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ABSTRACT

Piezoresistive microcantilever sensor is widely used in
sensing applications including liquid and gas flow detection.
Microcantilevers can function as an embedded system if they are
coated with polymers or nanomaterials to improve sensing
performance. In this paper, we investigated the performance of
piezoresistive microcantilevers (PMC) with and without
additional coating. We studied the sensitivity of the PMC sensor
after coating it with a three-dimensional porous hydrogel and
piezoresistive graphene oxide layer. Hydrogel-embedded
piezoresistive microcantilever (EPM) showed better results than
PMC during solvent sensing application. The resistance change
for hydrogel embedded PMC was higher compared to bare PMC
by 430% (3.2% to 17%) while detecting isopropyl alcohol (IPA),
by approximately 1.5 orders of magnitude (0.19% to 5.7%) while
detecting the presence of deionized water. Graphene Oxide
coated PMC showed a wider detection range of 30 milliliter/min
and 24% better sensitivity than bare PMC during the gas
detection experiment. Additionally, we compared the experiment
result with COMSOL simulation to develop a model for our
embedded PMC sensing. Simulation shows significantly higher
deflection of the EPM compared to the bare PMC (66.67%
higher while detecting IPA, consistent with the trend observed
during the experiment). The facile drop casting-based embedded
microcantilever fabrication technique can lead to improved
performance in different sensing applications. Our future work
will focus on detecting biomolecules by using our constructed
embedded systems.

1. INTRODUCTION

The expected high sensitivity of microcantilever-based
chemical and biochemical sensing devices has sparked interest
in recent years [1-5]. The microcantilever is very sensitive to
surface processes because of its enormous surface area to volume
ratio [6]. The cantilever itself acts as a transducer, therefore the
target substance is detected in alternating or direct current (AC
or DC) based microbalance method where a change in the
cantilever mass is correlated with electrical signal output. The

change in cantilever mass can cause a change in the cantilever's
resonant frequency (AC detection) [7]. On the other hand, in DC
mode, as the target substance attaches to the surface, the surface
tension changes, causing a cantilever bending as the surface
expands or contracts to balance the surface energy shift. In our
proposed method, we have employed the DC method because of
its simplicity.

The bending of the microcantilever is proportional to the
surface coverage of the absorbed molecule[8-10]. A differential
surface tension is created between the two sides when the
adsorption of molecules on the surface of thin material is limited
largely to one side, for example, by rendering the opposing
surface inert[11]. The material deforms due to the difference in
surface stress. The Shuttleworth equation may be used to link
surface stress, o, and surface free energy, y:

o=y+— (1)

Here, de refers to the ratio of the change in surface area to
total area. For liquid, the differential part becomes zero. Stoney’s
equation can be used to find the relation between difference in
surface stress Ac and the difference of the deflection between
untreated surface and chemically modified surface, Ah:

ah =208 (Ag1 — Ag2) @)

In the above equation, v stands for the Poisson ratio of the
material, E is for Young’s(elastic) modulus of the cantilever
material, and L is for length and t is the length of the cantilever.

In Piezoresistive microcantilever (PMC) sensor, chemical,
physical, or other reactions with the sensor material causes the
cantilever to bend when exposed to analyte [12], which causes
the sensor electronics to measure this bending as a simple
resistance change. The key benefits of the microcantilever
method are its sensitivity, which is based on the capacity to detect
cantilever motion with sub-nanometer accuracy, and ease of
manufacturing a multi-element sensor array [13]. Due to
established fabrication methods and outstanding material
characteristics, piezoresistive cantilever sensors are commonly
built on silicon-on-insulator (SOI) substrates [14].




The embedded piezoresistive microcantilever (EPM) sensor
is a modern version of this method [15]. The piezoresistive
microcantilever is entirely or partially immersed in the sensing
material. The cantilevers themselves may only be a few tens of
microns in size, resulting in a very rigid and robust sensor
element that is immune to movement or external disturbance
[16]. Analyte molecules may adsorb on the surface, physically
partition into, covalently link to, or otherwise insert themselves
into the sensing material layer, depending on the sensing
material. The action causes a higher volumetric or vertical
change in the embedded microcantilever, thereby causing larger
deflection compared to PMC. Strains as small as a few
Angstroms can be measured using EPM sensor. EPM sensors
have been employed in a range of sensing applications, including
the detection of animal presence, hydrogen fluoride gas [12],
organophosphate gases [17], volatile organic compounds
(VOCs), carbon monoxide gas [15], hydrogen cyanide gas [18],
and others. Microcantilever flow sensors have also gained
popularity in recent years due to their low power consumption,
low manufacturing costs, compact size, and great sensitivity
[19]. According to a theoretical model developed by Wenzel et
al., a sensing material with a high Young's modulus gives great
sensitivity [20, 21]. Because Young's modulus of graphene oxide
is so large [22], great sensitivity for graphene-based
microcantilever sensors in the static mode is predicted.

In this paper, we have explored the performance of a
silicon-based piezoresistive microcantilever with an Agarose
hydrogel and graphene oxide coating-based embedding system
for solvent and gas flow sensing. According to our findings, the
piezoresistive microcantilever's sensing ability is greatly
enhanced after embedding. We validated the experimental result
with COMSOL Multiphysics software. This gives us the
platform to further extend our experimental work in stress
sensing and various biological molecules detection.

2. MATERIALS AND METHODS

2.1 Experimental setup

Cantimer, Inc., Menlo Park, CA, designed the
piezoresistive microcantilevers used in the experiments [23].
The microcantilevers, which are individually encased in a silicon
die chip, are around 200 micrometers long and 40 micrometers
broad. Each cantilever on each chip extends into a small circular
space to confine the sensing material and protect it during sensor
assembly. Each die also has an inbuilt thermistor for temperature
adjustment for the situations where temperature information is
required. Figure 1(a) shows an image of a single cantilever tip
under the microscope. Before embedding the cantilever, the
resistance is around 2.3 kQ in normal conditions. The room
temperature while experimenting is approximately 21°C.

For a controlled experiment, a 3D printed microcantilever
chamber is built. The piezoresistive microcantilever is inserted
into the 3D-printed chamber, and the cantilever pin is attached
to a B&K Precision Multimeter. The multimeter is interfaced
using 2831E and 5491B Multimeter Software. Figure 1(c) shows
the entire liquid sensing experimental setup. We have used the

same experimental setup for gas flow detection as we have used
for liquid sensing. In addition, the 3D printed chamber's opening
is now connected to an air cylinder. For airflow control, a trace
gas mixer is used in this experiment. The full gas flow sensing
experimental setup is depicted in Figure 1(d).
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Figure 1: Experimental setup for liquid and gas sensing with
piezoresistive microcantilever sensor (a) microcantilever tip under a
microscope, (b) Computer-Aided Design of 3D microcantilever
chamber, (c) experimental setup for liquid sensing (microcantilever
connection at inset), (d) experimental setup for gas flow rate
measurement.



For embedding the hydrogel, we have employed A2576 (Sigma
Aldrich) Agarose for hydrogel embedding, which has a gelling
point of 20°C and a melting point of 62°C. We combined 2.9 gm
hydrogel with 9.67 gm Phosphate-Buffered Saline (PBS) and
heated it for 15 minutes at 60°C. After that, the solution is
allowed to cool for 30 minutes. However, as the hydrogel grows
stickier, pouring it into the micro pipet becomes more difficult.
So, we warmed the solution again to make it less viscous before
using it in the micropipette. The drop-casting method is
schematically shown in Fig. 2.

Graphene oxide embedded microcantilever is used for the
measurement of gas flow rate. We have mixed 0.2 gm graphene
oxide with 50ml PBS(1x) for the solution. Then a micro pipet is
then used to embed a 0.2 microliter solution on the tip of the
microcantilever.
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Figure 2: Schematic showing drop-casting method to coat and test
microcantilever sensors.

We have used COMSOL Multiphysics software to validate
our experimental result. Piezo resistivity, Domain currents
Multiphysics module has been used for the simulation purpose.
N-silicon (polycrystalline, weakly doped) is the material
employed in the piezoresistive layer. The substrate of the
microcantilever is made of silicon (Si- Polycrystalline Silicon).
For the hydrogel (Agarose coating), 2-micrometer layers have
been added on the tip of the microcantilever in the ‘geometry’
model. Young Modulus, Poison’s ratio, and density have been
inserted in the material section. We have used Physics controlled
mesh (fine elements) for computing the simulation.

2.2 Experimental Procedure

We initially tested 2 microliter volumes of isopropyl alcohol
(IPA), Deionized (DI water, and phosphate-buffered saline
(PBS) (1x strength) on the piezoresistive microcantilever tip,
recording the resistance change for roughly 800 seconds. Then
we have repeated the same experiment with hydrogel embedded
microcantilever. For the gas flow meter experiment, we first
circulated air at various flow rates on the microcantilever tip and
measured resistance as a function of flow rate. Further, the

experiment is repeated with a microcantilever tip coated with
graphene oxide.
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Figure 3: Resistance Versus Time during (a) IPA (b) DI and (c) PBS
exposure for both PMC and EPM.



3. RESULTS AND DISCUSSION

The amount of bending determines the resistance of the
piezoresistive cantilever. The bending changes the displacement
of the free end of the PMC due to changes in weight and
intermolecular interactions, which in turn is converted to a
resistance change. The resistance change during exposure to
three solutions, namely IPA, DI water, and PBS was determined
for piezoresistive microcantilever with or without a hydrogel
coating (Fig. 3).

Because IPA is a volatile liquid, it quickly evaporated after
being dropped on the microcantilever's tip. As a result, resistance
increased to a peak, then began to decrease, and the
microcantilever gradually returned to its original position (Fig.
3a). When comparing hydrogel embedded EPM results to PMC
alone, the percentage change of resistance rose by almost 430
percent (3.2 % to 17 %). A stable value of resistance was
achieved at approximately 320s because of dehydration of the
hydrogel during IPA evaporation (Fig. 3a). The resistance
changed rapidly for 2pul of DI water drop casting from a fixed
height (0.5 cm) due to the surface tension of the water droplet. It
attained a stable value after around 600 seconds, suggesting the
presence of water particles on the tip (Fig. 3b). Because agarose
hydrogel is a typical strongly hydrophilic material, DI water with
hydrogel embedded EPM was tested. The highest resistance
change of DI water in the presence of hydrogel is 5.7% (Fig. 3b).
This indicates an increase in the order of 1.5 for hydrogel
embedded EPM compared to only PMC. Agarose hydrogel being
neutral in nature, shows more ionization at low pH. An ionized
hydrogel has more charges in it; thus it creates electrostatic
repulsion between polymer chains. The more ionized a hydrogel
is, the more charges it has, creating electrostatic repulsion
between polymer chains [24]. The network becomes more
hydrophilic, and the degree of swelling increases, resulting in a
larger deflection of the EPM. As IPA has low pH (5.3t0 5.4) and
DI water is neutral (PH 7.00), the agarose hydrogel is a good
choice for detecting these solvents. As can be seen in plot 3(a-c),
the hydrogel-based EPM shows larger deflection for IPA (~17%)
as compared to DI (~6%) due to enhanced electrostatic
interaction at low pH IPA.

Resistance to PBS peaks shortly after a drop of 2ul on the
tip of the microcantilever. However, in this case, the deflection
and response of PMC are better than EPM (1.7% vs 0.17%). We
think the interaction between charged polymer chains of agarose
hydrogel and ions in phosphate buffer saline leads to competing
effects of downward deflection due to weight and upward
deflection due to electrostatic forces. More investigation is
required to capture this phenomenon. We hope to address this in
future publications.

Graphene Oxide (GO)-PBS solution was applied to the
microtip to form a coating after evaporation of the liquid. After
PMC contact with GO-PBS solution, the resistance change
reaches a stable value of 0.06% at around 1600 sec (0.2 percent
GO), indicating a Graphene Oxide coating has been formed on
the PMC after IPA droplet evaporation (Fig. 4a). This graphene
oxide-coated tip was used to investigate airflow for a very small
change in flow rate regulated by a needle valve. Results show

that the micro-cantilever with a small amount of Graphene Oxide
coating has a longer range (i.e., resistance change is
distinguishable after 130 ml/min) than the micro-cantilever that
does not have GO coating (Fig. 4b &c).
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Figure 4: Resistance Change (%) (a) during GO coating (b) vs.
airflow for PMC (c) vs. airflow for EPM with GO coating.

The resistance for airflow was decreasing proportionally to
the increased airflow up to 90 ml/min, then became constant up
to 120ml, and a similar trend was found afterward (Fig. 4b). But,
for the airflow with graphene-coated PMC, the slope changed
frequently and then became constant (Fig. 4c). We think that the
nonlinear response of GO embedded EPM may be due to poor



adhesion between the cantilever and graphene oxide. Since the
coating process depended on physical attraction rather than
chemical bonding, the noisy response can be correlated to this
aspect of fabrication. In the future, we shall try to try to attach
GO to silicon microcantilever through chemical bonding. The
slope for GO-coated EPM was ~24% higher between 60-100
mL/min compared to PMC without coating (0.000425 vs

0.000325), indicating better sensitivity for GO-coated EPM.
8
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Figure 5: Repeatability test of PMC with IPA.

To test the cyclic performance of the PMC, we drop casted
IPA on it and waited for the droplet to evaporate 3 different
times. The PMC showed repeatable performance and went back
to its original state after IPA evaporation (Figure 5).

COMSOL Multiphysics software is used to validate our
experimental result. At first, the simulation is done using a PMC
without using embedded hydrogel for the solvent IPA, DI water
& PBS. Then the performance is compared with the hydrogel
embedded one for the same solvents. In each case, hydrogel
embedded microcantilever outperformed the microcantilever
without embedding. IPA has shown the best result, where the
highest tip displacement has been increased by 66.67% after
embedding the piezoresistive microcantilever (Fig. 6).

For DI water, maximum tip displacement for uncoated
piezoresistive microcantilever is 0.09 micrometer and after
embedding, maximum tip displacement increased by 0.03
micrometer with an increase of 55.56% (Fig. 7).

And for PBS solution, the maximum tip displacement
increased by 0.04 micrometer after embedding the
microcantilever with an increase of 33.33% (Fig. 8).

4. Conclusion

In conclusion, we used both PMC and hydrogel/GO coated
EPM to detect solvents and gases. When it comes to solvent
sensing, EPM performs better than PMC (400% to 1.5 order of
magnitude better performance). In addition, a facile drop
casting-based embedded microcantilever fabrication technique
incorporating GO nanomaterial extends the gas detection range
and provides better sensitivity (~24% higher). A COMSOL
simulation yields comparable results to the experiments for
solvents such as IPA, DI water, and PBS. Our facile embedding
technique has the potential to enable sensitive detection of

biomolecules using nanomaterial/hydrogel coated piezoresistive
microcantilevers.
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