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Flexible electrode technology is the key to the wide application of flexible electronics. However, flexible electrodes will
break when large deformation occurs, failing flexible electronics. It restricts the further development of flexible electronic
technology. Flexible stretchable electrodes are a hot research topic to solve the problem that flexible electrodes cannot
withstand large deformation. Flexible stretchable electrode materials have excellent electrical conductivity, while retaining
excellent mechanical properties in case of large deformation.
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| 1. Concept

The ordinary electrode belongs to a rigid physical form and does not have flexibility or extensibility; the structure of the
flexible electrode is integrated, which is flexible, but not stretchable; the flexible stretchable electrode is flexible and
stretchable. Ordinary electrodes are generally prepared by mixing active materials, adhesives, and conductive agents,
grinding them evenly, and then coating metal collectors with them. Due to the heterogeneous interface between the
collector and the active material layer, such electrodes are prone to fall off or powder when folded or bent, leading to
failure of the electrodes L. The development of flexible electronics requires high capacity, high stability, and high flexibility
of the electrode materials. Flexible electrodes are mainly made up of conductive flexible self-supporting electrodes or by
loading active materials onto flexible conductive materials 2. Morphologically, the perception of multidimensional space is
characterized by repeated stretching, compression, folding and torsion. Flexible electronics are required to maintain their
original functions in any of the above-mentioned shapes, and it is not enough for electrodes to be flexible only.

The flexible electrodes that retain their function despite a strain of 10% are referred to as flexible stretchable electrodes,
based on the elastic limit of the human skin Bl In addition to being highly flexible, conductive, and loaded with active
materials, flexible stretchable electrodes also need to meet the requirements of stretchability, strong adhesion, surface
modifiability, and biocompatibility [4. In the future, the perception will be greatly expanded by electronics built into our
clothes and accessories, attached to our skin, and even implanted into our bodies, enabling us to blend highly efficiently
with the perceived information. In addition, due to advances in flexible materials and flexible electronic products, great
progress has been made in bioheuristic flexible robot technology EISIZBIEIL0]

From a biomedical perspective, this biocompatible electronic product, including wearable electronic devices 112
epidermal devices LBILAILSILGILT 5nd jmplantable electronic devices 2892021 plays an increasingly important role in
human health monitoring, which will significantly change the future of health care and our relationship with electronics;
from the perspective of smart robots, a biomimetic soft robot with skin-like sensors and soft actuators is expected to
interact with human beings and their surroundings, significantly enhancing security, sensitivity, and adaptive responses, to
achieve a complete human-machine cycle; from the perspective of the future industrial internet, it can achieve the
multidimensional and high-fidelity representation of production feature data, and ultimately achieve the accurate
construction and free regulation of the Internet through the establishment of the model database, the classification of
production elements, and the correlation between each model and each other.

| 2. Performance

Conductivity is one of the key indices of the electrical properties of flexible stretchable electrodes, which is related to the
composition and structure of the material itself. The flexible stretchable electrode with good performance should show low
resistance under the maximum operating strain, and the resistance value is almost unchanged during the cycle.
Generally, the square resistance is the resistance value on the unit thickness and unit area of conductive materials, and
the unit is Q/sq or Q/O. For a thin square film electrode with side length | and thickness d, the square resistance can be
expressed as: RS=plld=pd. Where the resistance RS (Q/sq) is equal to the volume resistivity p (Q-m) divided by
thickness d, conductivity o (S/m) is the reciprocal of volume resistivity. It can be seen from the above formula that the



block resistance is independent of the sample size, directly proportional to the resistivity and inversely proportional to the
thickness of the film sample. It is a parameter comprehensively reflecting the conductivity of the film. Among them,
“square” has no practical significance, but is used to distinguish it from the resistance between two points.

The deformation types of flexible electronics in different use scenarios can be divided into bending, twisting, uniaxial
tensile deformation, biaxial tensile deformation, circumferential tensile deformation, etc. As an indispensable part of
flexible electronics, electrode materials can also withstand external forces and resist deformation, which call the
mechanical properties of materials. Under the action of external forces, the shape and size of the material change, which
is called deformation. When a material is deformed, the relative positions and distances between molecules or ions within
it change, and additional internal forces between atoms and molecules will be generated to resist external forces, and an
attempt is made to restore to the state before the deformation. When the balance is reached, the additional internal forces
are equal in size, and opposite in direction, to the external forces. The additional internal force on a material’s unit area is
called stress, and its value is equal to the external force on a unit area; that is, o = F/A, where o is stress, F is external
force, and A is area. In the International System of Units, the unit of stress is N/m2, which is also written as Pa. If the area
before the material is stressed is Ag, then gy = F/Aq is the nominal stress. If the material is compressed by force and the
area is A, ot = F/A is the true stress. Nominal stress is commonly used in practice, and there is little difference in
numerical values between materials with small deformation.

Strain is used to characterize the relative displacement of particles within a material under stress. For isotropic materials,
there are three basic types of strain: tensile strain ¢, shear strain y and compression strain A. For ideal elastic materials,
elastic deformation occurs under stress. The relationship between stress and strain obeys Hooke’s law, that is, the
stress o is proportional to the strain €: g = E-€. The scale factor E in the formula is called the elastic modulus. Elastic
modulus is the stress at which a material undergoes unit strain, which indicates the resistance of the material to
deformation. The larger the E, the less likely the material will be to deform, indicating greater stiffness of the material. The
unit of elastic modulus is the same as the unit of stress, both N/m?.

| 3. Functional Adjustment

Flexible electrodes can be divided into three levels according to their mechanical properties. The lowest level is bendable
and coileable, the second level is plastic stretchable, and the highest level is flexible stretchable. As far as the degree of
preparation difficulty, the higher a material is in the hierarchy, the more difficult the preparation. Concerning application
requirements, the higher a material is in the hierarchy, the broader the scope of application. The development of flexible
stretchable electrodes is a hotspot and difficult point in current research. A large stretching range (>1%) requires higher
performance and structure of materials [22. Flexible stretchable materials are usually prepared by two methods: one is to
develop a new type of flexible stretchable material 23, and the other is to process the material into a geometric structure
with scalability. As shown in Table 1, the process complexity of the two methods is different and the flexible stretchable
materials prepared have different mechanical properties.

Table 1. Comparison of two different types of flexible stretchable electrodes.

Type Flexible Form Patterning Stretch Direction Fatlgue Process Complexity
Resistance and Cost
Flexible strt_etchable FIeX|b_Ie Easily Multiple Directions Moderate Simple, large-area preparation
material material and low cost
Structural design of Structural . L L Complex, small size, high cost,
stretchable materials deformation Difficulty  Uniaxially/Biaxially Good and high equipment requirements

Flexible stretchable electronic materials can be divided into two categories: flexible stretchable materials and flexible
stretchable composite materials. Flexible stretchable materials refer to materials that have certain stretchability when
conductive polymers (Figure 1a), metal nanostructures (Figure 1b), graphene (Figure 1c), and carbon nanotubes
(Figure 1d) are processed into thin films, fibers, and blocks. Flexible stretchable composite materials refer to the
preparation of stretchable composite materials by loading the active materials which are not stretchable on the flexible
stretchable materials. Electrodes made of flexible stretchable electronic materials have excellent stretchability and tensile
restorability, but their shortcomings are limited by the material itself, and their conductivity and energy density are low.
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Figure 1. Flexible stretchable materials: (a) conductive polymers, (b) metal nanostructures, (c) graphene and (d) carbon
nanotubes, and stretchable structures: (e) mesh, (f) fabric, (g) wavy, (h) snake, and (i) spiral.

It is difficult for flexible stretchable materials to maintain absolute stability of resistance during stretching, and it is
unavoidable that conductive materials undergo micro-structure fracture when they recover from stretching. Due to the low
electrical stability of flexible stretchable materials, scientists have proposed geometric structures to achieve the
stretchability of materials 241251, Conductors are fabricated into scalable geometries such as mesh 28 (Figure 1e), fabric
27 (Figure 1f), wavy 28 (Figure 1g), snake 22 (Figure 1h), and spiral BY (Figure 1i) to form flexible stretchable
electrodes. When an electrode with a stretchable structure is stretched, the conductor material can cleverly use its
geometric shape to buffer the external stress, thus maintaining a stable conductivity at a larger stretch length and even
lower than the resolution limit.

After the requirement of flexible stretchability was achieved in mechanical performance, with further research on flexible
stretchable electrodes it was applied to epidermal electronic devices and implantable electronic devices B2 which puts
forward new requirements for flexible stretchable electrodes. To achieve a close skin fit, flexible stretchable materials
need to have a lower Young's modulus (<260 kPa [22]) than the human epidermis. In addition, long-time wear puts higher
requirements on the biocompatibility and wearing comfort of the materials.

References

1. Kant, T.; Shrivas, K.; Ganesan, V.; Mahipal, Y.K.; Devi, R.; Deb, M.K.; Shankar, R. Flexible printed paper electrode with
silver nano-ink for electrochemical applications. Microchem. J. 2020, 155, 104687.

2. Liu, K.; Yao, Y.; Lv, T.; Li, H.; Li, N.; Chen, Z.; Qian, G.; Chen, T. Textile-like electrodes of seamless
graphene/nanotubes for wearable and stretchable supercapacitors. J. Power Sources 2020, 446, 227355.

3. Huy, R.; Wang, Y.; Zhao, J.; Jiang, R.; Zheng, J. Fabrication of stretchable multi-element composite for flexible solid-
state electrochemical capacitor application. Chem. Eng. J. 2019, 361, 109-116.

4. Tian, B.; Zheng, J.; Zhao, C.; Liu, C.; Su, C.; Tang, W.; Li, X.; Ning, G.-H. Correction: Carbonyl-based polyimide and
polyquinoneimide for potassium-ion batteries. J. Mater. Chem. A 2019, 7, 12900.

5. Zhang, Y.; Jiao, Y.; Liao, M.; Wang, B.; Peng, H. Carbon nanomaterials for flexible lithium ion batteries. Carbon 2017,
124, 79-88.

6. Li, D.; Lai, W.-Y.; Zhang, Y.; Huang, W. Printable transparent conductive films for flexible electronics. Adv. Mater. 2018,
30, 1704738.

7. Patel, M.; Seo, J.H.; Nguyen, T.T.; Kim, J. Active energy-controlling windows incorporating transparent photovoltaics
and an integrated transparent heater. Cell Rep. Phys. Sci. 2021, 2, 100591.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Bhatnagar, P.; Hong, J.; Patel, M.; Kim, J. Transparent photovoltaic skin for artificial thermoreceptor and nociceptor

memory. Nano Energy 2021, 91, 106676.

. Wong, W.S.; Alberto, S. Flexible Electronics: Materials and Applications; Springer Science & Business Media:

Berlin/Heidelberg, Germany, 2009.

Lipomi, D.J.; Vosgueritchian, M.; Tee, B.C.K.; Hellstrom, S.L.; Lee, J.A.; Fox, C.H.; Bao, Z. Skin-like pressure and strain
sensors based on transparent elastic films of carbon nanotubes. Nat. Nanotechnol. 2011, 6, 788-792.

Kang, S.-K.; Koo, J.; Lee, Y.K.; Rogers, J.A. Advanced materials and devices for bioresorbable electronics. Accounts
Chem. Res. 2018, 51, 988-998.

Chu, B.; Burnett, W.; Chung, J.W.; Bao, Z. Bring on the bodyNET. Nature 2017, 549, 328-330.

Gao, W.; Emaminejad, S.; Nyein, H.Y.Y.; Challa, S.; Chen, K.; Peck, A.; Fahad, H.M.; Ota, H.; Shiraki, H.; Kiriya, D.; et
al. Fully integrated wearable sensor arrays for multiplexed in situ perspiration analysis. Nature 2016, 529, 509-514.

Lee, S.; Ha, G.; Wright, D.E.; Ma, Y.; Sen-Gupta, E.; Haubrich, N.R.; Branche, P.C.; Li, W.; Huppert, G.L.; Johnson, M.;
et al. Highly flexible, wearable, and disposable cardiac biosensors for remote and ambulatory monitoring. NPJ Digit.
Med. 2018, 1, 2.

Liu, Y.; Norton, J.J.S.; Qazi, R.; Zou, Z.; Ammann, K.R.; Liu, H.; Yan, L.; Tran, P.L.; Jang, K.-.; Lee, J.W.; et al.
Epidermal mechano-acoustic sensing electronics for cardiovascular diagnostics and human-machine interfaces. Sci.
Adv. 2016, 2, €1601185.

Xu, B.; Akhtar, A.; Liu, Y.; Chen, H.; Yeo, W.-H.; Park, S.I.; Boyce, B.; Kim, H.; Yu, J.; Lai, H.-Y.; et al. An epidermal
stimulation and sensing platform for sensorimotor prosthetic control, management of lower back exertion, and electrical
muscle activation. Adv. Mater. 2016, 28, 4462—-4471.

Kim, D.-H.; Lu, N.; Ma, R.; Kim, Y.-S.; Kim, R.-H.; Wang, S.; Wu, J.; Won, S.M.; Tao, H.; Islam, A.; et al. Epidermal
electronics. Science 2011, 333, 838—843.

Li, H.; Xu, Y.; Li, X.; Chen, Y.; Jiang, Y.; Zhang, C.; Lu, B.; Wang, J.; Ma, Y.; Chen, Y.; et al. Epidermal inorganic
optoelectronics for blood oxygen measurement. Adv. Healthc. Mater. 2017, 6, 1601013.

Park, S.I.; Brenner, D.S.; Shin, G.; Morgan, C.D.; Copits, B.A.; Chung, H.U.; Pullen, M.Y.; Noh, K.N.; Davidson, S.; Oh,
S.J.; et al. Soft, stretchable, fully implantable miniaturized optoelectronic systems for wireless optogenetics. Nat.
Biotechnol. 2015, 33, 1280-1286.

Feiner, R.; Dvir, T. Tissue—electronics interfaces: From implantable devices to engineered tissues. Nat. Rev. Mater.
2018, 3, 17076.

Minev, |.R.; Musienko, P.; Hirsch, A.; Barraud, Q.; Wenger, N.; Moraud, E.M.; Gandar, J.; Capogrosso, M.; Milekovic, T,;
Asboth, L.; et al. Electronic dura mater for long-term multimodal neural interfaces. Science 2015, 347, 159-163.

Vaseem, M.; Mckerricher, G.; Shamim, A. robust design of a particle-free silver-organo-complex ink with high
conductivity and inkjet stability for flexible electronics. ACS Appl. Mater. Interfaces 2015, 8, 177-186.

Kou, P.; Yang, L.; Chang, C.; He, S. Improved flexible transparent conductive electrodes based on silver nanowire
networks by a simple sunlight illumination approach. Sci. Rep. 2017, 7, 42052.

Kumar, A.; Karadan, P.; Barshilia, H.C. Synthesis of silver nanowires towards the development of the ultrasensitive
AgNWs/Si NPLs hybrid photodetector and flexible transparent conductor. Mater. Sci. Semicond. Process. 2018, 75,
239-246.

Li, J.; Tao, Y.; Chen, S.; Li, H.; Chen, P.; Wei, M.-Z.; Wang, H.; Li, K.; Mazzeo, M.; Duan, Y. A flexible plasma-treated
silver-nanowire electrode for organic light-emitting devices. Sci. Rep. 2017, 7, 16468.

Magdassi, S.; Grouchko, M.; Berezin, O.; Kamyshny, A. Triggering the sintering of silver nanoparticles at room
temperature. ACS Nano 2010, 4, 1943-1948.

Nyholm, L.; Nystrom, G.; Mihranyan, A.; Stramme, M. Toward flexible polymer and paper-based energy storage
devices. Adv. Mater. 2011, 23, 3751-3769.

Zhu, Y.; Yang, M.; Huang, Q.; Wang, D.; Yu, R.; Wang, J.; Zheng, Z.; Wang, D. V205 textile cathodes with high
capacity and stability for flexible lithium-ion batteries. Adv. Mater. 2020, 32, 1906205.

Trung, T.Q.; Lee, N.-E. Recent progress on stretchable electronic devices with intrinsically stretchable components.
Adv. Mater. 2016, 29, 1603167.

Rogers, J.A.; Someya, T.; Huang, Y. Materials and mechanics for stretchable electronics. Science 2010, 327, 1603—
1607.



31. Zhou, L.; Hu, Y.; Gao, H.; Gao, Y.; Zhu, W.; Zhan, L.; Liu, H.; Chen, Y.; Hu, K.; Wang, P.; et al. Moisture-assisted
formation of high-quality silver nanowire transparent conductive films with low junction resistance. Coatings 2021, 11,
671.

32. Hammock, M.L.; Chortos, A.; Tee, B.C.-K.; Tok, J.B.-H.; Bao, Z. 25th anniversary article: The evolution of electronic
skin (E-skin): A brief history, design considerations, and recent progress. Adv. Mater. 2013, 25, 5997-6038.

33. Magalhaes, B.; Engelhardt, S.; Molin, C.; Gebhardt, S.E.; Nielsch, K.; Hihne, R. Structural and electric properties of
epitaxial Na0.5Bi0.5TiO3-based thin films. Coatings 2021, 11, 651.

Retrieved from https://encyclopedia.pub/entry/history/show/53834



