the same wafer, as illustrated in Fig. 1 b. 

This paper presents a millimeter-scale smart digital dust prototype
with multifunctional sensing capabilities to demonstrate the viability
of the aforementioned concepts. We demonstrate highly flexible silicon
nanomembrane transistors decorated with smart materials and achieve
low-energy consumption optoelectronic sensing of gas, temperature, and
RH. The manufacturing process is complementary metal-oxide semicon-
ductor (CMOS) compatible, and the performance of the resultant transis-
tors is state-of-the-art. We combined our sensor cores with commercially
accessible components such as resistors, amplifiers, multiplexers, and bat-
teries to create a flexible circuit. We finish the system by folding the entire
circuit and encapsulating it with 3D-printed molds. ( Fig. 1 c) The system’s
footprint is minimized, and its real-time, multifunctional sensing perfor-
mance is uncompromised. The results show the potential of combining
the advantages of well-developed CMOS technology and fast-developing
flexible electronics to create better IoT devices. 

RESULTS AND DISCUSION 

Fig. 2 a shows the scheme of the multilayer configuration of the optoelec-
tronic core for multifunctional sensing. The smart materials show trans-
parency or chromatic change to environment change (e.g., humidity, tem-
perature, and specific gas atmosphere), and are decorated on the top of the
functional region. A 300-nm thermal oxide derived from the silicon-on-
insulator (SOI), serves as an encapsulation for the structure below. The
silicon-nanomembrane (Si-NM), stacked gate dielectric and metal contact
form the field effect transistor. A spin-coated polyimide buffer, Kwik-Sil
CHIP | VOL 1 | WINTER 2022 You, C.-Y. et al. Chip
silicone adhesion and a Kapton film supporting layer make up the flexible
substrate. 

Fig. 2 b is a photograph of the fabricated transistor array on a curved
tube with a diameter of 5 mm, showing the novel bending ability. Fig. 2 c
presents the enlarged view of the sensitive region of the transistor. The
channel length is 20 µm and the width is 300 µm. Fig. 2 d presents
schematic illustration of the optoelectronic multifunctional sensing mech-
anism. The smart materials exhibit chromic or transmittance variation un-
der environment change, thus changing the illumination on the phototran-
sistor beyond. Thereby the environment parameter, e.g., temperature or
RH or the concentration of certain gas atmosphere is reflected by the pho-
tocurrent. Subsequent analog and digital circuit amplifier the weak current
change to a transmissible and voltage signal. Fig. 2 e shows output voltage
change of the device when 1% hydrogen/nitrogen mixed gas enters the
pure nitrogen atmosphere with or without the smart material covering on
it. The smart material used here is Pd/MoO 3 bilayer, of which gasochromic
performance has been widely studied 29 , 30 . When the atmosphere changes,
the output voltage of the smart material decorated device rises signifi-
cantly in just 30 s, whereas the output voltage of the device without smart
material decoration remains constant. We will discuss detailed system’s
characters of the output voltage below and the trend difference here is
enough to demonstrate the necessity of smart materials in our optoelec-
tronic sensing. Since the whole detection process occurs in room temper-
ature, this quick detection not only proves the feasibility of optoelectronic
sensing mechanism but also demonstrates its potential superiority. 

Standard semiconductor processing strategies in pattern defining,
growth, etching and transfer printing enable the fabrication of high-quality
flexible sensor cores directly from an SOI wafer. Fig. 3 a presents critical
process of the sensing core, and the details appear in the Methods. Since
 1 , 100034 (2022) 2 of 8 
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Fig. 2 | Multifunctional sensing core of the smart digital dust based on optoelectronic mechanisms. a , Exploded-view schematic illustration of the flexible nanomem- 

brane metal-oxide-semiconductor field effect transistor decorated with diverse stimuli-responsive smart materials. b , Photograph of the fabricated flexible phototransistor 

array on a curved surface. The scale bar is 5 mm. Annotated D, G and S stand for drain, gate, and source terminal of the transistor. c , Optical image of a typical pho- 

totransistor with a back-gate structure. The scale bar is 200 µm. d , The schematic illustration of the sensing mechanism of the smart material assisted multifunctional 

sensing, in which the chromatic deviation under environment changing is captured by the high-sensitive phototransistor beyond. e , Time-dependent performance of the 

optoelectronic sensor after transimpedance amplify under a hydrogen concentration stimulus in the environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the origin wafer is n-type and moderately doped, a boron ion-implantation
process forms the source and drain heavily doped region and leaves the
channel unchanged for high mobility and easy for gate-tunability concern.
Photolithography and reactive ion etching (RIE) isolate the phototransis-
tors preventing signal crosstalk. Gate dielectric is deposited featuring min-
imal surface states and advanced high-k gate tunability through plasma en-
hanced chemical vapor deposition (PECVD) and atomic layer deposition
(ALD). A lifted-off process forms the metal contact and finish the fabri-
cation of a rigid transistor. By bonding the sample to multilayer flexible
substrates and flipping the whole device, inductive-coupled plasma reac-
tive ion etching (ICP-RIE) process etches out the handle layer of the SOI
wafer and leaves only the hundreds-nanometer-thick Si-NM and buried
oxide (BOX) with the flexible substrate. Finally, different smart materi-
als are decorated onto the flexible transistors, empowering multifunctional
sensing on a single chip. Photolithography, ALD and ICP-RIE are typical
and standard measures in integrated circuit manufacture, thus ensuring the
process compatibility and feasibility towards a larger scale. 

Fig. 3 b shows transfer characters of a typical phototransistor in the
dark at a supply voltage V DS = – 1 V. The off-current is only at ∼ 0.3 pA
level and the on-off ratio reaches 10 8 . In addition, Fig. S1 shows trans-
fer characteristics of the phototransistor in the bent state with a curvature
of 1 cm 

−1 and flat state, and there is basically no difference between the
two. Fig. S2 depicts threshold voltage of the phototransistor after different
bending cycles and the threshold voltages show tiny variation. Fig. 3 c rep-
resents output characters under various gate voltage ( V GS ), showing high
output current at slightly larger V DS , which has the potential to act as the
drive current in case the flexible transistors make up an analog or digi-
tal circuit in further applications. Since the sensors arrays of smart digital
dust are based on optoelectronic sensing mechanisms, optoelectronic per-
for mance is cr ucial to achieve high precision-environment sensing. Fig. 3 d
CHIP | VOL 1 | WINTER 2022 You, C.-Y. et al. Chip
demonstrates transfer curves under different illumination of 450-nm laser
at a V DS = – 2 V. Significant rise of sub-threshold region drain current oc-
curs with only a 60 nW (0.06 µW) laser illumination on the phototransis-
tor. In Fig. 3 e, photocurrent of the flexible phototransistor under varying
irradiation intensity of the 450-nm laser is plotted ( V DS = – 2 V, V GS =
1 V). The phototransistor shows a linear response in a wide range (from
∼ 7 nW to ∼ 0.1 mW), showing a dynamic range of at least 83 dB. 

The electrical performance of each single fabricated sensing core can
match the state-of-the-art CMOS counterparts, thus leaving the room to
fabricate a whole flexible analog and digital circuit based on the same
process used here. And the excellent optoelectronic characteristics of the
sensing core not only enable multifunctional environmental sensing, but
also consume minimal energy, since it works in the sub-threshold region. 

We further integrate the sensing core with commercially available
chip components to extend it to a smart digital dust prototype, with various
environment sensing abilities and basic signal processing and communi-
cation functions. Fig. 4 a is a photograph of the smart digital dust proto-
type next to a coin, showing the miniatured footprint of millimeter-scale
in all three dimensions. Fig. 4 b demonstrates a schematic illustration of
the electrical operation principle. The whole operation of the smart digital
dust can be divided into two parts, which are the on-chip sensing platform
and the off-chip signal processing systems. Each of phototransistors, as
the photodetector (PD), detects a different environment signal and passes
its current to the multiplexer. The transconductance amplifier converts the
selected current to a stable voltage signal and passes it to the off-chip
system. An analog digital converter (ADC) with a general-purpose in-
put/output (GPIO) transfers the voltage signal to the user interface. The
entire system is powered by the battery. Thanks to the development of
wearable devices, the design of wireless multifunctional systems has made
g reat prog ress and has brought inspiration to our system design 31 , 32 . The
 1 , 100034 (2022) 3 of 8 
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Fig. 3 | CMOS compatible manufacturing process and performance of the smart digital dust sensing core. a , Scheme for the crucial steps of fabricating the sensing 

core utilizing standard integrated circuit process. b , The transfer characteristics of a typical phototransistor in dark at a supply voltage V DS = –1 V. c , The output character- 

istics of the device in dark at various V GS . d , Drain current–gate voltage relation under different irradiation intensity of a 450-nm laser at a supply voltage ( V DS ) of – 2 V. 

e , Linear response of the device at V DS = – 2 V and V GS = 1 V. 

 

 

 

 

 

 

 

 

 

system could be further extended to be totally wireless and Fig. S3 shows
a block diagram for a feasible system design. 

Fig. 4 c-e exemplify the output voltage of the sensing platform un-
der different environment stimuli in constant light condition. The stim-
uli are a typical gas concentration (i.e., hydrogen here), temperature and
CHIP | VOL 1 | WINTER 2022 You, C.-Y. et al. Chip
RH. The stimuli-responsive materials used here are the Pd/WO 3 bilayer
for hydrogen concentration, Poly(N-isopropylacrylamide) (PNIPAm) hy-
drogel for temperature and Poly (2-hydroxyethyl methacr ylate–co–acr ylic
acid) (poly(HEMA-co-AAc)) hydrogel for RH. The transmittance varia-
tion of these materials over environment change has been demonstrated
 1 , 100034 (2022) 4 of 8 
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Fig. 4 | Millimeter-scale multifunctional sensing platform. a , The photograph of the device beside a coin. b , Functional diagram of the platform showing hardware 

blocks including sensing, signal selection, signal amplifying, power management and data interflow. c-e , Variation trend of the output signal under different environment 

variation which are hydrogen ( c ), temperature ( d ), and relative humidity ( e ). f , Schematic illustration of the stimuli-responsive materials assisted optoelectronic operating 

principles of the platform. Hydrogel 1 stands for PNIPAm and hydrogel 2 is poly(HEMA-co-AAc). g , Photograph of the testing scenario, including the ADC, power input 

and personal computer user interface. h , Graphic user interface (GUI) for the multifunctional sensing platfor m, suppor ting real-time visualization, storage, and analysis 

of measurement data. 
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and their inner mechanism has been discussed thoroughly elsewhere. Fig.
S4-6 show the transmittance variation of these smart materials under cer-
tain environment stimuli. 

For the Pd/WO 3 bilayer smart material, we use for hydrogen sensing,
WO 3 is the material that mainly changes light transmittance in a hydrogen-
containing environment and Pd acts as a catalyst. The hydrogen gas is
dissociated into atomic hydrogen on palladium, which diffuses across the
palladium layer and is subsequently inserted into the Pd/WO 3 interface as
a hydrogen ion and an electron. With the assistance of one electron from
the hydrogen atom, the W 

6 + ion in WO 3 is reduced to W 

5 + . The change
of chemical valence of W leads to the change in transmission. For tem-
perature sensing, we use PNIPAm, which is one of the most studied ther-
mosensitive hydrogels. PNIPAm is soluble in water due to its inter- and
intramolecular hydrogen bonding in relatively low temperature, thus it is
almost transparent. From the thermodynamic point of view, the formation
of hydrogen bonds leads to the decrease of mixing enthalpy ( �H mix <

0 ), which is conducive to the dissolution process. A highly ordered water
molecular layer is formed around the amide group, which reduces the en-
tropy of the system ( �S mix < 0 ). At this temperature, �G mix < 0, PNIPAm
is dissolved in an aqueous solution, where the polymer chain shows a flexi-
ble and expanded random coil conformation. When the temperature rises,
the hydrogen bonding is weakened, and the hydrophobic interaction be-
tween isopropyl groups is enhanced, leading to the decrease of entropy of
the mixed system. The change of entropy affects the exothermic enthalpy
of hydrogen bonds. When �G mix > 0 , entropy driven phase separation
occurs, PNIPAm chains dehydrate and coalesce into tightly packed spher-
ical conformation, leaving the system opaque. In the case of RH sensing,
we exploit the water-absorbing nature of hydrogels and poly(HEMA-co-
AAc) is chosen for its high stability and ease to synthesize. There are two
types of water absorbed by methacrylate-based hydrogels: free water and
bound water. When it is relatively dry, the irregular porous structure of
the hydrogel is filled with air. The mismatch between the refractive coef-
ficient of the air and the hydrogel as well as a large number of interfacial
interferences during the propagation of transmitted light make the hydro-
gel appear translucent under dry conditions. With the increase of humidity
in the environment, the proportion of water bound in the hydrogel grad-
ually increases, filling the holes originally occupied by air. As water and
hydrogel have similar refractive coefficients, they reduce light scattering,
increasing overall light transmission. 

The output voltage of the platform follows the simple equation as: 

V out = 

V cc 

2 
− I × R (1)

where the V cc is the supply voltage of the battery, I is the drain current of
the sensing core and R is the resistance of build-out resistor. 

As the hydrogen concentration rises, the transmittance of the smart
material (Pd/WO 3 bilayer here) decreases 30 , 33 as shown in Fig. S4, reduc-
ing the output current and causing the output voltage to rise spontaneously,
as according to Eq. (1) . The temperature sensing scenario is similar since
the transmittance lowers drastically as the temperature rises (Fig. S5) 34 , 35 .
For RH sensing, the hydrogel’s transmittance increases as collected water
fills its pores and decreases dispersion, which is depicted in Fig. S6 36 , 37 .
Consequently, the output voltage decreases as RH increases. It should be
noted that preventing interaction of RH and temperature sensing is vital.
To prevent the interference of RH shift on the temperature sensing, we
encapsulate the PNIPAm in the polydimethylsiloxane (PDMS) mold and
separate it from the atmosphere, as all hydrogels absorb water from their
surroundings 38 . On the other hand, the interference of temperature shift
on the RH sensing do exist. Fig. S7 shows the RH sensing character under
different temperature. When temperature rises, the output voltage of our
platform do show an increase under the same RH atmosphere. When the
CHIP | VOL 1 | WINTER 2022 You, C.-Y. et al. Chip
RH is measured by a single smart material and phototransistor combina-
tion, an underestimation of RH value could happen at a hot environment.
However, since the platform also contains a temperature sensor, this effect
could be compensated by adding a feedback circuit or additional software
process. Thus, the stability of our temperature sensing could be enhanced.

Using the established relationship, we can carry out real-time envi-
ronmental parameter sensing. The processes for obtaining the hydrogen
concentration, temperature, and RH from the observed data are depicted
in Fig. 4 f. Each PD adorned with a cer tain smar t material contributes to
a particular environmental metric. Since the photocurrent generated by
phototransistors is the basis of the sensing process, we employ a PD 4 as a
reference to adjust for the environmental light variation. Fig. 4 g depicts an
image of the testing setup. The device-under-test (DUT) is put in a sealed
chamber to provide a certain RH or gas environment. After connecting to
the ADC module, the signal from the sensing platform is delivered to the
computer, transferred, and displayed as the real-time signal of the envi-
ronment being evaluated. 

Fig. 4 h shows the graphic user interface (GUI) of the developed mul-
tifunctional sensing platform. The user may monitor the environment sig-
nal in real time and adjust the time period to see the change at a certain
time interval of interest. The system captures an increase in the hydrogen
content, as represented by the yellow line, which includes a surge phase
and a slow and steady growing period. The red and blue lines also record
the temperature and RH trend over the last 10 s, suggesting a steady RH
condition and a gradually dropping temperature near the sensor platform.
These results indicate the potential of applying this platform as the sensing
element for the multifunctional sensing requirement for IoT applications. 

We presented a prototype of smart digital dust using the folded flex-
ible circuit. The sensor core by uses of a bottom-up, back-etching tech-
nique that demonstrates superior flexibility and device performance. With
rigid processing components and a commercially accessible polyimide
substrate, the planer dimensions of the prototype have already been dras-
tically reduced. By constructing the entire system in a flexible manner, the
system could be folded more times and the space utilization will reach a
higher level. 

Compared to the more traditional chip stacking scheme of smart dust,
our folding scheme has two advantages: ease of design and low cost. For
the chip stacking scheme, size of the chip has a greater impact on its po-
sition in the stack combination, rather than depending on function of the
chip. The smaller chips are usually required to be stacked on top, while
the larger chips are stacked on the bottom. This brings additional diffi-
culties to the interconnection design of the chip. Also, the special design
required for stacking chips, the different preparation processes required
for different chips, and the need for unconventional manufacturing equip-
ment inevitably bring about an increase in cost. With the folding method,
the overall system can be designed like ordinary circuits, and the entire
device can be prepared simultaneously in the same batch, which brings
higher efficiency and cost advantages. 

Multiple sensing functions on a single device, i.e. hydrogen, RH, and
temperature sensing, are demonstrated based on optoelectronic mecha-
nism. Since molecular or environmental detection based on visual effect
change has been well-established for quite some time, it will only require
minimal work to expand sensing capability. Environmental variables such
as pH, nitric oxide, and magnetic field are examples of other typical sens-
ing objects 39-43 . However, the purpose of this research is to demonstrate
viability of a miniaturized multifunctional sensing platform as a proto-
type for smart digital dust, and these three sensing functions presented are
sufficient for our topic. 

In addition, energy input of a tiny system must be limited, thus re-
source distribution of power consumption is critical. While lowering the
power consumption of the analog and digital circuits or the communica-
 1 , 100034 (2022) 6 of 8 
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tion systems would inevitably lower their performance, a suitable outlet
is to lower the energy cost of sensors by applying novel sensing mecha-
nisms. In addition, many sensing approaches require heating 18 , 44 , 45 , but
it consumes a considerable amount of energy and complicates the inte-
gration of the system. Consequently, many sensing mechanisms cannot
be used in smart dust systems. Our sensor cores have a power consump-
tion of under 1 nW and their performance does not degrade, satisfying the
requirements of IoT applications and making them a great candidate for
smart dust. 

The presented multifunctional sensing prototype demonstrates the po-
tential of optoelectronic environmental sensing, and with the advance-
ments in components such as signal processing unit, communication sys-
tem, and vast deployment scheme, the concept of smart digital dust will
be realized and serve as the essential core of the IoT era. These microsys-
tems could offer significant opportunities in novel applications like smart
homes, digital twins and environmental monitoring. Taking the scenario
of environmental-related applications, the temperature and RH data re-
ported by these microsystems could effectively alert or even prevent wild-
fires, which has become a severe problem recently 46 . And high-precision,
large-area greenhouse gas emission mapping may also assist in a wiser
judgment regarding the urgent need to achieve carbon neutrality 47 . 

METHODS 

Fabrication of the sensor core Fabrication began with a commercially
available SOI wafer (weakly n-doped; Shanghai Simgui Technology Co.
Ltd.), which consisted of a 220-nm top silicon, 300-nm BOX layer and
a 725- µm handle substrate. A Boron ion-implantation formed the source
and drain region with a doping concentration of ∼ 10 19 cm 

−3 . Photolithog-
raphy and RIE defined the Si-NM pattern as the functional region of each
phototransistor. PECVD and ALD grew SiO 2 /Al 2 O 3 stack gate dielec-
tric (thickness of 50/15 nm). After opening via through the dielectric at
the source and drain region, e-beam evaporation or sputtering grew the
Cr/Au metal contact (thickness of 5/150 nm). A buffer layer of polyimide
(thickness of ∼ 2 µm) was spin coated onto the sample, and Kwik-Sil
(World Precision Instruments) was used to bond the device to a Kapton
film (thickness of ∼ 14 µm; DuPont). Samples were flipped then, and
ICP-RIE process with SF 6 /O 2 removed the handle layer of the SOI wafer.
Another photolithography and RIE process opened contact windows on
the BOX layer and finish the fabrication of sensor cores. 

Smart digital dust prototype assembly A Pd/WO 3 bilayer (5/20 nm)
was deposited by e-beam evaporation on a polyethylene film. The PNI-
PAm preparation started with dissolving 7.91 g of N-isopropylacrylamine,
1.32 g of poly(vinyl alcohol) (PVA), and 215.6 mg (0.0014 mol) of N,N’-
methylenebis(acrylamide) into deionized (DI) water. A 520.0 µL aliquot
of this solution was pipetted into a centrifuge tube and then 7.0 µL of
N,N,N’,N’-tetramethylethylenediamine (catalyst) and 16.0 µL of ammo-
nium persulfate (initiator) were added in sequence to the centrifuge tube
with vigorous vibration. Then the solution was dropped into a PDMS mold
and sealed to protect the PNIPAm. The poly(HEMA-co-AAc) was formed
by mixing 4 mL of 2-hydroxyethyl methacrylate, 3 mL of 2-hydroxy-2-
methylpropiophenone, and 1 mL of ethylene glycol dimethacrylate to-
gether, dropping them between two PDMS molds and ultraviolet cur-
ing for 20 s. These smart materials were transferred and decorated onto
the sensor cores through a standard transfer printing process. Placing
commercially available components according to circuit design, soldering
them to the flexible printed circuit boards, folding the system, and encap-
sulating the system with a 3D printed PVA shell finished assembly. Low-
noise precision operational amplify (TLC2201IDR, Texas Instruments)
CHIP | VOL 1 | WINTER 2022 You, C.-Y. et al. Chip
and high precision low-dropout linear regulator (XC6206P332MR, Torex
Semiconductor) as well as matched capacitors and resistors were soldered
onto a flexible printed circuit. The system was then folded and encapsu-
lated with a 3D printed PVA shell. 

Optoelectronic performance characterization Output and transfer prop-
erties were characterized by a precise source meter (Keysight B2902B).
Illumination was provided with a semiconductor laser (450-nm; XI’AN
Lei Ze Electronic Technology Co. LTD) under the modulation of optical
attenuators (Guangzhou Oeabt Optical Technology Co. Ltd.). Irradiation
power was calibrated using an optical power meter (Thorlabs PM100D). 

Multifunctional sensing test setup Microsystem was placed in a sealed
quartz container connected to a gas mixing chamber. Hydrogen atmo-
sphere of different concentrations was obtained by varying the gas flow ra-
tio from the nitrogen gas cylinder and hydrogen/nitrogen mixed gas (0.1%,
1% or 4%) cylinder. Alterable RH was acquired by injecting different sat-
urated salt solutions (K 2 CO 3 , NaCl, KCl, and K 2 SO 4 ) into the gas mix-
ing chamber. The corresponding RH values were 43%, 75%, 85%, and
97%, respectively. An additional RH value of 10% was achieved by plac-
ing the whole system into a drying cabinet. Temperature-dependent tests
were conducted by direct heating the container on the hot plate. Electri-
cal signal was wired to a data acquisition board and then connected to a
personal computer. A custom software controlled the system and an over-
sampling ratio of 16 was used to reduce the noise. 
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