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Abstract: Surface acoustic wave-based (SAW) sensors are of great interest due to their 

high sensibility and fast and stable responses. They can be obtained at an overall low cost 

and with an intuitive and easy-to-use method. The chemical sensitization of a piezoelec-

tric transducer plays a key role in defining the properties of SAW sensors. In this study, 

we investigate the structural and adhesion properties of a new class of coating material 

based on polyurethane polymeric composites. We used dark-field microscopy (DFM) and 

scanning electron microscopy (SEM) to observe the microstructure of polyurethane com-

posite coatings on piezoelectric sensor elements and to analyze the effects of the chemical 

resistance and adhesion test (CAT) on the coating layers obtained with the polyurethane 

polymeric composites. The results of the microscopy showed that all polyurethane com-

posite coatings exhibited excellent uniformity and stability after chemical adherence test-

ing (CAT). All of the observations were correlated with the results of the ultrasonic anal-

ysis, which demonstrated the role of polyurethane as a binder to form the stable structure 

of the composites and, at the same time, as an adhesion promoter, increasing the chemical 

resistance and the adherence of the coating layer to the complex surface of the piezoelec-

tric sensor element. 
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1. Introduction 

Surface acoustic chemical (SAW) sensors have been investigated widely in recent 

years [1,2] due to their high sensibility, simplicity, and overall low cost in many aspects. 

The performance of SAW technology relies on two principal factors: First, the hardware 

design is responsible for the electronics on which the sensibility of the chemical transduc-

ing and the stability and precision of the sensor answer depends. And the second princi-

pal factor is the sensing interface, which will define the chemical environment that will 

provide the affinity towards the desired analytes [3]. In SAW technology, the sensing in-

terface is achieved by the deposition of a suitable sensing material, which ideally should 

present a high affinity and selectivity to the desired analytes, together with the other prop-

erties common to all analytical methods, like precision, reproducibility, stability of ana-

lytical response, and a suitable lifetime of utilization. As hardware issues have already 

been conveniently addressed and the state of the art of oscillator circuit development for 
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such high-frequency devices is currently well established, the development of SAW sen-

sor systems that can be turned into real applications still relies on the properties of the 

sensing interface, and, ultimately, on the choice of the sensitization material together with 

the coating procedure. 

Due to their diverse physical–chemical properties, polymers are materials that have 

been extensively explored, finding a broad range of applications in several areas. Besides 

their traditional uses, the vast choice in terms of chemical constitution and peculiar prop-

erties also make polymers potential candidates for applications at the molecular level, 

where they provide many suitable chemical environments and structural properties for 

several fields [4]. Among others, polymers find applications as drug transporters [5], in 

the support and design of catalysts [6,7], in sensor applications [8], and as sensing mate-

rials for chemical sensors [9]. Polymers enable a broad spectrum of molecular environ-

ments suitable for intermolecular interactions with analytes, provided by their diversity 

of chemical constitutions [10–13]. Besides their broad diversity of chemical constitutions, 

their variety of structural properties means that they can work alone as sensing materials 

or be combined with other components to form functional composites [14–16]. Polymers 

having three-dimensional networks enable the sorption of analytes, providing a high ca-

pacity for inclusion and detection by sensor systems [17]. These networks also exhibit suit-

able mechanical properties, making polymers a promising solution for the sensitization of 

complex surfaces [18], where they can fulfill most of the necessary requirements of coating 

materials [19–22]. 

In the sensitization of SAW sensors, the expected result of the coating process is the 

deposition of the desired sensitization material, forming a (usually) nanometric homoge-

neous layer that accounts for a minimal a�enuation of wave propagation and, at the same 

time, possesses enough material to interact with the available quantity of the analyte, mak-

ing it suitable for detection and quantification. Finally, the sensing layer should be chem-

ically and mechanically stable for a reasonable lifetime, which is expected for the utiliza-

tion of sensor systems in real analytical applications. For the coating of a SAW sensor 

element, some of the methods used include electrospraying, airbrushing, and spin coating 

[23,24]. 

Because of their above-mentioned advantages, polymers were used as coating mate-

rials at the beginning of the development of SAW sensors [25,26]. However, issues such 

as dewe�ing and other problems were reported [27–29], leading to a lack of utilization of 

polymers as sensing materials in recent years. 

To address the application of polymers as sensing materials for SAW sensors, we 

presented a new class of polymeric composites, formed between polyurethane (PU) and 

a sensing polymer, as sensing materials for SAW technology [30,31]. These new coating 

materials are intended to take advantage of polymers’ features, such as their cost and 

availability, along with a robust and efficient coating procedure, resulting in coating lay-

ers with increased chemical and mechanical properties compared with the pristine poly-

mers previously used as coating materials. The new coating materials were submi�ed to 

CAT to test their chemical and mechanical stability, and the results indicated that, while 

the coatings of the pristine polymers were almost completely removed from the surface 

of the SAW sensor element, the coatings with the PU–polymer composites presented a 

remarkable improvement in chemical resistance and in the adhesion of their coating lay-

ers. The results showed that with the PU–polymer composites, although some loss of ma-

terial was observed, most was retained over the surface, preserving the original sensor 

responses of their respective sensing polymers and their relative affinities against the 

tested organic analytes. The observations indicated that the structure of the coating layer 

of the composites remained over the surface, even after the application of the CAT. 
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To explain those results, a mechanism for the formation of the PU–polymer compo-

sites was proposed, in which the PU is responsible for both the formation of a CAT-re-

sistant polymeric network and the increase in the adhesion of the coating layer to the com-

plex surface of the SAW sensor element. The material loss observed after the CAT should 

be due to the removal of the sensing polymer units that were eventually not bonded to 

the composite structure. These free units of sensing polymer should then be washed out 

from the coating layer by the CAT. The coating layer that remains after the CAT should 

correspond to the structure of the PU–polymer composite, which presents improved 

chemical resistance and adhesion in comparison to the pristine polymers as the coating 

materials. The proposed mechanism of the formation of the PU-composites is schemati-

cally represented in Figures 1 and 2. 

 

Figure 1. Representation of the deposition of the PU–polymer composites as the coating material 

over the SAW sensor element by the spin coating methodology [31]. The blue units represent the 

molecules of the sensing polymer, and the red ones represent the PU molecules. Some units of the 

sensing polymer are not involved in the structure of the PU–polymer composite, as is schematically 

shown at the top of the representation of the coating layer (right side of the figure). 

 

Figure 2. Schematic representation of the result of the CAT over a coating layer obtained by the 

deposition of the PU–polymer composites over the SAW sensor element [31]. The blue units repre-

sent the molecules of the sensing polymer, and the red ones represent the PU molecules. The units 

of the sensing polymer that are not bonded to the structure of the PU–polymer composite (seen on 

the top of the left side of the figure) should be removed from the coating layer by the CAT. The 
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remaining deposited layer should correspond to the structure of the corresponding PU–polymer 

composite used. 

In the present work, three chemically different polymers were combined with PU to 

form their respective PU–polymer composites: polybutylmethacrylate (PBMA), polylau-

rylmethacrylate (PLMA), polyisobutylene (PIB). We used DFM [32,33] and SEM to inves-

tigate the microstructure of the PU–polymer composite coating layers and the effects of 

the CAT to analyze the remaining structure of the PU–polymer coating materials over the 

SAW sensor element. The microscopy results were then correlated with the ultrasonic 

analysis to characterize the obtained coating layers before and after the CAT of the PU–

polymer composites as the sensing materials. The results will provide more insights into 

the mechanism of formation of the polymeric composites and will characterize the effects 

of the CAT in the structure of the deposited coating materials. These structural results 

should be used in a future interpretation of the selectivity and long-term behavior of the 

sensor responses of the PU composite coating layers. 

2. Methodology 

2.1. Piezoelectric Sensor Elements 

The piezoelectric sensor elements used in this work (Figure 3) are of high polish 

quar� (SiO2) with a 37.5° cut orientation and dimensions of 4 mm × 8 mm and 0.5 mm 

thickness. Over the quar� surface, the structure of the interdigital propagators for the 

acoustic waves and the contact pads, made of gold, were lithographic deposited (SCD 

Components, Dresden, Germany). 

 

Figure 3. SAW sensor element with four large contact pads at the edges (in black) and the sensor 

active area located in the center of the element (the continuous dark gray zone that crosses the whole 

element horizontally) [34]. 

2.2. Spin Coating 

The spin coating solutions were prepared with concentrations of 1.6 mg/100 mL of 

PBMA and 0.8 mg/100 mL of PU for the PU/PBMA composite, 1.6 mg/100 mL of PLMA 

and 0.8 mg/100 mL of PU for the PU/PLMA composite; 0.8 mg/100 mL of PIB and 0.8 

mg/100 mL of PU for the PU/PIB composite and 0.8 mg/100 mL of PU for the pristine PU 

deposition. For the deposition of the coating layer, 200 microliters of the spin coating so-

lutions were dropped over the piezoelectric sensor element placed on the spin coater (Lau-

rell MS-400B-6NPP/LITE, Lansdale, PA, USA). The rotation speed rate used was 8000 rpm 

for 120 s for all experiments. All parameters were precisely controlled. 
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2.3. Ultrasonic Parameters 

The ultrasonic parameters of each SAW device before and after coating were rec-

orded by comparing the HF resonance frequency transmission parameters with a network 

analyzer (Hewle� Packard 8712ES, Waldbronn, Germany). The ultrasonic parameters, re-

sulting in resonance frequency shift and a�enuation change (S12 parameter), were meas-

ured. 

2.4. Scanning Electron Microscopy 

Equipment: Scanning electron microscope SR-50 A; International Scientific Instru-

ments, Inc.; Carlsbad, CA, USA, Emission type: Wolfram-Tungsten cathode; Acceleration 

voltage: 0.02–30 kV; Resolution 8 nm. 

2.5. Dark Field Microscopy (DFM) 

The DFM images were taken with the microscope Axiotech 100 HD (Carl Zeiss, Jena, 

Germany). 

2.6. Chemicals 

Perchloroethylene (CAS 127-18-4) and toluene (CAS 108-88-3) were purchased from 

Sigma-Aldrich Co. (St. Louis, MO, USA), all having concentrations higher than 99%, and 

were used without further treatment. Polybutylmetacrylate (CAS 9003-63-8), Polylau-

rylmetacrylate (CAS 25719-52-2), and Polyisobutylene (CAS 9003-27-4) were purchased 

from Sigma-Aldrich Co. (St. Louis, MO, USA). The polyurethane (polymeric methylene-

diphenyldiisocianate and polyether–polyester basis polyol) was obtained from Büfa Com-

pany, Oldenburg, Germany. 

2.7. Chemical Resistance and Adhesion Test (CAT) 

The CAT is a house-made test devised to investigate the stability of the polymeric 

coating layers in terms of their chemical resistance to perchloroethylene and to infer the 

adhesion of the polymeric layer to the surface of the SAW sensor element. The method is 

performed by submi�ing the coated sensor elements to the limit condition of complete 

immersion in a bath of perchloroethylene for 24 h. After this, the coated sensor is left at 

room temperature for twelve hours to complete the evaporation of the solvent before fur-

ther measurements [30]. 

3. Results and Discussion 

3.1. Ultrasonic Results 

The ultrasonic results of frequency shift and a�enuation for the pristine PU and the 

PU–polymer composites coatings, before and after the CAT, are shown in Figures 4 and 

5, respectively. 
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Figure 4. Frequency shift results of the pristine PU and the PU–polymer composites before and after 

the CAT. 

 

Figure 5. A�enuation results of the pristine PU and the PU–polymer composites before and after 

the CAT. 

The results of the a�enuation and frequency shift for the coating with the pristine PU 

before and after the CAT confirmed that the PU is not affected by the test, as observed in 

the previous works [31], reinforcing its participation in the composite formation as de-

scribed in the proposed mechanism. The results of the frequency shift, which is propor-

tional to the mass deposited over the piezoelectric sensor element, for the PU–polymer 
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composites indicate that, although a quantity of mass of the original deposition was re-

moved by the CAT, a significant mass of the coating layer of the composites was pre-

served. The a�enuation results are connected to the loss of energy by the propagation of 

the acoustic wave over the surface of the SAW sensor, providing an integral parameter 

related to the material uniformity and distribution over the active area of the sensor. The 

uniformity of the results of the a�enuation for all the PU-composites after the CAT sug-

gests that the remaining structures are similar in respect to their homogeneity, despite the 

difference in their structures due to the variation in the sensing polymers in their consti-

tutions. This observation can be explained by the fact that the composition of PU-compo-

sites leads to the formation of coating layers with more structural similarity once all of 

them have PU as a common component in their structures. And the observed reduction 

and uniformity in the a�enuation results after the CAT can be a�ributed in part to the 

mass reduction (as detailed in Figure 2) but also due to the improvement of the adhesion 

and material distribution, as observed before for the PU–polymer composites [31,34]. To 

explore more deeply the individual characteristics of the coating layers formed by each 

PU–polymer composite, microscopic analyses using SEM and DFM were performed. 

The main object of the microscopy analysis was the central part of the active area of 

the piezoelectric sensor element, in the location with the intersection of three different 

regions of the element: the area with the gold electrodes fingers, the gold continuous con-

tact pad, and the free quar� surface, in order to investigate the interaction of the coating 

materials with these constitutionally distinct regions of the piezoelectric sensor surface. 

3.2. Uncoated SAW Sensor Element 

Figure 6 presents the SEM images of an uncoated SAW sensor element ready for dep-

osition, to provide a reference about how the clean surface should look. 

 
 

(a) (b) 
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(c) (d) 

Figure 6. SEM images of the surface of an uncoated piezoelectric sensor element at various magni-

fications. The active area of the piezoelectric sensor can be identified as the horizontal dark gray 

zone, which crosses the whole picture in the 100× magnification (a), 1000× magnification (b), 5000× 

magnification (c) and 10,000× magnification (d). 

The observation of the locations presented in Figure 6c,d allows an inspection of the 

resulting interaction of the coating materials with the three kinds of constitutions of the 

surface of the sensor element to provide insights about the quality of the coverage by the 

coating material, its we�ability to each surface, the obtained material distribution, the ho-

mogeneity of the layer, and the respective implications of these characteristics to the ad-

hesion and mechanical stability of the resulting coating layer. From Figure 6 can be seen 

that all the regions of the surface of the uncoated SAW sensor element present very clean 

and unperturbed images by all the magnifications analyzed. 

3.3. PU-PBMA Composite 

The a�enuation results indicated a homogeneous coating layer for the PU-PBMA 

composite (Figure 5) despite the high values of frequency shift obtained for the original 

deposition (before the CAT) for this coating material. The DFM images for the PU-PBMA 

original coating layer confirm the homogeneity of its deposition (Figure 7a). The SEM im-

ages also confirm the homogeneous aspect presented by the original coating layer of the 

PU-PBMA composite. By the magnifications of 5000× and 10,000× (Figure 8a,b) can be seen 

that the layer equally covered the quar� substrate as well as the gold fingers and elec-

trodes in a homogeneous way. 

After the application of the CAT, the DFM image reflects the modification of the 

structure of the coating layer (Figure 7b), indicating how the test affected the structure of 

the coating layer. Nevertheless, after the CAT the remaining coating layer still presents a 

regular aspect in terms of material distribution. This modification in the structure of the 

coating layer can be correlated to the frequency shift results (Figure 4), which indicates a 

loss of a significant amount of material by the PU-PBMA coating layer after the applica-

tion of the CAT. The images of the SEM confirm the modification of the structure (Figure 

8c,d), and the pa�ern observed in the SEM images agrees with that observed by the DFM 

images after the CAT. 

As observed for the DFM, the SEM images show a homogeneous coverage over all 

the regions of the surface of the SAW element, with a very reproducible structure that 
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should be the characteristic structure of the PU-PBMA composite that remains bound to 

the surface after the CAT. 

  
(a) (b) 

Figure 7. (a) DFM images of the coating layer with the PU-PBMA composite before and (b) after the 

CAT. Magnification of 50×. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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Figure 8. SEM images of the PU-PBMA composites before and after the CAT. (a) Magnification of 

5000×, before CAT; (b) 10,000×, before CAT; (c) 2500×, after CAT; (d) 5000×, after CAT. 

3.4. PU-PLMA Composite 

Figure 9 presents the images of DFM of the coating layer obtained with the PU-PLMA 

composite. 

 
(a) 

 
(b) 

Figure 9. DFM images of the coating layer with the PU-PLMA composite, (a) before and (b) after 

the CAT. Magnification of 50×. 

The a�enuation results indicated that the original coating layer with the PU-PLMA 

composite should present a homogenous deposition over the surface of the saw element 

(Figure 5). The homogeneity of the coverage with this composite is confirmed by the DFM 

image (Figure 9a), where a pa�ern can be observed for the coating with the PU-PLMA 

composite. The SEM images also indicate a very homogenous deposition of this coating 

material (Figure 10a,b), however, showing a quite different structure in comparison with 

the structure obtained with the PU-PBMA composite (Figures 7a and 8a,b). The layer of 

the PU-PLMA composites appears to cover all regions of the surface, as also observed by 

the PU-PBMA composite. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 10. SEM images of the deposition of the PU-PLMA composite as the sensing layer. (a) Mag-

nification of 2500×, before CAT; (b) 5000×, before CAT; (c) 2500×, after CAT; (d) 5000×, after CAT. 

The frequency shift results for the PU-PBMA composite (Figure 4) also indicated a 

significant loss of material occurred after the application of the CAT, but again resulting 

in a homogeneous coating layer after the CAT, according to the a�enuation results. The 

DFM image after the CAT (Figure 9b) appears to confirm the ultrasonic results, where the 

layer appears to be cleaned after the CAT, indicating the removal of part of the material 

from the surface. However, the remaining layer presents homogeneity. The SEM results 

present more clearly the effect of the CAT, evidencing the fact that some part of the mate-

rial was removed, while there is a very homogeneous and reproducible structure that re-

mains after the CAT (Figure 10c,d). These results strongly suggest that the remaining 

structures after the CAT should correspond to the PU-PLMA composite formed by the 

coating process. The remaining structures of the two composite materials, PU-PBMA and 

PU-PLMA, are very distinct, evidencing the constitutional differences between the two 

coating materials. 

3.5. PU-PIB Composite 

The coating with the PU-PIB composite presented a different behavior for its deposi-

tion. The DFM images show a regular pa�ern that spreads itself over all regions of the 

surface of the SAW sensor element, apparently covering equally all the gold and the 

quar� regions of the surface (Figure 11a,b). 

The DFM images after the CAT indicated that the deposition had been modified, sug-

gesting some loss of the original coating (Figure 11c,d), as was observed with the other 

PU–polymer composites. Again, the pa�ern observed by the deposition before the appli-

cation of the CAT seems to be maintained but apparently being cleaned after the applica-

tion of the CAT. 

The SEM images confirm the observed with the DFM. The images before the CAT 

(Figure 12a,b) show a homogeneous coverage of all regions of the surface. From the SEM 

images can be seen that the coating material can be found over the gold pads, over the 

gold fingers of the interdigital structure, in between the gold fingers on the quar� 

trenches, and over the quar� regions, free of the gold electrode deposition. 
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(a) 

 
(c) 

 
(b) 

 
(d) 

Figure 11. DFM images of the coating with the PU-PIB composite as the coating material, (a,b) before 

CAT; (c,d) after the CAT. All images were made with a magnification of 50×. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 12. SEM images of the deposition of the PU-PIB composite as the sensing layer. (a) 2500×, 

before CAT; (b) 5000×, before CAT; (c) 2500×, after CAT; (d) 5000×, after CAT. 

After the CAT, the SEM images (Figure 12c,d) indicate that some material was re-

moved from the original deposition, being the removal apparently occurring equally from 

all the regions of the surface of the SAW element. Once again, a remaining deposition with 

a particular structure is observed after the CAT, suggesting that the PU-PIB composite has 

also resisted the CAT, as observed for the other PU–polymer composites investigated. But, 

again, the structure of the remaining coating layer after the CAT is distinct from those 

observed for the other composites, possibly due to the differences in the chemical consti-

tution of the composites. 

As seen by the results, all the PU–polymer composites exhibited the same overall 

behavior with respect to their formation and reaction to the CAT, and all of them seem to 

follow the proposal mechanism explained in Figures 1 and 2, independent of the sensing 

polymer combined with PU. The ultrasonic analyses are in perfect agreement with the 

microscopic observations for all the PU–polymer composites, revealing the role of each 

component in the formation of the composites. Despite the observation of the same overall 

behavior for all the PU–polymer composite analyzed so far, it is of crucial relevance to 

point out the achievements and advantages of this class of composite materials. As re-

vealed by the microscopic analysis, each of the composites presented a characteristic mi-

crostructure and a pa�ern by its deposition over the complex surface of the piezoelectric 

sensor element, evidencing the individual influence of each polymer combined with PU. 

The microstructure of the coating layer will influence the selectivity against the analytes 

and the long-term stability of the coated sensor and, therefore, must be considered when 

these issues are addressed in future work. Although the composites presented different 

microstructures, they all resulted in highly uniform coating layers, showing great chemi-

cal resistance and adhesion improvements. And the most important feature of the PU–

polymer composites is the achievement of all the improvements observed independently 

of the nature of the polymer used, keeping in mind that it is the polymer combined with 

PU that will be responsible for the quality of the sensor response in the detection process 

by the sensor system. 

4. Conclusions 

The ultrasonic results explained the behavior of the composites with respect to the 

CAT and could be correlated with the microscopy results, revealing that all the composites 



Coatings 2025, 15, 139 14 of 16 
 

 

provided homogeneous coating layers before and after the CAT, also indicating the ex-

tension of the removal of the material from the surface by the CAT for each composite. 

The ultrasonic results agreed with the proposed mechanism of formation of the PU–pol-

ymer composites and are in perfect agreement with the microscopy results, reinforcing 

the function of each component of the composites in the properties of the obtained coating 

layer, where PU should act as a binder to form the polymeric composite with the sensing 

polymer used and, at same time, as an adhesion promoter, without interfering in the sen-

sor response, which depends only on the characteristics of the sensing polymer forming 

the composite. Although seeming to follow the same mechanism of formation, the micro-

structures of each composite are distinct, reflecting the characteristics of the sensing pol-

ymer used in the composite. The microscopy results provided a relevant visualization of 

the structure and interaction of the composites with the different regions of the complex 

surface of the piezoelectric sensor element, allowing the evaluation of the macroscopic 

material distribution and the uniformity of the coating deposition. The microscopy meth-

ods could successfully detect the effects of the CAT in the coating layer of each PU–poly-

mer composite, revealing the preserved structures that resisted the CAT, providing rele-

vant information about the adhesion of the coating materials to the surface of the sensor 

that plays an important role in the long-term behavior of the SAW sensors in real applica-

tions. It was observed that the nature of the sensing polymer used strongly affects the 

properties of the composites in terms of their structure and their interaction with the sur-

face of the sensor element. The results of the CAT showed that all the coating layers of the 

PU–polymer composites presented chemical and mechanical stability, indicating that this 

new class of coating materials based on the PU–polymer composites provided coating 

layers with improved structural properties, maintaining the chemical affinity and sensi-

tivity of the sensing polymer used. In further work, the formation of the composite as a 

function of the PU–polymer stoichiometry will be investigated as well as the influence of 

composition of the polyurethane polymer used in the composites. 

The results of this study considerably expand the choice of chemical environments 

for chemical sensitization since any type of polymer can virtually be used as a coating 

material for SAW technology. This makes this type of polymeric composite promising for 

other sensor technologies, like optical and biosensors, where the sensitization requires 

rich chemistry properties in terms of interactions, along with enhanced adhesion and 

other specific mechanical properties that can potentially be achieved by a tailor-made PU–

polymeric composite, opening a vast and broad spectrum of possibilities in terms of chem-

ical sensitization. 
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