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Abstract: In this paper, we present a redundant micromachined sensor based on Bulk and Etch. 
Silicon-on-Insulator (BESOI) process for measurements of relative humidity (RH) by using 
Graphene-Oxide/Polyvinyl-Alcohol (GO/PVA) composite. The microsensor is a mechanical 
oscillator composed of a proof mass with multilayer of nanomaterials (GO/PVA) and suspended 
by four crab leg springs. The realized redundant approach concerns the possibility to use different 
readout strategies in order to estimate the same measurand: RH. This is an intriguing solution to 
realize a “robust measurement system”, with multiple outputs by using the GO/PVA as functional 
material. In presence of RH variation: (1) it changes its mass and; as consequence; a variation of 
the natural frequency of the oscillator can be observed in the frequency domain; (2) it also varies 
the conductivity which can be measured by using two integrated electrodes. The sensor has been 
designed; studied; modeled and experimental results demonstrate the effectiveness of our 
implementation. 

Keywords: redundant measurements; hybrid sensor; nanomaterial; GO/PVA composite; humidity 
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1. Introduction 

Recently, an extensive research has been conducted on the design and conception of robust 
solutions for measurement systems and redundant strategies mainly based on multiple sensors and 
repeated sensing elements [1]. The main purposes of redundant approaches presented in literature 
are to provide highly reliable and accurate measurements [2]. 

In this context the interest of the scientific community is highly felt in macro scale but also in 
small and integrated scale sensors [3]. The mentioned redundant approaches regard the use of 
several/multiple sensors to compare the measure. This implies a considerable number of 
devices/nodes to be used. Humidity sensors have earned considerable attention due to the 
increasing demand for moisture monitoring in semiconductor industries, automobile industries, 
living environments and domestic applications [4]. Humidity sensors are realized considering 
different readouts such as capacitive, piezoresistive, optical, piezoelectric and quartz-based 
transduction, optical and glass-fiber architectures [5]. It is worth noting that, polymer, PANI/PVA 
[6] carbon nanotubes [7] or graphene oxide [8,9] based humidity sensors are already proposed. 
Polymer nanocomposites could bring low-cost processing, both resistive and capacitive response, 
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and a widerange of humidity sensing. Polymer nanocomposites having filler at least one dimension 
in nanoscale, brought considerable attention for investigation, since Kojima usuki et al. [10] at first 
reported nylon/clay nanocomposites. They are often recognized for tuned thermal, electrical, and 
mechanical properties different from their parent materials. The functional groups of GO add the 
dispersibility inside the PVA matrix or other polar aqueous media. Kashyap et al. [11] found ~150% 
elastic modulus increment after 0.3 wt% loading in PVA. PVA, on the other hand, is a widely used 
thermoplastic, water soluble, nontoxic polymer [12]. 

The approach here proposed is based on a single device to measure RH by using different 
readout strategies. It is based on the adoption of a GO/PVA composite [13] used as functional 
material, and deposited over a BESOI-based microsensor [14,15], operating as mechanical oscillator 
and designed through MEMSPRO. In the presence of an increment of RH this material is able to 
increase its inertial mass and, at the same time, it is able to increase its conductivity. At the moment, 
this is the first solution of redundant sensor realized in integrated scale and based on GO/PVA used 
as functional layer. 

2. Materials and Methods 

Aqueous GO solution of 0.5 wt% (flake size 0.5 to 5 microns) was purchased from graphene-
supermarket. PVA powder was added into water to make 4 wt% of aqueous solution. PVA solution 
was kept at 90 °C for 2 h along with magnetic stirring for achieving good solubilibility. Later, GO 
solution was poured into the PVA polymerand stirred for 30 min and sonicated for 10 more 
minutes, (see Figure 1a).  

 
(a) (b) 

Figure 1. Sensor fabrication: (a) GO/PVA composites preparation by solution mixing and deposition 
on the micromachined sensor and (b) realized microsensor and four PZT elements used to move the 
device. 

The micromachined sensor is composed of four crab-leg beams with a suspended mass of 1600 
µm × 1600 µm × 467 µm of silicon and 1µm of metal plate used to contact the GO/PVA located on 
the proof mass, (see Figure 1b). In that, an amount of 10 µm was casted on the suspended silicon 
and dried overnight. In order to increase the conductivity of the GO/PVA sensor, the sensor was 
annealed at 300 °C. A natural frequency of ~350 Hz was estimated by using the heterogeneous 
beam theory [14,15]. In order to validate the readout based on the variation of the natural frequency 
of the mechanical oscillator as function of the variation of RH, two integrated strain gauges were 
connected in a Wheatstone bridge and the output was acquired by using an oscilloscope 
(LeCroywaverunner 6050) as shown in Figure 2. Furthermore, a sourcemeter (Keithley-2636) was 
used to measure the variation of resistance of the functional material connected by using two 
integrated electrodes.  
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Figure 2. Experimental setup composed of a humidity chamber to control the humidity and 
temperature applied to the MEMS. The output was registered by a sourcemeter and an oscilloscope 
to obtain the resistance of the GO/PVA film and the oscillation frequency of the bridge. 

3. Results and discussion 

Figure 3a shows the FFT of the output of the bridge for a fixed mechanical frequency (350 Hz) 
imposed through four piezoelectric actuators. The result shows the effect of the spike for several 
RH amplitudes (from 20% to 80%). A decrement can be observed as consequence of the movement 
of the natural frequency of the oscillator. It is worth to mention that, in order to validate the 
resonance, a variation in terms of excitation frequency has been impressed and, as shown in Figure 
3b, a maximum spike can be observed in resonant condition. Figure 4 shows the two outputs: the 
bridge (variance) and the measured resistance of the GO/PVA for several values of humidity. As it 
can be observed the sensor is capable to measure the target through the frequency domain and the 
resistance domain by using the properties of the GO/PVA. A sensitivity of ~−12 kΩ/RH% and ~0.1 
Hz/RH% have been estimated in the resistance and frequency domain, respectively. Furthermore, a 
resolution of ~1.8% RH has been experimentally estimated. 

 
(a) (b) 

Figure 3. (a) FFT of the output of the bridge at 350 Hz (50 °C); (b) analysis around the mechanical 
resonance (at 40%, 50 °C). 
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Figure 4. Validation of the redundant principle. It is possible to measure the humidity by using the 
variation of the output bridge (for a fixed mechanical excitation frequency) and the variation of the 
resistance of the GO/PVA. 

4. Summary and Conclusions 

In this work a hybrid integrated sensor based on Graphene Oxide/Polyvinyl Alcohol has been 
used for measurements of relative humidity. The approach here pursued regards the possibility to 
perform the measurements by using multiple readouts with analyses in the frequency and 
conductivity domains. In particular a sensitivity of about 0.1 Hz/RH% and about −12 kΩ/RH% have 
been estimated. The resolution of the sensors corresponds to ~1.8% RH. Further research will be 
devoted to demonstrate the effectiveness of the redundant approach to improve immunity to 
interfering signals.  
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