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A Introduction

The fast growing market that represents organic electronics is of huge interest in the MEMS field. 1-2 Organic electronics offers two major advantages in comparison to classical siliconbased electronics: (1) it enables the design of devices on flexible substrates and offers a wide range of new applications in terms of flexibility; (2) it allows the production of electronics applications with fabrication techniques whose investments and costs are much lower than in the silicon industry. Although the performance of silicon MEMS is often considered as higher than organic MEMS, the cost/performance ratio makes these organic electronics devices an extremely attractive alternative option for many applications.

A key parameter for the development of organic electronicsbased microsystems is therefore the expertise and control of appropriate fabrication processes. To date, two main techniques are used to deposit organic materials: (1) evaporation and spincoating and (2) printing techniques (spray, ink jet, screen printing). Thus, organic materials have generally been patterned using standard technology processes from the semiconductor industry. However, significant levels of attention are now focused on novel fabrication techniques to achieve the optimal cost/performance ratio required to launch this emerging market. The fabrication technology proposed and realized in this work for the development of an organic piezoresistive resonator addresses this issue. In fact, it enables the fabrication of polymer MEMS without cleanroom micro-fabrication facilities and should lead to broaden the use of resonator in the same spirit as PDMS microfluidic or 3D printing. Here, a commercially available vinyl cutting machine 3 has been used to design organic MEMS resonators at an extremely low cost and rapid production rate with no sacrifice in performance. Moreover, by using the proposed fabrication technology the manufacturing cost of an organic electronic device is drastically reduced compared to an inorganic device. Thus, the role of materials in the overall cost of manufacturing, as presented here, can be estimated to represent a much larger portion than in the semiconductor industry, in which it represents only a small fraction of the cost. This addresses the strategic challenge that represents materials design (substrates and deposited layers with specific electrical, chemical and mechanical properties) for the development of organic electronics. In this sense, flexible substrates such as paper and plastic have been chosen in this work to further reduce the cost of the final sensor. Functionality is provided by carbon nanotubes that are produced on an industrial scale and are now available at a cost estimated to be below 50 USD/kg. Organic/inorganic hybrid materials and nanocomposite materials have been shown to display performances that compare or exceed that of an inorganic semiconductor when used as a transduction element or sensing layer in MEMS devices. [4][5][6][7] In particular, CNT-based piezoresistive nanocomposites exhibit giant gauge factors due to the intrinsic gauge factor of an individual single-walled nanotube (SWNT) and to changes of the contact resistances in response to mechanical deformations. 8 Depending on the applied stimuli, their gauge factors have been found to range from unity to several hundred. This type of strain sensor exhibiting outstanding static and low-frequency dynamic response shows promise for implementation for structural health/integrity monitoring tasks such as dynamic contact detection or monitoring of impact events. 7 In addition to outstanding strain sensing capabilities, piezoresistive nanocomposites are viewed as powerful transducers for realtime MEMS chemical and bio-sensing applications.

Due to its relatively simple geometry and ease of fabrication, the most common platform for MEMS sensing applications is the cantilever beam. Here, U-shaped cantilevers have been chosen for the resonator geometry in order to concentrate the strain on the piezoresistor. Cantilever-based MEMS can be operated either in a static bending regime (where the cantilever bends due to mechanical strain) or in a dynamic mode.In the latter case, the phenomenon to be sensed may be revealed with excellent resolution by a shift in the resonant frequency of the cantilever caused by, e.g., sorbed mass and/or environmentally induced changes in material properties. Sensing based on resonant frequency shift provides more precision than sensing in the static regime since the effect of noise in a direct voltage or current measurement is clearly attenuated in frequency measurements. To date, the piezoresistive responses of organic MEMS have only been reported in the static bending configuration. [6][7][8][9][10] This provides a major motivation for the primary objective of the present work: to present the first piezoresistively transduced organic cantilevers functioning in a low-frequency dynamic configuration. The reported sensors have been fabricated using an innovative, low-cost and environmentally friendly fabrication process which employs commercially available materials. Electromechanical characterization of the organic cantilevers as a function of temperature has been performed with the aim of validating this new concept. Finally, the electromechanical characterization of the organic MEMS has been used to analyze the viscoelastic mechanical properties of particular organic materials.

B Materials and methods

The micromachining method of our approach does not require the high-cost semiconductor manufacturing equipment used for silicon microfabrication and therefore drastically reduces the cost of the MEMS devices in comparison with those of the silicon industry in which 65-nm technology has required a multi-billion dollar investment. Here, an extremely low-cost fabrication process has been developed for the fabrication of organic MEMS. This process requires a spin coater to deposit the material and, as noted earlier, a vinyl cutting machine to pattern the structure. Furthermore, the main microfabrication concerns of deposited layer homogeneity and the resolution of the patterned structure are addressed by combining spin-or spray-coating, yielding a deposited layer thickness ranging from 100 nm to hundreds of microns, with the vinyl cutting machine (resolution of 5 m). 3 For comparison purposes, the cost of the equipment for this fabrication technique has been estimated to be less than 4,000 USD. Consequently, the proposed fabrication technique can be applied to a wide range of polymers leading to a straightforward development of organic electronics devices and microsystems. Figure 1a illustrates the fabrication process flow of the organic resonator. This fabrication process replaces UV photolithography as the easiest way to pattern polymer MEMS and has been demonstrated to be the most straightforward method to pattern organic MEMS. 11 .

Figure 1a) Fabrication process flow for the U-shaped organic resonator, 1b) Optical image showing the flexibility of the bimorph nanocomposite + PET sheet after patterning, 1c) Schematic of the U-shaped cantilever (with h, the thickness and  the density) and 1d) SEM images of the U-shaped organic MEMS

The first step involves the preparation of the piezoresistive nanocomposite. CNT-based Graphistrength Epoxy Master batch pellets from Arkema have been used. The pellets consist of 25 wt% of multi-walled nanotubes (MWNTs) made via catalytic chemical vapor deposition (CCVD) and dispersed in an epoxy-type matrix. The nanocomposite was prepared by mixing the SU-8 epoxy photoresist with the pellets using a high shear mixer (Silverson L4RT) at 5000 rpm for 60 min in an ice bath. Subsequently, the U-shaped piezoresistive organic cantilevers were fabricated in a low-cost, two-step process. The aforementioned solution was spin-coated on a 100-m thick sheet of polyethylene terephthalate (PET) and soft-baked at 95°C for 5 min. The thin film was then cross-linked by exposure to UV light combined with a post-exposure bake step at 65°C for 1 min and 120°C for 10 min followed by a final hard bake of 150°C for 15 min to release internal stress. Afterwards, the resonators were patterned by simply using the vinyl cutting machine (Graphtec Craft ROBO Pro CE 5000-40). Note that the thickness of the layer to be patterned should be thick enough (>10um) to be easily manipulated during fabrication and thinner than the limitation of the vinyl cutting plotter (250um). The final dimensions of the PET-based structures were 2800 m long, 1600 m wide and 118 m thick. Figure 1b shows a nanocomposite/PET bimorph flexible thin film after MEMS device patterning while Figure 1c represents a schematic of the U-shaped MEMS cantilever. SEM images of the fabricated PET-CNT-SU/8 resonator are shown in Figure 1d.

C Results and discussion

Piezoresistive transduction of MEMS resonator

The piezoresistive behavior of a CNT network within an insulating matrix involves a complicated interplay among different mechanisms, including the resistance change of the matrix due to dimensional changes, tunneling resistance, resistance of the intertube contacts and intrinsic piezoresistivity of the nanotubes. 12 Several numerical studies have been performed with the aim of theoretically describing the influence of the CNTs and polymer parameters on the piezoresisitive effect in nanocomposites (e.g., 13,14 ). A general observation made in these studies is the enhancement of the sensitivity of a piezoresisitive nanocomposite for samples containing a CNT wt% concentration close to the percolation threshold. This phenomenon was also reported in several experimental studies; for instance, in the case of a similar material as the ones used in this work, namely an epoxy resin filled with carbon-based particles. 5,6 A detailed electrical characterization as well as an analytical modeling of the piezoresistive behavior of the CNT-SU/8 composite has been reported in a previous work. 6 Accordingly, a nanocomposite containing 2wt% of CNT concentration has been chosen to pattern the piezoresistive transducers with initial resistances of 6.1 M on the resonator of the present study.

The fabricated devices were successfully driven into resonance by an external piezoelectric buzzer while optical and piezoresistive transductions were measured in order to ensure the accuracy of the piezoresistive transduction. Furthermore, finite element model (FEM) simulations using COMSOL were performed for the case of a homogeneous U-shaped resonator with the same dimensions and mechanical properties (measured with Dynamic Mechanical Analysis, (DMA)) of the CNT-SU/8 -PET fabricated device in order to investigate the structure's resonant frequency and quality factor. Finite element simulations together with the experimentally measured frequency response are plotted in Figure 2a while the inset depicts a snapshot of the model's resonant response. The simulations were performed by specifying the cantilever material's properties as density ρ = 1380 kg.m -3 and storage and loss moduli E'=4.43 GPa and E"=130 MPa, respectively. Using these input parameters, the resonant frequency and quality factor (due to viscoelastic material losses) of the first out-ofplane flexural mode were calculated to be 3493 Hz and 22, respectively, showing good agreement with the measured values (i.e., errors less than 3% in resonant frequency and 5% in quality factor as detailed in what follows).

The vibration amplitudes at resonance were detected with a laser vibrometer (Polytec MSA 500) whereas the electromechanical measurements were recorded with a network analyzer (Agilent E5061B). The devices were tested in a half Wheatstone bridge configuration without using any amplification. All measurements were performed in air at atmospheric pressure. The resonant frequencies of the first outof-plane flexural mode were measured experimentally to be 3602 and 3597 Hz using the piezoresistive optical and transduction methods, respectively, thus showing excellent dynamic electromechanical transduction of the piezoresistive nanocomposite. Quality factor (Q), defined as the ratio of the resonant frequency to the bandwidth associated with a 3dB transmission magnitude drop, has been calculated from the data to be 23 and 21 for optical and piezoresistive transduction, respectively.

Figure 2a) Comparison between the frequency response of FEM simulations and experimental data based on optical and piezoresistive detection through the 1st flexural mode of resonance; inset: snapshot of the model's resonant response 2b) Shift of the resonant frequency and quality factor as a function of temperature obtained from electrical measurement of the piezoresistance; inset: Measured frequency response curves for different temperatures where the arrows show the direction of the shift of the resonant frequency with increasing temperature

Temperature sensor

Additionally, the electromechanical responses of organic Ushaped microcantilever resonators as a function of temperature have been measured in order to validate the ability of the present piezoresistive transduction scheme integrated onto a PET resonator to be able to monitor accurately thermal effects occurring in the resonator. The measured relative changes of resonant frequency (f r /f r ) as well as quality factor versus temperature are plotted in Figure 2b, while the evolution of the resonant frequency of the first out-of-plane flexural mode of the U-shaped cantilever resonator in the temperature range 23°C to 49°C is shown in the inset of Figure 2b. The resonant frequencies are observed to drop ~9% from 3597 Hz to 3277 Hz when the temperature increases from 23°C to 49°C. Moreover, the piezoresistive responses to temperature change show an excellent linearity with a correlation coefficient (R) of 0.9975 in this temperature range. The sensitivity of the PETbased resonator, as measured by the thermal coefficient of frequency (TCF) of the MEMS, has been determined from linear regression to be -0.33%/°C in the range 23-49°C. The limit of detection (LOD) of the fabricated MEMS resonator has been estimated by calculating the standard deviation of the resonant frequency of 100 points at a given constant temperature and humidity level. The LOD could then be determined by taking three times the standard deviation and dividing it by the sensor' sensitivity. Using this approach the LOD of the proposed sensor was estimated to be 0.112°C. Moreover, the quality factor has been calculated at different temperatures without exhibit significant changes. An average value of Q = 21 ± 1 has been measured. It is noted that standard commercial platinum temperature sensors (Pt100) have a relative sensitivity (R/R/T with R being the resistance) of 0.385%/°C and a limit of detection in the range 0.143°C to 0.850°C depending on their characteristics. In comparison, our fabricated MEMS resonators exhibit sensitivity on the same order of magnitude and a better (lower) limit of detection (0.112°C). This sensitivity to temperature confirms the high efficiency of the proposed resonators which is one order of magnitude higher than the best organic/inorganic bimorph materials reported to date and can compare with those based on the state-of-the-art inorganic materials. [15][16][17][18] In addition, the stability of our sensors to humidity has been investigated where a shift in resonant frequency lower than 0.7% has been observed in the relative humidity range of 10 to 90% RH.

In order to obtain further insight into the temperaturedependence of the electromechanical properties of the MEMS device, the relative changes in resistance of CNT-SU/8 thin film as well as in the U-shaped cantilever in the static mode have been recorded as a function of temperature as shown in Figure 3a. The resistance of CNT-SU/8 thin film decreases with increasing temperature, indicating a negative temperature coefficient. This behaviour can be explained by a thermal fluctuation-induced tunnelling conduction. [19][20][21] Also shown in Fig. 3a is the dependence of the relative change in resonant frequency on the temperature of the U-shaped cantilever operated in the dynamic mode. The numerical values of the thermal sensitivities of the thin film and the U-shaped cantilever in static and dynamic modes have been measured to be -863, -976 and -3300 ppm/°C, respectively, demonstrating an improved thermal monitoring sensitivity of the MEMS when operating in the dynamic mode.

The real-time responses to temperature of the U-shaped cantilever used in static and dynamic mode have also been measured as shown in Figure 3b. One can observe the instantaneous response of the device when used in the dynamic mode whereas a long delay in the resistance change response to temperature can be seen, due to the viscoelastic relaxation of the material, when used in the static mode. Therefore, the integrated piezoresistive transduction in the dynamic mode clearly appears to be the method with optimal efficiency for sensing thermal events.

Figure 3a) Relative change in resistance (static mode) or resonant frequency (dynamic mode) for thin film and U-shaped cantilever as a function of T with an initial temperature of 23°C; 3b) Temperature control and real time responses of the MEMS in static and dynamic mode

Micro-dynamical mechanical analyser

The performances of the proposed organic MEMS with integrated transduction scheme make these devices excellent candidates as mechanical platform to characterize accurately material properties. Indeed, by following the shift in resonant frequency and quality factor of the resonators as a function of temperature, one may determine the mechanical properties of the resonator material in a similar manner as in dynamic mechanical analysis (DMA) measurements. [22][23][24] The use of MEMS as an analytical tool for thermomechanical characterization of polymer materials has recently been reported by S. Bose et al. using the resonant frequency and quality factor of microstrings measured by external optical transduction. The devices were made of silicon nitride (SiN x ) fabricated using an expensive inorganic fabrication processes. Devices of this type enable the observation of the glass transition temperature (T g ) of polymers via a relative variation of the Young's modulus. 22 The present organic MEMS, in addition to being more simply fabricated, allows for more detailed quantitative measurements. One primary advantage of the device proposed here in comparison with the one reported by S. Bose et al. 22 is its integrated piezoresistive transduction scheme, which offers potential integration on multiple supports. Moreover, instead of assuming two constant values of Young's modulus before and after the T g of the polymer, the fabricated Journal Name ARTICLE organic micro-dynamic mechanical analyzers enable one to quantitatively determine the variation of storage modulus (E') and the loss tangent (tan) as a function of temperature for multiple organic material used as substrate in the MEMS structure as illustrated in Figure 4 for PET. Note that the devices showed excellent reversibility and repeatability in the thermo-mechanical characterization of organic materials for measurements at temperatures below the T g of the material to be characterized. This is confirmed by data in Figure 2b. Nevertheless, once the temperature reached and exceeded the T g of the polymer to be characterized, the devices' responses were not repeatable due to irreversible re-structurations of the material in its rubbery state.

Figure 4 Mechanical properties of the PET-based U-shaped cantilever material as a function of temperature measured with the organic MEMS device and DMA

Analytical modelling

The Young's modulus of the material constituting the resonator has been determined by measuring the resonant frequency of the MEMS devices. Then, the quality factor used for the calculation of the tan using the proposed MEMS has been extracted using the fitting model. 25 The potential of the proposed characterization technique is indicated by the good correlation of the storage modulus and tan values as measured with DMA. The slight differences between the DMA and MEMS measurements are due to the fact that T g has a kinetic component and is strongly influenced by the frequency (rate) of deformation. While the DMA measurements have been performed at a frequency rate of 1 Hz, the MEMS measurements have been taken in the range of a few kHz. As the frequency of the deformation increases, the molecular relaxations can only occur at higher temperatures and, as a consequence, T g increases with increasing frequency. In addition, the shape and magnitude of the tanδ peak as well as the slope of the storage modulus in the transition region can also be affected. The tan of PET has been found to be 0.030 and 0.044 for DMA and MEMS resonator measurements at 20°C, respectively. Similar measurements on PEN and paper substrates have been performed up to 50°C showing consistent results with DMA measurements. As a result, the proposed technique could be of great interest in the field of MEMS sensors where the performance of the devices are strongly influenced by any changes of mechanical properties of the materials due to temperature and/or frequency. An approach has also been developed for determining the effective Young's modulus E eff (or effective storage modulus E' eff ) for "bimorph materials" (two-layer structures) obtained using the proposed organic MEMS device. The method is based on the following analytical model, [START_REF] Heinrich | Proceedings of the 11 th Nanomechanical Sensing Workshop NMC 2014[END_REF] which accounts for the non-uniform mass associated with the U-shaped cantilever. The major advantages of the analytical model proposed here is that the solution form is (1) based on a simple, yet rigorous, modification of the uniform cantilever case and (2) applicable to general end mass distributions. In the model normalized tip mass parameters ( and  eff ) are utilized in the calculation of the resonant frequency in order to incorporate the effects of the translational and rotational inertia of the end portion as well as its eccentricity with respect to the ends of the legs: where 6 , ≡ , and .

Since the Young's moduli of both materials are of the same order of magnitude, one may treat the flexural rigidity of the legs as being the same as that of a single layer of the same thickness and total width and having an effective modulus E eff .

Thus, we take I , with b, L, b 0 = 1600 m and L 0 = 400 m being the width and length of the arms and end portion of the U-shaped cantilever beam, respectively, as shown in Figure 1c. Parameters h 1 , h 2 ,  1 and  2 denote the thicknesses and mass densities of the substrate and nanocomposite layers, respectively. Measured values of resonant frequency used in conjunction with the above analytical expression permit one to easily back-calculate the effective modulus in the case of 100m thick PET, 50m thick PEN (PolyEthylene Naphtalate) and 200m thick Paper (Powercoat ® ) substrates coated with the nanocomposite. The values determined by this method have been compared with those from DMA measurements and show excellent agreement (Table 1 

Conclusions

Organic U-shaped cantilever resonators can be fabricated using a quick, low-cost and environmentally friendly fabrication process. The developed fabrication method can be applied to a large panel of organic materials opening new routes toward the development of low-cost organic electronics devices. The fabricated devices have been tested optically and electrically. These responses have also been compared to FEM simulations. The high level of correlation between experiments and modeling confirm the achievement of the first piezoresistive transduction in organic MEMS resonators. The present MEMS exhibit an extreme sensitivity to temperature that compares well with that of inorganic materials. In spite of their low-cost, the present materials can therefore serve as viable candidates for various sensing applications. The sensitivity of the bimorph PET-CNT-SU/8 device with respect to temperature has been determined to be -0.33%/°C in the range of temperature 20-50°C together with a limit of detection of 0.112°C, which is comparable to the best commercial Pt100 Class AA temperature sensors. As an example of another application, the present MEMS resonators have been used as microdynamic mechanical analyzers. Mechanical properties such as storage modulus and loss tangent of organic materials can be accurately extracted by recording the changes of resonant frequency and quality factor of the fabricated MEMS. Considering the cost, simplicity of fabrication, versatility and performance, the proposed MEMS offer exciting new possibilities across a wide spectrum of applications, including microsensors, mechanical energy harvesters, and microactuators.

4 -

 4 f r /f r (dynamic mode) -R/R (static mode)

  tan  (MEMS) materials of CNT-SU/8 nanocomposite deposited on PET, PEN and paper substrates.

  

  ).

	CNT-SU/8 on	PET	PEN	Paper
	E eff ' (GPa)	DMA MEMS	4.43 4.38	2.90 2.81	4.33 4.11
	E eff "(MPa)	DMA MEMS	131 192	290 256	625 471
	tan	DMA MEMS	0.030 0.044	0.100 0.091	0.144 0.115
	Table 1 Measured effective storage modulus (E eff '), loss
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