
Tattoo Electrodes in Bioelectronics: A Pathway to Next-
Generation Wearable Systems

Journal: Nanoscale Horizons

Manuscript ID NH-REV-03-2025-000175.R1

Article Type: Review Article

Date Submitted by the 
Author: 15-May-2025

Complete List of Authors: Lee, Jinwoo; Seoul National University, Department of Mechanical 
Engineering
Ko, Seung Hwan; Seoul National University, Department of Mechanical 
Engineering; Institute of Advanced Machinery and Design

 

Nanoscale Horizons



Tattoo Electrodes in Bioelectronics: A Pathway to Next-Generation 
Wearable Systems

Jinwoo Lee1, Seung Hwan Ko1 2 3*

1 Wearable Soft Electronics Lab, Department of Mechanical Engineering, Seoul National University, 
1, Gwanak-ro, Gwanak-gu, Seoul, 08826, Republic of Korea
2 Institute of Engineering Research / Institute of Advanced Machinery and Design (SNU-IAMD), 
Seoul National University, 1, Gwanak-ro, Gwanak-gu, Seoul, 08826, Republic of Korea
3Interdisciplinary Program in Bioengineering, Seoul National University, 1 Gwanak-ro, Gwanak-gu, 
Seoul, Korea

*Correspondence to

Prof. Seung Hwan Ko (maxko@snu.ac.kr)

* None of the materials have been published or are under consideration elsewhere, including the internet.

Page 1 of 40 Nanoscale Horizons



Abstract

Tattoo-based electronics have emerged as a transformative platform for next-generation wearable 

bioelectronics. Unlike conventional wearable devices, which rely on substrates, tattoo electrodes are 

directly formed or transferred onto the skin or internal organs, ensuring superior comfort, breathability, and 

long-term usability. This intimate interface minimizes motion-induced artifacts and enables reliable 

biosignal acquisition across diverse physiological and anatomical regions. However, the absence of a 

supporting substrate imposes unique challenges in fabrication and material design. The fabrication 

processes must be tailored to accommodate direct skin application, and the selection of functional materials 

is more constrained. Materials must not only be biocompatible and flexible but also capable of maintaining 

performance under the dynamic conditions of the human body. This review presents a comprehensive 

overview of tattoo electrode technology, beginning with fabrication strategies, including direct and indirect 

patterning methods. We then discuss a range of materials, such as metallic networks, carbon-based materials, 

polymers, and materials recently being studied. Finally, we explore the diverse applications of tattoo 

electrodes in strain and electrophysiological sensing, temperature and humidity detection, biochemical 

monitoring, and energy harvesting and storage. Through this review, we aim to highlight the potential and 

future directions of tattoo-based electronic systems.

Keywords: Tattoo electrode, Fabrication, Biosignal Monitoring, Electronic Interfaces, Energy.
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1. Introduction

Various types of soft and stretchable electrodes have been studied, attracting substantial attention in 

wearable bioelectronics. By utilizing flexible substrates and materials, researchers have progressed in 

acquiring biosignals from the human skin, heart, and other internal organs.1 These biosignals are 

subsequently processed using computational technologies, including machine learning and deep learning 

technologies, to extract valuable information.2-4 However, electrodes based on flexible substrates still face 

some limitations in terms of conformality, user convenience, permeability, and biocompatibility, which 

hinder long-term use of the electrodes.5, 6

As a promising alternative, tattoo electrodes offer several universal advantages due to their ultrathin, 

substrate-free configurations.7 Their intimate conformality minimizes motion artifacts and enhances 

signal fidelity. In addition, their low mechanical modulus, comparable to that of biological tissues, 

improves mechanical compatibility with the human body (Table 1).8 Tattoo electrodes also reduce the risk 

of irritation and inflammation, particularly when implemented using breathable, porous materials that 

preserve natural skin functions such as sweating and thermoregulation. These features make them suitable 

for long-term, unobstructive wearable electronics.9 However, extreme manufacturing processes, such as 

high temperature, high pressure, or chemically reactive methods that can be harmful, are generally 

avoided, since the electrodes are intended for direct contact with the human body.

This review paper addresses challenges that tattoo electrodes encounter and investigates fabrication 

methods and materials. It also outlines future directions for tattoo electrodes to expand their applications 

into a wider range of fields (Fig. 1).

2. Fabrication

Tattoo electrodes differ from many conventional electrodes not merely due to their substrate-free nature, 

but because they are designed for direct, conformal contact with the human body. This imposes unique 

constraints on fabrication, as harsh processing conditions such as high temperature, vacuum environment, 

Page 3 of 40 Nanoscale Horizons



or chemical treatments cannot be applied directly to the body without risking adverse physiological 

effects.10 To address these challenges, a variety of manufacturing techniques have been developed to enable 

the efficient formation of skin-conformal electrodes under biocompatible conditions. This section discusses 

these fabrication methods in detail.

2.1. Direct Patterning

Direct patterning refers to the process of creating electrode patterns directly on the human body without 

the use of an intermediate substrate. Due to the absence of a supporting substrate, there are stringent 

constraints on fabrication conditions, particularly regarding the tolerance to harsh processing 

environments. Additionally, inevitable movements such as breathing and pulse activity lead to distortion 

of the pattern, even when user motion is minimized. Nevertheless, direct patterning offers an intuitive and 

highly effective approach, particularly for rapid prototyping.

Among the methods for direct patterning, spray-coating stands out as a simple fabrication technique that 

requires few processing steps. Typically, the areas where electrode deposition is unwanted are covered 

using a physical mask; thus, it is crucial to ensure the mask and body make close contact to prevent any 

gaps. Any gaps can lead to unwanted electrode deposition, therefore contaminating unintended areas. For 

example, Kim et al. developed a substrate-less nanomesh receptor for strain sensing, employing silver-gold 

core-shell nanowires as the electrode material to ensure biocompatibility (Fig. 2a).11 They created a 

lightweight and portable printing machine and used a stencil mask to cover the unwanted areas so that mass 

production could be available in a scale and transportable manner. One of the key advantages of spray-

coating is its ability to pattern electrodes over large areas, which makes it highly suitable for rapid 

prototyping.

Another approach for direct patterning involves printing or drawing directly onto the target area. In 

printing-based methods, the three-dimensional geometry of the application site should be scanned while 

restraining user movement, allowing for precise electrode deposition that conforms to the body’s contours.12, 

13 Drawing methods, on the other hand, utilize a brush or a similar tool to create customized electrode 
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patterns manually (Fig. 2b).14 During the subsequent transition from the liquid to the solid phase, either 

through solvent evaporation or temperature-induced phase change, the adhesion between the electrode and 

the body is enhanced. Although these methods may result in lower pattern resolution than mask-assisted 

techniques, they offer significant advantages: electrodes can uniformly cover the entire target surface 

without shaded regions caused by mask misalignment, and desired patterns can be produced more rapidly 

and flexibly.

Additionally, to acquire biosignals from the deeper regions of the body, conductive materials can be 

injected beneath the dermis with a tattoo needle.15 In contrast to the electrodes deposited on the surface, 

which collect signals only from the exterior of the skin or organs, this technique enables capturing signals 

from deeper layers, allowing for more accurate and varied data collection. While most tattoo electrodes 

have been primarily used for electrical signal detection and a limited range of chemical sensing, this method 

extends their functionality to diverse chemical sensing. Utilizing specific reactive materials can collect 

biological data, enabling the tracking of glucose levels, proteins, inflammation markers, and other 

biochemical signals.16, 17 Nevertheless, user discomfort and challenges in complete tattoo removal still pose 

significant obstacles.

In conclusion, improving the resolution without harsh manufacturing procedures is required to enable 

fine electrode patterning for tattoo electrodes made using the direct patterning method to be used efficiently. 

Additionally, the electrodes must also have a high degree of adhesion to the body surface to ensure long-

term stability and prevent delamination. When these issues are properly addressed, the direct patterning 

method is highly beneficial for mass manufacturing, rapid prototyping, and a simplified fabrication process, 

which makes it a good choice for wearable electronics.

2.2. Indirect Patterning

Unlike direct patterning, indirect patterning involves patterning the electrode on an external substrate 

before transferring it onto the body. Water-soluble substrates, which act as a temporary medium for 

depositing conductive materials, are the mainstay of such production procedures. The utilization of harsh 
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fabrication techniques like laser processing, UV curing, and chemical reactions is made possible by the 

greatly decreased fabrication limitations resulting from the patterning process occurring on a substrate 

rather than directly on the human body.18 Furthermore, the accurate application of inkjet printing, which 

necessitates a steady and motionless environment, is made possible by the lack of movement during 

processing.12 This method is especially useful for rapid production while preserving the inherent properties 

of both the substrate and electrode.

One approach for indirect patterning employs water-soluble substrates.19 In this method, the conductive 

material only remains on the body after the substrate dissolves in water. It is important to set the temporary 

substrate to an appropriate thickness. If the substrate is too thick, forming precise electrode patterns on 

intricate surfaces like fingerprints or extremely curved and wrinkled areas may become difficult since 

conformal contact between the skin and substrates becomes challenging. On the other hand, an excessively 

thin substrate makes it difficult to work with; for best results, a balance in thickness is needed. Furthermore, 

the substrate material should also be readily detachable and biocompatible to guarantee safe application on 

the body. Among many choices, polyvinyl alcohol (PVA) is frequently utilized as a substrate material since 

it is highly water-soluble and biocompatible, making removal simple without causing any harm to 

humans.20, 21

For example, Miyamoto et al. employed a PVA electrospun membrane as a substrate that dissolves in 

water (Fig. 2c).22 After applying a gold nanomesh solution, the membrane is placed on the skin. Then, the 

membrane is dissolved in water, and only the gold nanomesh is left on the skin, providing remarkable 

conformality even in highly dynamic regions like finger joints, where adhesion is difficult. Additionally, 

the gold nanomesh electrode demonstrated high stretchability due to its ability to repeatedly and reversibly 

split and repair, while its high permeability enabled the seamless exchange of sweat and air through the 

electrode.

Moreover, indirect patterning reduces process constraints, allowing for the adoption of a wide range of 

fabrication techniques. Specifically, laser direct writing can achieve high resolution and induce 
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photothermal chemical reactions with patterning materials.23 For instance, when polyimide undergoes a 

photothermal chemical reaction, it transforms into graphene, which can serve as electrodes due to its high 

conductivity.24, 25 Similarly, copper can be reduced and subsequently oxidized via wet oxidation to form 

Cu2O, a semiconducting material suitable for optoelectronic applications (Fig. 2d).26 Additionally, 

photolithography can be employed, in which photoresist layers are patterned through light exposure and 

subsequently developed using chemicals to achieve fine and precise structures.27, 28

Thus, in indirect patterning, patterns can be easily transferred by dissolving water-soluble substrates. 

Alternatively, laser direct patterning and photolithography can also be used to improve resolution, enabling 

the formation of accurate and fine patterns. These methods provide distinct approaches for achieving precise 

patterning in different contexts.

3. Materials

The tattoo electrodes rely significantly on the selection of electrode materials, which must satisfy 

several requirements: mechanical compliance to match soft biological tissues, high electrical conductivity 

for efficient signal transmission, biocompatibility to ensure safety during prolonged contact with the 

body, and in many cases, permeability to preserve natural skin functions.29, 30 Traditionally, metallic, 

carbon-based, and polymeric materials have been widely used as tattoo electrode materials. Recent 

developments have additionally brought liquid metals and MXene family as alternative materials with 

improved characteristics for specific applications. Table 2 summarizes the typical materials, electrode 

structure, electrical characteristics, and electrical failure strain of various tattoo electrodes. The 

components and construction of tattoo electrodes will be discussed in this part, highlighting both 

conventional and newly developed materials under ongoing research.

3.1. Metallic

Metallic materials have been widely used in bioelectronics due to their high electrical conductivity and 

ease of patterning. Ensuring conformal contact is essential for tattoo electrodes to accurately collect signals 
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from the highly textured and non-uniform surfaces of the human body. However, bulk metals are inherently 

brittle and have low stretchability, making it difficult to conform to the body. Therefore, structural 

modifications and solution-processed metals have been employed to overcome these limitations.

Structurally engineered electrode patterns exhibit greater stretchability while maintaining significant 

conductivity under strain.31 Additionally, when metal films are patterned into serpentine or other porous 

structures by laser processing or etching, permeability is also enhanced, making them highly beneficial for 

strain sensing applications.32, 33 Furthermore, research has demonstrated that depositing gold onto shape-

memory polymers can further improve stretchability and mechanical resilience.34

On the other hand, metal nanowires in solution form have been extensively explored for tattoo electrode 

applications. Depending on their structural arrangement, nanowires can form either a dense nanomesh 

structure or a nano percolation network. In the nanomesh structure, individual nanowires rearrange under 

strain while maintaining electrical connection without fracture.22 In contrast, nanowires create a porous 

structure that can be integrated with a polymer matrix when a percolation network is formed. By embedding 

metal nanowires into stretchable polymer matrices, a conductive composite can be formed that intrinsically 

combines mechanical deformability with electrical conductivity (Fig. 3a).35 This approach eliminates the 

need for post-deposition processing and enables conformal contact with dynamic surfaces. The polymer 

matrix provides elasticity and structural support, while the embedded nanowires establish percolated 

conductive pathways that remain stable under strain, offering excellent performance for stretchable tattoo 

electronics.36 Furthermore, chemical stability and biocompatibility are also critical factors for direct contact 

with the body. Therefore, gold nanowires, copper nanowires, and silver-gold core-shell nanowires are 

commonly used in tattoo electrodes.37-39

On the other hand, liquid metal-based tattoo electrodes, such as eutectic gallium-indium (EGaIn), have 

recently gained great attention. EGaIn is the most well-known liquid metal, capable of being directly 

patterned in a liquid state, as it remains in a liquid phase until exposed to external stimuli.40 However, 

EGaIn particles, mechanically fractured from bulk EGaIn, are typically employed instead since bulk EGaIn 
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lacks intrinsic stretchability.41 When EGaIn particles are deposited into a desired pattern, oxide layers 

rapidly form on their surface. These layers can be mechanically fractured through mechanical force or laser 

sintering, allowing the particles to connect and restore electrical conductivity.42 However, once these EGaIn 

particles reconnect, they behave similarly to bulk EGaIn, which easily fractures under strain. To address 

this limitation, elastomeric materials or metal flakes are often incorporated to enhance stretchability.43, 44 

Additionally, Lee et al. demonstrated the enhanced mechanical robustness of liquid metal-based tattoo 

electrodes by attaching Pt-decorated carbon nanotubes (CNTs) onto EGaIn, further expanding the potential 

of metallic tattoo electrode materials (Fig. 3b).45

As a result, metallic electrodes can be effectively utilized by engineering their structures or incorporating 

liquid-state metals, enabling them to be applied even on highly dynamic areas subjected to frequent 

movements.

3.2. Carbon-based

Carbon-based materials have unique bonding structures that enable their high electrical conductivity. In 

well-packed carbon materials, such as carbon nanotubes (CNTs) and graphene, the sp² hybridized structure 

creates delocalized π-electron networks, facilitating electron transport.46, 47 The carbon materials exhibit 

metallic behavior with an electron bandgap close to 0eV, and their conductivity is further enhanced.48 

Additionally, carbon-based tattoo electrodes have been developed to employ carbon black ink with 

conductive polymers, broadening the variety of carbon-based materials for tattoo applications.49 Overall, 

their high conductivity, mechanical flexibility, and chemical stability make them ideal for skin-conformal 

and stretchable electronic applications. For these reasons, carbon-based materials, such as graphene and 

carbon nanotubes (CNTs), are among the most commonly utilized materials for tattoo electrodes.

Graphene, a one-atom-thick 2D material, comprises carbon atoms arranged in a honeycomb lattice. 

Graphene has been widely used in flexible displays and wearable sensors owing to its high flexibility and 

mechanical strength. Although the material is not inherently stretchable and is prone to break under tensile 

strain, strategies have been developed to overcome this limitation.50 Kabiri Ameri et al. developed 
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filamentary serpentine graphene electrodes, improving the stretchability to over 40%, whereas straight-line 

graphene electrodes rupture at strains below 20% (Fig. 3c).51 Another strategy developed to enhance the 

resilience of graphene-based tattoo electrodes is multilayer stacking, in which graphene is stacked into 

multilayers to maintain electrical conductivity and function as backups for when a layer breaks under 

strain.52 Multilayer stacking enables greater stretchability and durability, making it suitable for generating 

stretchable and transparent electrodes for wearable applications.

CNTs, on the other hand, are composed of cylindrical carbon structures and exhibit great flexibility. 

However, the material also lacks stretchability, limiting its uses to low-strain regions.53 This limitation can 

be improved by blending the material with elastomer, such as polydimethylsiloxane (PDMS), to form CNT-

elastomer composites (Fig. 3d).54 These composites can withstand strains exceeding 100%, enabling their 

use in high-strain sensor applications. Furthermore, a high gauge factor is another characteristic that makes 

CNT-based electrodes ideal for ultra-sensitive strain sensors in tattoo electronics.55

Given their high electrical conductivity, biocompatibility, and outstanding mechanical strength, 

carbon-based materials remain one of the most promising candidates for tattoo electrodes. They 

also have immense potential for wearable bioelectronics and next-generation flexible devices.

3.3. Polymeric

The most prevalent polymer-based material for tattoo electrodes is poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS). This material exhibits high electrical 

conductivity, excellent biocompatibility, and strong processability. However, pristine PEDOT:PSS 

exhibits very low intrinsic stretchability (2% before mechanical failure), which makes it prone to 

delamination under body movements.56 Moreover, in humid environments, the hydrophilic nature of the 

PSS component leads to excessive swelling and redispersion of the film, limiting its applicability in 

wearable bioelectronics without further engineering.

To address these challenges, network engineering strategies have been employed, incorporating 
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PEDOT:PSS into polymer matrices such as poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA), and 

gelatin.57-59 These networks improve mechanical stretchability and suppress water-induced degradation 

(Fig. 4a).60 Alternatively, phase separation approaches have been explored. For instance, the addition of 

dimethyl sulfoxide induces the formation of reconfigured PEDOT:PSS.61 Other methods use additives 

like polyurethane to decouple mechanical and electrical phases, creating distinct PEDOT:PSS conductive 

pathways within mechanically robust matrices.60, 62 Recently, Won et al. introduced a laser treatment 

technique that spatially separates PEDOT and PSS phases (Fig. 4b).63 Upon hydration, the PEDOT-rich 

domains form continuous electrical pathways, while the PSS-rich domains act as ionic conductors, 

collectively suppressing water-induced degradation. Moreover, the use of laser processing enables high-

resolution, selective patterning on targeted regions.

In addition, conductive pathways can be embedded within hydrogel matrices to fabricate tattoo-like 

sensors and interfaces.64, 65 For example, Zhuo and colleagues developed a reusable hydrogel-based tattoo 

sensor, in which polypyrrole was incorporated to enable monitoring of skin temperature and hydration 

levels (Fig. 4c).66 Owing to their extremely low mechanical modulus, hydrogels offer exceptional 

mechanical conformity with biological tissue, making them ideal for bioelectronic interfaces and 

wearable sensors. Unlike conventional polymers, hydrogels exhibit high water retention within their 

internal matrix, which prevents dehydration-related failures and ensures stable performance in humid or 

sweaty environments that often degrade other tattoo electrode materials. Their inherently porous structure 

also enables the incorporation of ionic components, allowing internal ions to migrate freely under 

mechanical strain and maintain stable current flow even during deformation.67 Additionally, their high 

viscosity allows hydrogels to be processed into printable inks, thereby facilitating patterning via 3D 

printing and other additive manufacturing techniques.68, 69

Overall, polymeric materials strike a crucial balance between flexibility, biocompatibility, and 

conductivity in tattoo electrodes. Hydrogel-based systems, in particular, offer superior ionic conductivity 

and mechanical softness, enabling advanced functionalities for sensing and human–machine interfaces in 

Page 11 of 40 Nanoscale Horizons



next-generation wearable biomedical devices.

3.4. Others

The previously discussed materials-metallic, carbon-based, and polymeric-have long been employed as 

electrode materials. To enhance their suitability for tattoo electrodes, researchers have explored combining 

them with elastomers or forming composites that leverage the advantages of each material.43, 55, 70, 71

Lately, the MXene family has been receiving significant interest as a possibly useful material for tattoo 

electrodes. MXenes are a family of 2D nanomaterials with remarkable electrical properties, high ionic 

conductivity, and great flexibility that make the ideal materials for skin-conformal bioelectronics.72 MXene 

can be derived from MAX phases through chemical or mechanical exfoliation.73 Early production 

techniques, however, suffered from scalability, limiting their general deployment. However, large-scale 

synthesis techniques have made it feasible to generate consistent, high-quality MXene, and hence, their use 

has expanded greatly in various research fields, including energy storage and wearable bioelectronics.74

MXene-based electrodes' capacity to be processed into ultrathin films, allowing their use in biosignal 

sensing and energy storage, is one of their main advantages.75, 76 Their unique combination of conductivity, 

flexibility, large surface area and biocompatibility further expands the potential of tattoo electrodes in 

wearable and implantable bioelectronics, so opening the path for next-generation soft electronic systems.77 

However, MXene suffers from its intrinsic structural brittleness under tension. To overcome this, Wang., 

et al. developed a composite by incorporating liquid metal to enhance its mechanical resilience and 

stretchability (Fig. 4d).78 Under strain, the oxide layer of the liquid metal nanocapsules mechanically breaks, 

allowing the liquid metal within to flow and re-establish electrical pathways, thereby effectively releasing 

the brittleness issue. MXene films produced in this work demonstrated outstanding resistance to mechanical 

stress and water exposure while allowing high-fidelity biosignal acquisition.

In addition to MXenes, transition metal dichalcogenides (TMDs) such as MoS2
 and WS2 are also gaining 

interest in the context of tattoo electrodes.79, 80 TMDs are two-dimensional semiconductor materials with 

layered structures similar to graphene.81 They exhibit several attractive properties, including strong exciton 
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binding energies, fast charge transport, and intense light–matter interactions.82 Furthermore, TMDs allow 

for tunable electronic and optical properties through phase engineering, doping, or strain modulation. These 

characteristics make TMDs promising candidates not only for conformable sensors, but also for next-

generation optoelectronic devices, transistors, and catalysts.83 Their atomic thinness enables excellent skin 

conformality, while their semiconducting nature provides diverse functionalities in bio-integrated systems.

In summary, MXenes and TMDs represent promising emerging materials for tattoo electrodes, offering 

exceptional electrical, mechanical, and optical properties that enable multifunctionality in wearable 

bioelectronics. Their unique characteristics, such as skin conformability, conductivity, and tunable behavior, 

open new possibilities for next-generation bio-integrated systems beyond conventional materials.

4. Applications

Tattoo electrodes, leveraging their skin-conformal structure and material versatility, have found wide-

ranging applications in wearable bioelectronics. Their intimate contact with the body enables highly 

accurate strain and electrophysiological signal acquisition, supporting diverse use cases such as motion 

tracking, facial expression monitoring, and real-time cardiac or neural assessments. In addition, tattoo 

electrodes are being employed for temperature and humidity sensing through responsive materials, 

providing valuable data for both virtual reality systems and clinical diagnostics. Their adaptability also 

extends to chemical and pH sensing, where electrochemical mechanisms enable non-invasive detection of 

biochemical markers. Beyond sensing, tattoo electrodes are emerging energy harvesting and storage 

platforms, particularly through sweat-powered biofuel cells, capacitive systems, and wireless power 

transfer, paving the way for self-sustaining, wire-free wearable systems. This section explores the 

expanding role of tattoo electrodes in health monitoring, human-machine interaction (HMI), and the 

development of fully integrated, next-generation wearable electronics.

4.1. Strain Sensor
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The exceptional performance of tattoo electrodes in strain sensing is one of their significant advantages 

in biosignal monitoring. Conventional strain sensors fabricated on flexible substrates often struggle to 

maintain intimate contact with the body, especially over highly contoured, wrinkled, or dynamic surfaces 

such as joints or facial regions.84 This imperfect interface can compromise signal fidelity and accuracy. In 

contrast, tattoo electrodes are directly deposited onto the skin or tissue surface, achieving gap-free, 

conformal adhesion without the need for adhesives or external support. This ultra-thin, substrate-free 

architecture provides a skin-like interface that ensures precise transduction of mechanical deformations 

into electrical signals, thereby significantly enhancing the accuracy and reliability of strain sensing.85

Tattoo electrodes are frequently employed to monitor various forms of body movement, including 

finger motion, facial expressions, and micro-strains from skin deformation (Fig. 5a).11, 86, 87 Beyond 

cutaneous applications, they can also be integrated with internal organs such as the heart and lungs, owing 

to their soft mechanical properties.13 This mechanical compatibility minimizes inflammation and 

delamination, enabling stable long-term in-vivo operation without triggering adverse immune responses.

The strain signals collected by tattoo sensors are typically processed using machine learning 

algorithms, allowing for high-level interpretation and classification.3, 4 Applications such as hand gesture 

recognition, facial expression detection, and non-verbal communication interfaces have been successfully 

demonstrated, paving the way for advanced HMI and neuroprosthetic control systems.

In summary, the ultra-conformal, substrate-free design of tattoo electrodes offers a distinct advantage 

in strain sensing by enabling seamless integration with both external skin and internal organs. This 

intimate interface ensures high-fidelity signal acquisition even on complex, dynamic surfaces, while 

minimizing mechanical mismatch and immune responses. Coupled with machine learning-based signal 

processing, tattoo strain sensors have demonstrated strong potential in diverse applications.

4.2. Electrophysiological Sensor

Electrophysiological signals, including electromyography (EMG), electrocardiography (ECG), 
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electroencephalography (EEG), and electrooculography (EOG), are essential for monitoring 

neuromuscular activity, cardiac rhythms, brain function, and ocular motion.88 However, traditional 

electrodes, often composed of rigid metal components or gel-based adhesives, face inherent limitations in 

long-term and dynamic monitoring. One major issue is their susceptibility to motion artifacts, which arise 

from poor mechanical conformity and unstable contact with the skin during body movement. 

Additionally, the imperfect interface between the electrode and skin often leads to high interfacial 

impedance, degrading the quality and fidelity of acquired signals.

Tattoo electrodes address these limitations by forming a conformal, ultra-thin interface that adheres 

intimately to the skin’s microtopography.89 Unlike conventional electrodes, they do not require bulky 

adhesives or conductive gels, minimizing the risk of delamination or contact variation. This configuration 

effectively reduces motion-induced signal distortion and ensures low-impedance coupling, even under 

continuous or dynamic conditions. As a result, tattoo electrodes enable the reliable acquisition of high-

fidelity electrophysiological signals suitable for both clinical and wearable applications. A representative 

example is polysomnography, where simultaneous monitoring of multiple physiological parameters 

during sleep is critical (Fig. 5b).90 Conventional setups often involve cumbersome electrodes and wiring 

that can interfere with natural sleep. Tattoo electrodes offer a lightweight and unobtrusive solution, 

enabling continuous, high-resolution sleep monitoring without compromising user comfort or signal 

integrity.

Thanks to their skin-like mechanical properties and stable electrical interface, tattoo electrodes are 

particularly well-suited for electrophysiological sensing in biomedical applications. Their ability to 

acquire high-fidelity EMG, ECG, EEG, and EOG signals over extended periods enables continuous 

monitoring of muscular, cardiac, neurological, and ocular functions in a non-invasive and patient-friendly 

manner. This makes them highly attractive for use in neurological disorder diagnosis, cardiac health 

tracking, sleep studies, and assistive technologies. By enabling accurate and long-term bioelectrical 
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monitoring, tattoo sensors hold great potential to advance personalized medicine, adaptive 

neuroprosthetics, and real-time health feedback systems.

4.3. Temperature and Humidity Sensor

In addition to mechanical and electrophysiological sensing, tattoo electrodes can be engineered to 

detect temperature and humidity by incorporating materials that exhibit temperature-dependent or 

hygroscopic electrical properties. Their ultra-thin, conformal form allows for precise and continuous 

monitoring of skin temperature and moisture levels with minimal interference to the user. This is 

particularly valuable in scenarios where subtle thermal changes reflect underlying physiological 

conditions, such as inflammation, infection, fever onset, or wound healing dynamics.

One notable work by Webb et al. demonstrated ultrathin, conformal temperature sensors capable of 

continuous thermal mapping of the skin with clinical-grade accuracy (Fig. 5c).91 Such systems can act as 

early indicators of localized physiological abnormalities, enabling timely intervention in medical settings. 

Furthermore, skin-integrated tattoo thermosensors can be seamlessly combined with other tattoo-based 

sensors to create multimodal diagnostic platforms that monitor biochemical and biophysical parameters in 

real-time. Beyond healthcare, temperature-sensitive tattoo electrodes also show strong potential in virtual 

and augmented reality environments, where realistic thermal feedback can enhance immersion and 

interaction.92-94 By providing location-specific temperature changes in sync with digital stimuli, tattoo 

sensors enable more lifelike tactile experiences, thereby expanding the possibilities for next-generation 

human–machine interfaces. In addition, humidity-sensing tattoo electrodes, often based on materials like 

graphene oxide or MXene-based composites, can track perspiration levels to infer hydration status, stress 

response, or metabolic activity (Fig. 5d).95, 96 When integrated into wearable systems, they support 

continuous sweat analysis, athletic performance monitoring, and thermal regulation studies.

Overall, tattoo-based temperature and humidity sensors offer a compelling combination of wearability, 

sensitivity, and application diversity, making them valuable tools in clinical diagnostics and interactive 
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technology platforms.

4.4. Chemicals and pH Sensor

Tattoo electrodes can be functionalized to detect chemical biomarkers and pH levels in biofluids such 

as sweat, blood, and urine, providing a powerful platform for non-invasive, continuous health monitoring. 

These biofluids contain physiologically relevant analytes, including electrolytes, metabolites, and protons 

(pH), which can indicate hydration status, metabolic conditions, and localized inflammation.

One effective approach for tattoo-based chemical sensing involves the use of electrochemical 

mechanisms, in which chemical reactions at the sensor surface produce measurable electrical signals.97 A 

representative example is the temporary tattoo pH sensor developed using a pH-responsive hydrogel (Fig. 

5e).98 In this system, the hydrogel swells or contracts in response to local pH, altering the electrical 

double layer at the electrode interface. This change is transduced into an electrochemical signal, enabling 

real-time tracking of skin pH. Such devices demonstrate excellent mechanical conformity, reversibility, 

and stability, all while maintaining user comfort.

Beyond pH, tattoo-based chemical sensors have been developed to monitor glucose, lactate, sodium, 

potassium, and cortisol levels using enzyme-functionalized electrodes or ion-selective membranes (Fig. 

5f).16, 17, 99, 100 These sensors typically utilize potentiometric or amperometric mechanisms to convert ion 

concentration or redox reactions into voltage or current signals.

Unlike rigid chemical sensors that may require bulky instrumentation or invasive sampling, tattoo 

sensors are ultra-thin, breathable, and skin-conformal, allowing for unobtrusive operation over extended 

periods. These features make tattoo chemical and pH sensors ideal for early disease detection, sports 

performance monitoring, and personalized health diagnostics, especially in decentralized healthcare 

settings.101 They also show strong potential for emerging applications such as pet health monitoring and 

ingestible or edible sensors with guaranteed biodegradability.102, 103
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4.5. Energy Harvesting and Storage

Tattoo electrodes are not only capable of transmitting bioelectrical and externally applied signals but 

also hold great potential for on-skin energy harvesting and storage. Their ultra-thin, breathable, and 

highly conformal architecture enables efficient energy interaction with the skin and surrounding 

environment, opening up new opportunities for developing self-powered wearable systems.

Recent studies have demonstrated the feasibility of such systems using tattoo-based platforms. For 

instance, a thermoelectric tattoo system has been developed that harvests energy from the temperature 

gradient between the human body and ambient air, enabling continuous temperature mapping without an 

external power source (Fig. 5g).104 In another example, a fully untethered and battery-free electronic 

tattoo was realized using near-field communication-based wireless energy harvesting to support real-time 

biosignal monitoring.105 These examples highlight how tattoo electrodes can serve not only as sensing 

interfaces but also as integral components of autonomous energy systems, advancing the development of 

next-generation self-powered bioelectronics.

Moreover, tattoo electrodes can also function as energy storage components, particularly in the form of 

capacitors. A typical configuration consists of two conductive layers separated by a dielectric material, 

enabling the system to store and release electrical energy (Fig. 5h).106 In capacitive coupling systems, the 

stratum corneum can act as the dielectric medium, allowing tattoo electrodes to relay signals or charge 

through the skin without direct electrical contact.107 Furthermore, triboelectric nanogenerators have been 

demonstrated by sandwiching elastic dielectric layers, such as electrospun fibers, between conductive 

tattoo electrodes.108 This configuration enables energy harvesting through motion-induced contact and 

separation, creating self-powered systems suitable for dynamic body movements.

Collectively, these developments in energy harvesting and storage enable tattoo electronics to function 

as fully independent systems with sustained operation. Therefore, tattoo-integrated energy solutions can 

contribute significantly to the development of next-generation autonomous bioelectronic systems by 
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providing compact, eco-friendly, and non-invasive power sources.

5. Conclusion and Perspectives

This review paper has explored fabrication methods, materials, and diverse applications of tattoo-based 

electronics. While traditional substrate-based wearables often struggle with issues of conformality, user 

comfort, and mechanical compatibility, tattoo electronics offer a promising alternative through their 

seamless integration with the skin. Building on these advantages, tattoo-based electronics are now 

redefining the landscape of wearable technology by enabling ultrathin and conformal platforms for health 

monitoring, HMI, and energy systems. However, to fully realize their potential, several unresolved 

challenges must still be addressed, along with the exploration of new technological directions.

First, enhancing long-term durability and mechanical robustness remains critical. Tattoo electrodes often 

suffer from delamination, mechanical failure, or degradation under repeated strain, especially in humid or 

dynamic skin conditions. Strategies involving self-healing materials, moisture-tolerant encapsulation, and 

stretchable interconnects are needed to ensure consistent long-term performance. Second, the development 

of biodegradable tattoo electronics is an emerging direction with high relevance for both medical and 

environmental applications. Biodegradable tattoo sensors can offer transient wound healing or drug delivery 

monitoring without requiring removal, minimizing environmental impact and improving user comfort. 

Third, incorporating a wider range of materials can allow tattoo sensors to detect multiple types of signals 

simultaneously, enabling more compact and lightweight designs. Incorporating 2D materials, bioresorbable 

composites, and biocompatible nanostructures can drive progress in this area. Finally, integrating data 

processing and wireless communication in ultrathin formats is essential to create fully autonomous systems. 

Advanced machine learning approaches and power-efficient circuitry can enable real-time analysis and 

feedback in decentralized healthcare or immersive HMI environments.

Therefore, addressing these frontiers will shape tattoo-based electronics into truly autonomous, versatile 
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platforms for next-generation bioelectronic systems.
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Figures

Fig. 1: Schematic overview of tattoo-based electronic systems.

This schematic was created with BioRender.com.
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Fig. 2: Diverse types of fabrication methods to generate tattoo electrodes. (a) (i) Photographs 

of the portable printing machine. (ii) Schematic illustration of a nanomesh receptor mimicking a 

cutaneous receptor, with wireless measurement of resistance changes. Adapted with permission 

from ref.11 Copyright 2022, Springer Nature. (b) (i) Photographs of in-situ biogel applied and 

squeezed on skin. (ii) Photographs of biogel undergoing rapid in-situ gelation. (iii) Photographs 
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demonstrating the biogel’s skin adhesion and mechanical toughness. Adapted with permission 

from ref.14 Copyright 2025, Springer Nature. (c) (i) Schematic illustration of nanomesh 

conductors and deposition onto skin, along with an optical image on skin (scale bar: 1 mm) and 

an SEM image on a skin replica (scale bar: 5 µm). (ii) Photographs of nanomesh conductors 

attached to the finger when the hand is opened and closed. Adapted with permission from ref.22 

Copyright 2017, Springer Nature. (d) (i) Schematic illustration of reversible selective laser-

induced redox enabling monolithic patterning of CuNW, Cu₂ONW, and CuONW networks. (ii) 

Optical images of CuNW, Cu₂ONW, and CuONW networks patterned via laser process. (iii) 

Optical images showing the laser-induced drawing, converting, and erasing. Adapted with 

permission from ref.26 Copyright 2022, Springer Nature.
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Fig. 3: Metallic and carbon-based materials that can be utilized for the formation of tattoo 

electrodes. (a) (i) Schematic illustrations depicting the manufacturing process of nanowire-

embedded polymer. (ii) Photograph of nanowire-embedded polymer for EMG sensing. Adapted 

with permission from ref.35 Copyright 2025, Springer Nature. (b) (i) Schematic illustration 

depicting assembly of Pt-decorated CNT on liquid metal particles (CMPs) on skin. (ii) 
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Photographs showing diverse applications of CMPs, including ECG sensing, electrical 

stimulation, biosensing, and photothermal heating. (iii) Schematic illustration of CMP-based 

electrical stimulator applied to a rat. Adapted with permission from ref.45 Copyright 2022, 

Wiley-VCH. (c) (i) Photographs of graphene electronic tattoo (GET) on skin under 25% 

compression and stretching. (ii) Demonstration of GET used for skin hydration and temperature 

sensing. Adapted with permission from ref.51 Copyright 2017, American Chemical Society. (d) 

(i) Photographs of CNT/PDMS composite sensor for EEG monitoring from top and bottom 

views. (ii) Sensor attached behind the ear. (iii) FFT spectrogram of EEG signals before and after 

eye closure. Adapted with permission from ref.54 Copyright 2023, Springer Nature.
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Fig. 4: Polymeric and alternative materials that can be utilized to form tattoo electrodes. 

(a) (i) Schematic illustrations of composites integrating PEDOT:PSS and hydrophilic 

polyurethane. (ii) Photographs of the bioelectronic interface on a fingertip demonstrating its 

stretchability. (iii) Photograph of the bioelectronic interface on a rat sciatic nerve. Adapted with 

permission from ref.60 Copyright 2023, Springer Nature. (b) (i) PEDOT:PSS pattern fabricated 
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via laser process, demonstrating strong adhesion to the substrate in wet conditions, and SEM 

image of the dried PEDOT:PSS hydrogel cross-section on a PET substrate. (ii) Comparison of 

wet adhesion to the substrate under shear force. Top: only EG-treated. Bottom: laser-treated. 

Adapted with permission from ref.63 Copyright 2024, Springer Nature. (c) (i) Schematic 

illustrations of fabrication steps for a hydrogel-based electronic tattoo sensor. (ii) Photographs of 

different hydrogel electronic tattoo sensors. HSHS, HRTD, and HEPS represent hydrogel-based 

hydration sensors, hydrogel-based resistance temperature sensors, and hydrogel-based 

electrophysiological sensors, respectively (scale bar: 1cm). (iii) SEM image showing its 

microstructural morphology. Adapted with permission from ref.66 Copyright 2024, Springer 

Nature. (d) (i) Schematic illustrations of a sprayable liquid metal-MXene composite electronic 

tattoo sensor applied onto the skin. (ii) Top: Photographs of the nanocomposite along different 

strains (0-50%) (scale bar: 200𝜇𝑚). Bottom: Schematic illustration of the self-healing 

mechanism of the cracked nanocomposite. (iii) Demonstrations of LEDS in a tattoo circuit 

maintaining stable operation on the skin during compression, stretching, and twisting. Adapted 

with permission from ref.78 Copyright 2024, Elsevier.
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Fig. 5: Various types of applications achieved by tattoo-based electronic systems. (a) 

Applications implemented by tattoo strain sensors for (i) finger motion, (ii) facial expressions, 

and (iii) micro-strains from skin deformation. Adapted with permission from ref.11, 86, 87 

Copyright 2022, Springer Nature, 2024, The American Association for the Advancement of 

Science, 2022, Springer Nature. (b) Implementation of polysomnographic techniques using 

tattoo electrophysiological sensors. Adapted with permission from ref.90 Copyright 2023, The 

American Association for the Advancement of Science. (c) Optical and infrared images of 

temperature sensors integrated into the skin. Adapted with permission from ref.91 Copyright 

2013, Springer Nature (d) (i) Schematic illustration of tattoo-based humidity sensing system and 

(ii) current response measured before, during, and after exercise. Adapted with permission from 

ref.96 Copyright 2024, Springer Nature. (e) Schematic illustrations of the manufacturing process 

of pH-responsive tattoo sensor. Adapted with permission from ref.98 Copyright 2021, Wiley-

VCH. (f) Sensing mechanisms of tattoo-based electrodes for detecting (i) glucose and (ii) 

alcohol. Adapted with permission from ref.16, 17 Copyright 2014, American Chemical Society, 

2016, American Chemical Society. (g) Schematic illustrations of thermoelectric generation using 

tattoo-like wearable devices. Adapted with permission from ref.104 Copyright 2024, Wiley-VCH. 

(h) Photographs of the tattoo electrode system for energy harvesting and storage. Adapted with 

permission from ref.106 Copyright 2017, Wiley-VCH.
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Tables

Table. 1: Elastic modulus ranges of biological tissues.

Tissue Name Elastic modulus range Ref

Skin 0.4-2 MPa [109]

Brain 0.1-10 kPa [110]

Heart 10-600 kPa [111]

Liver 0.5-5 kPa [112]

Lung 5-15 kPa [113]

Spinal cord 0.5 -60 kPa [114]

Peripheral nerve 100-500 kPa [115]

Blood vessel 0.1-1 MPa [116]

Skeletal muscle 10-45 kPa [117]

Retina 0.01-1 kPa [118]

Table. 2: Summary of materials, electrode structure, electrical characteristics and 

electrical failure strain of tattoo electrodes.

Material class Material name
Electrode 

structure

Electrical 

characteristics

Electrical 

failure strain
Ref

Ag-Au ~1.4 Ω/sq >30% [11]
nanomesh

5.3 × 10-7 Ω m ~50% [22]

serpentine - ~100% [91]Au

wrinkled thin film 66-88 Ω/sq >200% [34]

Cu serpentine R/R0 < 1.01 >300 % [90]

Ag nanomesh 7.62 Ω/sq >80 % [38]

Metallic

Au/Ti
hollow-carved 

structure
4-12 kΩ cm >100 % [39]
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Ni/EGaIn
intrinsically 

stretchable

Na+ sensitivity~56.8 

mV/decade
10-30 % [40]

Skin-electrode 

impedance ~200-300 

kΩ at 10 kHz

10-30 % [50]
serpentine

~2 kΩ/sq > 25 % [51]

~0.55 ± 0.25 kΩ/sq >30 % [52]
Carbon-based graphene

multi-stacking
Skin-electrode 

impedance~1-10 kΩ at 

10 kHz

10-30 % [53]

ETE-COONa/PVA ~0.25 S cm-1 >30% [13]

Polyacrylamide/polypyrrole R/R0 < 1.06 >200 % [66]

Skin-electrode 

impedance -72 kΩ at 

50 Hz

10-30 % [85]
PEDOT:PSS

100-200 Ω/sq 10-30 % [94]

0.6-1.8 S/m >349% [57]
PVA/PEDOT:PSS

2.3 S/m >100% [59]

WPU/ PEDOT:PSS

intrinsically 

stretchable

11 S/cm >400% [61]

Polymeric

Poly(aniline) Stencil pattern - 10-30 % [97]

EGaIn/CNT <100 Ω/sq >40 % [45]

CNT/PDMS ~10-2 S/m ~200 % [55]
Hybrid

Ag/TPU

intrinsically 

stretchable 38% increase of sheet 

resistance over 4 days
~100 % [92]

Mo2C Ultrathin film 60-150 Ω/sq 10-30 % [89]

Others
Ti3C2Tx/EGaIn

intrinsically 

stretchable
 2.2 Ω/sq >50% [78]
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