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ABSTRACT
The convergence of two-dimensional (2D) nanomaterials and additive manufacturing has emerged as a transformative frontier 
in materials science and advanced fabrication techniques. This review systematically examines the integration of 2D materials, 
such as graphene, transition metal dichalcogenides, and MXenes, with 3D printing technologies, highlighting their synergistic 
potential in functional applications. We assessed the structural, electronic, optical, and mechanical properties of 2D materials 
that render them ideal for engineered inks, along with key three-dimensional (3D) printing approaches (inkjet, extrusion, and 
stereolithography) optimized for processing these nanomaterials. Critical challenges in ink design, including rheological control, 
interfacial engineering, and parameter optimization, were analyzed to bridge synthesis strategies with scalable fabrication. State-
of-the-art applications in energy storage, flexible electronics, sensing, and high-performance composites have demonstrated the 
versatility of 3D-printed 2D architectures. Emerging opportunities in multimaterial printing, algorithmic-driven manufacturing, 
and sustainable production are outlined to address the current limitations in resolution, scalability, and functional integration. 
By integrating the progress and prospects across disciplines, this review provides a roadmap for the advancement of 2D material-
enabled 3D printing in next-generation technologies.

1   |   Introduction

The advent of electronic sensors in the mid-twentieth century 
marked a major technological shift, enabling the detection and 
quantification of diverse chemical and biological analytes [1]. 

Among these, electrochemical sensors have gained particular 
prominence because of their high sensitivity, selectivity, and 
precision, which make them indispensable across multiple sec-
tors. Their use spans environmental monitoring, product qual-
ity assurance, and clinical diagnostics, where rapid and reliable 
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detection is essential for decision-making and safety [2]. The 
operating principle of these devices relies on electrochemical re-
actions that generate measurable electrical signals in response 
to target analytes, thereby allowing sensitive and specific quan-
tification [3]. Furthermore, ongoing advancements in sensor 
miniaturization are creating new opportunities for portable and 
mobile applications, expanding their accessibility and practical 
utility in real-world settings [4, 5].

The evolution of electronics from rigid to flexible architec-
tures has further accelerated the adoption of electrochemical 
sensors, particularly within the expanding framework of the 
Internet of Things (IoT). By integrating low-cost, ubiquitous 
sensors into connected systems, IoT technologies are paving 
the way for personalized and precision medicine, wherein 
wearable devices can continuously track key health indicators 
[6, 7]. This transition from manual, labor-intensive methods 
to automated, sensor-driven systems over the past five de-
cades has reshaped daily life and established new standards 
in healthcare and beyond [8].

A particularly impactful outcome of these advances is the de-
velopment of point-of-care (POC) technologies. Electrochemical 
sensors are central to these systems, which are characterized 
by their compact design, user-friendliness, multifunctionality, 
and ability to deliver rapid diagnostic results [9, 10]. Their de-
ployment extends beyond traditional clinical environments, 
supporting in-home testing solutions that accelerate diagnosis, 
improve access to care, and enhance patient satisfaction by en-
abling more immediate treatment decisions [11].

However, similar to other technologies, electrochemical sen-
sors have some drawbacks. Electrochemical sensors, par-
ticularly traditional ones, suffer from several drawbacks, 
including low selectivity, sensitivity, and stability [12]. Such 
limitations are attributed to interference from other ions and 
molecules in the sample or the high sensitivity of the sensing 
electrode, which may cause faster degradation of the sensor 
[13]. Furthermore, common electrochemical sensors exhibit 
high-temperature selectivity, low operating temperatures, and 
high energy consumption, which are often undesirable for 
portable and remote sensing applications [14]. Similarly, clas-
sic electrochemical sensors are highly susceptible to interfer-
ence from other species and sample matrices, and the results 
obtained are often inaccurate or inconclusive [15]. Second, 
traditional electrochemical sensors have low sensitivity to low 
analyte concentrations [16]. The first significant drawback is 
the non-selectivity of the analytes, which is a major disadvan-
tage of traditional electrochemical sensors because they do not 
allow the detection of specific targets [17, 18]. The materials 
used for constructing electrochemical sensors are usually thin 
and delicate; hence, they may demagnetize over time, result-
ing in drift and loss of sensitivity [19, 20]. Furthermore, the 
accumulation of foul materials or the blocking of a section of 
the electrodes impairs the function of the sensor [21]. Finally, 
traditional electrochemical sensors are relatively complicated 
and costly to fabricate and synthesize, which may restrict 
their application in certain areas [22, 23].

Conventional electrochemical sensors remain widely used due 
to their low cost and ease of operation, yet challenges related to 

selectivity, surface fouling, miniaturization, and system integra-
tion limit their broader applicability. Recent advances in three-
dimensional (3D) printing provide promising solutions to these 
constraints by enabling rapid, cost-effective, and customizable 
fabrication of complex architectures, such as porous electrodes 
and microfluidic channels [24]. These design possibilities not 
only reduce the prototyping time and simplify device assembly, 
but also address long-standing limitations without sacrificing 
accessibility. Moreover, 3D printing allows the fabrication of 
intricate micro- and nanoscale features that can significantly 
improve sensor performance [25]. The ability to construct multi-
material structures that seamlessly integrate electronic and 
electrochemical components further expands the functional 
versatility of electrochemical sensors, thereby opening new op-
portunities for high-performance and application-specific de-
signs [26].

Another important advantage of 3D printing in electrochemi-
cal sensor fabrication is its capacity to significantly reduce pro-
duction costs while enhancing manufacturing efficiency [27]. 
Conventional sensor manufacturing is often time-consuming 
and expensive, whereas 3D printing enables rapid and cost-
effective large-scale production, facilitating iterative design 
improvements and optimization [28]. This flexibility not only 
shortens development timelines but also lowers overall expenses 
for both researchers and manufacturers. Reflecting its growing 
impact, market reports estimate that the global 3D printing 
industry will exceed USD 40 billion by 2024, with an annual 
growth rate of approximately 30%, driven by advances in mate-
rials, hardware, and process control technologies [29]. However, 
despite these benefits, challenges persist. In particular, limita-
tions in printing precision and material control can compromise 
sensor reproducibility and accuracy, resulting in variability in 
performance and sensitivity [30, 31].

One way to overcome these limitations is to incorporate 2D 
materials into 3D printing [32]. The advancement of sensor 
technologies depends on 2D materials, including graphene, 
MXenes, nitrides, phosphorene, and transition metal dichal-
cogenides, because of their unique electrical, thermal, and 
mechanical properties. The development of smart devices, di-
agnostic tools, and industrial systems depends on aerospace 
applications, thermal and digital sensing, real-time health 
monitoring, environmental monitoring, and high-sensitivity 
detection (Figure 1).

One of the benefits of incorporating 2D materials into 3D-
printed electrochemical sensors is their high surface area-to-
volume ratio. This allows the incorporation of a larger quantity 
of active sensing materials into the sensor, thereby enhancing 
the sensitivity of the system [33]. Their intrinsic properties, 
including high electron mobility and chemical stability, fur-
ther contribute to their superior selectivity in electrochemical 
detection [34–36]. Beyond their material attributes, 3D print-
ing facilitates the precise design of intricate sensing architec-
tures, allowing sensor geometries to be optimized for specific 
applications and enabling the integration of multiple sensing 
components into a single platform [37–39]. This fabrication 
approach also supports the layering of 2D materials with di-
verse substrates, resulting in sensors that are not only highly 
sensitive but also versatile across a broad range of analytes 
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[40]. Consequently, the synergy between 2D materials and 
3D printing provides a powerful route for developing next-
generation electrochemical sensors with enhanced sensitiv-
ity, flexibility, and multifunctionality. Over the past decade, 
this synergy has driven a sharp increase in research activity, 
as reflected by the exponential increase in publications on 
3D-printed devices incorporating 2D materials (Figure  2a). 
Among these, graphene, transition metal dichalcogenides 
(TMDs), and black phosphorus (BP) have emerged as the most 
extensively investigated systems (Figure 2b), highlighting the 
growing scientific and technological interest in exploiting the 
complementary advantages of 2D nanomaterials and addi-
tive manufacturing [32]. Despite these advances, challenges 
remain in optimizing ink formulations, enhancing the con-
ductivity of additives, and scaling fabrication methods. By 
addressing both the opportunities and challenges associated 
with these developments, this review highlights the potential 
of printed electrochemical sensors to drive innovations across 
multiple fields.

2   |   Two-Dimensional Materials and Their 
Electrochemical Applications

2D materials have emerged as transformative platforms for 
electrochemical applications due to their unique structural and 
physicochemical properties. Unlike conventional solid-state 

technologies, which face challenges such as short-channel ef-
fects and high contact resistance during miniaturization [41]. 
2D material-based electrochemical sensors offer superior sen-
sitivity, selectivity, and scalability [42]. Since the isolation of 
graphene in 2004, research on 2D materials has expanded 
rapidly, with applications ranging from protective coatings to 
biochemical sensing [43]. Defined as atomically thin materials 
spanning a few atomic layers to several hundred nanometers 
[44], 2D systems have become highly attractive due to their large 
surface areas, high carrier mobility, tunable surface chemistry, 
and shape adaptability. These attributes make them versatile 
platforms for optoelectronics, catalysis, energy storage, and 
sensing applications [45, 46]. Consequently, 2D materials have 
emerged as promising candidates for modified working elec-
trodes in electrochemical devices [47]. Their electrochemical 
performance is strongly dictated by their structural characteris-
tics, including layer number, size, morphology, defects, doping, 
grain boundaries, and phase, which in turn govern their elec-
tronic structures and device-level functionality [48–50].

Systematic studies have confirmed that tailoring defects, doping, 
and layer thickness enables precise tuning of electron-transfer 
kinetics and sensor sensitivity. For example, in graphene, the 
controlled introduction of vacancy defects via ion irradiation or 
electrochemical bromination enhances electron transfer rates 
(k0) until an optimal defect density (~1–2 × 1012 cm−2) is reached, 
after which conductivity rapidly deteriorates [51, 52]. Similarly, 

FIGURE 1    |    Diverse applications of 2D materials in sensors and their advancements.
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the electrochemical detection of neurotransmitters, such as do-
pamine and serotonin, improves linearly with increasing point-
defect density until sp2 amorphization occurs, whereas line 
defects contribute minimally [53, 54]. Moreover, the addition of 
graphene layers enhances the density of states and accelerates 
electron transfer, and multilayer regions achieve reversible ki-
netics regardless of defect content [55]. Vertical transport is fur-
ther improved by confining defects to an upper sacrificial layer 
in bilayer stacks [56].

Other 2D materials display contrasting behaviors. For instance, 
in MoS2, each additional layer suppresses hydrogen evolution ex-
change currents due to the interlayer hopping barrier (0.119 V), 
making monolayer or bilayer flakes most efficient for catalysis 
[57]. Within these flakes, sulfur vacancies act as dominant active 
sites, enhancing local k0 by up to fourfold [58, 59]. Heteroatom 
doping offers further tuning of work function and adsorption 
chemistry; for example, N-doped graphene (0.11–1.35 at. %) ac-
celerates direct electron transfer in enzyme-based biosensors 
and significantly lowers detection limits for glucose and H2O2 
to 0.01 mM, while graphitic-N specifically enhances acetamin-
ophen sensing [60, 61]. Furthermore, co-doping strategies, such 
as N, S-doping, synergistically redistribute charge density, lead-
ing to superior dopamine sensing compared to single-doped 
or pristine graphene [62]. Therefore, achieving peak biosensor 
performance necessitates a careful match between the material 
structure (defect density, layer count, dopant type/concentra-
tion) and the required electron transfer kinetics. Studies that 
correlate structural characterization (e.g., Raman spectroscopy) 
with quantitative kinetic metrics (k0, j0) and sensing perfor-
mance provide the most reliable blueprint for transducer design.

In addition to defects and doping, grain boundary engineering 
plays a pivotal role in enhancing charge transport. Reduced 
boundary densities improve carrier mobility and minimize scat-
tering, whereas large, compositionally uniform single crystals 
are essential for device-grade reproducibility [63]. The vast and 
growing library of 2D materials, including TMDs, MXenes, and 
layered oxides, requires coherent classification to enable fair 

comparisons and guide future research (Figure 3) [64]. The fol-
lowing section reviews these key classes, focusing on the struc-
tural features that enhance their electrochemical efficacy.

2.1   |   Graphene

Graphene, a 2D monolayer of sp2-bonded carbon atoms ar-
ranged in a hexagonal lattice, has emerged as the cornerstone 
of modern materials science since its isolation in 2004 [65]. 
Owing to its exceptional electronic properties, including ul-
trahigh charge carrier mobility (> 200 000 cm2 V−1 s−1), zero-
effective-mass Dirac fermions, and ballistic transport over the 
micrometer scale at room temperature, atomically thin mate-
rials have revolutionized research in nanoelectronics, energy 
storage, and sensing technologies [66]. Its unique electronic 
structure, combined with its unparalleled mechanical strength 
(~130 GPa), optical transparency (97.7% per layer), and large spe-
cific surface area (2630 m2 g−1), makes graphene a transforma-
tive platform for next-generation devices [67]. In energy storage 
systems, graphene's high electrical conductivity (106 S m−1) and 
surface-dominated chemistry enhance charge transfer kinetics 
in supercapacitors and battery electrodes, while its mechanical 
flexibility enables robust and lightweight architectures [66]. 
For sensor technologies, the sensitivity of graphene to local 
electrical perturbations (detecting single-molecule adsorp-
tion events) and tunable surface chemistry via functionalized 
derivatives (e.g., reduced graphene oxide (rGO) and nitrogen-
doped graphene) enable ultrasensitive detection of chemical 
and biological analytes [68]. Recent advances in scalable syn-
thesis techniques, such as chemical vapor deposition (CVD) and 
solution-based exfoliation, have mitigated the early challenges 
related to defect density and conductivity, although inherent 
trade-offs between processability and performance remain for 
exfoliated materials [69]. The incorporation of graphene into hy-
brid systems, particularly with MXenes or conducting polymers, 
has further broadened its application scope, enabling progress 
in flexible electronics and integrated energy storage–sensing 
platforms. As the field transitions from fundamental studies to 

FIGURE 2    |    Evolution and intersection of 3D printing and 2D materials based on a Web of Science bibliographic search. (a) Annual publication 
count on the integration of 3D printing and 2D materials. (b) Publication count by type of 2D material integrated with 3D printing technology [32].
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application-driven engineering, graphene has emerged as a piv-
otal material that bridges condensed matter physics with indus-
trial innovation, offering scalable pathways for high-efficiency 
energy harvesters, selective biosensors, and next-generation en-
ergy storage technologies beyond lithium-ion batteries [70]. This 
progression highlights the enduring role of graphene as both a 
testbed for quantum phenomena and a versatile material for sus-
tainable technology development.

2.2   |   Transition Metal Dichalcogenides

TMDs have emerged as promising candidates for advanced elec-
trochemical sensing applications, offering distinctive advan-
tages owing to their unique physicochemical properties. These 
2D materials, composed of transition metal atoms (Mo, W, Ni, 
etc.) sandwiched between chalcogen layers (S, Se, Te, etc.), ex-
hibit remarkable structural, electronic, and optical characteris-
tics that enhance their sensing capabilities [71]. The exceptional 
surface area-to-volume ratio of TMDs, coupled with their tun-
able electronic properties, facilitates superior sensitivity to en-
vironmental perturbations, making them particularly effective 
in electrochemical detection systems [72]. By strategically func-
tionalizing with organic molecules or metallic nanoparticles, it 
is possible to precisely adjust their electroconductive properties, 
thereby enhancing their effectiveness for particular sensing ap-
plications [73]. Extensive investigations of archetypal TMDs, 
notably MoS2 and WS2, have demonstrated their efficacy in elec-
trical signal transduction, thereby establishing their utility in 
diverse sensing platforms [74]. These materials exhibit distinc-
tive electronic characteristics, including thickness-dependent 
and compositionally tunable band gaps [75, 76]. Theoretical 
studies suggest further property optimization through strain 
engineering [77, 78], while the inherent piezoelectric properties 
of specific TMDs present opportunities for flexible sensing de-
vices. The economic viability of commonly employed transition 
metals (Mo, W, Ni, etc.) compared to that of traditional sensing 
materials enhances the practical applicability of TMD-based 
sensors. Although preliminary studies have validated their 
potential in biomedicine, environmental monitoring, and food 
safety applications, systematic investigations of structure–prop-
erty relationships and sensing mechanisms remain crucial for 

optimizing their performance and establishing their advantages 
over conventional sensing platforms.

2.3   |   MXenes

The discovery of graphene has catalyzed the development of 
diverse 2D materials, including TMDs, hexagonal boron ni-
tride (h-BN), and layered metal oxides. Among these, MXenes, 
a novel class of 2D transition metal carbides, carbonitrides, 
and nitrides, have emerged as a promising platform for elec-
trochemical sensing applications [42]. MXenes are typically 
composed of early transition metals (e.g., titanium, vanadium, 
and niobium) bonded to carbon or nitrogen atoms in a well-
ordered layered structure. Their unique two-dimensional 
morphology, coupled with their high specific surface area and 
excellent electrical conductivity, makes them highly suitable 
for electrochemical sensing applications. A notable advantage 
of MXenes is their surface hydrophilicity and the presence 
of tunable surface functional groups (Tx), such as   O,   OH, 
and   F, which significantly influence their surface chemistry 
and interactions with analytes [79]. Among various MXene 
compositions, Ti3C2Tx has emerged as one of the most widely 
studied and utilized variants. It exhibits high electrical con-
ductivity, a large surface area, and notable temporal stability, 
which are critical features for developing reliable and sensi-
tive electrochemical sensors. These properties enable MXenes 
to serve as effective platforms for the detection of biomole-
cules, environmental pollutants and toxic compounds [80]. As 
research into MXenes continues to expand, their versatility 
and performance suggest strong potential for the next gener-
ation of high-performance electrochemical sensing technolo-
gies, offering innovative solutions to challenges in healthcare, 
environmental monitoring, and industrial process control. A 
consolidated view of 2D materials in 3D-printed electrochem-
ical sensing, including their properties, strengths, and short-
comings, is presented in Table 1.

The properties and advantages of the two major dimensional 
materials are summarized in Table  1, while Table  2 presents 
the quantitative electrochemical sensor performance in printed 
or printable architectures. The selection of the best material 

FIGURE 3    |    Overview of the current state of available 2D representation materials [41].
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for a specific analyte and printing method must be determined 
by benchmarking sensitivity, limit of detection (LOD), and lin-
ear range.

The design of printed electrochemical sensors increasingly 
emphasizes sustainability and performance. To achieve this, 
fabrication processes should incorporate cradle-to-gate life 
cycle assessments and waste minimization strategies, par-
ticularly for 2D material inks and associated printing waste 
streams. Sustainable approaches include the use of water-
based, low-toxicity formulations, implementation of closed-
loop solvent recovery systems, and careful monitoring of 
effluents from etching and functionalization, while adopting 

low-temperature curing methods to reduce both energy con-
sumption and environmental impact [90]. In the case of 3D 
printing for sensor fixtures, microfluidics, and tooling, waste 
streams typically consist of support structures, failed builds, 
resin wash solvents, purge materials, and particulate slurry. 
Best practices in the field require segregation and inventory 
management of these waste streams, complete curing of 
photopolymers prior to disposal, solvent recovery through 
distillation, and recycling of thermoplastics via mechanical 
or chemical methods. Furthermore, additive manufacturing 
strategies, such as minimizing support structures and em-
ploying panelization techniques, can significantly reduce 
scrap material. The advanced integration of web metrology 

TABLE 1    |    Summary of different 2D materials and their properties, advantages, and limitations in 3D printing of electrochemical sensors.

Material Properties Advantages Limitations

Graphene Excellent electrical 
conductivity, surface 

area, chemical stability, 
Low background current, 

Biocompatible

High sensitivity, Fast 
response time, Wide 

detection range

High production cost, Limited 
availability, Poor mechanical 

strength, Susceptible to oxidation

Graphene Oxide High surface area, 
Functional groups for easy 

binding, Good dispersibility 
in solvents, enhanced 

electrochemical activity

Low cost, Easy 
functionalization, good 

stability in aqueous 
solution, Versatile 

fabrication methods

Reduced electrical conductivity, 
Prone to aggregation, 

Moderate sensitivity, Limited 
mechanical strength

Transition Metals Good electrical conductivity High catalytic activity Limited to specific reactions

Dichalcogenides Large surface area, Good 
mechanical flexibility, good 

biocompatibility, Layered 
structure for easy exfoliation

Chemical stability, 
Tailorable bandgap, 

High selectivity

Limited availability, Complexity 
in synthesis, Susceptible 

to oxidation, Limited 
charge carrier mobility

Black Phosphorus High carrier mobility, 
Good optical properties, 

Layered structure for 
easy exfoliation, good 

biocompatibility

Wide tuneable bandgap, 
High sensitivity, Good 
mechanical flexibility

Susceptible to oxidation, 
Limited stability in air, Limited 
availability, Difficult to process

MXenes Good electrical conductivity, 
High mechanical strength, 

Good chemical stability, 
good biocompatibility

Large surface area, good 
stability in aqueous 

solutions, Wide range 
of functionalization, 

Excellent 
electrochemical activity

Limited availability, Complex 
synthesis and processing, 

Moderate sensitivity, Limited 
charge carrier mobility
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and machine vision in inline systems allows for real-time 
thickness control, linking feedback to viscosity, dryer power, 
and web tension adjustments, thereby reducing defect-driven 
waste. These avoided material and energy losses can then be 
quantified against life cycle assessment baselines, with waste 
per unit area tracked over time [91–93]. Finally, in the absence 
of supplier-provided life cycle data, sustainability can be rein-
forced by setting explicit environmental thresholds, such as 
requiring solvent recovery efficiencies above 90%, implement-
ing volatile organic compounds (VOCs) capture systems, and 
ensuring documented end-of-life strategies for support mate-
rials [93, 94].

3   |   Conventional Electronic Sensing Approaches 
for the Architecture Frameworks

Electrochemical sensors are widely employed to detect and 
quantify specific chemical species in various samples. These 
sensors function based on electrochemical reactions involv-
ing the transfer of electrons between a working electrode and 
a reference electrode [95]. The concentrations of the target an-
alytes were determined by measuring the current or voltage 

generated during the electrochemical response. The working 
electrode is central to the performance of the sensor, serving as 
an active site for electrochemical reactions [96]. Typically, these 
electrodes are composed of highly conductive and chemically 
stable biocompatible materials, such as gold, platinum, or car-
bon [97, 98]. The fabrication of electrochemical sensors involves 
various techniques for depositing electrode materials on suit-
able substrates. Among these, 2D printing technologies have 
gained prominence due to their ability to produce functional 
nanomaterials. These techniques can be broadly categorized 
into contact (mask-based) printing and noncontact (digital or 
maskless) approaches [99].

3.1   |   Contact Printing Methods

Contact printing techniques are particularly advantageous for 
large-scale sensor production owing to their high throughput, 
scalability, and compatibility with roll-to-roll (R2R) processing 
[100]. Common contact printing methods include screen print-
ing, gravure printing, flexography, and soft lithography, all of 
which involve direct transfer of ink or functional materials from 
a patterned surface to the substrate [101]. Screen printing is of 

TABLE 2    |    Representative sensing performance metrics of 3D-printable 2D-material-based electrochemical biosensors include the target analyte, 
detection technique, sensitivity, linear range, and LOD.

Class
Material/

architecture Target Sensitivity (units) Linear range LOD Sources

Graphene TH/rGO/
CMK-3/AuNPs 
nanocomposite 

on GCE

miR-21 NR 0.1 fM–1 pM 0.046 fM [81]

Graphene 
(paper)

AuNP/RGO 
paper electrode

miR-21 351.1 μA·mL·μg−1·cm−2 0.25–
2.0 μg mL−1 

(≈12–96 nM)

12.0 nM [82]

TMD (MoS2) AuNPs@MoS2 
nanosheets

miR-21 NR 10 fM–1 nM 0.78 fM 
(DPV); 0.45 

fM (EIS)

[83]

TMD (MoS2) Mn-doped MoS2 on 
porous graphene 

scaffold (PGS)

Dopamine 
(PBS)

NR 50 pM–50 μM 50 pM [84]

MXene 
(Ti3C2Tx)

Ti3C2Tx @UIO-
66-NH2 on GCE

Dopamine 14.72 μA fM−1 cm−2 1–250 fM 0.81 fM [85]

MXene–TMD 
heterostructure

MXene–
MoS2 + CHA 
(Thi, AuNPs)

miR-21 NR 100 
fM–100 nM

26 fM [86]

MXene–TMD 
(ECL)

MoS2 QDs–MXene 
(with Au NPs 

lipid layer)

miRNA-135b NR 30 fM–20 nM 10 fM [87]

TMD–MXene MoS2 @Ti3C2 
(heterostructure)

miR-92a-3p NR 1–108 fM 0.27 fM [88]

MXene Ti3C2Tx composites 
(examples)

Dopamine up to 
1050 μA mM−1 cm−2 

(DNA/Pd/Pt)

0.2–1000 μM down to 
30 nM

[89]
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particular interest for electrochemical sensor fabrication be-
cause of its simplicity, cost-effectiveness, and adaptability, as 
illustrated in Figure 4 [102].

Screen printing is a stencil-based process in which ink is trans-
ferred onto a substrate via a mesh screen (silk, synthetic fiber, 
or metal) using a rubber squeegee. This allows the deposition 
of thick layers (> 5 μm) of functional materials, enabling ro-
bust film formation on diverse substrates, including plastics, 
textiles, and fibers [103]. Their high throughput, low equip-
ment cost, and ability to reproduce identical patterns make 
them ideal for fabricating flexible chemicals and biosensors 
[104, 105]. Screen printing can be executed manually or via 

automated systems, with fully automated flatbed presses 
achieving production rates exceeding 70 m/min while min-
imizing variability [106]. The critical parameters influenc-
ing print quality include the mesh count, wire diameter, and 
screen deflection angle [107–109].

In contrast, gravure printing, a high-speed, direct-contact tech-
nique, utilizes an engraved roller to precisely transfer ink onto 
substrates, with ink deposition controlled by the cell geometry 
(size, depth, and wall thickness) of the roller [110]. Key process 
variables, including printing speed, roller pressure, ink viscosity, 
and cell geometry, strongly influence print resolution and layer 
homogeneity. Although gravure printing offers high throughput 

FIGURE 4    |    Schematic illustration shows printing techniques using permanent printing forms, specifically gravure, flexographic, and screen 
printing, using either flatbed or rotary designs. Below each illustration is an image of the corresponding printing form [102].
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and compatibility with R2R manufacturing, its broader adoption 
in functional sensor fabrication has been limited by high ink 
consumption and setup costs [111]. Similarly, squeegee-assisted 
techniques facilitate the transfer of ink by pressing it through 
the patterned areas of a concave plate onto the substrate. This 
approach is well suited for flexible electronics, as it accommo-
dates low-viscosity inks and enables fine adjustments in printed 
layer thickness and resolution by adjusting the shape, area, and 
depth of the cell [112].

Flexographic printing offers another scalable option, employ-
ing an anilox roller to regulate ink transfer from the plate to the 
substrate. Unlike gravure, it uses flexible rubber or elastomeric 
plates, which enable printing on a wide range of materials and 
surfaces [113, 114]. This process facilitates high-resolution pat-
terning on a wide range of flexible substrates and benefits from 
halftone technology, which provides smooth and continuous 
lines that are not limited to dot-based resolution, as in screen 
and inkjet methods [115–117]. Combined with R2R production 
speeds of 0.2–1.5 m/s, flexography has significant potential 
for high-throughput fabrication of low-cost, disposable sen-
sors [118].

Beyond these established contact printing methods, soft lithog-
raphy has emerged as a powerful technique for developing highly 
selective biomimetic sensors via surface imprinting [119]. This 
technique excels in patterning electronics on curved surfaces 
using flexible polymeric stamps, especially when integrated 
with R2R processing for high-throughput production [120]. By 
imprinting molecular or biological species onto solid substrates, 
soft lithography achieves feature sizes ranging from 30 nm to 
100 μm without requiring expensive materials or specialized 
equipment [121]. However, this process involves multiple steps, 
including photolithography, which can be time-consuming and 
require specialized training [122].

3.2   |   Non-Contact/Digital Printing Methods

Non-contact digital printing methods, such as inkjet printing, 
laser direct writing, and aerosol printing, offer significant ad-
vantages over traditional contact-based techniques for fabri-
cating electrochemical sensors. Unlike contact printing, these 
methods involve only the deposition material contacting the 
substrate, thereby minimizing the risk of contamination and 
mechanical damage to delicate substrates or pre-patterned 
components [101]. By eliminating the need for physical con-
tact or masks, non-contact printing enhances the printing 
speed, quality, and versatility, enabling precise patterning 
on a wide range of substrates without applying mechanical 
pressure. Material deposition is controlled through nozzles 
or print heads, which deliver high accuracy, resolution, and 
multilayered deposition capabilities [100, 123]. These attri-
butes make non-contact printing ideal for applications re-
quiring intricate patterns and high-throughput production, as 
depicted in Figure 5. The ability to achieve precise, scalable, 
and contamination-free fabrication highlights the potential of 
these techniques for advancing electrochemical sensor devel-
opment, offering improved performance and broader indus-
trial applicability.

Inkjet printing technology, originally developed in the 1980s by 
Hewlett-Packard and Canon to provide cost-effective printing 
solutions for homes and offices, has since evolved into a versa-
tile tool for advanced material fabrication [127]. Unlike thermal 
transfer printing, which requires direct contact between the 
print head, ink film, and substrate, inkjet printing is a non-
contact digital technique that can precisely deposit liquids onto 
a wide range of substrates [128, 129]. This process relies on the 
ejection of microdroplets, typically through either continuous 
inkjet (CIJ) or drop-on-demand (DOD) mechanisms. Although 
CIJ, with droplet sizes of ~100 μm, is commonly used for cod-
ing and marking, DOD dominates graphic and text applications, 
achieving finer resolutions with droplet diameters of 20–50 μm 
[130, 131]. A key advantage of inkjet printing is its ability to 
accurately control droplet size and placement under ambient 
conditions, enabling high-resolution patterning with mini-
mal material waste and reduced risk of cross-contamination. 
Furthermore, this technique facilitates mask-free fabrication of 
complex architectures, making it particularly attractive for pro-
cessing thermosensitive materials, polymers, and metal oxides 
[129, 132]. Despite its relatively slow printing speed, which can 
be enhanced to ~10 m/min by incorporating additional nozzles 
[103], achieving high resolution remains a challenge due to the 
limitations imposed by droplet size. Nevertheless, the preci-
sion, flexibility, and cost-effectiveness of inkjet printing make 
it a powerful method for advancing sensor technology, enabling 
the rapid prototyping and scalable manufacturing of high-
performance electrochemical devices.

Functional inks based on nanomaterials have enabled signifi-
cant advances in microscale digital fabrication, particularly in 
aerosol jet printing (AJP). This technique has gained increasing 
attention owing to its high precision, efficiency, and suitability 
for fabricating miniaturized devices [133]. Unlike traditional 
inkjet printing, AJP operates through a non-contact deposition 
process in which the thickness of the atomized liquid is not crit-
ical, thereby eliminating the need for extensive ink adjustment. 
This method combines the key advantages of programmability, 
versatility, and resolution and can print features up to 10 μm in 
size, making it highly suitable for the preparation of individual-
ized, batch-produced, and miniaturized electrochemical sensors 
[134, 135]. The AJP process consists of four steps: breaking the 
ink into tiny particles (atomization), compacting the particles 
(densification), aligning the particles into a stream (focusing), 
and finally applying the particles to the surface (deposition).

Atomization, achieved via pneumatic or ultrasonic techniques, 
generates a stable mist that is transported by a carrier gas to the 
deposition head. Because the ink does not directly contact the 
nozzle sidewalls, the risk of clogging is minimized, and long-
term print stability is enhanced. Notably, AJP is compatible with 
a broad range of inks, as long as they can form aerosol drop-
lets, which makes it a useful platform for testing and optimiz-
ing new functional ink formulations. Moreover, this method 
accommodates inks with viscosities ranging from 1 to 1000 cP, 
providing flexibility in formulation design compared to con-
ventional inkjet systems [136–138]. These characteristics make 
AJP particularly well-suited for continuous deposition of con-
ductive pathways, interconnections, and electrode structures in 
electrochemical devices. However, despite its growing adoption, 
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challenges remain in establishing optimal printing parameters 
across diverse inks and substrates, which continue to limit their 
scalability and reproducibility [100, 139].

Laser direct writing (LDW) offers another powerful approach 
for high-resolution micro- and nanofabrication. This enables 
the fabrication of precise, high-resolution patterns on two-
dimensional surfaces, offering resolutions on the order of 
hundreds of nanometers, high writing speeds, broad coverage, 
and significant versatility [140]. Unlike conventional litho-
graphic methods, LDW allows direct patterning of materials, 
including metals, semiconductors, polymers, and ceramics, 
without the need for masks or physical contact with the sub-
strate [101]. This flexibility has made LDW an increasingly 
attractive technique for fabricating microstructures, support-
ing applications in photomask production, integrated circuits, 
micro-optic devices, and surface microengineering [141, 142]. 
Despite these advantages, LDW faces challenges when ap-
plied to sensing platforms, particularly in terms of scalability, 

fabrication across diverse dimensions, and cost efficiency for 
highly complex structures  [143]. These limitations highlight 
the importance of carefully selecting fabrication strategies 
that balance precision, cost, and application-specific require-
ments, with printing methods playing a decisive role in device 
performance.

Although advanced methods have enabled the development 
of 2D sensors, their limited flexibility in customization con-
strains their broader applications, particularly in robotic 
systems. In this context, 3D printing has emerged as a faster 
and more versatile alternative, addressing many of the ineffi-
ciencies associated with traditional manufacturing [144]. By 
enabling the direct integration of electrical components into 
custom architectures, 3D printing facilitates the design of mul-
tifunctional and application-specific sensors [145]. Beyond its 
technical benefits, 3D printing is increasingly recognized as a 
transformative technology with the potential to drive the next 
wave of industrial changes.

FIGURE 5    |    Schematic diagrams of digital printing methods: (a) continuous inkjet printing and drop-on-demand inkjet printing [124], (b) laser 
direct writing [125], and (c) aerosol jet printing [126].
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Although conventional fabrication methods have advanced elec-
tronic sensing, they remain constrained by high tooling costs, 
limited geometric freedom, restricted material compatibility, 
and slow prototyping cycles. These factors hinder innovation in 
multifunctional and miniaturized designs. In contrast, 3D print-
ing provides layer-by-layer fabrication of complex architectures, 
seamless multi-material integration, and rapid, cost-effective 
prototyping. Its agility in design and on-demand production 
directly overcomes the limitations of traditional techniques, 
highlighting the need for closer examination of 3D printing 
principles, fabrication strategies, and their applications in sen-
sor technologies.

4   |   Unlocking the Power of 3D Printing: 
Transforming the Landscape of Design

Technological innovation has historically driven transforma-
tive changes in manufacturing, from mechanization during the 
Industrial Revolution to the current wave of digital and additive 
manufacturing [146]. Today, 3D printing, or additive manufac-
turing (AM), represents a cornerstone of the Fourth Industrial 
Revolution, revolutionizing biosensor manufacturing and inte-
gration by leveraging digital design and automated fabrication. 
This technology integrates computer-aided design with auto-
mated component evaluation, enabling the production of com-
plex 3D structures at significantly lower costs than traditional 
molding techniques. Such advancements enhance global market 
competitiveness and drive innovation across industries [147].

Furthermore, accessibility of 3D printing has dramatically in-
creased with the advent of low-cost desktop printers and open-
source software, making it a cost-effective and versatile tool for 
prototyping and laboratory research [148]. This impact is par-
ticularly evident in analytical chemistry, where the utilization 
of 3D-printed electrochemical sensors has grown significantly. 
Unlike traditional approaches, 3D printing offers cost-effective 
fabrication while allowing the creation of customizable geom-
etries, use of diverse materials, and seamless integration into 
microfluidic devices [149].

The surge in interest in 3D printing and AM reflects their rec-
ognition as disruptive technologies with the capacity to redefine 

the design and production of components [150]. Unlike tra-
ditional functional printing methods, such as inkjet, screen, 
gravure, and flexographic techniques, 3D printing enables the 
direct production of end-use components with unprecedented 
precision and customizations. Its ability to fabricate structures 
across multiple scales, from macro to nanoscale, has unlocked 
new opportunities for creating electrochemical devices with 
highly controlled 3D architectures [151].

As illustrated in Figure 6, a key advantage of 3D printing is its de-
sign flexibility, which allows for controlled geometries, tunable 
porosity, and the use of multiple precursor materials to achieve 
specific rigidity, size, and shape requirements. Depending on 
the technique employed, printed structures can range from 
millimeter to meter scale, with resolutions determined by the 
underlying process [153]. Moreover, advances in multi-material 
printing have unlocked the ability to manipulate materials si-
multaneously in space and time, yielding highly intricate, multi-
functional structures that were previously unattainable through 
conventional manufacturing methods. These capabilities high-
light the transformative potential of additive manufacturing and 
its expanding role in materials science, electrochemical device 
engineering, and broader industrial innovation [154].

The electrochemical performance of 3D-printed electrodes 
(3DE) is strongly influenced by microstructural defects that 
arise during the printing process. Defects, such as microcracks, 
interfacial voids, and uncontrolled porosity, impede efficient 
charge transport, thereby reducing both electron transfer kinet-
ics and signal fidelity. In particular, the additive manufactur-
ing of carbon- and graphene-based electrodes often introduces 
microcracks and interstitial voids as a result of solvent evap-
oration, particle shrinkage, and imperfect inter-road fusion 
during deposition. For instance, SEM analysis of inkjet-printed 
graphene films annealed at 150°C for 60 min revealed a net-
work of microcracks, leading to increased sheet resistance and 
reduced conductivity [155]. Similar degradation phenomena are 
evident in fused-filament electrodes, where poor interlayer ad-
hesion generates significant contact resistance. This manifests 
electrochemically as increased peak separation for outer-sphere 
redox probes, shifting from the theoretical 57 mV (reversible) 
to 90–100 mV, thereby signifying a slower apparent electron-
transfer rate (ETR) and reduced sensor responsiveness [156]. 

FIGURE 6    |    Sizes and shapes of typical 3D-printed objects [152].
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Furthermore, systematic variations in print speed demonstrate 
that rates exceeding 80 mm s−1 disrupt conductive pathways, el-
evating peak separation (ΔE) and suppressing anodic currents 
compared to slower, well-fused prints [157].

Although porosity can enhance certain electrochemical prop-
erties, it introduces trade-offs that complicate electrode per-
formance. For instance, increasing the void fraction of triply 
periodic minimal surface (TPMS) lattices from 50% to 90% 
enhances the electrochemically active surface area and low-
ers the hydrogen evolution overpotential. However, it simulta-
neously increases the double-layer capacitance and promotes 
non-uniform current distribution, destabilizing signals under 
high-rate operation [158]. Similarly, studies on porous carbon 
have shown that enlarging meso/macropores elevates areal 
capacitance from 200 to 350 F g−1, yet this improvement is off-
set by broadened capacitive backgrounds at high scan rates, 
which obscure kinetic features and reduce signal-to-noise 
ratio [159].

Therefore, mitigation strategies aim to restore conductive 
continuity while minimizing capacitive interference. Low-
temperature thermal annealing and laser sintering have proven 
effective in repairing microcracks and increasing inter-flake 
neck density, thereby reducing sheet resistance without compro-
mising the integrity of printed geometries [155]. Additionally, 
post-print surface treatments, including mechanical polishing, 
plasma activation, or chemical functionalization, expose fresh 
graphitic domains that yield narrower ΔE values, resulting in 
sharper and less noisy voltammograms [160].

Despite significant advances, microstructural heterogene-
ities in 3DE continue to pose major challenges. These de-
fects, such  as microcracks that create electronic bottlenecks 
and uncontrolled porosity that contribute to capacitive noise, 
undermine electrochemical performance, even though poros-
ity can increase the geometric surface area. Therefore, fully 
optimizing these architectures requires the accurate charac-
terization of defect populations. Techniques like crack den-
sity assessment (via SEM or tomography) and pore volume 
quantification (e.g., using mercury intrusion porosimetry or 
X-ray CT) are essential for elucidating the mechanistic link 
between the structure and electrochemical response. The type 
and severity of these defects are fundamentally dictated by the 
printing technique. Processes such as selective laser melting 
(SLM), fused deposition modeling (FDM), digital light pro-
cessing (DLP), and inkjet printing (IJP) each impart distinct 
morphological signatures based on their unique deposition 
dynamics, material compatibility, and post-processing re-
quirements. Deciphering these process–structure–property 
relationships is vital not only for electronic and sensing appli-
cations but also for emerging fields such as structured lubri-
cants (Figure  7), where 3D-printed architectures are valued 
for their tailored surface properties, such as high lubricity and 
reduced wear rates.

From a manufacturing perspective, the advantages of 3D print-
ing extend beyond electrochemical applications. This tech-
nology enables the integration of multiple materials within a 
single construct, independent of their chemical compatibility, 
thereby facilitating the development of complex hybrid designs. 

Layer-by-layer deposition guided by CAD allows for precise con-
trol over structure, integration of dissimilar materials without 
chemical compatibility requirements, and simplified curing or 
sintering pathways [161–163]. These features make AM highly 
attractive for rapid prototyping, cost reduction, and scalable 
customization, with demonstrated competitiveness against tra-
ditional manufacturing in terms of resolution, speed, and me-
chanical integrity [164, 165].

Current 3D printing strategies can be broadly categorized into 
four major approaches: (a) inkjet printing, which dispenses 
materials with controlled pulses; (b) extrusion-based printing, 
which relies on mechanical deposition; (c) light-based printing, 
which uses lasers or light-emitting diodes (LEDs) [166]; and (d) 
stereolithography (SLA), in which a focused energy beam selec-
tively heats a particular region in a liquid polymer bath to pro-
duce curing/printing. The different 3D printing processes are 
shown in Figure 8.

4.1   |   Inkjet-Based 3D Printing

Inkjet-based 3D printing (IJP), also referred to as material or 
polymer jetting, has emerged as a versatile additive manufac-
turing technique for fabricating multi-material parts. Unlike 
conventional inkjet printing, which is restricted to single-layer 
deposition, IJP enables vertical structuring through a layer-by-
layer approach, resulting in high precision and reproducibility 
of the final product [168]. This process relies on the deposition 
of liquid materials or solid suspensions under low-temperature 
and low-pressure conditions, guided by CAD-generated lay-
outs processed using slicer software. This enables the fabri-
cation of quasi-3D device architectures using a broad range of 
functional inks, including polymers, nanomaterials and com-
posites [152].

Several jetting techniques, including piezoelectric, binder, 
electrostatic, hot-melt, and pneumatic jetting, offer compara-
ble capabilities for achieving intricate designs with fine res-
olution [169]. To ensure structural integrity, a curing cycle 
follows each deposition step, with curing strategies tailored to 
ink chemistry. Low-temperature sintering with infrared lamps 
or photoinduced curing using visible or ultraviolet light have 
proven particularly effective, as they can be readily integrated 
into the printer setup and provide efficient solidification routes 
[170, 171]. Despite these advantages, IJP still faces several chal-
lenges. The droplet formation and dispensing process can be 
complex and unpredictable, often compromising process reli-
ability and final product quality. Furthermore, the lack of ro-
bust droplet monitoring and process control tools continues to 
hinder reproducibility, despite ongoing efforts to improve their 
accuracy and adaptability [172].

Beyond single-material fabrication, IJP is increasingly lever-
aged for multi-material printing, enabling the integration of 
conductive, structural, and functional components into a single 
architecture. For instance, direct-ink-writing (DIW) combined 
with freeze casting has been used to produce MXene-based pres-
sure sensors with hierarchical two-layer conductive networks 
that also serve as mechanical scaffolds, achieving > 10 000 sta-
ble cycles while decoupling sensitivity from durability [173]. 
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Similarly, screen-printed PEDOT:PSS/MXene interdigitated 
electrodes integrated onto e-textile scaffolds demonstrated 
NFC-enabled readout and mechanical resilience across 21 400 
bending cycles [174]. Other examples include stencil-printed 
graphene/TPU gauges embedded in PDMS matrices for motion 
monitoring over 5000 cycles [175] and layered MXene/PVDF-
TrFE dielectric scaffolds combined with PEDOT:PSS/PDMS 
electrodes to create multi-material stacks with reliable 10 000-
cycle performance [176]. Notably, inkjet-printed Ti3C2Tx elec-
trodes coated with ion-selective polymer membranes highlight 
the potential of IJP for wearable on-skin potentiometric sensing 
applications [177].

4.2   |   Extrusion-Based Printing

Extrusion-based 3D printing has gained significant popularity 
for fabricating functional devices, owing to its versatility, afford-
ability, and user-centric design [178]. Unlike conventional mi-
crofabrication approaches, extrusion printing enables the direct 
fabrication of complex structures, including light-emitting de-
vices, without requiring sterile environments or cleanroom fa-
cilities [179]. Its versatility stems from the use of a wide range of 
printable materials that can be processed under relatively simple 
conditions. In extrusion-based printing, a polymer or ink is dis-
pensed through a nozzle under pneumatic pressure, mechanical 

FIGURE 7    |    Types and applications of 3D printing techniques.
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FIGURE 8    |    3D printing techniques (a) inkjet printing, (b) extrusion-based printing, (c) light-based printing, and (d) stereolithography [167].
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pistons, or screw-driven systems. The material is continuously 
extruded in a controlled manner and deposited layer-by-layer to 
form 3D structures [180–182].

Compared with inkjet printing, this method accommodates 
higher-viscosity inks and semi-solid materials, significantly ex-
panding the range of functional feedstocks. Depending on the 
system, the precursor material can be supplied as a liquid ink 
or as a thermoplastic filament that is melted prior to deposition, 
as in fused filament fabrication [181]. Among extrusion-based 
methods, FDM and DIW are the two techniques particularly rel-
evant to biomedical applications. FDM employs thermoplastic 
filaments that are heated and extruded to create layered struc-
tures, whereas DIW uses specialized inks with tunable rheolog-
ical properties to achieve precise deposition [183]. Both methods 
have demonstrated considerable potential for fabricating bio-
medical microdevices, offering high resolution and adaptability 
to various functional materials. DIW and FDM differ primarily 
in their material delivery mechanisms, with DIW requiring rhe-
ologically engineered inks and FDM relying on thermoplastic 
filaments [184].

4.3   |   Light-Based 3D Printing

Light-assisted 3D printing techniques, such as SLA and DLP, 
have emerged as powerful alternatives to extrusion- and inkjet-
based printing due to their speed, precision, and reliability. 
Unlike extrusion or inkjet methods, laser sintering and other 
light-driven approaches do not rely on print heads, thereby 
avoiding common issues such as nozzle clogging and enabling 
more consistent fabrication of complex architectures [167].

SLA was one of the earliest light-based 3D printing methods, re-
lying on photopolymerization to solidify liquid resins into solid 
structures. In this process, a laser selectively cures resin layer 
by layer within a tank, gradually building the final 3D object 
[183, 185]. Photocuring, the fundamental mechanism underly-
ing SLA, converts liquid resins into crosslinked solid networks 
under controlled light exposure. This process is widely regarded 
as the most accurate and precise additive manufacturing ap-
proach for fabricating intricate geometries [186]. Over time, SLA 
has evolved into several subcategories, among which DLP has 
gained significant attention owing to its improved speed and 
versatility [187].

DLP employs a digital micromirror device (DMD) or projector to 
simultaneously cure the entire resin layers rather than tracing 
individual points with a laser, as in SLA. The workflow typi-
cally involves slicing a 3D model into thin layers, projecting each 
layer pattern onto a photocurable resin bath, and incrementally 
raising the build platform to enable sequential curing [188]. 
This layer-wide curing accelerates printing dramatically while 
maintaining high resolution. Importantly, recent research has 
expanded the scope of DLP by enabling multi-material fabrica-
tion, allowing the production of objects with tunable mechan-
ical strength, conductivity, flexibility, and bioactivity  [189]. 
Although SLA and DLP share the same fundamental principle of 
light-induced crosslinking of liquid resins, their technical differ-
ences lie in the mode of light delivery and curing efficiency. SLA 
relies on a laser spot that scans across the resin, progressively 

building lines and surfaces, whereas DLP cures an entire 2D 
image at once, making it significantly faster [190].

DLP and SLA are two widely used 3D printing technologies that 
fabricate objects through the photopolymerization of liquid res-
ins. Their primary distinction lies in the light source and corre-
sponding curing mechanism. SLA employs an ultraviolet laser 
that cures the resin in a point-by-point, rastering pattern to con-
struct each layer. In contrast, DLP uses a digital projector screen 
to flash a single, complete image of each layer into the resin vat, 
curing the entire plane simultaneously. This fundamental dif-
ference in photopolymerization strategy makes DLP generally 
faster than SLA for most builds. The selection between these two 
methods is therefore contingent on the specific requirements of 
a project, such as the need for speed (DLP) versus potentially 
higher feature resolution (SLA) [191]. Figure  9 illustrates the 
stepwise workflow for fabricating 3D-printed electrochemical 
sensors and cells.

A critical advancement in 3D-printed electrochemical devices 
is the rheological behavior of inks, which governs printability, 
structural fidelity, and electrochemical performance. Shear-
thinning fluids exhibit a decrease in apparent viscosity (η) with 
increasing shear rate (γ )̇, whereas thixotropic inks recover their 
viscosity over time after the stress is removed. For printable hy-
drogels, a power-law index < 1 and ≥ 90% storage modulus re-
covery in three-interval thixotropy tests are typical benchmarks 
[193]. During extrusion, inks must flow under shear to prevent 
nozzle clogging and rapidly solidify to preserve voxel shapes and 
design resolution. For instance, graphene oxide (GO)/chitosan 
inks display a two-order-of-magnitude viscosity reduction at 
γ ̇ ≈ 102 s−1 but recover ~94% of their elastic modulus within sec-
onds, producing crack-free filaments and uninterrupted electron 
pathways [194]. Nitrogen-doped carbon nanofibre/MWCNT 
gels exhibit similar rapid recovery, maintaining vertical layer 
integrity and preventing delamination [195]. Rheology also dic-
tates the dispersion of active materials and electrochemical site 
density. In alginate/gelatin systems, increasing GO content im-
proves shear-thinning but may induce agglomeration, leading to 
spatially uneven current distribution [196]. In contrast, additive-
free graphene pastes tuned to 1–103 Pa·s at γ ̇ = 0.1 s−1 printed 
continuous aerogel lattices with uniform conductive coatings, 
achieving areal capacitances of ~100 mF·cm−2 [197, 198].

Poorly matched rheology has the opposite effect on the results. 
Over-viscous inks (η > 103 Pa·s at low shear) fracture, leaving 
micro-cracks that increase charge-transfer resistance, while 
under-viscous (nearly Newtonian) formulations slump after 
deposition, creating thickness gradients that widen the spread 
of k0 and inflate double-layer noise. Studies on printed Ti3C2Tx/
cellulose lattices show that only the rheology-optimized ink 
(n ≈ 0.3, yield stress ≈400 Pa) delivers high-fidelity struts that 
translate into a two-fold gain in areal capacitance relative to 
poorly optimized counterparts [199]. Recent electrochemical 
examples reinforce the link between rheology and sensing met-
rics. RGO micro-electrodes with 35-μm smooth walls produced 
by direct-write GO inks that recover their viscosity in 0.5 s after 
extrusion show k0 values one order of magnitude higher than 
drop-cast controls, while nitrogen-rich thick-carbon inks that 
combine shear thinning with fast thixotropy sustain a 70% 
higher signal-to-noise ratio over 5000 cycles [198, 199].
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Therefore, precisely aligning the shear-thinning and thixotropic 
profiles of the ink with the print path is a prerequisite for creat-
ing sensing layers with uniform morphology, absence of cracks, 
and high density of electroactive sites. These conditions are es-
sential for enhancing the electron transfer kinetics and mini-
mizing the baseline noise in practical biosensors. Rheological 
tuning is essential before selecting the most suitable 3D print-
ing method (extrusion-based, inkjet, or photopolymerization) to 
achieve optimal structural and electrochemical performance. 
Table  3 summarizes these methods, detailing their resolution 
limits, material compatibility, cost-effectiveness, biosensor fab-
rication potential, and limitations. The intrinsic characteristics 
of each technique ultimately define the achievable feature size, 
material integration, and overall device performance.

In addition to their performance, additive manufacturing offers 
notable economic advantages over conventional microfabrica-
tion. Inkjet, direct-ink writing, screen printing, and desktop 
3D printing circumvent the need for masks and costly clean-
rooms, enabling rapid design iterations without the need for 
multimillion-dollar photolithography facilities. Research-grade 
microfluidic DLP printers range from 15 to 30 k USD, while 
accessible LCD photopolymerization systems cost as little as 
150–600 USD [208]. Contact printing allows higher throughput 
but requires an initial investment in physical masters, whereas 

non-contact approaches facilitate rapid pattern modification for 
small-batch manufacturing without master fabrication [209].

5   |   Selecting Potential 2D Materials for 3D 
Printing

The strategic selection and formulation of 2D materials for use 
in 3D printing have emerged as pivotal factors enabling the 
creation of next-generation devices for information processing 
and sensing applications. Although advances in 3D printing 
have broadened accessibility and reduced costs, contemporary 
printers are often restricted to producing predominantly pla-
nar constructs with limited resolution, thereby constraining 
their utility. The development of 3D printing equipment has 
made it easier and cheaper to use, leading to rapid growth in 
its applications across various fields. To meet printing stan-
dards, the inks used must have correct consistency and flow 
properties. This requires high viscosity and specific rheo-
logical properties. Selecting appropriate materials to set the 
printing ink is crucial for successful printing [210]. Thus, 
the careful selection of materials for ink preparation has 
gained significant attention, particularly in sensing applica-
tions, where their unique electronic, mechanical, and sur-
face properties hold considerable promise. Recent progress in 

FIGURE 9    |    Scheme of the main steps for developing 3D printed electrochemical sensors or cells [192].
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solution-processed electronics has further accelerated the in-
tegration of these materials into scalable and versatile printing 
platforms, enabling researchers to optimize ink formulations 
through careful selection of binders, solvents, and additives 
[211]. Ultimately, successful 3D printing relies on aligning 
the printing conditions, filament quality, and material selec-
tion with the performance requirements of the intended de-
vice or component. The incorporation of 2D materials into 3D 
printing has opened new opportunities for developing high-
performance electrochemical sensors with enhanced adapt-
ability and functionality.

In particular, 2D materials such as graphene, TMDs, and 
MXenes have been explored for integration into electrochem-
ical devices [212]. These materials have attracted significant 
academic and industrial interest owing to their distinctive 
features, such as biocompatibility, tunable surface chemistry, 
rapid electron transfer kinetics, and high surface-to-volume 
ratios. Importantly, their processability in liquid-phase dis-
persions makes them particularly well suited for printing 
technologies. Printing-compatible dispersions allow the ex-
ploitation of both structural and non-structural deposition 
techniques, including spin coating, drop casting, and inkjet or 
aerosol-based methods, offering a versatile platform for device 
fabrication [213].

The formulation of inks represents a central challenge, as it 
dictates critical parameters such as flow characteristics, dry-
ing dynamics, adhesion to the substrate, and overall film qual-
ity. Optimizing solvent systems to match the surface energy of 
2D crystals improves their dispersibility and reduces artifacts, 
such as coffee-ring effects, during drying. For instance, the 
combination of isopropanol with 2-butanol has been shown to 
promote uniform deposition through Marangoni flow control. 
Similarly, selecting environmentally benign solvent mixtures 
with tailored Hansen solubility parameters enhances the 
dispersion stability of graphite and TMDs, enabling reliable 
large-area printing [214, 215]. Surfactants, such as sodium 
cholate, SDS, SDBS, and nonionic Pluronics, as well as π–π 
anchoring polymers like pyrene-functionalized binders, fur-
ther stabilize dispersions by providing electrostatic or steric 
repulsion while minimizing unwanted residues after printing 
[216, 217]. Additional improvements can be achieved through 
controlled exfoliation, flake size fractionation, and careful 
tuning of lateral dimensions and thickness to ensure nozzle 
compatibility and film uniformity. For MXenes, specific chal-
lenges, such as oxidation susceptibility, require hydrophilic 
solvent systems combined with antioxidant additives and stor-
age under cool, dark conditions to preserve flake integrity and 
ink performance [218].

The selection of 2D materials must match the rheology of the 
ink, as well as the particle size and thermal or chemical stabil-
ity of the selected printing method used. DIW requires shear-
thinning viscoelastic gels with a yield stress sufficient to retain 
structural fidelity after extrusion. MXene- and graphene-based 
inks at high solid contents can achieve viscosities on the order 
of 103 Pa·s, making them suitable candidates [218]. In con-
trast, inkjet printing requires low-viscosity (1–20 mPa·s) stable 
inks with submicron flakes to avoid nozzle clogging, while 

maintaining surface tensions in the range of 20–50 mN/m to 
ensure droplet stability [219]. Aerosol jet printing accommo-
dates a broader viscosity range (1–1000 cP) and supports larger 
flakes and non-planar patterning, though inks still require 
tailored dispersants and solvents to preserve conductivity and 
interpass adhesion [220]. For SLA and DLP, UV-curable resins 
with viscosities between 200 and 1000 mPa·s are typically em-
ployed; however, the incorporation of 2D fillers, such as GO, 
must be carefully controlled to preserve light penetration and 
prevent aggregation [221]. In fused filament fabrication (FFF), 
the selection of thermally stable  2D fillers with particle sizes 
smaller than the nozzle diameter and shear-thinning character-
istics is essential for achieving smooth extrusion and consistent 
mechanical properties [222]. Conductive 2D materials, such as 
graphene and Ti3C2Tx, are particularly attractive when coupled 
with ink chemistries that minimize insulating residues after 
deposition or post-processing, thereby ensuring high electrical 
conductivity [218].

A persistent challenge across all these approaches is ensuring 
the long-term stability of 2D-material-based inks and printed 
structures. Stability is often demonstrated at the material level; 
for example, free-standing Ti3C2Tx MXene films stored for up 
to a decade showed reversible conductivity loss due to water ad-
sorption, which was recoverable through drying, highlighting 
the role of packaging and controlled dehydration in extending 
operational lifetimes [223]. Similarly, DIW-fabricated MXene 
sensors exhibit high cycling endurance, though long-term drift 
during extended use, particularly in wearable or hydrogel-
based environments, remains insufficiently studied. Protective 
strategies, such as integrating catechol-functionalized MXenes 
with anti-dehydration hydrogels, have shown promise in pre-
serving conductivity, moisture retention, and self-healing ca-
pabilities, though operational stability beyond several months 
has not yet been established [173, 224–226]. Reports of partial 
durability have been demonstrated in several deployment-
ready printed systems. For instance, inkjet-printed Ti3C2Tx 
electrodes maintained ion-selective performance over 50 days 
but suffered from a ~19% resistance increase, whereas printed 
graphene strain sensors sustained thousands of cycles but 
lacked extended studies on drift under physiological condi-
tions. Similarly, aerosol-printed MoS2 humidity sensors have 
demonstrated short-term reliability but lack multi-week drift 
analysis [175, 177]. Therefore, a thorough evaluation of these 
stability trends and their interactions with printing parameters 
is essential for selecting the optimal combination of 2D mate-
rial and ink chemistry for a given application and fabrication 
method.

Ultimately, the formulation of robust application-specific inks 
requires balancing solvents, binders, additives, and 2D materi-
als to ensure compatibility with printing methods while preserv-
ing functionality. Such formulations support the fabrication of 
intricate 3D architectures, enabling scalable and cost-effective 
manufacturing of advanced miniaturized devices [113]. The in-
tegration of 2D materials into 3D printing platforms not only im-
proves performance metrics but also expands the design space 
for electrochemical sensors, paving the way for versatile, high-
performance sensing technologies with broad industrial and 
biomedical applications.
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6   |   Application of 2D Materials in 3D Printing for 
Electrochemical Detection

The rapid expansion of 3D-printed electronics has driven in-
creasing demand for advanced 2D material inks, which are 
being developed for a wide range of industrial applications, in-
cluding energy harvesting, sensing, flexible displays, and smart 
packaging [213]. Among these, electrochemical detection is 
particularly promising, as 3D printing enables the integration 
of complex architectures, whereas 2D materials provide tunable 
functionalities.

Although the rational design of ideal multifunctional mate-
rials remains an ongoing challenge, 2D materials (graphene 
and TMDs) offer unique opportunities to overcome the current 
limitations. Their intrinsic physicochemical properties, such as 
high electrical conductivity, large surface-to-volume ratios, and 
tunable defect chemistry, make them attractive candidates for 
next-generation electrochemical applications [227]. In particu-
lar, 3D printing technologies can exploit these features to con-
struct heterostructures in which distinct 2D layers contribute 
to complementary electronic, optical, or mechanical properties. 
This strategy not only enhances the versatility of 2D materials 
but also provides a practical route for the fabrication of high-
performance hybrid systems.

An especially promising direction is the development of smart 
materials for 3D printing, where materials are engineered to 
respond to external stimuli via controlled deformation. The 
intrinsic structural flexibility of 2D materials allows fine-
tuning of their properties by controlling the layer number, 
tailoring synthesis methods, defect and morphology engineer-
ing, as well as moiré and strain engineering. Such tunability 
is particularly relevant for next-generation electrochemical 
sensors, where sensitivity and selectivity are directly linked to 
nanoscale material properties [228]. The fabrication of hetero-
structures from multiple 2D materials further enhances their 
application by combining distinct functionalities into a single 
hybrid system. These heterostructures often exhibit unique 
electronic, optical, and mechanical properties that surpass 
those of their individual constituents. They can be readily 
synthesized using techniques such as van der Waals assem-
bly or chemical vapor deposition, enabling the systematic 
manipulation of 2D material properties and expanding their 
application space. This strategy provides an effective pathway 
to overcome the intrinsic limitations of single 2D materials, 
thereby accelerating the advancement of 2D material-based 
technologies [229].

6.1   |   Graphene and Its Composites

Graphene has emerged as a highly promising material for the 
development of 3D-printed electrochemical sensors owing to 
its exceptional electrical conductivity, chemical stability, and 
rapid interfacial electron transfer properties [230]. These attri-
butes make it particularly attractive for electrochemical sensing 
applications, where fast and sensitive responses are essential. 
Real-world evaluations have demonstrated that graphene-based 
sensors can achieve sub-second response times, with laser-
induced graphene (LIG) glucose electrodes showing response 

times below 0.5 s and heterogeneous electron transfer rate con-
stants in the range of 0.025–0.034 cm s−1 [231, 232]. Similarly, 
fast-scan cyclic voltammetry performed at carbon nanomaterial 
microelectrodes enables millisecond-scale monitoring of ana-
lytes, highlighting the capacity of graphene to facilitate rapid 
electrochemical processes. Comparative studies further high-
light that LIG and other binder-free porous graphene electrodes 
deliver superior charge-transfer kinetics and higher sensitivity 
compared with conventional binder-rich screen-printed elec-
trodes [233]. In dopamine sensing, graphene-based electrodes 
have achieved nanomolar detection limits and broad linear 
ranges, primarily due to favorable adsorption and accelerated 
charge transfer, outperforming traditional thick-film elec-
trodes [234].

The capabilities of AM for high-speed and high-sensitivity 
sensor production, combined with DIW techniques for print-
ing graphene materials, pave the way for cost-effective fab-
rication of advanced electrochemical sensors. Despite its 
exceptional electrical conductivity and large surface area, the 
direct use of pristine graphene in printing processes remains 
challenging due to the strong van der Waals forces between 
atomic layers, which hinder stable dispersion in liquid media. 
To improve the printability of graphene slurries, polymeric 
binders are often employed, as they facilitate ink formulation 
and extrusion. However, this strategy introduces significant 
trade-offs, as the binders may block the electrochemically ac-
tive surface, thereby compromising the electrical performance 
and sensing capabilities of printed structures [235]. To address 
these drawbacks, chemical modification of graphene to GO 
has emerged as a practical alternative. The introduction of 
oxygen-containing functional groups enhances hydrophilic-
ity, enabling GO to disperse more readily in aqueous solu-
tions, making it the preferred precursor in most DIW studies 
of graphene-based inks. Nonetheless, the insulating nature 
of GO limits its application in electrochemical devices. To 
restore conductivity, printed GO structures are typically re-
duced using thermal or chemical methods to produce rGO, re-
sulting in architectures with significantly improved electrical 
performance [236–238]. Ali and colleagues developed a highly 
sensitive biosensor for COVID-19 antibody detection by inte-
grating 3D nano-printing with rGO nanoflakes and viral anti-
gens. The fabrication process involved printing 3D electrodes, 
subsequently coating them with rGO nanoflakes, and func-
tionalizing the surfaces with specific SARS-CoV-2 antigens. 
The resulting device, housed within a standard electrochemi-
cal cell coupled to a microfluidic system, detects antibody–an-
tigen interactions via impedance spectroscopy. Remarkably, 
the biosensor achieved detection limits as low as 2.8 × 10−15 M 
for the spike S1 protein and 16.9 × 10−15 M for the receptor-
binding domain, with results accessible through a smartphone 
interface. Furthermore, the platform supports low-pH regen-
eration, enabling repeated use without loss of specificity. This 
combination of reusability, portability, and ultrahigh sensitiv-
ity highlights its potential not only for COVID-19 diagnostics 
but also for broader applications in detecting other infectious 
diseases, including Ebola, HIV, and Zika [239].

3D printing with graphene enables the production of electro-
chemical sensors with complex shapes and geometries, which 
is impossible using traditional manufacturing methods. This 
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opens new possibilities for the design and optimization of 
electrochemical sensors, leading to improved performance 
and functionality. Recently, Sanati et  al. developed a con-
ductive ink based on chitosan and rGO, which enabled the 
fabrication of paper-based electrodes. Optimal performance 
and stability were achieved at a chitosan-to-GO ratio of 0.2. 
Using this formulation, they created a simple glucose sensor 
capable of detecting concentrations between 0.5 and 4 mM 
with high accuracy and precision. The device demonstrated 
strong stability and selectivity, remaining unaffected by in-
terfering substances, thus demonstrating the potential of this 
ink for disposable sensors and flexible electronics [240]. In a 
complementary approach, Stefano et al. introduced a method 
for producing highly conductive filaments by combining 
graphite with PLA, followed by recrystallization, drying, 
and extrusion. These filaments, designed for 3D printing, 
enabled the direct fabrication of electrochemical sensors 
without additional surface treatment. The sensors reliably 
quantified uric acid (0.5–150.0 μmol L−1) and dopamine (5.0–
50.0 μmol L−1) with detection limits as low as 0.07 μmol L−1 
and 0.11 μmol L−1, respectively. Furthermore, the platform 
was successfully extended to SARS-CoV-2 protein detection, 
achieving a linear range of 5.0–75.0 nmol L−1 and a detection 
limit of 1.36 nmol L−1, with a sensitivity of 0.01 μA μg−1 mL. 
This new method for making conductive filaments has great 
potential for fabricating other 3D-printed conductive devices 
in the future [241].

The addition of oxygen-containing functional groups onto 
graphene sheets enhances sensor performance by optimizing 
the balance between functionalization and electrical conduc-
tivity, enabling effective interactions with target analytes [242]. 
Katic et  al. developed 3D-printed graphene electrodes func-
tionalized with Prussian blue (3DGrE/PB) through a multi-
step integration process, with structural and compositional 
characterization confirmed via SEM, AFM, and spectroscopic 
techniques. Compared to conventional electrodes (glassy car-
bon, gold, and platinum), the 3DGrE/PB system demonstrated 
superior electrocatalytic activity toward H2O2 reduction. In 
practical applications involving real samples (milk and mouth-
wash), the electrodes achieved an LOD of 0.11 μmol L−1, a limit 
of quantification of 0.37 μmol L−1, and an analytical frequency 
of 87 h−1, thereby enabling rapid and precise quantification of 
peroxide. These results demonstrate a scalable approach for 
producing conductive electrodes for practical molecular sens-
ing applications (Figure  10a) [243]. To address the challenge 
of poor conductivity in 3D-printed plastics, Estadulho et  al. 
developed low-cost monolithic electrochemical sensors by 
electrochemically growing polyaniline on PLA embedded with 
graphite traces. This approach converts an insulating body into 
a conductive one-piece device without requiring conductive 
filaments. Further functionalization with Ru and Cu electro-
deposition enabled the quantification of caffeine, H2O2, and 
glucose with LODs of 57.7, 2.3, and 49.3 μmol L−1, respectively, 
offering a rapid, inexpensive route for practical electrochemi-
cal analysis (Figure 10b) [244].

For heavy metal detection in water, Walters et al. reported the 
development of 3D-printed graphene/PLA electrodes designed 
for the quantification of Hg, Pb, and Cd. The electrodes were fab-
ricated by inserting a 600 μm-diameter graphene/PLA filament 

into an epoxy-filled pipette tip and subsequently characterized 
using electron microscopy, Raman spectroscopy, and cyclic 
voltammetry. Using anodic stripping voltammetry, Hg was de-
tected at concentrations as low as 6.1 nM (1.2 ppb) in both 0.01 M 
HCl and 0.1 M acetate buffer, whereas Pb and Cd could not be 
quantified at concentrations below 400 nM. The sensitivity to-
ward these metals was significantly enhanced through surface 
modification with bismuth microparticles, yielding clear strip-
ping peaks at concentrations as low as 20 nM. This improvement 
lowered the detection limits to 4.1 ppb for Pb2+ and 2.2 ppb for 
Cd2+, thereby enabling the quantification of all three metals 
at levels below the U.S. EPA action limits for drinking water 
(Figure 10c) [245].

Hassan et  al. introduced a sustainable strategy for fabricat-
ing graphene inks optimized for 3D printing by incorporating 
polymer binders and non-toxic solvents to address the chal-
lenges associated with high ink viscosity. These inks enable 
the production of high-performance sensing devices for VOCs. 
Owing to a tenfold increase in the surface area-to-volume 
ratio achieved through 3D printing, the devices exhibited 
significantly improved resolution, sensitivity, and selectivity 
and were capable of detecting VOCs, such as ethanol, at con-
centrations as low as 5 ppm at 20°C (Figure 10d) [246]. These 
findings affirm the potential of graphene-based inks for the 
scalable production of electrochemical biosensors, demon-
strating how 3D printing can advance graphene-enabled sens-
ing technologies.

6.2   |   TMDs and Their Composites

TMDs, with the general formula MX2 (where M = Mo or W 
and X = S, Se, or Te), have attracted significant attention as 
graphene-like materials with superior mechanical, electrical, 
and optical properties. Unlike zero-bandgap graphene, TMDs 
exhibit tunable bandgaps, high electrical conductivity, and 
distinctive optical responses, making them suitable for vari-
ous electronics, energy storage, sensing, and biomedical appli-
cations [247]. Single-layer TMDs, such as MoS2 and WS2, have 
gained particular interest because of their direct bandgaps and 
desirable electronic properties. These materials have been suc-
cessfully synthesized and explored for applications in nanoelec-
tronics, nanophotonics, and nanoscale sensing [248, 249]. The 
exceptional properties of TMDs, including high stability, bio-
compatibility, rapid heterogeneous electron transfer, and large 
specific surface area, make them especially suitable for sensing 
applications, which has been increasingly recognized in recent 
literature [212]. Common TMDs include MoS2, WS2, MoSe2, 
WSe2, MoTe2, and WTe2, with MoS2 being the most extensively 
studied owing to its robustness and stability compared with 
other 2D semiconductors [250]. Figure 11a illustrates the struc-
tural heterogeneity of two-dimensional TMD layers, encom-
passing intrinsic defects (vacancies, antisites, grain boundaries), 
phase transitions (2H ↔ 1T/1T′), van der Waals gap engineering 
through interlayer spacing or restacking, and architected verti-
cal or lateral heterostructures formed by stacking or stitching 
dissimilar TMDs. The figure also highlights Janus TMD lay-
ers, in which distinct chalcogens occupy the top and bottom 
planes, breaking out-of-plane symmetry and imparting unique 
properties [251].
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Singh et  al. built a 2D-MoS2 microfluidic immunosensor by 
CTAB-assisted exfoliation to yield positively charged CTAB–
MoS2 nanosheets, enabling protein conjugation and electro-
static deposition on hydrolyzed ITO microelectrodes within a 
PDMS chip for Salmonella typhimurium detection via EIS. The 
device showed a sensitivity of 1.79 k Ω·CFU−1 mL cm−2, a limit 
of detection of 1.56 CFU mL−1, and a wide dynamic range of 
101–107 CFU mL−1 [252] (Figure 11b). These results highlight the 
potential of MoS2 nanosheets for developing highly sensitive mi-
crofluidic immunosensors for detecting foodborne pathogens. 
2D TMD materials have unique catalytic and sensing proper-
ties, making them ideal for the fabrication of electrochemical 
LOC microfluidic devices. These devices are sought after for 
their potential applications in biodiagnostics and sensing. Toh 
et  al. reported a simple drop-casting method to integrate four 
t-BuLi-exfoliated group 6 TMD materials (MoS2, MoSe2, WS2, 
and WSe2) into LOC devices. The performances of the materials 
for H2O2 detection were compared. The WS2-based LOC device 
was the most effective of the four materials, displaying a wide 
range of linear responses (20 nM to 20 μM and 100 μM to 2 mM), 
a low detection limit (2.0 nM), and good selectivity for real sam-
ple analysis [255]. The outcomes of this study demonstrate the 
potential of electrochemical LOC microfluidics for application 
in the field of bio-diagnostics and sensing. With ease of integra-
tion, the use of electrochemical LOC microfluidics can be ex-
panded in the future to enhance the development of new and 
innovative devices for various applications. The results of this 

study are expected to provide new opportunities and insights 
into the development of 2D TMD-based electrochemical micro-
fluidic devices.

MoS2 nanocomposites are widely used as sensing substrates 
because of their unique characteristics. They can stabilize 
metal nanoparticles and generate local surface plasmon 
resonance, resulting in a strong plasma coupling effect and 
a high surface area for capturing antibodies. This makes 
them suitable for integration with microfluidic chips for use 
as biosensors. Qiu et  al. engineered a self-assembled micro-
fluidic immunoassay biochip using Lys-AuNPs@MoS2 that 
generates digital solid-phase readouts with 2D target maps. 
It simultaneously quantifies six serum biomarkers (PCT, 
CRP, IL-6, cTnI, cTnT, and NT-BNP), processing 60 samples 
in 40 min with LOD in the few-to-tens of pg/mL range. The 
platform offers high throughput and sensitivity on a uniform 
surface, indicating its strong potential for clinical diagnosis 
(Figure 11c) [253]. Novčić et al. assessed thermally activated, 
3D-printed nanocarbon/PLA electrodes after electrodepos-
iting MoS2, WS2, and their heterojunctions for the hydrogen 
evolution reaction (HER) via linear sweep voltammetry. The 
MoS2 coatings exhibited significantly higher catalytic activ-
ity than WS2, and the heterojunction performance mirrored 
that of the outermost deposited layer. HER-active regions were 
near-surface to ~150 μm for MoS2 and extended to ~300 μm for 
WS2 (Figure 11d) [254]. These findings demonstrate that the 

FIGURE 10    |    (a) 3D-printed graphene electrodes modified with Prussian blue for peroxide detection [243] (b) illustrative scheme of production 
and application of monolithic 3D-printed sensor [244] (c) 3D-printed cylinder electrode for trace analysis of heavy metals [245] and (d) extrusion-
printed sensors for VOCs [246].
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electrodeposition and heterojunctions of different TMDs on 
3D nanocarbon electrodes result in HER active sites located 
not only at the outer surface but also within the interior of the 
nanocarbon structure. This has the potential to significantly 
improve hydrogen production efficiency.

In addition, Wang et  al. developed an ultrasensitive electro-
chemical Pb2+ sensor by coupling GR aptamer–functionalized 
3D MoS2 microspheres with AuPt-MCNT modified glassy car-
bon electrodes. Pb2+ induced aptamer cleavage enabled catalytic 
signaling, achieving a linear, selective response with a detection 
limit of 0.015 nM, demonstrating its potential for environmental 
and biological monitoring [256]. The continued development of 
TMD-based materials and composites holds significant poten-
tial for transforming the monitoring and control of chemical and 
biological processes.

6.3   |   MXenes and Their Composites

MXenes are emerging as highly promising sensor materials be-
cause of their tunable bandgap properties and metal-like electri-
cal conductivity. Structurally inspired by graphene and TMDs, 
MXenes consist of 2D carbides and nitrides of transition metals, 

offering abundant active surface sites that enable high sensitivity 
and low detection limits in sensory applications. Their excellent 
electrical conductivity also reduces noise, further enhancing 
signal reliability, positioning MXenes as potential successors 
to conventional sensor technologies [257, 258]. MXenes possess 
hydrophilic surfaces and high metallic conductivity (~6000–
8000 S cm−1), allowing their application in various fields, such as 
energy storage, transparent electrodes, EMI shielding, sensors, 
and transistors. The major challenge hindering the application 
of MXenes is their poor ambient stability, which is due to oxida-
tion in the presence of either water or oxygen [259]. 3D printing 
technologies have gained attention for assembling 2D materials, 
such as MXenes, into functional 3D aerogels owing to their sim-
ple fabrication, customized geometry and physical properties, 
and improved performance. The use of facile electrode fabrica-
tion methods aimed at hindering the restacking and aggregation 
of electrode materials is of great significance for improving elec-
trode performance. For example, Tetik et al. combined unidirec-
tional freeze casting and inkjet-based 3D printing to fabricate 
macroscopic porous aerogels with vertically aligned Ti3C2Tx 
sheets. This method allows for easy control over the aerogel mi-
crostructure and alignment of MXene sheets, resulting in excel-
lent electromechanical performance and the ability to withstand 
almost 50% compression before recovering to the original shape 

FIGURE 11    |    (a) Schematic illustrations of the structural heterogeneity in 2D TMD layers [251]; (b) design of microfluidic biosensor for S. typh-
imurium detection [252]; (c) Lys-AuNPs@MoS2 nanocomposite self-assembled microfluidic immunoassay biochip [253]; (d) cross-sectional sample 
preparation for SECM measurements [254].
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while maintaining electrical conductivity. The addition of an 
inkjet-printed MXene current collector layer with horizontally 
aligned MXene sheets improved electrochemical performance. 
The cells showed the best results with a horizontal MXene cur-
rent collector and subsequent vertical MXene sheet-alignment 
layer [260]. These advancements in print-guided alignment and 
porosity stabilization pave the way for integrating 3D-printed 
MXene electrodes with MXene quantum dots (MQDs) for highly 
sensitive dopamine sensing. For example, Wan et al. fabricated 
a 3DE from a graphene/PLA filament and functionalized it with 
MQDs to create a highly sensitive dopamine (DA) sensor. The 
3DEs were characterized using scanning electron microscopy 
(SEM), X-ray photoelectron spectroscopy (XPS), and contact 
angle measurements, and their electrochemical behavior was 
evaluated using cyclic voltammetry (CV) and electrochemical 
impedance spectroscopy (EIS). The resulting sensor exhibited 
a DA detection range of 0.01–20 μM with a 3 nM detection limit, 
along with high selectivity in practical sample analyses. This 
approach highlights the potential of integrating 2D material 
QDs into 3DE, opening new avenues for advanced biosensor de-
sign [261].

Beyond dopamine sensing, MXene-based heterostructures are 
also advancing biosensing technologies. MXene–MoS2 2D–2D 
hybrids provide an ideal transducer platform by combining me-
tallic Ti3C2Tx, which acts as a highly conductive “charge-transfer 
highway,” with semiconducting MoS2, which offers abundant 
adsorption sites and favorable band alignment. Ultrafast pump–
probe spectroscopy revealed sub-150 fs charge/energy transfer 
from Ti3C2Tx to MoS2, along with long-lived excited carriers, 
consistent with the presence of a built-in interfacial electric field 
that lowers interfacial resistance and accelerates electron trans-
fer [262]. For example, a miR-21 biosensor uses an MXene–MoS2 
scaffold to co-anchor AuNP-tethered hairpins and thionine. 
Through catalytic hairpin assembly (CHA), target binding 
generates abundant dsDNA near the interface, increasing the 
charge-transfer resistance and suppressing the thionine current 
in a signal-off configuration. This dual amplification (structural 
and biochemical) enables sensitive detection across the 100 fM–
100 nM range, with an LOD of ~26 fM [86]. Similarly, electro-
chemiluminescence (ECL) sensors based on MoS2-QD/MXene 
hybrids achieved LODs as low as 10 fM for exosomal miRNA-
135b, demonstrating the broad applicability of conductive scaf-
folds and semiconducting emitter/adsorbent strategies for signal 
amplification [87].

Xiao et  al. developed a highly sensitive electrochemical 
sensor for arsenic (III) by integrating MXene with amine-
functionalized Fe-based metal–organic frameworks (Fe-
MOFs), forming a Fe-MOF/MXene composite. The composite 
was synthesized in situ via a one-step hydrothermal process in 
the presence of MXene, which provided a large surface area and 
excellent electrical conductivity, thereby enhancing the elec-
trochemical performance of the electrodes. When employed as 
a modifier, the Fe-MOF/MXene composite enabled the fabri-
cation of an arsenite sensor with remarkable sensitivity. X-ray 
photoelectron spectroscopy confirmed the strong interaction 
between arsenic species and hydroxyl groups at the Fe-MOF/
MXene interface, which contributed to the pronounced elec-
trochemical response. Using square wave anodic stripping vol-
tammetry, the Fe-MOF/MXene-modified electrode exhibited a 

significantly high current response to As(III), achieving both 
high sensitivity (8.94 μA (ng L−1)−1 cm−2) and a low detection 
limit (0.58 ng L−1). Moreover, the sensor demonstrated reliable 
performance in real water samples, highlighting its practical 
applicability in real-world applications. This study presents the 
synergistic advantages of combining MXenes with Fe-MOFs, 
offering a promising pathway for designing next-generation 
electrochemical sensors with superior sensitivity and detection 
capabilities [263].

In another study, Sharifuzzaman et al. developed a smart wound 
dressing incorporating multifunctional sensors for managing 
chronic wounds. The design involved the functionalization of 
3D LGG sheets with 2D MXene nanosheets through covalent 
C  O  Ti crosslinking, yielding an LGG–MXene hybrid scaffold 
with enhanced conductivity and electrochemical performance. 
This scaffold was then integrated into a PDMS substrate to cre-
ate a flexible and stretchable dressing capable of simultaneously 
monitoring uric acid (UA), pH, and temperature at the wound 
site. The UA sensor demonstrated rapid responsiveness with a 
sensitivity of 422.5 μA mM−1 cm−2 and a detection limit of 50 μM. 
The pH sensor exhibited a linear Nernstian response with a 
sensitivity of −57.03 mV pH −1, while the temperature sensor 
showed a highly linear resistivity response (sensitivity: 0.09% 
°C−1, R2 = 0.999). In addition to its high sensing performance, 
the mechanical flexibility of the dressing allows it to conform 
to varying body movements and wound geometries, making it 
particularly suitable for patients with chronic wounds. By inte-
grating multifunctional sensors, this platform enables real-time 
wound monitoring, which has strong potential to improve di-
agnostic precision, accelerate healing, and ultimately enhance 
therapeutic outcomes [264].

7   |   Current Challenges and Future Outcomes

The rapid progress in science and technology has fuelled the 
growing demand for advanced, efficient, and miniaturized elec-
tronic products. Devices such as smartphones, health trackers, 
microsensors, and intelligent robots exemplify this shift toward 
smarter, more flexible, and compact electronic devices. The con-
tinual drive for miniaturization not only enhances device func-
tionality but also contributes to improved standards of living 
and convenience of use. Looking ahead, further innovations in 
this field promise to deliver increasingly sophisticated and im-
pactful technologies.

Among the emerging fabrication methods, 3D printing 
holds  significant promise for advancing electrochemical 
device manufacturing. Its ability to create customized struc-
tures offers tremendous potential for improving the perfor-
mance and functionality of devices. However, translating 
laboratory-scale research into practical applications remains 
challenging. Critical barriers include the optimization of ink 
formulations, curing strategies, ink distribution, and elec-
trode geometries. Addressing these issues will require the de-
sign of conductive inks with precisely controlled compositions 
and viscosities, along with compatible substrates and post-
processing treatments such as sintering, heating, and curing 
to ensure high conductivity and robust electroanalytical per-
formance [27].
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3D printing has already shown considerable promise in the fab-
rication of electrochemical and physical sensors. However, be-
fore widespread adoption, fundamental limitations such as low 
production efficiency, processing complexity, and restricted sen-
sitivity/selectivity must be resolved. Developing advanced 3D 
electrode designs, incorporating novel materials, and refining 
sensor geometries are key to improving analytical parameters. 
The versatility of 3D printing also supports the use of diverse 
substrate types, from rigid ceramics and silica to flexible plastics 
and paper, thereby broadening potential applications. Moreover, 
the relatively low scalability of 3DE restricts its integration into 
high-performance biosensors [265].

Material design also plays a pivotal role in overcoming these 
bottlenecks. For instance, while the use of binders in 3D-
printed architectures improves mechanical integrity, it often 
reduces the active surface area and adversely affects the elec-
trochemical behavior. To address this, Xu et al. [266] demon-
strated a 3D-printed silica sacrificial template that yielded 
bicontinuous porous graphene foams with exceptional surface 
area, electrical conductivity, and mechanical strength, which 
are essential for next-generation electrochemical devices. 
Moving toward large-scale implementation will require not 
only material innovation but also strategies that guarantee 
dimensional stability and sufficient mechanical robustness 
during mass production.

A key challenge lies in scaling up fabrication processes while 
maintaining device fidelity. Industrial-scale manufacturing 
demands integrated R2R architectures capable of producing 
multi-material stacks with high throughput and reproducibil-
ity. Successful implementation requires precise control over 
moving-web mechanics, tension zones, stack orthogonality, 
and registration accuracy, supported by high-contrast fidu-
cials and metamodel-based optimization [93, 267]. Advances 
in low-temperature curing routes (UV, photonic, plasma) and 
solvent/thermal ladders, coupled with adhesion pretreatments 
and barrier interlayers, have already demonstrated stable con-
ductor printing at speeds approaching 10 m/min, establish-
ing a pathway for scalable sensor production [93, 267–269]. 
Furthermore, hybrid manufacturing strategies that combine 
high-throughput contact printing (gravure, rotary screen) for 
conductors/dielectrics with non-contact techniques (slot-die, 
inkjet) for membranes and late-stage biofunctionalization have 
been validated in pilot R2R systems [90, 270, 271]. Addressing 
electrochemistry-specific vulnerabilities, such as Ag/AgCl drift, 
electrolyte leakage, and instability in permselective films, will 
also be crucial, requiring careful ink/overcoat design, dielectric 
robustness, and dryer profile optimization [90, 91, 270, 271]. 
Inline quality control frameworks that integrate defect inspec-
tion, optical thickness measurements, electrical continuity test-
ing, and real-time electrochemical surrogates are essential for 
stabilizing manufacturing variables and ensuring reproducibil-
ity at scale [92, 269].

Furthermore, the customization capabilities of 3D printing, 
particularly for 2D materials and hybrid composites, will un-
lock opportunities for fabricating multifunctional devices with 
unprecedented performance and versatility. As material design, 
ink formulation, and scalable processing strategies converge, 
3D-printed electrochemical devices are ready to transition from 

proof-of-concept structures to robust, mass-manufactured prod-
ucts. Continued research and industrial integration will position 
3D printing as a transformative platform for next-generation 
electronic and energy devices.

8   |   Conclusion

The convergence of 2D nanomaterials with additive manufac-
turing is redefining the conception and fabrication of electro-
chemical sensors. By leveraging the unique physicochemical 
properties of graphene, TMDs, MXenes, and related materials, 
3D printing enables bespoke electrode architectures, enhanced 
electron transfer kinetics, and multifunctional device integra-
tion, which were previously unattainable using conventional 
approaches. However, the path toward translation is contingent 
on addressing persistent hurdles in terms of ink formulation, 
long-term stability, and manufacturing scalability. Emerging 
strategies, such as rheology-tailored inks, hierarchical structur-
ing, and hybrid contact/non-contact printing within roll-to-roll 
architectures, highlight promising routes to bridge laboratory 
demonstrations with real-world applications. Looking forward, 
interdisciplinary advances in materials chemistry, process en-
gineering, and sustainable manufacturing are required to fully 
realize robust, high-throughput, and multifunctional electro-
chemical sensing platforms. The integration of 2D materials and 
3D printing thus offers not only significant improvements but 
also a structural shift in the design paradigm of next-generation 
diagnostics, environmental monitoring, and smart electronics.
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