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Abstract 

This paper investigates the application of nanomaterial-based smart sensors in mechatronic systems and biomedical 

devices and examines their advantages compared to conventional sensor technologies. Measurement accuracy and 

response speed are among the key factors determining the effectiveness of control and monitoring processes in 

mechatronic systems and biomedical devices. Conventional sensor technologies are characterized by limitations such as 

low sensitivity, high inertia, and delayed response time. The high surface-to-volume ratio and unique electrical and 

mechanical properties of nanomaterials enable the mitigation of these limitations. This paper provides a systematic 

analysis of the working principles, advantages, and application prospects of nanomaterial-based sensors in mechatronic 

systems and biomedical devices. 
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1. Introduction 

The widespread application of mechatronic systems in modern industry, automation, and high-tech fields 

has necessitated the rapid development of sensor technologies. Robotics, automated production lines, aviation 

and space technologies, intelligent control systems, as well as medical monitoring and diagnostic devices 

operate based on data received from sensors. The signals obtained from the sensors are directly transmitted to 

the control, analysis, and monitoring algorithms; their accuracy, sensitivity, stability, and response time have 

a significant impact on the overall performance of the systems [1], [2], [3]. 

High-speed data processing, real-time control, and resistance to external influences are considered key 

requirements in modern mechatronic systems. In biomedical devices, accurate measurement of physiological 

parameters, detection of weak biological signals, and long-term reliable monitoring are of particular 

importance. For this reason, the sensors used are required to not only perform the measurement function, but 

also have high accuracy, low energy consumption, and fast response characteristics [2], [4], [5]. 

Conventional sensor technologies have been widely used in various industrial and medical applications 

for many years. However, the limited sensitivity of classical sensors based on macroscopic materials, their 

relatively long response time, and their sensitivity to external influences somewhat limit their application in 

modern high-precision systems [3], [4]. Reliable detection of small-scale signals, especially in real-time 

control systems and biomedical monitoring devices, poses a serious challenge for conventional sensors. 

The rapid development of nanoscience and nanotechnology in recent years has led to the formation of 

nanomaterial-based sensor technologies. Graphene, carbon nanotubes, metal oxide nanostructures, and other 

nanomaterials have been widely studied in sensor technologies due to their properties such as high surface-to-

volume ratio, high electrical conductivity, and small size [6], [7], [8]. The use of nanomaterials allows for 

increased sensitivity of sensors, reduced response time, and more accurate detection of weak physical and 

biological signals [8], [9], [10], [11], [12]. 
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Nanomaterial-based sensors are currently considered a promising technology in mechatronic systems, 

smart robots, wearable electronic devices, implantable medical devices, and biosensor systems [11], [13], [14]. 

The application of these sensors not only increases the stability of control systems but also improves the quality 

of medical diagnostics and monitoring processes. 

The purpose of this article is to comparatively analyze the main characteristics of nanomaterial-based 

sensors with conventional sensor technologies, investigate their application possibilities in mechatronic 

systems and biomedical devices, and analytically evaluate the advantages of nanosensors based on the existing 

scientific literature. The article comparatively examines key parameters such as sensitivity, response time, 

stability, and applicability. 

 

2. Conventional Sensors 

Conventional sensors have long been widely used in mechatronic systems, including biomedical 

measurement and monitoring devices, to measure physical, mechanical, and chemical parameters. These 

sensors are usually based on macro-sized materials, and the measurement process mainly occurs within the 

limited surface area of the sensor. Parameters such as temperature, pressure, force, vibration, and chemical 

environment are converted into electrical signals and transmitted to control and monitoring systems. However, 

conventional sensor technologies have a number of fundamental limitations: 

• The low sensitivity of the sensors is due to the fact that only a small part of the material actively participates 

in the measurement process. This leads to the loss of weak physiological signals, especially in biomedical 

measurements [3], [4], [5]. As a result, measurement errors increase in mechatronic systems and 

biomedical devices that require high accuracy. 

• The long response time of sensors is due to their relatively large size and mass. As a result, additional time 

is required for thermal, mechanical, and chemical effects to propagate within the material. This causes 

control delays in real-time mechatronic systems and vital biomedical devices [3]. 

• Conventional sensors are sensitive to external influences such as high temperature, vibration, and 

electromagnetic noise. During long-term operation, drift of measurement values, calibration instability, 

and reduced repeatability of results may be observed [3], [4]. 

The problems mentioned are particularly acute in biomedical devices, as the variability of the physiological 

environment, bioelectrical noise, and temperature fluctuations directly affect measurement accuracy [2], [15]. 

Ultimately, these factors indicate that conventional sensor technologies cannot fully meet the requirements of 

both modern highly dynamic mechatronic systems and biomedical devices that require high reliability and 

stability [3], [4]. 

 

3. Nanomaterial-Based Sensors 

Nanomaterial-based sensors encompass modern sensor technologies that use nanometer-sized materials as 

the measuring element. These sensors enable more accurate and faster measurement of physical, mechanical, 

chemical, and biological effects in mechatronic systems and biomedical devices [6], [7], [8]. 

The high surface-to-volume ratio of nanomaterials increases the sensitivity of sensors and allows them to 

detect smaller changes, including weak biological signals, compared to conventional sensors [7], [8], [9]. 

The small size and low mass of nanomaterials ensure a reduction in the response time of sensors. This 

feature creates a significant advantage for mechatronic and biomedical systems operating in real-time [10], 

[11]. 

 

4. Application Possibilities in Mechatronic Systems and Biomedical Devices 

A comparative analysis based on Table 1 demonstrates that nanomaterial-based sensors exhibit superior 

properties over conventional sensor technologies in key functional parameters, especially in terms of 

sensitivity, response time, and measurement stability. This scientifically justifies their promising application 

possibilities in mechatronic and biomedical systems. Nanomaterial-based sensors increase measurement 

accuracy, improve dynamic response characteristics, and enhance the stability of real-time control systems 

[14], [16]. 
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Table 1. Comparison of conventional and nanomaterial-based smart sensors. 

Criteria Conventional Sensors Nanomaterial-based Smart 

Sensors 

Size of sensitive element Macroscale materials Nanoscale structures 

Surface-to-volume ratio Low High 

Sensor sensitivity Limited Usually high [8], [9] 

Detection of a weak signal Limited More effective detection capability 

[17], [18], [19] 

Response time Relatively long Usually short [10], [11], [19] 

Real-time applicability Limited More suitable for real-time 

applications 

Stability of measurement 

parameters 

Long-term drift may be observed Relatively high, but requires further 

research 

Need for calibration Frequently required In some cases, less is required 

Resistance to external noise/ 

interference 

More sensitive to external influences Better durability has been observed 

in certain nanostructures 

Sensitivity to temperature effects High May be lower depending on the 

material 

Energy consumption Relatively high Usually low 

Miniaturization capability Limited More opportunities are available 

Use in mechatronic systems Limited or partially suitable Promising application opportunities 

exist [16], [20] 

Use in biomedical devices Noise and stability restrictions exist Shows high potential for biomedical 

applications [14], [21], [22] 

Wearable and implantable devices Limited application capability Promising for wearable systems 

[14] 

 

5. Problem Statement 

The current limitations of conventional sensors make the problem of creating nanomaterial-based smart 

sensors and their integration into mechatronic systems, as well as biomedical devices, urgent. Existing sensor 

technologies cannot fully provide the necessary performance in applications requiring high accuracy and fast 

response, especially in real-time control and medical monitoring systems. 

According to literature data, the sensitivity coefficient of graphene-based relative strain sensors has been 

shown to be significantly higher than that of conventional metal foil sensors [8], [9]. At the same time, reducing 

response time to the millisecond level is considered an important advantage for real-time mechatronic systems. 

It has been found that nanocomposite elastic structures in pressure sensors based on carbon nanotubes 

(CNTs) show high sensitivity to small mechanical deformations [10]. This feature is important for biomedical 

applications, especially arterial pressure and respiratory monitoring. 

It has been shown that in gas sensors made based on metal oxide nanomaterials, the interaction of the 

nanostructured surface with gas molecules is more intense, resulting in an increase in signal amplitude [12], 

[16], [20]. 

Faster response time and lower detection limit achieved when nanomaterial-based biosensors are applied 

to glucose monitoring [17], [18]. These results demonstrate the high efficiency of nanomaterials in detecting 

weak biological signals. 

A summary of the research conducted shows that: 

• High surface-to-volume ratio leads to increased sensitivity; 

• Small size and low mass reduce reaction time; 

• High electrical conductivity allows for clearer signal formation; 

• Detection of weak physiological signals in biomedical environments becomes more reliable. 

These facts indicate that the application of nanomaterial-based sensors in both mechatronic systems and 

biomedical devices is scientifically and practically justified. 
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6. Research Methodology 

This study was conducted as a conceptual and review study based on a comparative analytical analysis of 

the existing scientific literature, rather than experimental measurements. The article compares the main 

characteristics of nanomaterial-based sensors and conventional sensor technologies based on results presented 

in various scientific sources. 

During the research, existing scientific articles, review studies, and theoretical approaches on sensor 

systems based on graphene, carbon nanotubes, and metal oxide nanostructures were analyzed [8], [23], [24], 

[25], [26]. The following key parameters were taken into account during the comparison process: 

• Sensitivity coefficient (Gauge Factor – GF); 

• Reaction time; 

• Surface-to-volume ratio; 

• Signal-to-noise ratio; 

• Energy consumption; 

• Application possibilities in biomedical and mechatronic systems. 

The results presented in the article are based on an analytical summary of results provided in various 

scientific sources, rather than on direct laboratory experiments or full mathematical modeling by the authors. 

For this reason, the assessments conducted are of a preliminary conceptual and analytical nature. 

The main goal of the study is to identify the promising properties of nanomaterial-based sensors, 

demonstrate their comparative advantages over conventional sensor technologies, and identify key directions 

for future experimental research. 

 

7. Comparative Analysis of Sensitivity and Response Time 

The assessments presented in this section are based not on the authors' direct experimental measurements 

but on a comparative analysis of results provided in various scientific sources and a conceptual model 

approach. During the comparison, literature data on gauge factor (GF), response time, and signal characteristics 

were analyzed. 

According to literature data, the sensitivity coefficient of conventional metal strain sensors usually varies 

in the range of GF ≈ 2–5 [3]. It is noted that this indicator is significantly higher in graphene-based nanosensors 

[8], [9]. In some studies, GF > 100 has been observed in graphene-based structures [8], [9]. 

Sensors based on carbon nanotubes have been shown to record weak mechanical deformations more 

accurately due to their high surface-to-volume ratio and high electrical conductivity [10]. The small size of 

nanostructures allows for faster signal formation [11], [19]. The comparative analysis of the main 

characteristics of conventional and nanomaterial-based sensors is presented in Table 1. 

 

8. Initial Comparison of Reaction Time 

The comparison of reaction times was conducted based on an analytical analysis of experimental results 

presented in various scientific studies. According to literature data, the response time of conventional macro-

scale sensors usually varies in the range of tenths of a millisecond [3]. In nanomaterial-based sensors, it has 

been shown that the response time is reduced to a few milliseconds or less due to the small size and low mass 

[10], [11]. 

In gas sensors based on metal oxide nanostructures, the high active surface area enhances the interaction 

with gas molecules and increases the response speed [12], [16]. Carbon nanotubes and graphene-based 

structures are considered superior for real-time systems because they provide faster signal transmission [8], 

[10]. 

Nanomaterial-based biosensors, especially glucose sensors, are characterized by lower detection limits and 

faster response times [17], [18]. Carbon-based nanostructures and metal oxide nanomaterials enable more 

efficient detection of biological molecules [24], [26]. 
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These properties indicate that nanomaterial-based sensors have important advantages for real-time 

mechatronic control and medical monitoring systems. 

Figure 1 presents a comparison of the surface-to-volume ratio for bulk materials and nanoscale structures. 

As can be seen from the figure, increasing the surface area in nanomaterials expands the active measurement 

zone of the sensor, resulting in increased sensitivity. 

Figure 1. Comparative description of surface-to-volume ratio in large-scale and nanoscale materials. 

 

Figure 2 compares the response time of conventional and nanomaterial-based sensors. The comparison 

shows that nanomaterial-based sensors have a shorter response time, making them more suitable for real-time 

mechatronic control and medical monitoring systems. 

Figure 2. Comparison of response time in conventional and nanomaterial-based sensors. 

 

9. Key Parameters for Future Experimental Validation 

Based on the initial analytical evaluation, the following key measurement parameters were determined: 
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• Sensitivity coefficient (GF); 

• Reaction time (t-response); 

• Signal-to-noise ratio (SNR); 

• Long-term stability; 

• Temperature dependence. 

Systematic measurement of these parameters in future experimental studies will allow for a quantitative 

assessment of the advantages of nanosensors. 

However, the long-term stability, noise resistance, calibration processes, and temperature effects of 

nanomaterial-based sensors require further scientific research, especially for biomedical applications [15], 

[18]. 

 

10. Conclusion 

The conducted analytical and comparative literature review shows that nanomaterial-based sensors 

demonstrate more promising properties than conventional sensor technologies in terms of sensitivity, response 

time, and detection of weak signals. The high surface-to-volume ratio and high electrical conductivity of 

sensors made especially from graphene, carbon nanotubes, and metal oxide nanostructures expand their 

measurement capabilities. The research shows that nanomaterial-based sensors have significant potential for 

improving real-time control processes in mechatronic systems, as well as for more accurate detection of weak 

physiological signals in biomedical devices [13], [14], [19], [25]. However, since the presented results are 

mainly based on an analytical summary of the existing scientific literature, the study can still be assessed as 

being in its conceptual and research phase. 

The analysis revealed that issues such as long-term stability, calibration characteristics, temperature 

effects, and reliability in biological environments require further experimental studies for the practical 

application of nanomaterial-based sensors [15], [18], [26]. For this reason, it is considered appropriate to 

continue future research in the direction of conducting experimental measurements, comparative testing of 

various nanomaterials, and evaluating their application possibilities in real mechatronic systems. 

Thus, although the preliminary analytical study conducted shows that nanomaterial-based sensors have 

high application prospects in mechatronic systems and biomedical devices, additional experimental and 

applied research is essential for their widespread practical application. 

 

 

Author Contributions 

Both authors contributed to the conception, preparation, review, and final approval of the manuscript. 

 

Conflict of Interest 

The authors declare no conflicts of interest. 

 

Funding 

This study was not supported by external funding. 

 

Acknowledgment 

The authors express their sincere gratitude to all those who contributed to the completion of this study. 

 

Abbreviations 

Carbon Nanotubes (CNTs), Gauge Factor (GF), Signal-to-Noise Ratio (SNR). 

 

 

 



 
  

 

33 

 

 
Journal of Nanotechnology and Innovative Materials  

References 

[1] Mammadov RM. [Fundamentals of mechatronics and robotics]. Baku: Elm ve Tehsil; 2014. 312 p. 

ISBN 978-9952-8172-5-4. Azerbaijani.  

[2] Aliyev FX. [Fundamentals of biomedical engineering]. Baku: ATU Nashriyyati; 2016. 276 p. ISBN 

978-9952-441-89-3. Azerbaijani.  

[3] Frolov KV. [Sensors and sensor systems in mechatronics]. Moscow: Mashinostroenie; 2010. 368 p. 

ISBN 978-5-94275-512-7. Russian.  

[4] Aliyev MA. [Measuring instruments and sensors]. Baku: AzTU Nashriyyati; 2011. 256 p. ISBN 978-

9952-450-12-3. Azerbaijani.  

[5] Hasanov AA. [Fundamentals of modern materials science]. Baku: BDU Nashriyyati; 2012. 284 p. 

ISBN 978-9952-32-176-1. Azerbaijani.  

[6] Quliyev AM. [Fundamentals of nanoscience and nanotechnology]. Baku: ADNSU Nashriyyati; 2015. 

298 p. ISBN 978-9952-484-67-8. Azerbaijani. 

[7] Gusev AI. Nanomaterialy, nanostruktury, nanotechnologii. Fizmatlit; 2007. 

[8] Zhao J, Zhang GY, Shi DX. Review of graphene-based strain sensors. Chinese Physics B. 2013 May 

1;22(5):057701. https://doi.org/10.1088/1674-1056/22/5/057701 

[9] Irani FS, Shafaghi AH, Tasdelen MC, Delipinar T, Kaya CE, Yapici GG, Yapici MK. Graphene as a 

piezoresistive material in strain sensing applications. Micromachines. 2022 Jan 12;13(1):119. 

https://doi.org/10.3390/mi13010119  

[10] da Costa TH, Choi JW. An all-elastomer pressure sensor utilizing printed carbon nanotube patterns 

with high sensitivity. Micro and Nano Engineering. 2022 Apr 1;14:100113. 

https://doi.org/10.1016/j.mne.2022.100113  

[11] Heo JS, Eom J, Kim YH, Park SK. Recent progress of textile‐based wearable electronics: a 

comprehensive review of materials, devices, and applications. Small. 2018 Jan;14(3):1703034. 

https://doi.org/10.1002/smll.201703034  

[12] Sun YF, Liu SB, Meng FL, Liu JY, Jin Z, Kong LT, Liu JH. Metal oxide nanostructures and their gas 

sensing properties: a review. Sensors. 2012 Feb 27;12(3):2610-31. https://doi.org/10.3390/s120302610  

[13] Raza T, Qu L, Khokhar WA, Andrews B, Ali A, Tian M. Progress of wearable and flexible 

electrochemical biosensors with the aid of conductive nanomaterials. Frontiers in Bioengineering and 

Biotechnology. 2021 Nov 22;9:761020. https://doi.org/10.3389/fbioe.2021.761020  

[14] Kim J, Campbell AS, de Ávila BE, Wang J. Wearable biosensors for healthcare monitoring. Nature 

biotechnology. 2019 Apr;37(4):389-406. https://doi.org/10.1038/s41587-019-0045-y  

[15] Malik S, Singh J, Goyat R, Saharan Y, Chaudhry V, Umar A, Ibrahim AA, Akbar S, Ameen S, 

Baskoutas S. Nanomaterials-based biosensor and their applications: A review. Heliyon. 2023 Sep 

1;9(9). https://doi.org/10.1016/j.heliyon.2023.e19929  

[16] Amiri V, Roshan H, Mirzaei A, Neri G, Ayesh AI. Nanostructured metal oxide-based acetone gas 

sensors: A review. Sensors. 2020 May 30;20(11):3096. https://doi.org/10.3390/s20113096  

[17] Taguchi M, Ptitsyn A, McLamore ES, Claussen JC. Nanomaterial-mediated biosensors for monitoring 

glucose. Journal of Diabetes Science and Technology. 2014 Mar;8(2):403-11. 

https://doi.org/10.1177/1932296814522799  

[18] Rahman MM, Ahammad AJ, Jin JH, Ahn SJ, Lee JJ. A comprehensive review of glucose biosensors 

based on nanostructured metal-oxides. Sensors. 2010 May;10(5):4855-86. 

https://doi.org/10.3390/s100504855  

[19] Zhang X, Jing Q, Ao S, Schneider GF, Kireev D, Zhang Z, Fu W. Ultrasensitive field‐effect biosensors 

enabled by the unique electronic properties of graphene. Small. 2020 Apr;16(15):1902820. 

https://doi.org/10.1002/smll.201902820  

[20] Saruhan B, Lontio Fomekong R, Nahirniak S. Influences of semiconductor metal oxide properties on 

gas sensing characteristics. Frontiers in Sensors. 2021 Apr 20;2:657931. 

https://doi.org/10.3389/fsens.2021.657931  

[21] Trung TQ, Lee NE. Flexible and stretchable physical sensor integrated platforms for wearable human‐

activity monitoring and personal healthcare. Advanced materials. 2016 Jun;28(22):4338-72. 

https://doi.org/10.1002/adma.201504244  

https://doi.org/10.1088/1674-1056/22/5/057701
https://doi.org/10.3390/mi13010119
https://doi.org/10.1016/j.mne.2022.100113
https://doi.org/10.1002/smll.201703034
https://doi.org/10.3390/s120302610
https://doi.org/10.3389/fbioe.2021.761020
https://doi.org/10.1038/s41587-019-0045-y
https://doi.org/10.1016/j.heliyon.2023.e19929
https://doi.org/10.3390/s20113096
https://doi.org/10.1177/1932296814522799
https://doi.org/10.3390/s100504855
https://doi.org/10.1002/smll.201902820
https://doi.org/10.3389/fsens.2021.657931
https://doi.org/10.1002/adma.201504244


 
   

 

34 

 

Vol 1, № 3, 2026 

 
[22] Ray TR, Choi J, Bandodkar AJ, Krishnan S, Gutruf P, Tian L, Ghaffari R, Rogers JA. Bio-integrated 

wearable systems: a comprehensive review. Chemical reviews. 2019 Jan 28;119(8):5461-533. 

https://doi.org/10.1021/acs.chemrev.8b00573  

[23] Someya T, Amagai M. Toward a new generation of smart skins. Nature biotechnology. 2019 

Apr;37(4):382-8. https://doi.org/10.1038/s41587-019-0079-1  

[24] Zhu L, Zhang W, Luan S, Wei J, Yang Y, Miao J. Nanomaterials for smart wearable fibers and textiles: 

A critical review. Iscience. 2025 Jul 16. https://doi.org/10.1016/j.isci.2025.113126  

[25] Shirhatti V, Nuthalapati S, Kedambaimoole V, Kumar S, Nayak MM, Rajanna K. Multifunctional 

graphene sensor ensemble as a smart biomonitoring fashion accessory. ACS sensors. 2021 Nov 

30;6(12):4325-37. https://doi.org/10.1021/acssensors.1c01393  

[26] Emdadi B, Moradi R. Functionalized Carbon Nanostructures for Wearable Biosensors. In Handbook of 

Functionalized Carbon Nanostructures: From Synthesis Methods to Applications 2024 Oct 4 (pp. 

2131-2171). Cham: Springer International Publishing. https://doi.org/10.1007/978-3-031-32150-4_64  

https://doi.org/10.1021/acs.chemrev.8b00573
https://doi.org/10.1038/s41587-019-0079-1
https://doi.org/10.1016/j.isci.2025.113126
https://doi.org/10.1021/acssensors.1c01393
https://doi.org/10.1007/978-3-031-32150-4_64

