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Capacitive pressure sensors make pressure sensing technology more accessible to a wider range of applications and industries, including
consumer electronics, automotive, healthcare etc. However, developing a capacitive pressure sensor with brilliant performance using a low-
cost technique remains a difficulty. In this work, the development of a capacitive pressure sensor based on nanoporous Anodic Aluminium
Oxide (AAO) fabricated by a two-step anodization approach which offers a promising solution for precise pressure measurement is
fabricated by a two-step anodization approach. A parallel plate capacitive sensor was fabricated by placing two AAO deposited sheets are
placed face to face, with the non-anodized aluminum component at the base functioning as the top and bottom electrodes. A variation in the
capacitance value of the as fabricated sensor was observed over an applied pressure range (100 Pa-100 kPa). This change in capacitance can
be attributed to the decrease in the distance between the two plates and the non-homogenous distribution of contact stress and strain due to
the presence of nanoporous AAO structure. In this pressure range the sensor showed high sensitivity, short response time and excellent
repeatability which indicates a promising future of the fabricated sensor in consumer electronics, intelligent robotics etc.
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1. INTRODUCTION

In recent years, the field of sensor technology has witnessed a significant breakthrough with the emergence of Anodic
Aluminium Oxide (AAO) based sensors. These sensors have demonstrated exceptional potential in various applications,
including pressure sensing, biomedical monitoring, and environmental detection. The unique properties of AAO, including its
highly ordered porous structure, high dielectric constant, and mechanical robustness, make it an ideal material for developing
electrical and optical sensors that can operate accurately and reliably in harsh environments. As the demand for advanced
sensors continues to grow, AAO based sensors are poised to play a critical role in revolutionizing various industries. One of
the most significant advantages of AAO-based sensors is their ability to accurately measure capacitance and resistance
variations. By depositing a thin metal coating on the surface of AAO, these sensors can detect even the slightest changes in
pressure, making them ideal for a wide range of applications. The highly ordered porous structure of AAQO allows for a high
surface area-to-volume ratio, which enables the sensors to detect pressure changes with high sensitivity and accuracy.
Moreover, AAO's high dielectric constant and mechanical robustness ensure that these sensors can operate accurately and
reliably in harsh environments, making them ideal for industrial and aerospace applications.

Pressure sensors are classified into five types based on their sensing techniques, which include piezoelectricity,
piezoresistivity, capacitance, triboelectricity, and transistors [1-17]. The capacitive pressure sensor is one type that has
received much attention because of its stable structure, low pressure need, rapid dynamic reaction, and minimal
temperature drift [18]. As the dielectric layer in a capacitive pressure sensor plays a vital role, therefore, incorporation
of a porous dielectric material into a capacitive pressure sensor in place of a normal dielectric material would be more
advantageous as it will provide increased sensitivity, low hysteresis, reduced stiffness, improved response time,
lightweight, customizable properties and wide range applications. Developing a simple cost effective, controllable
method to create a capacitive pressure sensor with excellent sensitivity, quick response and wide detection extent
continues to be a formidable obstacle [18-28].

In this paper, we have reported the development of a pliable capacitive type sensor formed on nanoporous AAO.
The conventional two-step anodization method is adopted to fabricate AAO layer over a commercially available
aluminium sheet. As the thickness of the dielectric material has an inverse relationship with the capacitance of a parallel
plate capacitor, we have prioritized the development of a thicker AAO layer in a short period of time. The hard
anodization method is used for this purpose because it has proven to be a fast fabrication method. Two pieces of AAO
on Al substrate are joined together where the AAO layers get stuck face to face to form a parallel plate capacitor. The
pressure sensing response of aforesaid capacitor is studied here as a function of the capacitance.

2. MATERIALS AND METHODS
The studies were carried out using commercially available Al sheets. The 0.5 mm thick Al sheet was cut into the
appropriate sizes for anodization. Al sheets were cleaned with acetone and deionized water for 10 minutes, then
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annealed at 250°C for 4 hours. To dissolve the naturally occurring oxide layer, the aluminium sheets were
electropolished in a solution of H3PO4, H»SO4 and deionized water at a weight ratio of 2:2:1. The Al sheets were then
cleaned with deionized water numerous times before being dried and used as anodes in the as developed AAO
fabrication setup. The nanoporous AAO structures were created using a simple two-step hard anodization procedure
with a Pb sheet serving as the cathode. The anodization process was performed at a voltage of 140 V and a temperature
of ~5°C. Here, 0.3M H,C,04 was used as the electrolyte.The morphology of nanoporous AAO has been proven to be
affected by different parameters for instance the anodization time, anodization voltage, type and concentration of the
electrolyte, and the temperature of the electrolytic bath. In this work a sample H1 was synthesized by keeping the
anodization time 1 minute. The morphology of the as-prepared AAO structures was examined using a ZEISS Sigma
300 field emission scanning electron microscope (FESEM).

The pressure sensing ability of the nanoporous AAO structure was investigated by fabricating a flexible parallel
plate capacitor, where, two nanoporous AAO deposited sheets of same size (Length=1 cm, Breadth= 1 cm, Height= 0.5
mm) are placed face to face, with the non-anodized aluminium component at the base functioning as the top and bottom
electrodes. In this parallel plate capacitor arrangement, AAO layer serves as the dielectric layer. The capacitance
variations of the as fabricated sensor were observed under a pressure range (100Pa-100 kPa) applied over the sensor.
Responses were recorded by connecting the AAO sensor to a LCR meter. Figure 1 shows a schematic of the
experimental sequence.

Sensor Base (Top)
AAO Load Sensor
(a)

d. LCR Meter
(<)

Figure 1. Schematic representation of the(a) as prepared AAO based capacitive sensor (b) Sensor without applying any load
(c) Sensor with load where the distance between the two Al plates are decreasing

3. RESULTS AND DISCUSSION
The Scanning Electron Microscopy (SEM) photographs of the sample H1 are depicted in Figure 2(a) and (b).
Figure 2(a) depicts the top view of the sample, while Figure 2(b) represents cross sectional view of the sample.
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Figure 2. (a-b) SEM micrograph (Top view and Cross-sectional view) of the sample H1. (c) EDS pattern of the sample H1 (d)
Atomic percentages of the different elements from the EDS.
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The SEM micrograph (Top view) of sample H1 (Figure 2(a)) shows the extended-range ordering, homogeneity,
shape, and size of the pores. This micrograph can reveal a variety of structural morphological details for instance pore
diameter, inter-pore distance, porosity, and so on. Values were averaged over 20 measurements. The diameter of the
pores is determined by the electrolyte type, anodization time, and anodization voltage. The porosity P of the hexagonal
cell nanoporous AAO with a pore within each hexagon can be expressed as follows (with each pore assumed to be a
perfect circle) [29]

_ _porearea _ m Dy,

" hexagon area 2\/3(Di) ’ M
where, Dy and D; are the diameter of the pores and the interpore distance of the nanoporous AAO respectively, as shown
in Figure 2 (a). The pore density, n of the porous AAO with a hexagonal distribution of pores can be described as the
overall quantity of pores present in the 1 cm? surface area of the porous AAO, and expressed as follows [29]:
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Where Apex represents the surface area of a single hexagonal cell (measured in nm?). These structural parameters
for the as prepared sample are analyzed through Imagel software from the SEM micrographs and calculated using
equations (1) and (2). The average diameter of pores (D), interpore distance (D;) , porosity (P) and the density of the
pores (n) of the sample H1 are found to be 38 nm, 83nm, 18.95% and 1.7x10? pore/cm? respectively. The Energy
dispersive X-ray spectroscopy (EDS) micrograph of sample H1, as depicted in figure 2 (c), confirms the presence of Al
and O in the sample. Figure 2(d) represents the atomic percentages of the different elements present in the sample H1
from EDS. External loads were applied to the as-fabricated sensor in increasing order, generating pressures ranging
from 100 Pa to 100 kPa, and the corresponding change in capacitance was observed. To evaluate the effectiveness of a
pressure sensor, the pressure sensitivity (S) plays an important role and is represented by [30].

S(AC/CO)
S="%p 3

Here, Cy denotes the initial capacitance without external pressure, AC denotes the relative change in capacitance
(C - Cy), and P denotes the applied external pressure. The equation demonstrates how the slope of the tangent to the
graph of pressure-capacitance can be used to calculate the sensor's sensitivity. Figure 3(a) shows the variation in relative
capacitance of a sensor formed on nanopoous AAO over a wide pressure range. For example, when the pressure is
around 40 kPa, the sensitivity of the as-fabricated sensor can reach 0.02 kPa™!.
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Figure 3. (a) The variation in the relative capacitance of the as fabricated sensor formed on nanoporous AAO. (b) Capacitance
response by the as fabricated sensor with respect to pressure change for three loading/unloading cycles (inset is the single
loading/unloading cycle). (c) The response of the sensor and the time of recovery when subjected to a pressure of 2, 10, 50 and
100kPa. (d) The sensor's capacitance response to repeated mechanical loads at pressures of 2, 10, 50 and 100kPa.
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The sensitivity decreases to 0.01 kPa™! when the pressure is increased above 80 kPa. Figure 3(b) clearly shows an
apparent variation in capacitance response with regard to pressure change of the as-fabricated sensor during the
loading/unloading process. When it comes to the application of flexible pressure sensors in various fields, short
response as well as recovery time, in addition to high sensitivity, plays a vital role. The aforementioned features were
also assessed by loading and unloading pressure on the as-fabricated pressure sensor. As demonstrated in Figure 3(c),
putting on a pressure of 50 kPa causes the capacitance of the sensor to rapidly grow from its initial value to a steady
value within 1 second. By releasing the loading force, the capacitance returns to its original value in around 1s. The
repeatability of the sensor under 3 loading/unloading cycles is illustrated in Figure 3(d). Figure 3(b) shows that the
capacitance response throughout the operation is quite uniform, with very little hysteresis, showing the sensor's
stability. The capacitance of a parallel plate capacitive pressure sensor can be expressed as

cacd/d 4)

Where ¢ signifies the dielectric layer’s dielectric constant, A represents the overlapping area of the two plates, and d
represents the distance between the two plates [30]. Again, ¢ can be expressed as

€E=¢g0¢&r )

where ¢y stands for dielectric constant of free space and e, stands for relative dielectric constant [30].

Here, under vertical stress, the overlapping area remains practically constant; therefore, the value of the
capacitance of the fabricated flexible capacitor is dependent on the dielectric constant and distance between the two
plates. Since the two plates of AAO grown on Al are placed face to face to form the parallel plate capacitor, therefore,
the value of dielectric constant will not affect the capacitance. Hence, capacitance will be primarily influenced by the
separation distance. With the increase of external pressure, the gap between the two plates of the parallel plate capacitor
decreases, and an enhanced capacitance response was observed for the as fabricated flexible capacitive pressure sensor
formed on AAO. Also, the capacitance value of the as fabricated capacitive pressure sensor may be affected by the
porous structure of the AAO. In a study, it was demonstrated that under the same applied pressure, a structured
dielectric layer (nanopillars based on AAO) provided much higher strain concentration and contact stress in its territory,
where the highest value was recorded at the deformation area when compared to a structure less dielectric layer, where
stress and strain are distributed uniformly at the conjoined point of the electrode and the film [1].

4. CONCLUSION

This work describes the successful build out of a capacitive type pliable pressure sensor based on nanoporous
AAO which was fabricated using a simple two step anodization method. The novelty of the as fabricated capacitive type
pressure sensor lies in its construction, where two plates of AAO grown on Al are simply placed face to face. The Al on
either side of these two AAO plates serves as the metal electrodes for the as fabricated parallel plate capacitor.The
sensor shows excellent repeatability, high sensitivity, better stability and a very less hysteresis loss over the applied
pressure range (100 Pa — 100 kPa). The mechanism behind the increase in capacitance with an increase in pressure for
the as fabricated sensor is the decrease in the gap between the two AAO based plates and also the nanoporous structure
of AAO, which offers enormous contact stress and strain. We hope that this strategic effort will pave way for the
advancement of pliable pressure sensors, as well as be of great interest to many pressure sensing device applications.

Acknowledgements
The authors express their gratitude to Gauhati University and Assam Downtown University for providing them with access to their
laboratory and equipment facilities.

Funding. The authors declare that no funds, grants, or other support were received during the preparation of this manuscript.
Competing Interests. The authors have no relevant financial or non-financial interests to disclose.

Author Contributions. All authors contributed to the study conception and design. Material preparation, data collection and analysis
were performed by Trishna Moni Das and Devabrata Sarmah. The first draft of the manuscript was written by Trishna Moni Das and
all authors commented on previous versions of the manuscript. All authors read and approved the final manuscript.

ORCID
Trishna Moni Das, https://orcid.org/0000-0001-5754-5608; @Sankar Moni Borah, https://orcid.org/0000-0002-7891-270X
Sunandan Baruah, https://orcid.org/0000-0003-2963-6128

REFERENCES

[1] W. Wu, X. Wen, and Z.L. Wang, “Taxel-Addressable Matrix of Vertical-Nanowire Piezotronic Transistors for Active and
Adaptive Tactile Imaging,” Science 340, 952 (2013). https://doi.org/10.1126/science.1234855

[2] C. Pan, L. Dong, G. Zhu, S. Niu, R. Yu, Q. Yang, Y. Liu, and Z.L. Wang, “High-resolution electroluminescent imaging of
pressure  distribution using a piezoelectric nanowire LED array,” Nature Photon 7, 752 (2013).
https://doi.org/10.1038/nphoton.2013.191

[31 E.Kar, N. Bose, B. Dutta, N. Mukherjee, and S. Mukherjee, “Ultraviolet- and Microwave-Protecting, Self-Cleaning e-Skin for
Efficient Energy Harvesting and Tactile Mechanosensing,” ACS Appl. Mater. Interfaces 11, 17501 (2019).
https://doi.org/10.1021/acsami.9b06452



383

Development of a Capacitive Pressure Sensor Based on Nanoporous Anodic Aluminium Oxide EEJP. 3 (2024)

(4]

[13]
[14]
[15]
[16]
[17]
[18]

[19]

(20]

(21]

(22]

K. Wang, Z. Lou, L. Wang, L. Zhao, S. Zhao, D. Wang, W. Han, et al., “Bioinspired Interlocked Structure-Induced High
Deformability for Two-Dimensional Titanium Carbide (MXene)/Natural Microcapsule-Based Flexible Pressure Sensors,” ACS
Nano 13, 9139 (2019). https://doi.org/10.1021/acsnano.9b03454

L.-Q. Tao, K.-N. Zhang, H. Tian, Y. Liu, D.-Y. Wang, Y.-Q. Chen, Y. Yang, et al., “Graphene-Paper Pressure Sensor for
Detecting Human Motions,” ACS Nano 11, 8790 (2017). https://doi.org/10.1021/acsnano.7b02826

S. Zhang, H. Liu, S. Yang, X. Shi, D. Zhang, C. Shan, L. Mi, et al., “Ultrasensitive and Highly Compressible Piezoresistive
Sensor Based on Polyurethane Sponge Coated with a Cracked Cellulose Nanofibril/Silver Nanowire Layer,” ACS Appl. Mater.
Interfaces 11, 10922 (2019). https://doi.org/10.1021/acsami.9b00900

D.J. Lipomi, M. Vosgueritchian, B.C.-K. Tee, S.L. Hellstrom, J.A. Lee, C.H. Fox, ef al., “Skin-like pressure and strain sensors
based on transparent elastic films of carbon nanotubes,” Nature Nanotech 6,788 (2011). https://doi.org/10.1038/nnano.2011.184
G.Y. Bae, J.T. Han, G. Lee, S. Lee, S.W. Kim, S. Park, J. Kwon, ef al., “Pressure/Temperature Sensing Bimodal Electronic
Skin  with  Stimulus  Discriminability —and Linear  Sensitivity,” Adv. Mater 30, 1803388 (2018).
https://doi.org/10.1002/adma.201803388

C.M. Boutry, L. Beker, Y. Kaizawa, C. Vassos, H. Tran, A.C. Hinckley, R. Pfattner, ez al., “Biodegradable and flexible arterial-
pulse sensor for the wireless monitoring of blood flow,” Nat. Biomed. Eng. 3, 47 (2019). https://doi.org/10.1038/s41551-018-
0336-5

S. Wang, Y. Xie, S. Niu, L. Lin, and Z.L. Wang, “Freestanding Triboelectric-Layer-Based Nanogenerators for Harvesting
Energy from a Moving Object or Human Motion in Contact and Non-contact Modes,”Adv. Mater. 26, 2818 (2014).
https://doi.org/10.1002/adma.201305303

A. Yu, Y. Zhu, W. Wang, and J. Zhai, “Progress in Triboelectric Materials: Toward High Performance and Widespread
Applications,” Adv. Funct. Materials 29, 1900098 (2019). https://doi.org/10.1002/adfm.201900098

Q. Guan, G. Lin, Y. Gong, J. Wang, W. Tan, D. Bao, Y. Liu, et al., “Highly efficient self-healable and dual responsive
hydrogel-based deformable triboelectric nanogenerators for wearable electronics,” J. Mater. Chem. A 7, 13948 (2019).
https://doi.org/10.1039/C9TA02711D

S. Wang, J. Xu, W. Wang, G.-J.N. Wang, R. Rastak, F. Molina-Lopez, J.W. Chung, et al.,“Skin electronics from scalable
fabrication of an intrinsically stretchable transistor array,” Nature 555, 83 (2018). https://doi.org/10.1038/nature25494

K. Takei, T. Takahashi, J.C. Ho, H. Ko, A.G. Gillies, P.W. Leu, R.S. Fearing, ef al., “Nanowire active-matrix circuitry for low-
voltage macroscale artificial skin,” Nature Mater. 9, 821 (2010). https://doi.org/10.1038/nmat2835

Y. Zang, F. Zhang, D. Huang, X. Gao, C. Di, and D. Zhu, “Flexible suspended gate organic thin-film transistors for ultra-
sensitive pressure detection,” Nat.Commun. 6, 6269 (2015). https://doi.org/10.1038/ncomms7269

C.-A. Ku, C.-W. Hung, and C.-K. Chung, “Influence of Anodic Aluminum Oxide Nanostructures on Resistive Humidity
Sensing,” Nanomanufacturing 4, 58 (2024). https://doi.org/10.3390/nanomanufacturing4010004

G.-H. Lim, L.-Y. Kim, J.-Y. Park, Y.-H. Choa, and J.-H. Lim, “Anodic Aluminum Oxide-Based Chemi-Capacitive Sensor for
Ethanol Gas,” Nanomaterials 14, 70 (2023). https://doi.org/10.3390/nano14010070

R.K. Nahar, “Study of the performance degradation of thin film aluminum oxide sensor at high humidity,”Sens. Actuators B:
Chem. 63, 49 (2000). https://doi.org/10.1016/S0925-4005(99)00511-0

S.W. Chen, O.K. Khor, M.W. Liao, and C.K. Chung, “Sensitivity evolution and enhancement mechanism of porous anodic
aluminum oxide humidity sensor using magnetic field,” Sens. Actuators B: Chem. 199, 384 (2014).
https://doi.org/10.1016/j.snb.2014.03.057

C.K. Chung, O.K. Khor, C.J. Syu, and S.W. Chen, “Effect of oxalic acid concentration on the magnetically enhanced
capacitance and resistance of AAO humidity sensor,”Sens. Actuators B: Chem. 210, 69 (2015).
https://doi.org/10.1016/j.snb.2014.12.096

Z. He, L. Yao, M. Zheng, L. Ma, S. He, and W. Shen, “Enhanced humidity sensitivity of nanoporous alumina films by
controlling the concentration and type of impurity in pore wall,” Phys. E: Low-Dimens. Syst. Nanostruct. 43, 366 (2010).
https://doi.org/10.1016/j.physe.2010.08.013

M.A. Kashi, A. Ramazani, H. Abbasian, and A. Khayyatian, “Capacitive humidity sensors based on large diameter porous
alumina  prepared by  high current anodization,” Sens.  Actuators A: Phys. 174, 69 (2012).
https://doi.org/10.1016/j.sna.2011.11.033

C.K. Chung, O.K. Khor, E.H. Kuo, and C.A. Ku, “Total effective surface area principle for enhancement of capacitive humidity
sensor of thick-film nanoporous alumina,” Mater. Lett. 260, 126921 (2020). https://doi.org/10.1016/j.matlet.2019.126921

K. Sharma, and S.S. Islam, “Optimization of porous anodic alumina nanostructure for ultra-high sensitive humidity sensor,”
Sens. Actuators B: Chem. 237, 443 (2016). https://doi.org/10.1016/j.snb.2016.06.041

M. Balde, A. Vena, and B. Sorli, “Fabrication of porous anodic aluminium oxide layers on paper for humidity sensors,” Sens.
Actuators B: Chem. 220, 829 (2015). https://doi.org/10.1016/j.snb.2015.05.053

R. Andika, F. Aziz, Z. Ahmad, M. Doris, V. Fauzia, T.M. Bawazeer, N. Alsenany, et al., “Organic nanostructure sensing layer
developed by AAO template for the application in humidity sensors,” J. Mater. Sci.: Mater. Electron. 30, 2382 (2019).
https://doi.org/10.1007/s10854-018-0511-1

C.C. Yang, T.H. Liu, and S.H. Chang, “Relative humidity sensing properties of indium nitride compound with oxygen doping
on silicon and AAO substrates,” Mod. Phys. Lett. B 33, 1940044 (2019). https://doi.org/10.1142/S021798491940044X

Y. Kim, B. Jung, H. Lee, H. Kim, K. Lee, and H. Park, “Capacitive humidity sensor design based on anodic aluminum oxide,”
Sens. Actuators B: Chem. 141, 441 (2009). https://doi.org/10.1016/j.snb.2009.07.007

J.O. Carneiro, A. Ribeiro, F. Miranda, I.R. Segundo, S. Landi, V. Teixeira, and M.F.M. Costa, “Development of Capacitive-
Type Sensors by Electrochemical Anodization: Humidity and Touch Sensing Applications,” Sensors 21, 7317 (2021).
https://doi.org/10.3390/521217317

Y. Guo, S. Gao, W. Yue, C. Zhang, and Y. Li, “Anodized Aluminum Oxide-Assisted Low-Cost Flexible Capacitive Pressure
Sensors Based on Double-Sided Nanopillars by a Facile Fabrication Method,” ACS Appl. Mater. Interfaces 11, 48594 (2019).
https://doi.org/10.1021/acsami.9b17966



384
EEJP. 3 (2024) Trishna Moni Das, et al.

PO3POBKA €EMHICHOI'O JATYUKA THCKY HA OCHOBI HAHOITIOPUCTOTI'O
AHOJHOI'O OKCHUAY AJTIOMIHIIO
Tpimna Moni J{ac?, lesadpara Capmax®, Cankap Moni Bopax?, Cynanaan Bapyax®
“Jlenapmamenm npukiaoHux Hayk, Yuisepcumem I'ayxami, [ocanyxoapi, I'veaxami-781014, [noia
bIJenmp nepedosozo doceidy ¢ obnacmi nanomexmonoziti, Yuisepcumem micma Acam, I'véaxami -781026, Inois

€MHICHI JaTINKH THCKY POOJISATH TEXHOJIOTII0 BUMIPIOBAHHS THCKY OUIBIN JOCTYITHOO AJISI MIMPIIOTO CHEKTPY 3aCTOCYBaHb 1 ramy3ei
IIPOMHCIIOBOCTI, BKJIIOUAIOUH ITOOYTOBY €JIEKTPOHIKY, aBTOMO011e0y {yBaHHS, OXOPOHY 310poB’st Tomo. OqHaK po3podka eMHICHOTO
JIaT4YMKa TUCKY 3 OJIMCKYYOIO NPOJIYKTHBHICTIO 32 JOIIOMOIOI0 HEJOPOroi TeXHIKH 3aMIIAETHCS CKIAAHOI0. Y Liif po6oTi po3pobka
€MHICHOTO JIaTYMKa THUCKY Ha OCHOBI HaHOMOPHCTOTO aHOJHOTO OKcHAy anmioMiHilo (AAQ), BHTOTOBJICHOTO 3a JOMNOMOTOKO
JIBOETAIHOTO IIiAXOJLY AHOJYBaHHS, SKUH IPONOHYE MEPCIEKTUBHE DIlICHHS ISl TOYHOTO BUMIPIOBAHHS THCKY, BUI'OTOBJICHO 32
JOTIOMOTOI0 JIBOSTAIIHOTO MiAXOAy aHOMyBaHHs. [lapanenbHHMil IIACTUHYACTHI €MHICHHI AaT4MK OYyB BHUTOTOBJICHHH LUISIXOM
po3minieHHs ABoX HaHeceHHX AAQ JHCTIB JUIEM OAWH A0 OZHOTO, MPUYOMY HEaHOJOBAHHWH ANMIOMIHIEBHH KOMIIOHEHT Y OCHOBI
(YHKIIOHYBAaB SK BEepXHiM 1 HIDKHIA enekTpomau. CrocTepiramacss 3MiHa 3HA4eHHS €MHOCTI TOTOBOTO JaT4yWka B Jiama3oHi
npuknagesoro Tucky (100-100 xITa). Lo 3MiHy €MHOCTI MOXHA ITOSCHHTH 3MCHIIEHHSM BiICTaHI MiDX JBOMa IUIACTHHAMH Ta
HEOJHOPITHUM pO3IOIUIOM KOHTAaKTHOI Hampyru Ta Jedopmarii depe3 HasBHICTH HaHOMOpHCTOI cTpykTypn AAO. V mpomy
niarmasoHi THCKY JaTYMK MOKa3aB BHCOKY YyTJMBICTh, KOPOTKMH dac BIATYKy Ta YyHOBY IOBTOPIOBAHICTh, IO BKa3ye Ha
GaraToo0ilsroue MalOyTHE BUTOTOBJICHUX JATUYMKIB y MOOYTOBIH €IEKTPOHIli, IHTEIEKTyalIbHiil poOOTOTEeXHIIIl TOILO.

KirouoBi cioBa: emmuicnuii oamuux mucky;, amoonuu oxcuo amominito (AAO); anodysamwsa; uymaugicms;, uac 6i02yKy;
no8MopI08aricms



