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Abstract—This paper reports the fabrication and
characterization of a flexible piezoresistive flow sensor comprising
a polydimethylsiloxane (PDMS) cantilever with a serpentine
graphene nanoplatelets (GNP) strain gauge embedded at the
cantilever base. A facile and cleanroom-free processing work flow
involving a combination of high-resolution powder bed fusion and
soft lithography was used to fabricate PDMS cantilevers (aspect
ratio 20) with 150 µm × 150 µm microchannels on its surface. A
high gauge factor of 55 (up to 5 times higher than reported in
comparable piezoresistive flow sensors) was achieved using dropcasted GNP ink as the piezoresistive sensing element in the
aforementioned microchannels. Finally, the use of the PDMSgraphene cantilever as an airflow sensor with enhanced sensitivity
(20 times more than comparable piezoresistive cantilever sensors),
low hysteresis, good repeatability, and bidirectional sensing
capability was demonstrated.
Keywords—flow sensor; graphene nanoplatelets; PDMS; gauge
factor; piezoresistivity; 3D printing; cantilever

I.

INTRODUCTION

Flow sensing finds applications in many industries and can
be achieved using a variety of sensing principles including
Bernoulli’s principle (e.g. pitot tube), thermal transport (e.g.
thermal anemometry), ultrasonic waves, electromagnetic
induction, and drag force measurement. Cantilevers represent a
simple and popular sensor design that is inspired by the highaspect ratio flow sensors found in fish neuromasts [1], insect
wind receptors [2], seal whiskers [3], and so on; here, the drag
force applied by the fluid on the high-aspect ratio structure
causes it to bend, and the extent of bending is calibrated against
the fluid velocity [4]. Traditionally, piezoresistive cantilever
flow sensors have been fabricated using standard
microelectromechanical systems (MEMS) cleanroom processes
involving surface or bulk micromachining techniques [5]–[7]
which are often tedious, expensive, and limited in the choice of
materials for both the piezoresistive sensing elements and the
cantilever. Recent advances in flexible electronics [8] have
enabled the incorporation of novel piezoresistive materials such
as graphite ink [9], graphene-PDMS composites [10],
conductive poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT/PSS) inks [11] etc. on flexible cantilevers,
allowing larger bending strains and hence greater sensitivities to
stimuli. Flexible cantilever flow sensors have been fabricated
using Elastosil® (a conductive piezoresistive composite) [12]
and laser-induced graphene (LIG) [13] as the piezoresistive

strain gauge materials; however, the gauge factors reported were
in the low range of 7 [12] to 11 [13]. In this paper, we
demonstrate a facile method of fabricating a PDMS cantilever
airflow sensor featuring a serpentine graphene nanoplatelets
(GNP) strain gauge using high-resolution 3D printing, soft
lithography, and drop-casting. The piezoresistive airflow
sensors exhibited a high gauge factor, bidirectional sensing
capability, excellent sensitivity, and repeatability over multiple
cycles of operation.
II.

EXPERIMENTAL DETAILS

A. Sensor fabrication
Powder bed fusion (SLM 125HL), a laser-based metal 3D
printing technique, was used to fabricate a stainless steel master
mold for the sensor structure. The 3D printer was equipped with
a fiber laser (1 µm wavelength, 70 µm spot diameter) which was
used to selectively melt and fuse 17-4 PH stainless steel powder
particles (10–45 µm size distribution, 30 µm layer thickness) at
a laser power of 200 W and a scanning speed of 800 mm/s. The
mold comprised a negative imprint of the cantilever with
predesigned serpentine protrusions near the fixed end, and was
printed such that the cantilever length was perpendicular to the
printing direction which allowed us to print minimum feature
sizes of 140 µm in the build plane. PDMS solution (Sylgard™
184, 10:1 monomer-to-curing agent ratio by weight) was poured
into the mold, degassed, cured (125 °C for 20 minutes), and
finally demolded to obtain cantilevers (20 mm × 3 mm × 1 mm,
aspect ratio = 20) with serpentine microchannel imprints (150
µm × 150 µm, 6 turns, 12 mm total length) near the fixed end.
Commercially obtained conductive GNP dispersion ink
(Graphene Supermarket, 23 wt.% graphene, nanoplatelet
thickness ~7 nm) was diluted with ethanol (1:4 by volume) and
drop-casted into the serpentine microchannel where it flowed
readily due to the capillary effect. The structure was
subsequently annealed (100 °C for 1 hour) to form a GNP strain
gauge which showed a baseline resistance of ~70 kΩ. Prior to
testing, the sensor anchor was mounted at the end of a glass slide
and the GNP contact pads were connected to copper tapes
electrodes) using conductive silver epoxy (EPOTEK H20E).
The fabrication process flow is illustrated in Fig. 1. A similar
procedure was used to prepare uniaxial PDMS tensile samples
(50 mm × 10 mm × 10 mm) with a GNP-filled surface
microchannel (23 mm × 300 µm × 300 µm) for the GF
measurement (Fig. 2a, inset).
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Figure 1. Fabrication of cantilever flow sensor using selective laser melting to 3D-print master mold, PDMS casting to obtain cantilever sensor structure, and GNP
drop-casting into microchannels (150 µm × 150 µm) to form strain gauge (I to V); sensor photograph with 5000× SE micrograph of GNP (VI).

B. Sensor testing
The GF of the GNP strain gauge was measured by straining
the tensile sample in a micromechanical testing machine
(Kammrath and Weiss GmBH) in steps of 0.33 % strain (30 s
hold per strain) while continuously recording its resistance using
a digital multimeter (Keysight U2741A) at a sampling rate of 2
Hz (Keysight Benchvue software). The cantilever flow sensor
was tested in a custom-built wind tunnel (test section 8 cm × 8
cm) where the airflow was generated using a variable-speed
CPU cooling fan. The wind tunnel was calibrated using a
commercial flow anemometer (Airflow Meter PCE-423) before
the actual sensor tests. The cantilever sensor (secured at the end
of a glass slide) was placed horizontally in the wind tunnel and
the copper electrodes (outside the wind tunnel) were connected
to a Wheatstone bridge circuit powered by a 9V battery. The
voltage drop across the bridge was acquired using the NI-DAQ
USB-6003 system and recorded on the NI Signal Express
software at a sampling rate of 2 Hz. Each datum point plotted in
Figs. 2–4 (at a given strain for the GF tensile sample in Fig. 2
and at a given airflow velocity for the airflow sensor in Figs. 3–
4) represents the mean resistance measured over a period of at
least 30 seconds at the respective strain/airflow velocity and
averaged over five such independent tests to generate
statistically significant data.
III.

high piezoresistive GF of GNP stems from the ability of the
nanoplatelets to overcome weak van der Waal forces and easily
slide over each other in tension and compression, thus changing
the contact area and consequently the contact resistance [16].
Interestingly, the GF reported here is higher than the one
reported by us (37) previously [17]. This can be attributed to two
reasons: a) the testing methodology is different here (‘quasistatic’ where the resistance change at a given strain is calculated
by holding the sample at that strain for 30 seconds) than in [17]
(‘dynamic’ where the sample was strained continuously and the
GF was calculated from the slope of the resistance change vs
strain curve); and, b) the GF sample was only subjected to
tension here while it was subjected to both tension and
compression in [17]. The possible difference in GF of GNP in
tension and compression is interesting and merits future studies.

RESULTS AND DISCUSSION

A. Gauge factor (GF) of GNP-on-PDMS
The average GF (Fig. 2) was calculated as the slope of the
fractional resistance change (∆R/R0) vs strain (ɛ) plot and was
found to be 52 for loading and 56 for unloading (Fig. 2), higher
than previously reported piezoresistive cantilever flow sensors
(~ 7–11) [12,13], conventional metal strain gauges (~ 3) [14], or
single layer graphene-on-PDMS strain gauges (~ 42) [15]. The

Figure 2. Gauge factor calculation of GNP-on-PDMS using tensile test
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minimal hysteresis. However, the signal saturated at around 9
m/s of airflow velocity. The sensitivity of the piezoresistive
airflow sensor (Fig. 4) was calculated using linear regression to
be ~2300 Ω/ms-1, which was more than 20 times higher than that
reported recently by Kaidarova et al. [13] who used a laserinduced graphene (LIG) strain gauge on a flexible Kapton®
cantilever flow sensor of comparable dimensions. It must also
be noted that Kaidarova et al. [13] reported the sensitivity of
their flow sensor for water flow which is always greater than the
sensitivity to airflow, since the drag force exerted by a fluid on
the cantilever is proportional to the density of the fluid, and
water is around 800 times denser than air.

Figure 3. Bidirectional airflow sensing performance.

Finally, the repeatability of the sensor was tested at an
airflow speed of 7.7 m/s. The airflow was switched on and off
20 times (30 s hold in each state) and the sensor resistance was
recorded. It can be seen from Fig. 5 that the sensor displayed
excellent repeatability, showing a variance of only 3 % around
an average resistance change (ΔR) of 23 kΩ.

B. Cantilever flow sensor
The flow sensor was subjected to different airflow speeds in
the wind tunnel in two configurations: airflow impinging upon
the strain gauge face of the cantilever, and airflow impinging
upon the opposite face. The former produced tensile strains
while the latter produced compressive strains in the GNP strain
gauge, causing a positive and negative resistance change,
respectively (Fig. 3), demonstrating the bidirectional sensing of
the sensor. Although the average resistance change for tensile
strains was higher than for compressive strains, the sensor
output was found to be have larger variance in the tensile state
when compared to the compressive state, suggesting that the
GNP strain gauge was more stable in the compressive state.
Subsequent tests (Figs. 4 and 5) were thus performed only in the
compressive configuration.
Figure 5. Repeatability over 20 ON-OFF cycles at 7.7 m/s airflow speed.

IV.

Figure 4. Hysteresis and sensitivity to airflow in wind tunnel.

The hysteresis of the sensor was tested by loading it
sequentially with increasing airflow velocities (hold of 30 s per
velocity) up to 10 m/s in the wind tunnel and then unloading it
in the reverse sequence. As evident in Fig. 4, the sensor showed

CONCLUSIONS

A cleanroom-free processing workflow comprising highresolution 3D printing of a metallic mold, soft lithography to
obtain a PDMS cantilever structure, and drop-casting of
graphene nanoplatelet dispersion to form a piezoresistive strain
gauge (150 µm × 150 µm cross section), was used to fabricate
flexible airflow sensors. The sensing materials (graphene
nanoplatelets on PDMS) displayed a high gauge factor of 55 in
a uniaxial tensile test. The airflow sensors showed low
hysteresis, excellent sensitivity and repeatability, bidirectional
sensing capability, and in general compared favorably to
cantilever flow sensors of similar sizes reported in the literature.
Future work will focus on optimizing the fabrication process,
improving sensor-to-sensor reproducibility, sealing the GNP
strain gauge with PDMS to make the sensors waterproof, and
using the sensors in wind flow measurement applications.
Recent advances in high-resolution metal 3D printing (e.g.
‘micro laser sintering’ [18]) allow further miniaturization and
can enable our methodology to fabricate flexible MEMS sensors
with feature sizes as small as 15–30 µm.
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