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A B S T R A C T

Battery-less internet of things (IoT) devices and flexible electronics are attracting increasing attention worldwide
for diverse applications ranging from human healthcare to environment monitoring. A flexible multifunctional
monitoring system with the integration of triboelectric nanogenerator (TENG) for energy harvesting, piezo-
electric micromachined ultrasonic transducer (pMUT) array and TENG sensor for simultaneous detection of
multiple amenity parameters (i.e., temperature, relative humidity and CO2 concentration) has been developed.
With modification of polyethyleneimine (PEI) on the friction surface, the CO2 concentration can be sensed by the
electrical output of the TENG sensor in a wide range up to 12,000 ppm. To precisely calibrate the effect of
humidity on the TENG sensor, pMUT array is integrated that can be potentially powered by another unmodified
TENG through harvesting ambient mechanical energy. The pMUT array is coated partially with PEI/graphene
oxide (GO) composite and adopted to simultaneously detect relative humidity using functionalized pMUT ele-
ments and room temperature using unfunctionalized elements. After optimization of PEI volume fraction in the
composite, the pMUT humidity sensor exhibits an extremely high sensitivity (748 Hz/% RH) and relative sen-
sitivity (290 ppm/% RH), an excellent linearity over a wide range, rapid response/recovery, small hysteresis,
good stability and significant selectivity over CO2 gas. Additionally, the pMUT temperature sensor shows an
excellent linear response, which is much advantageous to eliminate the temperature interference of the humidity
sensor due to the shared array structure. This work demonstrates not only a new and effective route of ultra-
sensitive and linear humidity detection, but also a new strategy to configure an “all-in-one” flexible self-powered
multifunctional sensing system, which complementally combines the advantages of TENG and micro-electro-
mechanical-system (MEMS) technology enabled devices and is highly promising to facilitate various applica-
tions.

1. Introduction

Over the last decade, internet of things (IoT) as a global dynamic
information network closely linking any objects and people on internet,
has experienced tremendous growth and reached every corner of this
world. The IoT has brought us a promising way to develop portable,
miniaturized and multifunctional systems by integrating vast types of
sensors for healthcare, biomedical detection, environmental

monitoring, remote controls, and security [1–3]. Meanwhile, more and
more wearable electronics including diversified wearable sensors have
been developed rapidly over the last decade as well, to enable direct
and real-time healthcare monitoring from human body [4–8]. Recently,
various types of wearable sensors attached on human skin have been
demonstrated for the applications ranging from the detection of body
motion to the monitoring of physiological parameters, e.g., pressure
[9,10], strain [11], temperature [12], and perspiration [13], etc. These
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developed wearable sensors can be further included into the IoT net-
work to perform a more complete monitoring of environment condi-
tions and human healthcare status.

Currently, almost all sensors including various wearable sensors
distributed across the IoT network require the power source with small-
scale power consumption in microwatt to milliwatt level [14]. The most
conventional power supply technology is using the batteries, which
may be prohibitively costly and impractical when considering mon-
itoring, recharging, maintaining, replacing and recycling batteries for
vastly distributed sensors in billions to trillions [15]. Novel technolo-
gies that can harvest energy from the environment or human body can
present sustainable self-sufficient power supplies for sensors and micro/
nano-systems. Therefore, it is expecting to make the sensors and sensing
systems operate independently, sustainably and maintenance-free
through adopting the self-powering technology.

The state-of-the-art mechanisms of harvesting the external energy
can be mainly classified into pyroelectric [16], photovoltaic [17],
electromagnetic [18], piezoelectric [19] and triboelectric effects [20].
Among these technologies, triboelectric nanogenerator (TENG) based
on triboelectrification (i.e., contact electrification) and electrostatic
induction reported firstly by Z. L. Wang's research team in 2012, has
drawn world-wide attention due to its outstanding features of sustain-
ability, tremendous output, unrestricted material selection, and sim-
plistic and flexible structure [21–28]. A typical TENG can generate
electricity from any type of mechanical energy including human mo-
tions [29–31], water wave [32–34], wind flow [34–37] and vibrations
[38–40] with a demonstrated total energy conversion efficiency of up to
85% [41]. Besides, the TENG itself can serve as a self-powered active
physical sensor for detecting location, displacement, rotation, ampli-
tude, velocity and acceleration [42–46], or biochemical sensor for de-
tecting various gases, humidity, ion and biomolecules [47–56]. How-
ever, the versatile nature of TENG based sensors also indicates such
devices have to suffer lots of interference from humidity, temperature
and particles, leading to a reduction in the electrostatic charge density
and sensing accuracy [49,57,58]. In contrast, these detrimental effects
can be easily and precisely calibrated with traditional mechanical re-
sonant sensors [59–63] or electrical impedance sensing methods
[64–67]. The Si based microelectromechanical system (MEMS) fabri-
cation technology paves a feasible way to miniaturize traditional sen-
sors, enabling the integration of traditional sensors with TENG on a
flexible platform through transferring technology, i.e., an “all-in-one”
self-powered multifunctional sensing microsystem.

Indoor amenity monitoring is with great significance in the modern
society since people are spending most of the time indoor living,
working or even exercising. Indoor amenity monitoring includes three
important parameters, that is, CO2 concentration, humidity and tem-
perature. As a promising energy harvesting technology, TENG has been
developed as an effective approach for self-powered CO2 monitoring
through functional layer coating on the friction surface, with great
potential for battery-less applications [42]. However, common TENGs
are highly susceptible to humidity that can lead to dramatic degrada-
tion of performance and thereby high variation in terms of sensing
when using the self-generated signals. Thus for TENG based sensors,
their outputs should be carefully calibrated according to humidity. Due
to the output variation with humidity, on the other hand, TENG without
coating can be used as humidity sensor [68]. But the resolution of
sensitivity cannot be as high or precise as the MEMS sensors, especially
in low humidity range. Thus precise humidity measurement is of great
importance in not only triboelectric based monitoring, but also a wide
range of applications such as environmental monitoring, industrial
process control, agricultural production storage, and medical treat-
ments. Various types of MEMS sensors demonstrate the capability for
precise detection of humidity and numerous studies have been devoted
for the development of highly sensitive and stable microfabricated
humidity sensors [59–63]. Compared with other resonant MEMS sen-
sors [59–62], capacitive micromachined ultrasonic transducer (cMUT)

has been proven to be an ultrasensitive approach for mass load detec-
tion even at the zeptogram (zg) scale and exhibits an excellent sensing
performance towards humidity, owing to low effective mass and quite
large active surface [69]. However, such good performance relies
highly on a very narrow cavity (~40 nm) and high bias voltage
(~50 V), which largely increases the processing difficulty and fabrica-
tion cost and limits its application fields. Similar to the array structure
and operation mode of cMUTs, piezoelectric micromachined ultrasonic
transducers (pMUTs) operating at several volts without specially de-
signed cavity can be easily functionalized with selectively sensitive thin
film for humidity sensing. In addition, pMUT itself can also be adopted
for temperature sensing.

Till now, various humidity-sensitive materials have been in-
vestigated in terms of sensitivity, response, stability, repeatability,
hysteresis and linearity [61–63,66,67,70–74], etc. Graphene oxide (GO)
has attracted great interest recently because of its layered honeycomb
structure, electrical insulation characteristics and abundant hydrophilic
oxygen functional groups (carboxyl, hydroxyl and epoxy groups) in
each layer [75]. Previous studies have demonstrated high sensitivity,
fast response and long term stability of GO functionalized resonators
[76,77]. However, pure GO coated resonant sensors suffer poor line-
arity and large hysteresis in the high relative humidity (RH) level
(above 60% RH) attributed to the interlayer expansion stress of GO
sheets [76]. Although some compositing technologies have been de-
veloped to modify GO material with polymers or metal oxides
[72,74,78–80], almost all modifications are found in sensitivity, re-
sponse and hysteresis except linearity. Polyethyleneimine (PEI) with
abundant amine groups has been reported to have good adsorption and
desorption of both CO2 gas and humidity and a high sensing selection
over other gas species. On one hand, in views of the chemical bonding
between amine groups and hydroxyl groups to suppress the interlayer
expansion of GO sheets, the modification of GO with PEI polymer may
create an effective route to facilitate both good linearity and high hu-
midity-sensing performance. On the other hand, the PEI polymer can be
coated on the contact surface of TENG for CO2 detection through
tracking the change of the surface charge.

Previously, on one hand, flexible wearable electronics based on
advanced materials have been developed for the monitoring of CO2

[81], humidity [82], and temperature [12]. Besides, traditional MEMS
sensors can be fabricated on flexible platform using chip-scale trans-
ferring technologies [83]. In general, these sensors are normally based
on passive mechanisms (e.g., resistive, capacitive etc.) which require
external power supply for operation. On the other hand, TENGs have
also been reported to be integrated into flexible platforms for various
sensing applications, such as the detection of CO2 [42], C2H2 [84],
ethanol [85], melamine [86], NH3 [46], and lactate [44], etc. However,
to date, there is no integration of TENGs with traditional MEMS sensors
on the same flexible platform for “all-in-one” multi-functionalities. The
combination of TENGs and MEMS sensors can provide complementary
advantages, e.g., TENGs with energy harvesting capability can act as
potential power supply for the MEMS sensors, and then the precise
MEMS sensors can provide accurate calibration (such as humidity) to
TENG based self-powered sensing.

Herein, in this work, an “all-in-one” self-powered flexible multi-
functional monitoring microsystem with a hybrid design by combining
TENG and pMUT technologies is developed to realize a comprehensive
detection of indoor amenity parameters, i.e., CO2 gas, relative humidity
and temperature. The whole multifunctional sensing microsystem
consists of a traditional TENG, a functionalized TENG, and a linear
pMUT array with and without some elements coating on flexible plat-
form. Potentially, the energy generated by the traditional TENG from
scavenging human motions can be used as power supply for pMUT
sensing. The pMUT array was fabricated with the MEMS technology
and transferred on the flexible substrate through chip-scale transferring
technology. The uncoated pMUT can serve as temperature sensor since
its resonance is only affected by the temperature. Once the temperature
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is determined, the PEI/GO composite coated pMUT can perform as a
linear and precise humidity sensor. Then once the humidity is cali-
brated by pMUT, the functionalized TENG with PEI coating can func-
tion as a self-powered CO2 sensor. Thus the whole microsystem can
realize “all-in-one” self-powered multifunctional monitoring.
Optimization of PEI/GO composite films with different PEI volume
fractions was performed to target high sensitivity and good linearity.
The humidity-sensing and CO2 sensing mechanisms were also system-
atically investigated. This work not only demonstrates the capability of
pMUT-functionalized humidity sensors in highly sensitive and linear
detection, but also unambiguously points out the great potential and
significant advantage of integrating macro-fabricated flexible TENG
with micro-fabricated sensors for multifunctional applications.

2. Experiment

2.1. Fabrication of multifunctional integrated sensing system

GO aqueous suspension with a monolayer rate of above 98% was
prepared by the modified Hummers’ method and supplied from Suzhou
Tanfeng Graphene Technology Co., Ltd (Suzhou, China). The con-
centration of original GO suspension is 2mg/ml. The PEI solution was
supplied from Sigma-Aldrich Pte Ltd (Singapore) with concentration of
50% (w/v) in H2O. In this work, GO suspension and PEI solution were
diluted to 1mg/ml and 0.375% (w/v) by deionized (DI) water, re-
spectively. Then the diluted GO suspension at pH 6 and diluted PEI
solution at pH 8 were directly mixed together with a PEI volume
fraction of 25%, 50% and 75% (GO: PEI = 3:1, 1:1, 1:3). Compared
with the pure GO and PEI solution, the resultant mixture (PEI/GO-0)
became flocculent, which was reported previously [87]. Herein, a facile
compositing process without the assistance of acid solution was pro-
posed to obtain well-distributed PEI/GO solution, as described in
Fig. 1a. After the preparation of PEI/GO-0 mixture, the aqueous solu-
tion was mechanically stirred firstly for 10min using the injection
syringe with a 400 µm (in diameter) microneedle to pull and push re-
petitively, and then sonicated for 20min. It was demonstrated that the
floccule disappeared after such mechanical treatment and the final
prepared PEI/GO solution became almost homogeneous but a bit darker
due to the amidation reaction between amino groups of PEI and
oxygen-containing groups of GO [88].

Fig. 1b shows the schematic illustration of the flexible self-powered
multifunctional sensing system, which mainly consists of a linear pMUT
array with PEI/GO composite coated elements for humidity detection
and uncoated elements for simultaneous temperature detection, a tra-
ditional TENG as the potential self-sufficient power supply for pMUTs, a
PEI film coated TENG as the active CO2 sensor, an energy storage circuit
(composed of a rectifier, a resistance and a capacitor) and a flexible
polyethylene terephthalate (PET) substrate. The generated energy from
the traditional TENG is connected to a rectifier circuit and stored in a
capacitor as a potential power supply, and at this stage, the pMUT
sensors are still powered by external power supply. The linear pMUT
array consists of 15 rectangular pMUT elements, some of which are
coated with the PEI/GO composite film as relative humidity sensors,
while the others are uncoated as reference temperature sensors. The
structural configuration of the pMUT array is shown in Fig. 1c, which
contains 10 µm Si /1 µm SiO2/200 nm Pt/1.9 µm PZT (Zr/Ti = 52/48)/
200 nm Pt. The dimensions of the PZT membrane and backside cavity
are 120 (width) × 500 (length) × 1.9 (thickness) μm3 and 160 (width)
× 550 (length) × 400 (height) μm3, respectively. The pMUT fabrica-
tion process started with a 1 µm SiO2 layer deposition on an N-type
silicon-on-insulator (SOI) wafer for electrical insulation. Then 200 nm
Pt/10 nm Ti thin films were deposited by DC magnetron sputtering and
patterned as the bottom electrode by Ar ions. A layer of 1.9 µm PZT film
was formed using sol-gel process and patterned through wet-etching.
Next, another 200 nm Pt/10 nm Ti thin films were deposited and pat-
terned as the top electrode. Last, the Si substrate was etched by deep

reaction-ion etching (DRIE) to release the membrane. To functionalize
pMUTs, a very simple and versatile drop-casting method was used to
deposit pure GO, pure PEI and PEI/GO (PEI v/v = 25%, 50%, 75%)
thin films onto the top surface of the pMUT arrays. After deposition, all
as-prepared pMUT humidity sensors were placed into the oven and
heated at 60℃ for 48 h. The developed TENGs were made of a top
suspended PET/Al bilayer and a bottom polytetrafluoroethylene
(PTFE)/Al bilayer attached on the flexible PET substrate. An approxi-
mately 500 μL of PEI solution with 5% (w/v) concentration was spray-
coated on the top Al electrode of a prepared TENG to absorb/desorb
CO2 and heated in a drying oven at 60℃ for 24 h. Hence, the CO2

concentration can be measured on real time by tracking the change of
the triboelectric output. The detailed TENG and PEI-coated TENG
structures are shown in Fig. 1c and d. All TENGs operate at the vertical
contact-separate mode and share the same effective contact area of
50× 50mm2. After those, the present pMUT array, TENG and PEI-
TENG were transferred on the flexible substrate through chip-scale
transferring technology (Fig. S1, Supplementary information). The
photographs of the as-fabricated individual devices and their integrated
multifunctional sensing system are illustrated in Fig. S2
(Supplementary information). For the integration of the system, we
leverage this system configuration to validate the feasibility of this
hybrid integrated system. In the future, flexible conductive inter-
connects can be prepared on a flexible substrate, and pMUT chip and
other components can be further attached on top using the known
flexible electronics technology.

2.2. Working mechanisms of humidity and CO2 sensors

The flexural resonant frequency of a pMUT humidity sensor has
inverse correlation with the surface area of the vibrating membrane and
positive correlation with the thickness of the membrane and the ratio of
Young's modulus and density [89]. Therefore, coating a selectively
sensitive thin film on the pMUT surface could shift the resonant fre-
quency upward or downward, which is depended by the mechanical
properties and thickness of the deposited film. Moreover, the physi-
sorption or chemisorption of the analyte molecules on the sensitive thin
film would result in a frequency decrease according to the mass-loading
effect. The frequency shift of the developed pMUT humidity sensors can
be estimated by [90]:

= − ×Δf f Δm
m

1
20 0 (1)

where m and Δm are the mass of the effective vibration membrane and
mass change after absorption of water molecules, respectively. Ac-
cording to the dimensions of the fabricated pMUTs with the working
frequencies of approximately 2.58MHz, the mass sensitivity per unit
area is estimated at 16 ag/Hz/μm2.

To facilitate both good linearity and high sensitivity of pMUT hu-
midity sensors, conventional GO film was modified by PEI polymer and
optimized to obtain the best performance. The detailed mechanism of
the proposed PEI/GO-coated pMUT humidity sensor is shown in Fig. 2a.
The adsorption of water molecules only occurs at the surface and edges
of GO sheets and the permeation through the GO sheets is largely re-
stricted due to the 2D honeycomb structure. For pure GO film based
sensors, it has been acknowledged that their remarkable nonlinearity at
the high RH level (> 60% RH) is resulted from the internal stress in-
duced by the significantly accumulated interlayer expansion [72,76].
Meanwhile, the lag of desorption between the central region and edges
of underlying GO sheets would result in a high hysteresis [76]. By
contrast, with the participation of PEI film, the GO sheets would be
anchored tightly due to the interleaved structure and the formation of
the acylamino groups. In this case, the distance between GO sheets in
the composite film is enlarged and some effective adsorption/deso-
rption channels could be formed [87], making water molecules quickly
penetrate across the whole composite film. Combining with a higher
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surface area of PEI/GO composite film, it is promising that the PEI/GO-
pMUT exhibits an enhanced sensitivity at a low RH level. With the
increase of humidity, water molecules would continuously diffuse into
the underlying layers via the adsorption channels. Considering the
anchoring of GO sheets and electrostatic interaction between positively
charged amine groups from PEI and negatively charged hydroxyl
groups from GO, the interlayer expansion effect of composite layer is
highly suppressed, leading to a stable and rapid adsorption. When the
humidity further increases and reaches to a high level, the swelling
effect of the PEI/GO composite film would become nonnegligible.
However, owing to the cooperative effect of the chemical bonding
(acylamino) and electrostatic interaction, the interlayer expansion of
the PEI/GO composite film would be suppressed to some extent com-
pared with the pure GO film. As a result, the swelling effect will be
compromised and induce a diminished internal stress in the PEI/GO
film, only making for a slight increase in the frequency shift of PEI/GO-
pMUT. When it comes to the dehumidification, the internal water

molecules could be effectively released through the desorption channels
in the similar way. Therefore, the optimized PEI/GO composite film
could qualify the pMUT with an excellent humidity-sensing perfor-
mance, such as high sensitivity, good linearity, small hysteresis and
little energy loss.

The working principle of the PEI-TENG in one cycle of contact and
separation and the underlying CO2 sensing mechanism are illustrated in
Fig. S3 (Supplementary information). PEI-TENG has CO2 gas sensing
response due to the chemical reactions between CO2 and the amine
groups of the branched PEI polymer chain and corresponding electro-
conductivity change during the CO2 adsorption. The involved chemical
reactions are as below

+ ⇌ +
− +CO 2R NH R NHCOO R NH2 1 2 1 1 3 (2)

+ ⇌ +
− +CO 2R NH R NCOO R NH2 2 2 1 2 (3)

Fig. 1. Schematics and fabrication of the flexible self-powered multifunctional sensing system. (a) Technical route of preparing the PEI/GO composite thin film. (b)
Schematic illustration of the flexible self-powered multifunctional sensing system. Structural configurations of (c) the TENG energy harvester, (d) the PEI-TENG CO2

gas sensor and (e) the linear pMUT array based humidity sensor and temperature sensor.
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+ + ⇌ +

+

− + −

+

CO R NH R NH R NCOO R NH (or R NHCOO

R NH )
2 1 2 2 2 1 3 1

2 2 (4)

Once PEI-TENG is exposed to CO2 atmosphere, CO2 molecules are
easily absorbed onto the PEI film surface to extract electrons from N─H
sites of PEI polymer and PEI will be protonated to form N+─H bonds,
resulting in the formation of a carbamate layer [91]. In this process, the
electroconductivity of PEI is increased and the induced charge from the
electrification between the Al/PEI and PTFE will be enlarged. When PEI
with N+─H sites is exposed to air or CO2 atmosphere with a lower
concentration again, CO2 would be desorbed and protonated PEI is
transformed to its original form again. The whole CO2 adsorption/
desorption process is reversible so that the electroconductivity of PEI
could be also reversible and has a significant impact on the electron
transport and the output performance of the TENG. By monitoring the
induced charge change of the PEI-TENG, different CO2 concentrations
could be detected timely.

2.3. Measurement and characterization

The surface morphologies of the pMUT humidity sensors before and

after coating GO, PEI, PEI/GO thin films were characterized by high
resolution field emission scanning electron microscope (FEI Nova
NanoSEM 230) operated at 15 kV. Atomic force microscopy (Bruker
Dimension FastScan AFM) was used to investigate the thickness and
roughness of GO, PEI and PEI/GO films coated on the pMUTs. To ac-
quire the chemical information of the GO, PEI and PEI/GO films, a high-
resolution FTIR spectroscopy (Agilent Technologies Cary 600 Series)
was deployed at the transmission mode. The real-time output charge,
current and voltage of under-test TENG and PEI-TENG were measured
by Keithley 6514 system electrometer with a SR570 low-noise current
preamplifier (Stanford Research Systems) and recorded by a personal
computer (PC). During the measurements, a precision impedance ana-
lyser (Agilent 4294 A) was used to measure the resonant frequency of
the pMUT humidity sensors and the concentration of CO2 gas was
measured by a commercial GCH-2018 carbon oxide/humidity/tem-
perature meter (Lutron Company, Taiwan).

Fig. 2b shows the SEM images of untreated pMUT array and func-
tionalized pMUT humidity sensors. The pure PEI film coated pMUTs
have a flat surface whereas the PEI/GO pMUTs exhibit remarkable
ripples and wrinkles. To acquire the same thickness for all deposited
films, we firstly investigated the thickness dependence of the GO and

Fig. 2. Humidity sensing mechanism and material characterization. (a) Humidity-sensing mechanism of the PEI/GO-pMUT humidity sensor. (b) SEM images of the
pMUT array before functionalization and the pMUTs after deposition of PEI, GO and PEI/GO films. (c) AFM image. (d) Height profile analysis and (e) FTIR spectra of
the deposited PEI, GO and PEI/GO films.
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PEI films on the concentrations of their dilution dispersions, as shown
in Fig. S4 (Supplementary information). After optimizing concentra-
tions of PEI and GO dispersions to 0.375% (w/v) and 1mg/L, respec-
tively, the similar thickness of 400 nm for PEI, GO and PEI/GO films
were achieved. The AFM images and corresponding height profile
analyses of all pMUT samples are depicted in Figs. 2c and 2d, where the
mean thickness of GO, PEI and PEI/GO films is 406 nm, 402 nm, and
399 nm, respectively. However, a remarkable difference in root-mean-
square (RMS) among the surfaces of these films shows that the acces-
sible surface area of GO film has been enhanced after modification with
PEI polymer. Fig. 2e displays the FTIR spectra of the prepared pure GO,
pure PEI and hybrid PEI/GO films. The strong resonance peaks at
2966 cm−1 and 2836 cm−1 observed in PEI and PEI/GO films should be
correlated to asymmetric and symmetric stretching modes of ─CH2─
groups. The weakened intensity in PEI/GO composite is attributed to
halved PEI volume compared with pure PEI film. Meanwhile, another
two peaks at 2357 cm−1 and 2333 cm−1 appeared in all three films,
corresponding to the formation of unique chemical species in the pre-
sence of CO2 [92]. It is worth noting that the existence of peak at
1657 cm−1 (C˭O of acylamino groups) in PEI film results from the ab-
sorption of CO2 and its involved chemical reactions with amine groups.
An almost complete disappearance of peak at 1635 cm−1 (C˭O of car-
boxyl groups) that is only found in GO film and an enhanced peak at
1657 cm−1 in PEI/GO composite suggests the effective amidation re-
action between the carboxyl groups in GO film and amine groups in PEI
film.

3. Results and discussion

The finite element method (FEM) based on COMSOL Multiphysics
v5.2a was utilized to preliminarily determine the fundamental fre-
quencies of pMUTs. Then a precision impedance analyser Agilent
4294 A was used to record the impedance and phase curves of the
pMUT humidity sensors before and after coating GO, PEI, and 50% (v/
v) PEI/GO films. The simulated and tested frequency responses are
shown in Fig. S5 (Supplementary information). Due to the very low
mechanical modulus of PEI film, the working frequency of PEI-pMUT
was shifted slightly down by 1.7 kHz. In contrast, the deposited GO and
PEI/GO films increase the resonant frequency by 72.85 kHz and
31.80 kHz, respectively, mainly owing to the increased thickness and
comparable ratio of Young's modulus and density. Compared with GO-
pMUT, the approximately halved frequency change of PEI/GO-pMUT
indicates the equivoluminal mixing between PEI and GO films. The
detailed information of as-fabricated pMUT humidity sensors was
summarized in Table S1 (Supplementary information).

The experimental setup for humidity-sensing property measurement
is illustrated in Fig. 3a. The pMUT humidity sensors were switchably
placed in one of two sealed plastic chambers. P2O5 desiccant and hu-
midifier with DI water were used together to obtain RH levels from 10%
to 90% with a 10% RH interval. The relative humidity in the chambers
was manually changed by adjusting the flow rate of the evaporative
moistures and recorded in real time by a precise relative humidity
meter. The temperature in the test chamber was controlled by com-
bining the hotplate and indoor air conditioner to achieve the range
from 20 to 50℃. During the humidity measurement, the temperature in
the chamber was kept constant at 24 ± 0.5℃ to eliminate the inter-
ference from temperature changes. The modulation effect of the PEI
component in the PEI/GO composite on the humidity-sensing perfor-
mance of the pMUT sensor was firstly investigated in terms of its vo-
lume fraction, as shown in Fig. 3b, where the total thickness of the
composite film was kept the same. It is demonstrated that the linear
sensing range only occurs in the high RH range (> 50%) when the PEI
volume fraction is less than 50% (v/v), while the lower limit of the
linear range will be extended to a lower RH level with a cut-down
sensitivity when the PEI volume fraction is higher than 50% (v/v).
Therefore, the PEI volume fraction of the PEI/GO composite film was

optimized to 50% (v/v) for the best humidity-sensing properties in-
cluding sensitivity and linearity. In all following experiments, 50% (v/
v) PEI/GO composite film was applied on the pMUT for further in-
vestigation in terms of both humidity and temperature responses.

Fig. 3c illustrates the temperature responses of the pMUT sensors
without and with functionalization of the PEI/GO composite film,
where the humidity was kept constant at 10% RH. It is clearly shown
that the resonant frequency decreases linearly with the temperature
increasing. The temperature coefficients of frequency (TCFs) of the
pMUTs without and with the PEI/GO composite film are −36.3 ppm/℃
and −98.1 ppm/℃, respectively. It is worth noting that the relatively
significant temperature impact on the resonant frequencies of the PEI/
GO-pMUT can be easily compensated by employing some pMUT ele-
ments without the functionalization as the reference sensors to detect
the temperature change owing to the multi-pMUT array structure,
which is much more advantageous than other resonators. The humidity
response of the reference pMUT temperature sensor is shown in Fig. S6
(Supplementary information), offering a reasonable linearity in the
humidity range from 10% to 90% RH. When the pMUT without any
functional film is adopted as the temperature sensor, the sensitivity and
limit of detection (LOD) of the temperature response are 90 Hz/℃ and
0.72℃, respectively.

The steady frequency shifts of three pMUT sensors (GO-pMUT, PEI-
pMUT and PEI/GO-pMUT) are plotted in Figs. 3d and 3e. It is clearly
shown that there is a good frequency stability within each RH level for
all sensors. As the RH level increases, the resonant frequency steps
down, which is consistent with the mass-loading effect. The GO-pMUT
exhibits a remarkable nonlinear response with RH levels, as reported in
previous publications [72,77,87]. In contrast, the PEI-pMUT has a very
good linear behaviour in the RH range from 30% to 80%. In particular,
the PEI/GO-pMUT presents an impressive linearity with RH levels of
20–90% and a slight improvement in the frequency shift at 90% RH,
indicating the humidity-sensing superiority of PEI/GO composite thin
film. The regression-square coefficient (R2) of the linear fitting curve for
PEI/GO-pMUT is 0.99507 (Fig. 3e). The linearity characteristic of PEI/
GO-pMUT could be attributed to the modulation of PEI component on
the interlayer distance of the GO sheets. The average sensitivities of
three humidity sensors in the RH range of 10–90% are calculated as
719.37 Hz/% RH for GO-pMUT, 543.75 Hz/% RH for PEI-pMUT, and
748.12 Hz/% RH for PEI/GO-pMUT, which are at least one order higher
than previously reported QCM based humidity sensors [72,73,80]. A
humidity-sensing sensitivity comparison between our developed pMUT
sensors and other reported resonant sensors is listed in Table 1. It is
confirmed that the pMUT humidity sensors have outstanding humidity-
sensing property with high sensitivity (Srh) and relative sensitivity (Srh/
f0).

The hysteresis characteristics of three pMUT sensors were studied,
as shown in Fig. 4a. The hysteresis of all sensors is calculated as 3.95%
RH for GO-pMUT, 2.87% RH for PEI-pMUT and 3.07% RH for PEI/GO-
pMUT. After 50% (v/v) PEI modification on GO film, the PEI/GO
composite coated sensor exhibits a lower hysteresis than pure GO film
coated sensor. When the RH level in the chamber returns to 10%, the
hysteresis is nearly disappeared. To investigate dynamic response and
recovery characteristics of PEI/GO-pMUT, two chambers were kept at
23% and 62% RH levels, respectively. The pMUT sensors were manu-
ally transferred from one to the other chamber alternatively for four
cycles. It took about 2 s to transfer the pMUT devices. Fast moisture
adsorption/desorption and excellent repeatability were observed in
Fig. 4b. The average response and recovery time (reaching 90% of the
final value) of the PEI/GO-pMUT for four cycles is 22 s and 53 s. It is
worth mentioning that the theoretical recovery time should be shorter
than the tested result because the RH level has been slightly increased
by about 5% RH after quickly opening the chamber and then gradually
brought back to 23% RH due to the existence of P2O5 desiccant.

The frequency stability including short-term stability and long-term
stability is an important parameter for the humidity sensing
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measurement. The short-term stability can be expressed as an Allan
deviation, i.e. sigma-tau σ(τ), to estimate the noise Δf and the LOD of
the sensor [63]. The average overlapped Allan deviations measured
under various RH levels are 95 Hz (1σ) for GO-pMUT, 64 Hz (1σ) for
PEI-pMUT and 240 Hz (1σ) for 50% (v/v) PEI/GO-pMUT. Thus, the
humidity detection limits of these three sensors are 0.40% RH (3σ),
0.35% RH (3σ) and 0.96% RH (3σ), all of which are better than 1% RH.
The long-term stability for the optimized PEI/GO-pMUT humidity
sensor was verified by monitoring its resonant frequency at 20%, 40%,
60% and 80% RH levels per 4 days for 1 month, as shown in Fig. 4c.

There is only a little fluctuation at middle RH levels, indicating a good
consistency. It is worth mentioning that when these pMUT humidity
sensors were exposed to CO2 atmosphere with concentration up to
20,000 ppm, there was no noticeable frequency change (< 250 Hz),
demonstrating that all pMUT sensors have excellent selection for water
molecules over CO2 gas.

The impedance and phase response spectra of three pMUT sensors
under various RH levels were recorded in Fig. 5a-f. It is observed that
not only the frequencies in the impedance response but also the fre-
quencies in the phase response are shifted downward for all sensors as

Fig. 3. Temperature and RH sensing by the pMUTs. (a) Modulation effect of PEI volume fractions on the humidity-sensing responses of the PEI/GO composite coated
pMUTs. (b) Frequency dependence on temperature for the pMUTs without and with functionalization of 50% (v/v) PEI/GO composite film. (c) Steady frequency
responses of three pMUT humidity sensors. (d) Relation between the frequency shift and RH levels.
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the RH level increases. The phase peaks show a small degradation when
the RH level is increased from 10% to 60% and a remarkable im-
provement when the RH level is consistently increased to 90%. The
change in the first stage could be caused by water molecules mass load
and the increased viscosity of the sensing film while the second-stage
change could be interpreted as the large interlayer expansion of the
sensing film after absorbing abundant moistures. When the driving
peak-to-peak voltage for the pMUT sensors is cut down to 100mV from
1 V during the impedance measurement, the output response still be-
haves well with little noise interference and good signal-to-noise ratio
(SNR). Considering that the effective impedance of the pMUT sensors at
the fundamental resonance mode ranges from 150 to 165Ω, the power
consumption of one pMUT sensor can be estimated to be less than 67
μW. To characterize the energy conversion efficiency of three functio-
nalized pMUT sensors, the relative electromechanical coupling coeffi-
cient (Krt

2) is defined as the ratio of the electromechanical coupling

coefficients of the pMUT sensor before and after functionalization.
Fig. 4d plots the Krt

2 of three pMUT humidity sensors under different
RH levels. Both the GO-pMUT and PEI-pMUT sensors exhibit a notice-
able increasing trend of Krt

2 coefficient at the RH level lower than 60%.
This can be caused by an increase in viscoelasticity of the sensitive film
after a small amount of water adsorption [94], which is consistent with
the aforementioned explanation in the first stage. As a comparison, the
PEI/GO-pMUT sensor possesses a more stable Krt

2 coefficient in a wide
RH range from 10% to 70% owing to the chemical amidation reaction
in PEI/GO composite film, indicating less energy loss and more effective
sensing in humidity. When the sensors operate at the high RH levels,
the swelling effect of sensitive film becomes dramatical due to the
formation of a continuous water phase throughout the film [95], re-
sulting in a large interlayer expansion and in turn leading to a small
reduction of the Krt

2 coefficient.
Fig. 6a elucidates the testing setup for exploring the TENG-based

energy harvesting behaviors. The assembled TENG with effective fric-
tion contact area of 50×50mm2 was operated by a linear motorized
force gauge tester (Force Mecmesin ILC-S 2500 N) to simulate the me-
chanical energy in ambient. The force gauge tester mainly contains a
digital force gauge, a linear guiderail, a moving stage and a fixed
platform. The TENG device is attached on the fixed platform. The
moving stage periodically approaches and moves apart from the device
at the frequency of 1.5 Hz. Through the test, the induced charge, short-
circuit current, output voltage of the TENG are shown in Fig. 6b–d. It is
seen that the peak-to-peak values of short-circuit current and output
voltage are 22.5 μA and 1050 V, respectively. To investigate the re-
sistance load matching characteristic and output power capability of
the as-fabricated TENG, both the output voltage and power were
measured under different external resistance from 100 kΩ to 100MΩ,
as illustrated in Fig. 6e. The inset describes the measurement diagram
of the electric output circuit. The output voltage keeps going up to a
stable level with the resistance load increasing, while the output peak
power holds a maximal value of 7.5 mW at a loading resistance of

Table 1
Comparison of pMUT humidity sensors and other reported resonant sensors.

Devices Sensing
material

f0 (MHz)
@10% RH

Sensing
range (%
RH)

Srh (kHz
/% RH)

Srh/f0
(ppm
/% RH)

SAW [59] Sol-gel SiO2 199.3 30–93 8.254 41.41
SAW [77] GO 392 10–90 11.61 29.62
FBAR [60] ZnO 1431.165 22–82 8.5 5.94
FBAR [93] GO 1247 0–83 6.6265 5.31
Cantilever [62] GO 2.12 10–90 0.13125 61.91
cMUT [63] Mesoporous

silica
47.4 0–80 2.19 46.2

QCM [73] GO/SnO2/
PANI

8 0–97 0.0291 3.64

QCM [80] P-PEI-GO 10 11.3–97.3 0.0191 1.91
pMUT GO 2.65285 10–90 0.71937 271.17
pMUT PEI 2.5833 10–90 0.54375 210.49
pMUT PEI/GO 2.5793 10–90 0.74812 290.05

Fig. 4. Detail characterization of the
pMUTs for RH sensing. (a) Hysteresis
property of three pMUT humidity sen-
sors. (b) Repeatability of PEI/GO-
pMUT with four cycles. (c) Relative
electromechanical coupling efficient of
three pMUT sensors versus relative
humidity. (d) Long-term stability of
PEI/GO-pMUT sensor at various RH
levels for 1 month.
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15.3MΩ. Such power is typically sufficient to drive most micro-
fabricated sensors including our developed pMUT sensors with the
power consumption of about 70 μW. To efficiently collect and reuse the
generated triboelectric energy, a full-wave rectifier bridge is applied to
convert the alternating electric signals to unipolar-pulsing DC (direct
current) output and then connected with a storage capacitor. The TENG
device is tested for charging three different values of capacitors (1 μF,
4.7 μF and 47 μF). The relation between the output voltage and char-
ging time is shown in Fig. 6f. The potentials on the storage capacitors
after 60 s charging are 22.8 V for 1 μF capacitor, 7.13 V for 4.7 μF ca-
pacitor and 1.25 V for 47 μF capacitor. Therefore, the harvested energy
can be potentially used to periodically supply miniaturized sensors with
sub-milliwatt power consumption.

The CO2 sensing performance of PEI-TENG was investigated by
exposing the sensor to various CO2 concentrations in a wide range from
about 600 to over 12,000 ppm. The relative humidity level in the test
chamber was firstly kept constant to exclude its impacts on induced
charge. Fig. 6g presents the experimental setup of the PEI-TENG based

CO2 sensor and the measured response is shown in Fig. 6h. It is ob-
viously seen that the generated charge of the sensor monotonically
increases with the CO2 concentration increasing from 684 to
12,735 ppm, resulting from the increase in electroconductivity of PEI
film. The results demonstrate the protonation effect of PEI film upon
exposure to CO2 atmosphere with higher concentrations, which is
consistent with the previous CO2 sensing mechanism analysis. After
adequate adsorption of CO2 molecules, the output charge maintains at a
relative stable level. Fig. 6i reveals the charge transfer curves under
different CO2 concentrations and relative humidity levels. Though the
curves of three different RH levels (56%, 65% and 83%) show the si-
milar increasing trend as the CO2 concentration rises up, the lower RH
can generate a higher transferred charge, indicating that relative hu-
midity has a nonnegligible and detrimental impact on the performance
of the Al/PEI-PTFE TENG sensor [96]. Thus, with the detection and
calibration of the relative humidity by the present PEI/GO-pMUT sen-
sors, the PEI-TENG is promising to provide a precise measurement for
CO2 gas (Fig. S7, Supplementary information).

Fig. 5. Impedance and phase spectra of pMUT humidity sensors under various RH levels. (a) Phase curves and (b) impedance spectra of GO-pMUT humidity sensor.
(c) Phase curves and (d) impedance spectra of PEI-pMUT humidity sensor. (e) Phase curves and (f) impedance spectra of PEI/GO-pMUT humidity sensor.
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4. Conclusion

In summary, a self-powered flexible multifunctional monitoring
microsystem based on two TENGs and a microstructured pMUT array
has been designed for harvesting the mechanical energy and simulta-
neously detecting CO2 gas, relative humidity and room temperature.
With the PEI film coating, one TENG is functionalized as the self-
powered active CO2 gas sensor and characterized under various CO2

concentrations and RH levels. The prepared TENG-based gas sensor
possesses a good CO2-sensing response with a wide detection range
from below 700 ppm to over 12,000 ppm. Meanwhile, with the other
TENG as potential power supply, a linear pMUT array is used to si-
multaneously detect relative humidity and room temperature by em-
ploying some pMUT elements as the humidity sensors and the others as
the temperature sensors. A PEI/GO composite film with an optimized
PEI volume fraction is coated on the pMUT humidity sensor to obtain
ultrasensitive and linear humidity-sensing properties. The results show
that the developed humidity sensor has an extremely high sensitivity
(748 Hz/% RH) and relative sensitivity (290 ppm/% RH), rapid re-
sponse and recovery (< 22 s/53 s@ 90%), small hysteresis (3.07% RH),
excellent linearity over a wide range of 20–90% RH (0.9951 for R2) and
good stability. The present pMUT temperature sensor exhibits an

excellent linear response with TCF of −36.3 ppm/℃, which could be
further utilized to calibrate the temperature effect of humidity sensors
due to the shared pMUT array structure. In addition, both the CO2-
sensing and humidity-sensing mechanisms are explored and discussed.
This study not only provides a novel strategy of integrating multiple
miniaturized sensors with TENG devices for low-cost, high-efficiency,
flexible and multifunctional self-powered electronics, but also creates
an effective route of utilizing the functionalized pMUT array to facil-
itate both ultrasensitive and linear humidity detection.
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