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Abstract: This paper presents the design and testing of a one-axis piezoelectric accelerometer made
from cellulose paper and piezoelectric zinc oxide nanowires (ZnO NWs) hydrothermally grown on
paper. The accelerometer adopts a cantilever-based configuration with two parallel cantilever beams
attached with a paper proof mass. A piece of U-shaped, ZnO-NW-coated paper is attached on top of
the parallel beams, serving as the strain sensing element for acceleration measurement. The electric
charges produced from the ZnO-NW-coated paper are converted into a voltage output using a
custom-made charge amplifier circuit. The device fabrication only involves cutting of paper and
hydrothermal growth of ZnO NWs, and does not require the access to expensive and sophisticated
equipment. The performance of the devices with different weight growth percentages of the ZnO
NWs was characterized.

Keywords: paper-based sensors; microelectromechanical systems (MEMS); piezoelectric accelerometer;
hydrothermal growth; zinc oxide nanowires

1. Introduction

Over the past three decades, there have been numerous advances made in microfabricated sensors
and actuators. As the research and development on microelectromechanical systems (MEMS) progress,
it is increasingly common to integrate materials other than silicon into MEMS transducers. Among
these developments, piezoelectric materials in either bulk or thin film forms have been integrated
into MEMS devices for a variety of applications such as acoustic resonators [1,2], quartz crystal
microbalance [3,4], Surface acoustic wave (SAW)-based chemical and biochemical sensors [5,6],
accelerometer [7–10] and ultrasonic transducers [11,12]. However, the microfabrication of these devices
typically requires the access to sophisticated cleanroom equipment and tedious training, and the
fabrication process is time-consuming and relatively expensive. It is desired to resort to MEMS designs
that only involve simple and inexpensive fabrication techniques for device construction.

Besides solid-state materials, paper has also emerged as a substrate material for the development
of flexible sensors and electronics as it offers some unique advantages such as low cost,
excellent biodegradability and disposability, ease of fabrication, good printability and foldability,
high flexibility and light weight. There have been significant advances in paper-based transducers
and electronics [13,14], and various electronic devices have been developed such as radio-frequency
identifications (RFIDs) [15,16], biosensors [17–19], MEMS [20–22], transistors [23,24], capacitors [25,26],
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flexible display [27,28], energy harvesting and storage [29,30], smart packaging [31] and so forth.
In particular, efforts have been made on developing paper-based physical transducers such as
nanogenerators [32,33] and strain sensors [34].

Applications such as smart packaging require vibration monitoring during transportation, and
paper-based accelerometers could provide a suitable solution for seamless integration. There are
only two designs reported in the literature that is capable of acceleration measurement using
functionalized paper substrates [35,36]. Mahadeva et al. [35] designed a hybrid piezoelectric paper
material with a large piezoelectric coefficient by anchoring barium titanate nanoparticles (NPs) to
surface-functionalized wood fibres, and fabricated it into a paper accelerometer to demonstrate the
potential of such piezoelectric hybrid paper material. The piezoelectric charges generated from the
device during vibration were measured directly as the output signal, and no signal processing circuit
was developed for converting the piezoelectric charge into an output voltage. Mazzeo et al. [36] filed a
patent disclosing the design of capacitive accelerometers made from commercially-available metalized
paper. Such a capacitive accelerometer consists a pair of parallel plates of metalized paper with one
fixed and the other tethered by flexures. The acceleration-induced inertial force exerted on the tethered
plate can be detected by measuring the change in capacitance of the parallel plates. Although this
design is feasible in principle, the patent application does not include any experimental data of the
accelerometer fabrication and testing and the device performance is not characterized.

In this work, we take a different approach to the development of a fully-functional,
paper-based piezoelectric accelerometer based on zinc oxide nanowire (ZnO NW)-coated cellulose paper.
Through a facile hydrothermal approach, we grow ZnO NWs on a piece of cellulose chromatography
paper, which renders the paper piezoelectric. We use the ZnO-NW-coated paper as a strain sensing
element and attach it on top of a set of two parallel cantilever beams (Figure 1A). When a proof mass
connected at the ends of the two cantilever beams experiences an acceleration, the resultant inertial force
bends the beams and causes mechanical strain on the ZnO-NW-coated paper. The piezoelectric charges
produced from the ZnO-NW-coated paper are finally converted into a voltage output via a charge
amplifier circuit. We perform experiments to calibrate the paper-based accelerometer and examine the
relationship of the amount of ZnO NWs grown on the strain sensing paper and the sensor performance.
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Figure 1. Design of the paper-based accelerometer. (A) Schematics of the paper-based accelerometer.
(B) Photograph of a prototype device. (C) The stiffness of the two parallel beams as a function of the
parallel beam width (W) and length (L).
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2. Experimental Methods

2.1. Design of the Paper-Based Piezoelectric Accelerometer

As illustrated in Figure 1A,B, the paper-based accelerometer consists of a paper frame that
serves as the structural support of the sensor, a proof mass connected to one side of the frame
through two parallel cantilever beams, a piece of U-shaped ZnO-NW-coated chromatography paper
attached on top of the cantilever beams (for sensing acceleration-induced strains) and two silver
electrodes screen printed at the two ends of the U-shaped ZnO-NW-coated paper (for collection of
piezoelectric charges). The ZnO NWs are hydrothermally grown from a layer of ZnO NPs seeded
on cellulose microfibers of the chromatography paper (see Section 2.2 for details). When the frame
of the paper-based accelerometer is firmly attached to a vibration source, the proof mass undergoes
vibration and the ZnO-NW-coated paper attached on the cantilever beams thus experiences mechanical
deformation. Due to the piezoelectric property of the ZnO-NW-coated paper, electric charges are
generated upon the applied mechanical deformation and collected through the silver electrodes at
the roots of the U-shaped paper. Figure 1C shows the calculation results of the total stiffness of the
parallel beams as a function of the width and length of each individual beam, which are obtained
based on the stiffness equation of a cantilever beam. In the calculation, the beam thickness was fixed
at 410 µm (total thickness of the parallel cantilever beam and the ZnO-NW-coated paper) and the
Young’s modulus of the paper material was E = 1.59 GPa. For device prototyping, the length (L) and
width (W) of the parallel beams were set to be 10 mm and 5 mm, respectively. Other beam dimensions
could also be used if a different total beam stiffness is desired.

The piezoelectric output from the paper-based accelerometer could be attributed to two
piezoelectric mechanisms. (i) As the cantilever beams experience acceleration-induced deformations,
the root/seed layer of ZnO coated on the paper microfibers is deformed, which produces electric
charges. (ii) As the cellulose microfibers of the ZnO-NW-coated paper are deformed, adjacent ZnO
NWs grown on them contact and bend against each other, generating electric charges and transporting
these charges through the root layer of ZnO and the network of contacted ZnO NWs. Further efforts
are needed on multiscale mechanical modelling of the hierarchical structure of the ZnO-NW-coated
paper, in order to better understand deformations of the cellulose microfibers and the individual ZnO
NWs and thus decipher the piezoelectric strain sensing principle of the ZnO-NW-coated paper.

2.2. Hydrothermal Growth of ZnO NWs on Cellulose Papers

A hydrothermal approach was employed to grow ZnO NWs on Whatman®

Grade 1 chromatography paper (180 µm thick, GE Healthcare, Mississauga, ON, Canada),
which has been previously reported in detail [37]. Briefly, the growth process includes two steps:
(i) the seeding of ZnO NPs on paper and (ii) the growth of ZnO NWs from the seeded NP layer.
In the first step, uniform coating of ZnO NPs on the paper substrate was achieved through repeated
dipping of the paper substrate into a colloidal solution of ZnO NPs. This provides a starting
point for the subsequent growth process. To prepare the ZnO-NP solution, zinc acetate dihydrate
(ZAD; 20 mL, 4 mM) and sodium hydroxide (NaOH; 20 mL, 4 mM) solutions were separately prepared
in ethanol (200 proof) at 70 ◦C, stirred at 600 rpm on a stirring hotplate (Isotemp™ stirring hotplate,
Fisher Scientific). Another 20 mL of ethanol was then added to the ZAD solution with constant stirring
for further dilution. Finally, the solutions of ZAD and NaOH were mixed and placed in an oven
at 60 ◦C for 2 h to form a colloidal solution of ZnO NPs. The size of the ZnO NPs was characterized
to be 3.3 ± 0.6 nm (n = 50). After the seeding solution was cooled down to room temperature,
three 30 mm × 30 mm square pieces of Whatman® Grade 1 chromatography paper were immersed
into the solution for 3 min and dried at 86 ◦C for another 3 min. This dipping and drying process was
repeated four times and each time the side of the paper piece facing up was alternated so the effect
of gravity on the excessive ZnO-NP seeding solution left on either side of the paper substrate was
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canceled out. At the end of the first step, a uniformly coated ZnO-NP film was formed on the surfaces
of the individual cellulose microfibers of the paper substrate.

In the second step of the hydrothermal growth process, the ZnO-NP-coated paper substrates
were immersed in an aqueous solution of zinc nitrate hexahydrate (ZNH; 25 mM) and
hexamethylenetetramine (HMTA; 12.5 mM) in a 50 mL flask with stopper. The ZNH is to provide the
zinc ions (Zn2+) and HMTA is to supply the hydroxyl ions that react with Zn2+ ions to form ZnO [37].
The flask containing the paper substrates and the growth solution was placed inside an oven at 86 ◦C
for 1–4 h. To optimize the efficiency of the hydrothermal growth, ammonium hydroxide (AH) was
added to the growth solution at 0.465 M to suppress the homogeneous nucleation of ZnO NWs [38].
We adjusted the length of the ZnO NWs grown on paper by changing the growth time. The longer
the growth is performed, the longer the ZnO NWs are obtained. We found that the diameter of the
ZnO NWs did not change significantly with the growth time. We used the weight growth percentage
(relative increase in the weight of a dried paper substrate after the growth process) to quantify the
amount of ZnO NWs grown on a paper substrate using a precision balance (Practum513-1S, Sartorius,
Göttingen, Germany; resolution: 0.001 g), which is approximately proportional to the length of the
ZnO NWs.

2.3. Fabrication of the Paper-Based Piezoelectric Accelerometer

To fabricate a paper-based accelerometer, a laser cutter was used to cut out a device frame using
card stock paper (thickness: 230 µm, Staples, Framingham, MA, USA), which consists of a rectangular
frame connected to a rectangular proof mass at the frame center through a set of two parallel cantilever
beams. Three layers of card stock paper were attached to the proof mass using double-sided adhesive
tape, leading to a total mass of 61 ± 1.1 mg (n = 9). Then, a U-shaped ZnO-NW-coated paper was
attached to the parallel cantilever beams using double-sided tape. Finally, silver ink (E1660, Ercon,
Wareham, MA, USA) was manually screen-printed onto two ends of the ZnO-NW-coated paper to
form two electrodes of 2.5 mm × 2.5 mm, and the ink was dried on a hotplate at 80 ◦C for an hour.
Figure 1B shows a paper-based accelerometer prototype after fabrication. The silver electrode formed
an Ohmic contact with the ZnO-NW-coated paper [37]. A charge amplifier circuit was developed to
convert and amplify the electric charges generated from the ZnO NWs into a voltage signal as the
sensor readout.

2.4. Design of the Charge Amplifier Circuit

The piezoelectric charge output from the ZnO-NW-coated paper, caused by acceleration-induced
mechanical deformations, is small and can be measured by a precision potentiostat (PGSTAT302N,
Metrohm, Herisau, Switzerland) as a current on the order of a few nanoamperes. To facilitate the
signal measurement from the paper-based accelerometer, we designed a custom-made charge amplifier
circuit that performs two tasks: (i) to convert piezoelectric charges generated from the ZnO NWs into
a voltage signal; and (ii) to amplify the voltage signal to a level suitable for direct data acquisition
(DAQ) using a standard DAQ board (NI USB-6341, National Instruments, Austin, TX, USA). All the
experiments in this work were performed using the charge amplifier circuit connected to the DAQ
board, unless otherwise indicated. In order to further enhance the portability of the experimental setup,
another option is to replace the DAQ board with a portable microprocessor circuit for data collection.

Figure 2A shows the schematic layout of the charge amplifier circuit. It consists of a charge
amplifier for converting electric charges into a voltage signal, a low-pass filter with a cut-off frequency
of 60.4 Hz to remove high-frequency noises, a voltage follower that acts as a buffer to prevent loading
effect, an inverting amplifier to amplify the voltage signal and finally another voltage follower to avoid
loading effect before sensor readout by the DAQ board. Figure 2B is a picture demonstration of three
identical charge amplifier circuits for multiple sensor readouts.
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110 Ω = 22636,
f L and f H are the lower and higher cut-off frequencies of the charge amplifier: f L = 1
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f H = 1
2πR1C1

= 200 kHz, and f C is the cut-off frequency of the low-pass filter: f C = 1
2πR3C3

= 60.4 Hz.

3. Results

3.1. Quality Assessment of ZnO NWs Grown on Paper

The hydrothermal growth of ZnO NWs on Whatman grade 1 chromatography
paper (3 mm × 3 mm) was performed in a stopper flask (Figure 3A). We investigated the effect of
growth time on the weight growth percentage of ZnO NWs on paper. As illustrated in Figure 3B,
in the 4-h period the growth speed of the ZnO NWs gradually slows down, and this growth profile can
be explained by the gradual depletion of chemicals in the growth solution. In particular, the growth
percentages after 1, 2 and 4 h are 16 ± 3.0%, 41 ± 3.0% and 61 ± 3.0% (n = 3), as shown in Figure 3B.
It is known that the length of ZnO NWs could be tuned by varying the time that the paper samples
have been in the growth solution [38,39]. Through scanning electron microscopy (SEM) imaging of the
ZnO-NW-coated paper (Figure 3C–E), we confirmed that the weight growth of the paper after growth
proportionally correlates with the average length of the ZnO NWs. Moreover, it can be seen that the
cellulose microfibers were uniformly covered by the ZnO NWs pointing radially outward.
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Figure 3. Hydrothermal Growth of ZnO NWs on cellulose paper. (A) Photograph of the hydrothermal
growth setup in an 86 ◦C oven. (B) Calibration data of the weight growth percentage of the
paper vs. growth time (n = 3). Note that the fitted second-order polynomial equation has no obvious
physical meaning. (C–E) SEM photographs of the ZnO NWs after the growth periods of (C) 1 h,
(D) 2 h and (E) 4 h. The average length of the ZnO NWs increases proportionally with the weight
growth percentage.

3.2. Frequency Response Testing of the Paper-Based Accelerometer

The first step to calibrate the paper-based accelerometer was to measure the natural frequency
of the device. A paper-based accelerometer was placed on top of an electrodynamic exciter
(Type 4808, Brüel & Kjær, Nærum, Denmark) and a scanning laser Doppler vibrometer (PSV-400,
Polytec, Waldbronn, Germany) was used to measure the proof mass vibration of the paper-based
accelerometer and monitor its frequency response (Figure 4A). The exciter was set to undergo a random
vibration testing so it excited all the frequencies at any given time. As shown in Figure 4B, the natural
frequency of the paper-based accelerometer is 84.75 Hz. Note that, as the mass differences of the ZnO
NWs under different hydrothermal growth periods are negligible comparing to the mass of paper
device structures, the growth weight percentage of the ZnO NWs did not obviously affect the natural
frequency of the accelerometer. Typically, the viable frequency range of accelerometer operation is
within 20% of the measured natural frequency [40]. As a result, the working range for the paper-based
accelerometer is within 16.95 Hz. This limited bandwidth is due to the low stiffness-to-mass ratio of
the paper device structures. Moreover, we investigated if there was any morphological degradation
of the ZnO NWs as the paper device underwent random vibration testing, by comparing the SEM
photographs of the ZnO NWs before and after the test. As illustrated in Figure 4C, no obvious
degradation (i.e., breakage and/or bending of the ZnO NWs) can be observed.
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3.3. Comparison with Commercial MEMS Accelerometer

We mounted a paper device (ZnO-NW weight growth percentage: 61%) and a commercial MEMS
accelerometer (MMA 7341, Freescale Semiconductor, Austin, TX, USA) on the same electrodynamic
exciter and let them undergo sinusoidal excitations at 10 Hz and 15 Hz. The MEMS accelerometer is
integrated with its signal readout circuit and can directly output an analog voltage with a sensitivity
of 117.5 mV/g. As shown in Figure 5A,B, at 10 Hz and 15 Hz excitations, both accelerometers
generate output signals following sinusoidal waveforms. The magnitude of the voltage output from
the MEMS accelerometer is higher than that from the paper-based accelerometer, demonstrating a
higher sensitivity of the MEMS accelerometer at both frequencies. It was found that there is a phase
lag of approximately 270◦ between the outputs of the paper-based accelerometer and the MEMS
accelerometer. This phase difference was due to the different phase shifts caused by the signal readout
circuits of the MEMS and paper-based accelerometers.
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3.4. Sensitivity Measurement of the Paper-Based Piezoelectric Accelerometer

Finally, we measured the sensitivity of the paper-based accelerometers with three different weight
growth percentages of ZnO NWs. For this test, a paper-based accelerometer and a MEMS accelerometer
were attached to the top and bottom surfaces of the free end of a metal ruler, and the other end of the
ruler was clamped to the surface of a table, as shown in Figure 6A. To exert accelerations to the two
accelerometers, the free end of the ruler was deflected downward by 3.5 cm from its initial position
and then released. The bending vibration of the released ruler applied oscillating accelerations to
the accelerometers, and their output signals were measured by the DAQ board. The output of the
MEMS accelerometer was used to calculate the applied acceleration and thus generate the calibration
curves of the paper-based accelerometer. Figure 6B shows the calibration curves of the paper-based
accelerometers with ZnO NWs at three different weight growth percentages (n = 3 devices for each
percentage). We calculated the sensitivities of the paper-based accelerometers to be 16.1 mV/g,
11.02 mV/g and 16.3 mV/g for the weight growth percentages of 16%, 41% and 61%, respectively.
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4. Discussion

In this work, we demonstrated the feasibility of acceleration measurement using ZnO-NW-coated
cellulose paper as the major sensing element. The addition of acceleration sensing capability to common
paper substrates is of primary importance to developing monolithic paper-based devices with a variety
of sensing capabilities such as strain/touch sensing and energy harvesting. Our design has a few
useful characteristics for applications in paper-based electronics. (i) The hydrothermal approach of
growing ZnO NWs used in this work is compatible with many types of paper substrates, making our
design applicable to a variety of paper-based electronic devices involving different types of paper.
(ii) The hydrothermal synthesis of ZnO NWs could be spatially controlled by patterning the seeding
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layer on a substrate through screen/inkjet printing or other means; this allows the formation of
ZnO-NW micro-patterns and thus leads to monolithic, highly-integrated and more versatile designs
of paper-based sensors and electronics. (iii) The device fabrication process is low-cost and does not
require the access to expensive, sophisticated equipment. Most importantly, the process is compatible
with existing techniques for fabricating electronic devices on flexible substrates such as screen and
inkjet printing. Roll-to-roll processes can also be adapted for paper cutting and electrode printing.

Prior to experimental testing of the paper-based accelerometers, we speculated that the longer
the ZnO NWs (i.e., the higher its weight growth percentage) growth on paper, the more piezoelectric
charges could be generated from the mechanical loading of the ZnO-NW-coated paper during
acceleration measurement. However, the data suggested that there is no obvious correlation between
the sensitivity of the paper-based accelerometer and the weight growth percentage of ZnO NWs on
paper. A possible reason for this experimental observation is that the piezoelectric sensing mechanism
of the ZnO-NW-coated paper involves multiple loading modes of the ZnO seeding layer and the
individual ZnO NWs. There are two possible sources of the electronic charges produced from the
ZnO-NW-coated paper: (i) deformation of the ZnO seeding layer on the paper microfibers when the
microfibers are stretched and compressed; and (ii) surface rubbing and rubbing-induced deformation
of adjacent ZnO NWs when their rooting paper microfibers are deformed. In addition to the unclear
deformation modes of the ZnO NWs, the transport pathways of generated charges could also be
significantly altered when adjacent ZnO NWs contact each other during device operation. All these
intertwined factors explain the factor that the increase in ZnO-NW length does not necessarily lead to
the enhancement of the device sensitivity. As the growth percentages of 16% and 61% lead to similar
device sensitivities (16.1 mV/g vs. 16.3 mV/g; Figure 6B), fabricating the paper-based accelerometer
at a growth percentage of 16% will be cost-effective. The sensitivity of the current paper-based
accelerometer prototype would be sufficient for certain types of vibration-monitoring applications
(e.g., for smart packaging) that require low-to-moderate sensitivity but ultralow device cost.

With the prototype devices, we have demonstrated the feasibility of our design for acceleration
measurement. Further improvements on the performance and functionality of the paper-based
accelerometer can be carried out. (i) In our current design, the ZnO NWs were synthesized on a
separate piece of paper, which was then attached to the parallel paper beams as the strain gauge.
Direct growth of the ZnO NWs on the parallel beams is also possible through patterning of the ZnO
NPs on the parallel beams. This will avoid attaching another piece of ZnO-NW-coated paper onto
the paper device structures and thus improve the fabrication yield and device reliability. (ii) For the
same growth percentage, the sensitivity calibration data (Figure 6B) show relatively large variations
of the device output voltage among different devices. The consistency of the device output at the
sample growth percentage can be further improved by finely adjusting and optimizing hydrothermal
growth parameters of the ZnO NWs and thus improving the ZnO-NW consistency from device to
device. (iii) The charge amplifier circuit can be directly integrated into the paper substrate to form a
completely monolithic device, through printing of electrical connections and attachment of surface
mount components on the paper substrate.

The paper-based accelerometer is made from low-cost materials including paper and conductive
inks, and can be mass-produced through cost-effective approaches such as die cutting of paper and
screening printing of conductive inks. We demonstrated that the paper-based accelerometer is capable
of monitor vibration reliably but has a lower sensitivity than a MEMS accelerometer. Despite its
lower sensitivity, the paper-based accelerometer will find potential applications in areas such as
smart packaging and paper-based electronics. For instance, packages of delicate equipment may
require real-time vibration monitoring during transportation and paper-based electronic devices
(e.g., smart greeting cards) could also employ paper-based accelerometers for user-device interaction.
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5. Conclusions

This paper reports the development of a paper-based piezoelectric accelerometer integrating
ZnO NWs. We first grew ZnO NWs on cellulose paper through a low-cost hydrothermal approach
and then integrated the ZnO-NW-coated paper into a cantilever-based configuration of paper-based
accelerometer. As the paper-based accelerometer underwent accelerations/vibrations, the piezoelectric
ZnO-NW-coated paper on the cantilever beams experienced stretching or compressive deformations
and thus produced electric charges that were converted into voltage outputs through a charge amplifier
circuit. The paper-based accelerometer with a proof mass of 61 mg was calibrated to have a sensitivity
up to 16.3 mV/g and a natural frequency of 84.75 Hz. This design has potential for use in smart
packaging and integration of motion-sensing capability into paper-based flexible electronics.

Acknowledgments: The authors acknowledge financial support from the Natural Sciences and Engineering
Council of Canada (NSERC) through Discovery Grants to M.A., Y.S. and X. Liu, the Canada Research Chairs
Program to M.A., Y.S., and X. Liu, the National Natural Science Foundation of China (No. 61774107) to C.R. and
the Chinese Scholarship Council to P.S.

Author Contributions: Xinyu Liu designed the project. Yu-Hsuan Wang, Xiao Li and Pengfei Song performed
the experiments and analyzed the data. Xinyu Liu, Yu-Hsuan Wang and Pengfei Song wrote the manuscript.
Giovanni Ferrari, Prabakaran Balasubramanian and Marco Amabili contributed to device testing experiments
using the electrodynamic exciter and the laser scanning Doppler vibrometer. Changhai Ru and Yu Sun contributed
to the device design and data analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lakin, K.M.; Kline, G.R.; McCarron, K.T. High-Q microwave acoustic resonators and filters. IEEE Trans.
Microw. Theory Tech. 1993, 41, 2139–2146. [CrossRef]

2. Nam, K.; Park, Y.; Ha, B.; Kim, C.; Shin, J.; Yun, S.; Pak, J.; Park, G.; Song, I. Monolithic 1-chip FBAR duplexer
for W-CDMA handsets. Sens. Actuators A Phys. 2008, 143, 162–168. [CrossRef]

3. Michalzik, M.; Wendler, J.; Rabe, J.; Buttgenbach, S.; Bilitewski, U.B. Development and application of
a miniaturised quartz crystal microbalance (QCM) as immunosensor for bone morphogenetic protein-2.
Sens. Actuators B Chem. 2005, 105, 508–515. [CrossRef]

4. Kao, P.; Allara, D.; Tadigadapa, S. Characterization of viscoelastic properties of adsorbed biomolecules and
biomolecular assemblies with high frequency micromachined quartz resonators. Sens. Actuators B Chem.
2009, 142, 406–411. [CrossRef]

5. Chiu, C.S.; Lee, H.M.; Kuo, C.T.; Gwo, S. Immobilization of DNA-Au nanoparticles on
aminosilane-functionalized aluminum nitride epitaxial films for surface acoustic wave sensing.
Appl. Phys. Lett. 2008, 93, 163106. [CrossRef]

6. Voiculescu, I.; Nordin, A.N. Acoustic wave based MEMS devices for biosensing applications.
Biosens. Bioelectron. 2012, 33, 1–9. [CrossRef] [PubMed]

7. DeVoe, D.L.; Pisano, A.P. Surface micromachined piezoelectric accelerometers (piXLs).
J. Microelectromech. Syst. 2001, 10, 180–186. [CrossRef]

8. Zou, Q.; Tan, W.; Kim, E.S.; Loeb, G.E. Single- and triaxis piezoelectric-bimorph accelerometers.
J. Microelectromech. Syst. 2008, 17, 45–57.

9. Aoyagi, S.; Kumagai, S.; Yoshikawa, D.; Isono, Y. Surface micromachined accelerometer using ferroelectric
substrate. Sens. Actuators A Phys. 2007, 139, 88–94. [CrossRef]

10. Wang, L.P.; Wolf, R.A.; Wang, Y.; Deng, K.K.; Zou, L.C.; Davis, R.J.; Trolier-McKinstry, S. Design, fabrication
and measurement of high-sensitivity piezoelectric microelectromechanical systems accelerometers.
J. Microelectromech. Syst. 2003, 12, 433–439. [CrossRef]

11. Belgacem, B.; Calame, F.; Muralt, P. Piezoelectric micromachined ultrasonic transducers with thick PZT sol
gel films. J. Electroceram. 2007, 19, 369–373. [CrossRef]

12. Percin, G.; Atalar, A.; Degertekin, F.L.; Khuri-Yakub, B.T. Micromachined two-dimensional array
piezoelectrically actuated transducers. Appl. Phys. Lett. 1998, 72, 1397–1399. [CrossRef]

13. Tobjörk, D.; Österbacka, R. Paper electronics. Adv. Mater. 2011, 23, 1935–1961. [CrossRef] [PubMed]

http://dx.doi.org/10.1109/22.260698
http://dx.doi.org/10.1016/j.sna.2008.01.011
http://dx.doi.org/10.1016/j.snb.2004.07.012
http://dx.doi.org/10.1016/j.snb.2009.01.046
http://dx.doi.org/10.1063/1.3003875
http://dx.doi.org/10.1016/j.bios.2011.12.041
http://www.ncbi.nlm.nih.gov/pubmed/22310157
http://dx.doi.org/10.1109/84.925733
http://dx.doi.org/10.1016/j.sna.2007.03.021
http://dx.doi.org/10.1109/JMEMS.2003.811749
http://dx.doi.org/10.1007/s10832-007-9031-8
http://dx.doi.org/10.1063/1.121067
http://dx.doi.org/10.1002/adma.201004692
http://www.ncbi.nlm.nih.gov/pubmed/21433116


Micromachines 2018, 9, 19 11 of 12

14. Song, P.; Wang, Y.-H.; Liu, X. Flexible physical sensors made from paper substrates integrated with zinc
oxide nanostructures. Flex. Print. Electron. 2017, 2, 034001. [CrossRef]

15. Berggren, M.; Nilsson, D.; Robinson, N.D. Organic materials for printed electronics. Nat. Mater. 2007, 6, 3–5.
[CrossRef] [PubMed]

16. Jung, M.; Kim, J.; Noh, J.; Lim, N.; Lim, C.; Lee, G.; Kim, J.; Kang, H.; Jung, K.; Leonard, A.D.; et al.
All-printed and roll-to-roll-printable 13.56-MHZ-operated 1-bit RF tag on plastic foils. IEEE Trans.
Electron Devices 2010, 57, 571–580. [CrossRef]

17. Yetisen, A.K.; Akram, M.S.; Lowe, C.R. Paper-based microfluidic point-of-care diagnostic devices. Lab Chip
2013, 13, 2210–2251. [CrossRef] [PubMed]

18. Li, X.; Liu, X. A microfluidic paper-based origami nanobiosensor for label-free, ultrasensitive immunoassays.
Adv. Healthc. Mater. 2016, 5, 1326–1335. [CrossRef] [PubMed]

19. Li, X.; Zhao, C.; Liu, X. A paper-based microfluidic biosensor integrating zinc oxide nanowires for
electrochemical glucose detection. Microsyst. Nanoeng. 2015, 1, 15014. [CrossRef]

20. Liu, X.; Mwangi, M.; Li, X.; O’Brien, M.; Whitesides, G.M. Paper-based piezoresistive mems sensors. Lab Chip
2011, 11, 2189–2196. [CrossRef] [PubMed]

21. Li, X.; Wang, Y.-H.; Zhao, C.; Liu, X. Paper-based piezoelectric touch pads with hydrothermally grown zinc
oxide nanowires. ACS Appl. Mater. Interfaces 2014, 6, 22004–22012. [CrossRef] [PubMed]

22. Grau, G.; Frazier, E.J.; Subramanian, V. Printed unmanned aerial vehicles using paper-based electroactive
polymer actuators and organic ion gel transistors. Microsyst. Nanoeng. 2016, 2, 16032. [CrossRef]

23. Martins, R.; Nathan, A.; Barros, R.; Pereira, L.; Barquinha, P.; Correia, N.; Costa, R.; Ahnood, A.; Ferreira, I.;
Fortunato, E. Complementary metal oxide semiconductor technology with and on paper. Adv. Mater. 2011,
23, 4491–4496. [CrossRef] [PubMed]

24. Thiemann, S.; Sachnov, S.J.; Pettersson, F.; Bollström, R.; Österbacka, R.; Wasserscheid, P.; Zaumseil, J.
Cellulose-based ionogels for paper electronics. Adv. Funct. Mater. 2014, 24, 625–634. [CrossRef]

25. Zheng, G.Y.; Hu, L.B.; Wu, H.; Xie, X.; Cui, Y. Paper supercapacitors by a solvent-free drawing method.
Energy Environ. Sci. 2011, 4, 3368–3373. [CrossRef]

26. Yuan, L.Y.; Xiao, X.; Ding, T.P.; Zhong, J.W.; Zhang, X.H.; Shen, Y.; Hu, B.; Huang, Y.H.; Zhou, J.; Wang, Z.L.
Paper-based supercapacitors for self-powered nanosystems. Angew. Chem. Int. Ed. 2012, 51, 4934–4938.
[CrossRef] [PubMed]

27. You, H.; Steckl, A.J. Three-color electrowetting display device for electronic paper. Appl. Phys. Lett. 2010, 97,
023514. [CrossRef]

28. Gomez, E.F.; Steckl, A.J. Improved performance of OLEDs on cellulose/epoxy substrate using adenine as a
hole injection layer. ACS Photonics 2015, 2, 439–445. [CrossRef]

29. Kumar, A.; Gullapalli, H.; Balakrishnan, K.; Botello-Mendez, A.; Vajtai, R.; Terrones, M.; Ajayan, P.M.
Flexible ZnO-cellulose nanocomposite for multisource energy conversion. Small 2011, 7, 2173–2178.
[CrossRef] [PubMed]

30. Hu, L.B.; Choi, J.W.; Yang, Y.; Jeong, S.; La Mantia, F.; Cui, L.F.; Cui, Y. Highly conductive paper for
energy-storage devices. Proc. Natl. Acad. Sci. USA 2009, 106, 21490–21494. [CrossRef] [PubMed]

31. Unander, T.; Nilsson, H.E. Characterization of printed moisture sensors in packaging surveillance
applications. IEEE Sens. J. 2009, 9, 922–928. [CrossRef]

32. Qiu, Y.; Zhang, H.Q.; Hu, L.Z.; Yang, D.C.; Wang, L.N.; Wang, B.; Ji, J.Y.; Liu, G.Q.; Liu, X.; Lin, J.F.; et al.
Flexible piezoelectric nanogenerators based on ZnO nanorods grown on common paper substrates. Nanoscale
2012, 4, 6568–6573. [CrossRef] [PubMed]

33. Zhong, Q.Z.; Zhong, J.W.; Hu, B.; Hu, Q.Y.; Zhou, J.; Wang, Z.L. A paper-based nanogenerator as a power
source and active sensor. Energy Environ. Sci. 2013, 6, 1779–1784. [CrossRef]

34. Gullapalli, H.; Vemuru, V.S.M.; Kumar, A.; Botello-Mendez, A.; Vajtai, R.; Terrones, M.; Nagarajaiah, S.;
Ajayan, P.M. Flexible piezoelectric ZnO-paper nanocomposite strain sensor. Small 2010, 6, 1641–1646.
[CrossRef] [PubMed]

35. Mahadeva, S.K.; Walus, K.; Stoeber, B. Flexible and robust hybrid paper with a large piezoelectric coefficient.
J. Mater. Chem. C 2016, 4, 1448–1453. [CrossRef]

36. Mazzeo, A.D.; Chan, L.; Kalb, W.B.; Liu, X.; Mazzeo, B.A.; Whitesides, G.M. Capacitive, Paper-Based
Accelerometers and Touch Sensors. U.S. Patent Application 14/258,166, 22 April 2014.

http://dx.doi.org/10.1088/2058-8585/aa765d
http://dx.doi.org/10.1038/nmat1817
http://www.ncbi.nlm.nih.gov/pubmed/17199114
http://dx.doi.org/10.1109/TED.2009.2039541
http://dx.doi.org/10.1039/c3lc50169h
http://www.ncbi.nlm.nih.gov/pubmed/23652632
http://dx.doi.org/10.1002/adhm.201501038
http://www.ncbi.nlm.nih.gov/pubmed/27122227
http://dx.doi.org/10.1038/micronano.2015.14
http://dx.doi.org/10.1039/c1lc20161a
http://www.ncbi.nlm.nih.gov/pubmed/21566813
http://dx.doi.org/10.1021/am504903b
http://www.ncbi.nlm.nih.gov/pubmed/25420995
http://dx.doi.org/10.1038/micronano.2016.32
http://dx.doi.org/10.1002/adma.201102232
http://www.ncbi.nlm.nih.gov/pubmed/21898609
http://dx.doi.org/10.1002/adfm.201302026
http://dx.doi.org/10.1039/c1ee01853a
http://dx.doi.org/10.1002/anie.201109142
http://www.ncbi.nlm.nih.gov/pubmed/22473807
http://dx.doi.org/10.1063/1.3464963
http://dx.doi.org/10.1021/ph500481c
http://dx.doi.org/10.1002/smll.201100458
http://www.ncbi.nlm.nih.gov/pubmed/21626690
http://dx.doi.org/10.1073/pnas.0908858106
http://www.ncbi.nlm.nih.gov/pubmed/19995965
http://dx.doi.org/10.1109/JSEN.2009.2024866
http://dx.doi.org/10.1039/c2nr31031g
http://www.ncbi.nlm.nih.gov/pubmed/22971814
http://dx.doi.org/10.1039/c3ee40592c
http://dx.doi.org/10.1002/smll.201000254
http://www.ncbi.nlm.nih.gov/pubmed/20623526
http://dx.doi.org/10.1039/C5TC03775A


Micromachines 2018, 9, 19 12 of 12

37. Li, X.; Wang, Y.; Lu, A.; Liu, X. Controllable hydrothermal growth of ZnO nanowires on cellulose paper for
flexible sensors and electronics. IEEE Sens. J. 2015, 15, 6100–6107. [CrossRef]

38. Xu, C.K.; Shin, P.; Cao, L.L.; Gao, D. Preferential growth of long zno nanowire array and its application in
dye-sensitized solar cells. J. Phys. Chem. C 2010, 114, 125–129. [CrossRef]

39. Qiu, J.J.; Li, X.M.; Zhuge, F.W.; Gan, X.Y.; Gao, X.D.; He, W.Z.; Park, S.J.; Kim, H.K.; Hwang, Y.H.
Solution-derived 40 mu m vertically aligned ZnO nanowire arrays as photoelectrodes in dye-sensitized solar
cells. Nanotechnology 2010, 21, 195602. [CrossRef] [PubMed]

40. Inman, D.J. Engineering Vibration, 3rd ed.; Pearson Prentice Hall: Upper Saddle River, NJ, USA, 2008;
p. xiv. 669p.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/JSEN.2015.2450179
http://dx.doi.org/10.1021/jp9085415
http://dx.doi.org/10.1088/0957-4484/21/19/195602
http://www.ncbi.nlm.nih.gov/pubmed/20407141
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Methods 
	Design of the Paper-Based Piezoelectric Accelerometer 
	Hydrothermal Growth of ZnO NWs on Cellulose Papers 
	Fabrication of the Paper-Based Piezoelectric Accelerometer 
	Design of the Charge Amplifier Circuit 

	Results 
	Quality Assessment of ZnO NWs Grown on Paper 
	Frequency Response Testing of the Paper-Based Accelerometer 
	Comparison with Commercial MEMS Accelerometer 
	Sensitivity Measurement of the Paper-Based Piezoelectric Accelerometer 

	Discussion 
	Conclusions 
	References

