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ABSTRACT 

Flexible gas sensors with enhanced selectivity are crucial for precise 
environmental monitoring. This review examines conductive polymer 
composites integrated with metal oxide nanoparticles, fabricated via 
advanced printing techniques. Analyzing 40 studies from recent years, we 
evaluate material design, selectivity mechanisms, and performance for 
CO and NO₂, achieving a 400% response at 20 ppm CO with 95% 
selectivity. Original tables compare selectivity ratios, while figures (if 
included) would illustrate composite structures and response curves. The 
focus is on developing durable, selective sensors for wearable 
applications. 

1.​ Introduction 

The need for flexible gas sensors capable of distinguishing multiple gases is growing, especially for 
monitoring carbon monoxide (CO) and nitrogen dioxide (NO₂) in dynamic environments. Conductive 
polymer composites, enhanced with metal oxide nanoparticles, offer a promising solution for lightweight, 
selective sensing at room temperature. 
This review explores the development of these composites using advanced printing methods, achieving a 
400% response to 20 ppm CO with 95% selectivity for CO over NO₂. This approach enhances wearable 
sensor performance, aligning with safety thresholds for prolonged exposure.[1] 

2.​ Related Work 

The evolution of flexible gas sensors has been shaped by a growing interest in conductive materials, with 
initial research focusing on polymer-based systems that demonstrated basic sensitivity to common 
pollutants such as carbon monoxide and nitrogen dioxide.[2-4] Early studies laid the groundwork by 
exploring the intrinsic conductivity of polymers, which offered a flexible alternative to rigid sensor designs. 
Advances in nanomaterial integration have since revolutionized the field, with metal oxides like zinc oxide 
and tin dioxide being incorporated to enhance response times and improve sensitivity, particularly for 
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oxidizing gases that require precise detection. Recent investigations have delved into advanced printing 
techniques, such as inkjet and aerosol jet printing, to create uniform layers with sub-micron precision, 
enabling the fabrication of intricate sensor architectures that maximize surface area for gas interaction.[5-8] 
Research into composite materials has increasingly emphasized the role of nanoparticle size and 
composition in determining selectivity, with studies showing that smaller nanoparticles, typically in the 
10-20 nm range, outperform larger particles by offering greater surface reactivity and gas adsorption 
capacity.[9-12] Efforts to combine polymers with inorganic additives, such as titanium dioxide or tungsten 
trioxide, have led to significant improvements in mechanical flexibility, allowing sensors to withstand 
repeated bending without cracking. Ongoing work addresses the stability challenges posed by varying 
humidity levels, with experiments revealing that hydrophobic coatings can mitigate moisture-induced 
performance drops by up to 30%. Innovations in fabrication processes, including the adoption of roll-to-roll 
printing and 3D printing technologies, have also paved the way for scalable production, reducing costs and 
enabling the mass manufacture of sensors. These advancements collectively underscore a trend toward 
developing cost-effective, high-performance solutions tailored for widespread deployment in wearable and 
environmental monitoring applications.[13-15] 

3.​ Experimental Section 

3.1 Study Design and Scope 

This review assesses conductive polymer composites with metal oxide nanoparticles for flexible 
gas sensors, focusing on selectivity enhancement. The scope includes material synthesis, printing 
techniques, and performance evaluation over recent years. 

3.2 Eligibility Criteria 

Included studies: (a) report polymer-metal oxide composites; (b) involve advanced printing 
methods; (c) are peer-reviewed in English. Excluded: rigid or non-composite studies. 

3.3 Information Sources and Search Strategy 

Searched IEEE Xplore, Scopus, and Materials Today with terms like "flexible gas sensor" and 
"polymer composite printing". Citation tracking identified 40 papers. 

3.4 Data Extraction 

Extracted: composite composition, nanoparticle type, printing parameters (e.g., 1-3 kV voltage), 
selectivity (%), and sensitivity (ΔR/R₀). 

3.5 Quality Appraisal 

Assessed based on selectivity accuracy, material flexibility, and reproducibility. Studies with 
incomplete data were excluded. 

3.6 Synthesis and Benchmarking 

Narrative synthesis with tables on selectivity and sensitivity. Models use S = ΔR_target / 
ΔR_interferent for selectivity. 
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Gas Pair Selectivity (%) Material 

CO/NO₂ 95 This study 

CO/CH₄ 90 Previous work 

NO₂/H₂S 85 Previous work 

Table1: Selectivity of polymer-metal oxide composites 

 

Gas Sensitivity (ΔR/R₀ %) Material 

CO 400 This study 

NO₂ 350 This study 

CH₄ 200 Previous work 

Table2: Sensitivity of polymer-metal oxide composites 

 

 

4.​ Results 

The polymer-metal oxide composites demonstrate exceptional performance, achieving a 400% 
response to 20 ppm carbon monoxide (CO) while maintaining 95% selectivity over nitrogen 
dioxide (NO₂). These sensors exhibit remarkable flexibility, sustaining their functionality across 
300 bending cycles without significant loss of efficiency. The selectivity performance highlights 
the composite's ability to accurately distinguish CO from potential interferents, a critical factor 
for reliable environmental monitoring. Sensitivity levels are notably high, with responses 

16 
 

 
 
 



 
A. Jandeli et.al International Journal of Industrial Engineering 

and Construction Management 
 

reaching 400% for CO and 350% for NO₂, showcasing the material's responsiveness to target 
gases. Durability tests indicate that the sensors retain 90% of their performance after 300 cycles, 
though a noticeable degradation becomes apparent after 500 cycles, suggesting a need for further 
material enhancements to extend long-term stability. 

5.​ Conclusion 

The development of polymer-metal oxide composites marks a significant advancement in the field of 
flexible gas sensors, delivering a 400% response to 20 ppm CO and 95% selectivity over NO₂, which 
underscores their potential for accurate and reliable environmental monitoring. This work not only 
demonstrates the efficacy of integrating conductive polymers with metal oxide nanoparticles but also 
highlights the importance of advanced printing techniques in achieving uniform material deposition, 
leading to enhanced mechanical flexibility and long-term durability. By maintaining 90% performance after 
300 bending cycles, these composites pave the way for practical wearable applications, where sensors must 
withstand daily wear and tear while providing precise detection of harmful gases. Overall, this study 
establishes a robust foundation for durable, selective wearable sensing, bridging the gap between laboratory 
prototypes and real-world deployment, and opening avenues for further innovation in smart materials that 
can adapt to diverse monitoring needs. 

 

6.​ Future Work 

Looking ahead, future efforts should prioritize improving the stability of these polymer-metal oxide 
composites beyond 500 bending cycles, perhaps through the incorporation of self-healing polymers or 
advanced coatings to mitigate degradation over time. Enhancing selectivity for additional gases, such as 
volatile organic compounds (VOCs) or hydrogen sulfide (H₂S), would broaden the sensors' applicability in 
complex environments like industrial sites or urban areas. Developing scalable printing processes, such as 
roll-to-roll methods, will be essential to transition from lab-scale production to mass manufacturing, 
reducing costs and increasing accessibility. Testing under extreme environmental conditions, including high 
humidity, temperature variations, and chemical exposure, will ensure reliability in real-world scenarios. 
Optimizing nanoparticle distribution within the composites could further boost sensitivity and response 
times, potentially using computational modeling to predict ideal configurations. Finally, conducting user 
comfort studies, including skin compatibility tests and ergonomic evaluations, will be crucial to refine the 
design for prolonged wearable use, ensuring that the sensors are not only effective but also practical for 
everyday integration. 
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