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Abstract

Graphene-based electronic skin (e-skin) has emerged as a transformative technology for next-generation
wearable health monitoring and advanced human—machine interaction (HMI). Owing to its outstanding
electrical conductivity, mechanical flexibility, atomic-scale thickness, and incompatibility, graphene
enables the fabrication of ultrathin, conformal, and multifunctional sensors capable of mimicking the
sensory functions of natural human skin. Over the past decade, research in this domain has progressed
rapidly across four interconnected fronts: material synthesis and fabrication strategies, composite and
hybrid structure design, device-level architectural innovation, and the integration of intelligent data-
processing frameworks. On the materials front, techniques — such as chemical vapor deposition, liquid-
phase exfoliation, and laser-induced graphene patterning — each contributed distinct trade-offs between
film quality, cost, and manufacturing scalability. Structurally, wrinkled, foamed, and porous graphene
architectures have substantially improved sensitivity for pressure and tactile sensing by increasing
effective surface area and concentrating localized strain. At the device level, graphene-based sensors now
support diverse sensing modalities — including pressure, strain, temperature, humidity, and biochemical
detection — allowing continuous, multi-parameter physiological monitoring. Beyond healthcare, these
capabilities extend naturally into human—machine interaction applications such as gesture recognition,
robotic tactile feedback, and immersive virtual and augmented reality environments. A particularly
significant development has been the convergence of graphene e-skin with artificial intelligence (Al) and
machine learning (ML), which has substantially enhanced signal denoising, feature extraction, pattern
recognition, and personalized health analytics from the high-dimensional data streams these sensors
generate. Despite this progress, several barriers continue to hinder widespread clinical and commercial
deployment, including challenges in scalable and reproducible fabrication, long-term device stability
under physiological conditions, energy autonomy for continuous operation, and regulatory approval
pathways. This review systematically synthesizes recent advances across materials, structural design,
applications, and Al integration in graphene-based
e-skin and concludes by outlining the key challenges
and future research directions necessary to translate
these systems into intelligent, autonomous, and
clinically deployable wearable technologies.
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INTRODUCTION

Electronic skin (e-skin) represents a transformative
class of flexible bioelectronics designed to replicate
the multifunctional properties of natural skin,
including tactile, thermal, and biochemical sensing
[1]. The concept of e-skin has gained increasing
attention due to its potential to revolutionize
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healthcare monitoring, robotics, prosthetics, and immersive human—machine interfaces (HMI). In contrast
to conventional rigid devices, e-skin systems are fabricated from soft, lightweight, and stretchable materials
that allow conformal contact with human skin, providing accurate signal acquisition without discomfort [2—
4]. Their applications range from real-time physiological monitoring to advanced robotics, positioning e-
skin at the intersection of healthcare, materials science, and artificial intelligence (AI). The development of
graphene-based e-skin has accelerated over the past decade, with researchers exploring multiple sensing
modalities including pressure, strain, temperature, humidity, and biochemical detection [5]. For example,
graphene strain sensors have been applied to detect subtle body motions, while temperature sensors exploit
graphene’s high thermal conductivity for precise thermal mapping [6]. Similarly, graphene-based electrodes
are increasingly used for electrophysiological monitoring, offering superior performance in
electrocardiography (ECG), electromyography (EMG), and electroencephalography (EEG) [7]. These
advances highlight graphene’s role as a versatile platform material for multifunctional wearable electronics.

In parallel, the emergence of Al and machine learning (ML) has transformed the landscape of
wearable health monitoring [8]. Graphene-based sensors produce continuous, high-dimensional
datasets that require advanced algorithms for noise reduction, feature extraction, and predictive
analytics. Al enables real-time interpretation of physiological signals, gesture recognition for HMI, and
personalized healthcare monitoring [9]. The convergence of graphene e-skin and Al-driven analytics
thus represents a powerful synergy for future intelligent healthcare systems. Despite these
advancements, challenges persist in the commercialization and widespread deployment of graphene e-
skin. Issues — such as large-scale manufacturing, device durability under physiological conditions, long-
term stability, and energy autonomy — remain significant obstacles [10]. Additionally, integration with
Al introduces concerns related to data privacy, security, and regulatory compliance [11]. Addressing
these barriers is critical to translating graphene-based e-skin from research laboratories into clinically
validated and market-ready solutions. This review provides a comprehensive analysis of recent progress
in graphene-based electronic skin, focusing on four key aspects:

(i) Material fundamentals and fabrication strategies.

(i1) Structural and device-level innovations.

(ii1) Wearable health monitoring and HMI applications.

(iv) Al integration for intelligent analytics.

We further discuss current challenges, regulatory issues, and future directions, offering insights into how
graphene e-skin can shape next-generation wearable healthcare and human—machine interaction
technologies (Figure 1). The literature included in this review was systematically collected from leading
scientific databases including IEEE Xplore, ScienceDirect, SpringerLink, Wiley Online Lirary, and Google
Scholar. The survey primarily covers peer-reviewed publications polished between 2015 and 2026 while
incorporating earlier landmark studies where necessary to provide historical context. The selected literature
focuses on graphene-based electronic skin materials, fabrication techniques, sensing mechanisms, wearable
healthcare applications, artificial intelligence-enabled data processing, and human—machine interaction

FUNDAMENTALS OF GRAPHENE-BASED E-SKIN

The design of electronic skin (e-skin) requires materials that can simultaneously achieve high electrical
sensitivity, mechanical flexibility, and Biocompatibility. Graphene, owing to its unique two-dimensional
(2D) structure, has emerged as one of the most promising candidates to meet these requirements [1, 12].
As a single layer of sp*-hyridized caron atoms arranged in a honeycomb lattice, graphene exhibits
remarkable intrinsic properties that directly support its use in wearable and skin-like sensors.

Key Properties of Graphene

Graphene demonstrates extraordinary electrical conductivity (~10° S/m) and high carrier mobility
(>200,000 cm?/V - s under ideal conditions), which enable efficient transduction of minute physiological
and environmental signals [13]. Its mechanical strength (Young’s modulus ~1 TPa, tensile strength ~130
GPa) allows it to withstand repeated stretching, ending, and deformation without significant degradation
[14]. Importantly, graphene is nearly transparent, which facilitates its integration into unobtrusive, skin-
mounted devices [5]. These features make graphene particularly well suited for wearable sensing
applications where device comfort, sensitivity, and robustness are essentials given in Figure 2.
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Graphene-Based Sensors in Health Monitoring
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Figure 1. Schematic illustration of graphene-based e-skin applications in wearable health

monitoring and human—machine interaction [15].
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Figure 2. Fundamental properties of graphene (electrical, mechanical, thermal,
and biocompatibility) enabling e-skin applications [13].
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Comparison with Other Nanomaterials

Although several nanomaterials have been explored for e-skin, graphene offers a unique balance of
performance and versatility. Caron nanotubes (CNTs), for instance, provide high conductivity and flexibility,
but they are often associated with higher contact resistance and less Biocompatibility compared to graphene
[9]. MXenes, another promising class of 2D materials, possess metallic conductivity and hydrophilicity but
suffer from oxidation instability, which limits long-term stability in wearable environments [10]. Conducting
polymers — such as PEDOT:PSS — are widely used for soft bioelectronics, but it typically exhibit lower
electrical conductivity and shorter operational lifetimes under mechanical stress [11].

Requirements for E-Skin Sensors
To replicate the sensory capabilities of natural skin, graphene-based e-skin must meet several key
requirements:
o High Sensitivity and Signal-to-Noise Ratio (SNR): Essential for detecting subtle physiological
signals such as pulse or respiration [16].
e Mechanical Robustness: Devices must endure repeated stretching, twisting, and ending during
daily activities [17].
e Biocompatibility and Comfort: Long-term skin wear requires non-toxic materials and breathable
device structures [18].
o Multifunctionality: E-skin should integrate multiple sensing modalities (pressure, strain,
temperature, chemical) to emulate human skin’s versatility [15].

Graphene satisfies these requirements due to its exceptional intrinsic properties and ability to hybridize
with other nanomaterials. For example, graphene—polymer composites enhance stretchability, while
graphene—metal hybrids improve conductivity for advanced sensor arrays [19].

MATERIALS AND FABRICATION APPROACHES

The performance of graphene-based electronic skin (e-skin) strongly depends on the synthesis routes,
composite integration, and fabrication processes. Different graphene preparation techniques offer trade-
offs in quality, cost, and scalability, directly influencing device characteristics [20].

Graphene Synthesis Techniques Among the most common methods, chemical vapor deposition
(CVD) produces large-area, high-quality graphene films suitable for uniform e-skin devices [11].
However, the high cost and transfer steps remain barriers for commercialization. Liquid-phase
exfoliation and reduced graphene oxide (rGO) approaches provide cost-effective processing and tunable
electrical properties, although they yield materials with more defects [16]. More recently, laser-induced
graphene (LIG) has emerged as a scalable and mask-free technique, enabling direct patterning of
graphene on flexile substrates such as polyimide or textiles [17].

Graphene Composites and hybrids

To enhance mechanical robustness and stretchability, graphene is often combined with polymers,
elastomers, or hydrogels [18]. For example, graphene—-PDMS composites provide high flexibility for
strain sensors, while graphene—hydrogel hybrids are effective for biochemical sensing due to their ionic
conductivity and incompatibility [15]. Incorporating graphene with metallic nanoparticles further
improves conductivity and sensitivity in pressure or tactile sensors in Figure 3.

STRUCTURAL DESIGN STRATEGIES

The functionality of graphene-based e-skin is not solely dependent on material properties ut also on
structural engineering, which governs sensitivity, stretchability, and comfort. By designing micro- and
nanostructures, researchers can significantly enhance device performance while maintaining
mechanical compliance [20]. Micro/Nanostructured Networks: Wrinkled, foamed, and porous graphene
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structures increase effective surface area and concentrate local strain, resulting in higher sensitivity for
pressure and tactile sensing [21, 22]. These designs allow sensors to harvest biomechanical energy,
addressing the challenge of powering long-term wearable systems. Overall, structural innovations
enhance the practicality and sustainability of graphene-based e-skin, ensuring that devices can withstand
real- world wear while maintaining high sensitivity and user comfort.
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Figure 3. Overview of graphene fabrication approaches (CVD, exfoliation, LIG) and integration
into e-skin devices [9].

CONCLUSION

Graphene-based electronic skin (e-skin) represents a convergence of nanomaterials, wearable
electronics, and artificial intelligence, offering remarkable potential to reshape the landscape of
healthcare and human—machine interaction. Its unique combination of properties — atomic-scale
thickness, high electrical conductivity, mechanical flexibility, and intrinsic incompatibility — makes
graphene one of the most versatile candidates for skin-like electronic devices. Over the last decade,
research has demonstrated that graphene e-skin can detect multiple stimuli including pressure, strain,
temperature, humidity, and biochemical markers, enabling continuous monitoring of vital signs and
providing rich datasets for personalized medicine. Beyond healthcare, graphene e-skin is increasingly
recognized as a critical enabler for advanced robotics and prosthetics. Large-area tactile arrays and
multimodal sensing platforms have opened opportunities for intuitive gesture recognition, robotic
feedback, and immersive digital environments.
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