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REVIEW

Diamond 2D/3D Printing Technology: Bringing Scintillating
Performance to Functional Materials and Their Applications

Simona Baluchovd* and Josephus G. Buijnsters*

Diamond’s unique combination of hardness, high thermal conductivity,
chemical inertness, and biocompatibility makes it a highly attractive material
for next-generation technologies. However, its integration into functional
devices has long been limited by the difficulties of processing bulk diamond.
Recent advances in additive manufacturing have enabled the use of diamond
in nano- and microparticulate forms, significantly expanding its accessibility
and versatility. This review presents the state-of-the-art in printing with
diamond particles using inkijet, screen, microcontact, and 3D printing
techniques, which offer enhanced design freedom, compatibility with diverse
substrates, and streamlined prototyping workflows. Particular emphasis is
placed on how particle properties, together with ink, resin, filament, or
powder formulation, influence print quality and final performance. The
reviewed applications span microfabricated structures, various sensing, and

thermal management devices, wear-resistant tools, and biomedical interfaces.

Key technical challenges, including particle dispersion, interfacial bonding,
and equipment wear, are addressed alongside emerging strategies such as
surface functionalization, Al-assisted process optimization, and multimaterial
integration. By bridging materials science and device engineering, printed
diamond technologies offer a scalable and flexible route to high-performance,
multifunctional components. This review serves as a resource for researchers

1. Introduction

Diamond exhibits an extraordinary
combination of properties, includ-
ing extreme hardness, high ther
mal conductivity, chemical inertness,
and biocompatibility,?] that make it
uniquely attractive for a wide range of ap-
plications, from electronics and quantum
technologies to sensing, biomedical in-
terfaces, and thermal management.l>~]
However, the integration of diamond
into device architectures has historically
been constrained by the limitations of
conventional fabrication techniques.
The exceptional mechanical hardness
and chemical inertness of diamond,
while beneficial in application, make
traditional subtractive processes such as
etching!®! and micromachining!”! labor-
intensive, expensive, and poorly suited
for creating fine or complex features. As
modern technologies continue to evolve
toward greater complexity, miniaturiza-
tion, and flexibility, there is a growing

aiming to integrate diamond into advanced printed material platforms.

S. Baluchova

Department of Analytical Chemistry

Faculty of Science

Charles University

Albertov 6, Prague 2 128 00, Czech Republic
E-mail: simona.baluchova@natur.cuni.cz

J. G. Buijnsters

Department of Precision and Microsystems Engineering
Faculty of Mechanical Engineering

Delft University of Technology

Mekelweg 2, Delft 2628 CD, The Netherlands
E-mail: j.g.buijnsters@tudelft.nl

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admt.202501111
© 2025 The Author(s). Advanced Materials Technologies published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/admt.202501111

Adv. Mater. Technol. 2025, 10,e01111 e01111 (1 0f25)

demand for alternative fabrication strate-
gies that can unlock diamond’s full
potential in advanced functional devices.

In addition to bulk single-crystal®?!
or polycrystalline diamond (films),>*"]
which have traditionally dominated most
applications, diamond is also available in particulate forms;
namely, nanodiamonds (NDs)''"¥l and microdiamond
powders.'*l These particles preserve diamond’s intrinsic
properties, such as chemical inertness, biocompatibility, and
exceptional thermal conductivity, while offering greater pro-
cessability and versatility. Their small size and dispersibility in
various media make them particularly suitable for integration
into additive manufacturing processes. When formulated into
printable inks, resins, filaments, or powder mixtures, diamond
particles enable the fabrication of complex, functional structures
that would be difficult or impractical to realize with bulk dia-
mond alone. Moreover, these diamond particles can be either
intrinsic (undoped), suitable for structural, thermal, or optical
uses, or boron-doped!'*! when electrical conductivity is required,
for example, in electrochemical sensors.'*8] Commercial
availability of both intrinsic and boron-doped diamond (BDD)
particles has further facilitated their adoption across a growing
number of research and industrial domains.

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 1. A) Schematic of the diamond crystal unit cell, illustrating the cubic lattice arrangement. B) Tetrahedral bonding structure of diamond, where
each carbon atom is covalently bonded to four nearest neighbors. Colors are used solely for clarity; all atoms are carbon. Red-colored atoms indicate
carbon atoms positioned within the unit cell. Reproduced with permission from ref. [24]. Copyright 2019, Elsevier.

Building on this material accessibility, the rapid develop-
ment of printing technologies, particularly various 3D print-
ing techniques, has opened new possibilities for the integration
of diamond nano- and microparticles into functional materials
and devices. Additive manufacturing allows for direct, layer-by-
layer construction of complex geometries with minimal material
waste, maskless patterning, and compatibility with a broad range
of substrates, including flexible and stretchable ones.['2!] These
methods offer significant advantages in research contexts: proto-
typing is faster, cleaner, and more accessible than conventional
lithography-based fabrication, enabling rapid exploration of new
architectures with only a few samples and reduced dependence
on cleanroom environments.

Importantly, these developments overlap with a dramatic re-
duction in the price of synthetic diamond,??! including its par-
ticulate forms. As a result, diamond is no longer an exotic or
prohibitively expensive material, but one increasingly viable for
wider use in research and industry.

In fact, in his 2018 outlook on the future of carbon science,
Ruoff identified the creation of novel diamond shapes, includ-
ing 3D-printed structures, as a key research goal for the coming
years.[?*] Several years on, this prediction has proven visionary: as
this review shows, printing with diamond particles has evolved
into a dynamic area of materials research, enabling structures
and functionalities not easily attainable with conventional fabri-
cation approaches.

This review provides a comprehensive overview of the state-
of-the-art in printing with (doped) diamond nano- and micropar-
ticles. Section 2 outlines the material science of diamond par-
ticles, including their structure, properties, synthesis, and sur-
face functionalization. Section 3 details the printing techniques
used to process them, ranging from screen, inkjet, and microcon-
tact printing to modern 3D printing-based approaches. Section 4
highlights emerging applications, including patterned and/or
miniaturized diamond microstructures, sensors, thermal inter-
faces, machining tools, biomedical implants, optics, and quan-
tum technologies. We conclude with a perspective on current
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challenges and opportunities for advancing printed diamond
technologies.

2. Diamond Particles

2.1. Diamond Structure and Material Properties

Diamond is an allotropic form of carbon with its atoms arranged
in a crystal lattice structure. Each carbon atom shares electrons
and forms single covalent bonds with four neighboring carbon
atoms, resulting in a densely packed tetrahedral arrangement
(Figure 1). The diamond structure has the highest atomic num-
ber density among all materials (i.e., 1.76 x 10> atoms cm™) and
accounts for the unique combination of properties that make di-
amond one of the most versatile materials in the world.

Diamond’s extreme properties, such as the widest electro-
magnetic transmission spectrum, chemical robustness, and
highest hardness and thermal conductivity, are ideally suited
for major industrial applications including diffractive optics, ]
machining tools,1? abrasives,[?”] water treatment anodes,!1%%8
electronics,??! and sensors.*®) Some principal properties of
(bulk) diamond are listed in Table 1 (left column). From this sum-
mary, itis evident that diamond holds great potential for realizing
advanced solutions in the various mechanical, chemical, biomed-
ical, optical, and electrical engineering disciplines. Small-sized
diamonds (e.g., detonation-derived diamond nanoparticles) may
present divergent assets by virtue of their high surface-to-volume
ratio (Table 1, right column), and their applications result from
either the bulk diamond core, surface interactions, or a combina-
tion of both.B!

2.2. Synthesis and Particle Structure

The intrinsic variability and scarcity of natural diamonds limit
their use in engineering applications. However, owing to the ma-
jor advances in synthesis techniques over the past few decades,

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Table 1. Selected material properties of (bulk) diamond!"2l and specific characteristics of detonation nanodiamonds (DNDs)

www.advmattechnol.de

B

Material properties of [bulk] diamond

Specific characteristics of DNDs

Hardest bulk material (Vickers hardness 70-150 GPa)

High wear resistance and stable low self-mating friction (0.02-0.1)
Broad optical transparency from UV (225 nm) to far IR

Highest thermal conductivity at room temperature (2000 W m~' K1)
Low thermal expansion coefficient (1.1 ppm K™7)

Highest known resistance to thermal shock (30 000 kW m~T)
Wide-bandgap semiconductor (band gap 5.5 eV)

Can be doped (e.g., with B) and gain metal-like electrical conductivity
High dielectric strength (10 000 kV cm™")

Very resistant to chemical corrosion

High biocompatibility

Size of primary particles ~#4-6 nm
Quasi-spherical shape
Core Mechanical/chemical stability
High thermal conductivity
High transparency; UV scattering
Surface Colloidal stability
Uniform distribution in composites
Electron affinity (e.g., negative)
Catalytic properties
Drug adsorption

Conjugation with biomolecules

it is now possible to produce consistently designed synthetic dia-
mond in a wide variety of forms ranging from particles of only a
few nanometers to bulk crystals up to cm size.[*”) Diamond par-
ticles finer than ~100 microns are increasingly utilized in print-
ing and are generally referred to as diamond powder. In terms of
its particle size, diamond powder belongs to either micron, sub-
micron, or nano powder.

Diamond micropowder is widely used for grinding and pol-
ishing various hard materials, and it plays a role in many
high-tech industries.?*3* The most common varieties are dia-
mond micropowders produced from low-strength synthetic di-
amonds through milling or crushing, purification, and particle
size grading.*! Air-flow grinding and /or mechanical ball milling
are used for the fragmentation and shaping of the diamond pow-
ders. By sintering diamond micropowders and then grinding
them, diamond polycrystalline powders are created; they find
their use in the production of monocrystalline diamond tools,
boring tools, tools for the building industry, and concrete and
stone grinding.

Regarding NDs, a range of static and dynamic production
methods have been invented. The “top-down” crushing of
microcrystals grown at static high-pressure high-temperature
(HPHT)¢! and the detonation of carbon-containing explosives
(e.g., mixture of trinitrotoluene and hexogen) as a “bottom-up”
approach,?] respectively, are the most widely applied techniques
for commercial purposes. Other methods include, among others,
laser ablation,*®! chemical vapor deposition,*! ion irradiation of
graphite,[*”) and ultrasound cavitation.*!]

The large-scale production of detonation nanodiamonds
(DNDs) and HPHT nanodiamonds (HPHT NDs) (Figure 2)
makes them readily available. However, the behavior of the NDs
can vary dramatically between suppliers, and a large part of the
variability in the material stems from its production and process-
ing history. Notably, the DNDs and HPHT NDs have distinct mor-
phological features. As-produced DNDs form tight inseparable
aggregates of primary particles,*?] but disaggregation by milling
(bead/jet) promotes the creation of colloidally stable dispersions
of primary DND particles (Figure 2D) with quasi-spherical shape
(~4—6 nm in diameter) in a wide range of solvents.* HPHT NDs
typically exhibit irregular shapes with sharp facets (Figure 2C)
and are available with the smallest average particle size ~10-
20 nm, although rounded sub-10 nm particles of HPHT dia-
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mond have been obtained occasionally.*!! The impurity content
of DNDs is typically much higher than that of HPHT NDs. “Det-
onation soot”, the raw product of detonation synthesis, contains
a large amount of graphitic (sp?) carbon (up to ~70 wt.%) and in-
combustible inorganic impurities such as metals and metal ox-
ides (1-8 wt.%).[**] Consequently, purification of DNDs combin-
ing mechanical (e.g., colloidal grinding), thermal (e.g., heating
in air or hydrogen atmosphere), and/or chemical (e.g., wet oxida-
tion, acid dissolution) methods is widespread. The primary goal
of most of these gas/liquid-phase approaches is the removal of
non-diamond carbon phases that are present on the surfaces of
HPHT diamonds and aggregates of DNDs. Also, the use of these
techniques can lead to disaggregation, size reduction, and the re-
moval of metallic impurities, which can conjugate the primary
particles.[*}] Generally, obtaining a single, narrow-size distribu-
tion of NDs is very challenging. Thus, some form of fractiona-
tion is required. This is typically achieved by dispersing the NDs
within a solvent using ultrasonic cavitation, followed by centrifu-
gation to reach selected particle size fractions.[*]

Resolving the complexity of underlying nanodiamond struc-
tures and the controversies surrounding their polymorphic
forms is a highly challenging task.*S] Octahedral, truncated
octahedral, cuboctahedral, and cuboid shapes, consisting of
(100) and (111) facets, have been reported.[*] Considering
the core of diamond particles, DNDs often contain twin and
multiple twin defects,’! while nitrogen is the most common
impurity/dopant.l*8] Defect complexes of vacancies trapped by ni-
trogen atoms form different color centers, which, in particular,
have generated immense research interest from the biomedical
and life sciences, quantum technology, and optics communities
in recent years.[*>2 The surface structure of ND particles is de-
termined by their size, shape, and surface functionalization.[>*]

Bulk diamond is a wide bandgap semiconductor, but heav-
ily BDD with metallic type conductivity (boron content > 102
cm™3) is acknowledged as one of the best electrode materials
for electrochemical purposes. BDD micro- and nano-powders are
therefore a popular material choice in the manufacturing of ad-
vanced sensors (see Subsection 4.2.2). Both surface and bulk-
doped diamond powders are applied, yet the commercial avail-
ability of the BDD powders is very limited. Using CVD, the coat-
ing of insulating diamond powders by a (thin) boron-doped layer
produces core-shell particles with high surface conductivity.['*1°]

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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(A) Top-down (B)

ND of Static Synthesis

High Pressure High Temperature
(HPHT) Nanodiamond

Microdiamond
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7-10GPa, 1500-2200°C, ' I
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mallest: ‘
10 20nm =5
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Bottom-up
ND of Dynamic Synthesis

Detonation Nanodiamond
(DND)

Figure 2. Schematic representation of the synthesis and structure of the two major types of nanodiamond particles: A) “top-down” production of NDs
by mechanical size reduction of microdiamond powders manufactured by static high-pressure, high-temperature (HPHT) synthesis, and B) “bottom-up”
production of DNDs by detonation of carbon-containing explosives. Reproduced with permission from ref. [53]. Copyright 2015, AIP Publishing. Trans-
mission electron microscopy (TEM) images of batches of C) HPHT NDs and D) DNDs. Reproduced with permission from ref. [55]. Copyright 2017,

Elsevier.

Bulk-doped BDD powders are typically produced by crushing
polycrystalline BDD (thick) filmsi®*) or through tailored HPHT
synthesis.

2.3. Surface Functionalization and Application

This review article does not have the intention to provide a com-
prehensive overview of the different methodologies of synthesis,
purification, and surface functionalization of diamond powders,
nor does it cover the full range of reported scientific and indus-
trial applications that exploit these materials. Its main objective is
to survey the printing of diamond particles and the emerging ad-
vanced composites, system components, devices, and tools that
have been print-manufactured with diamond powders to date.
For a more detailed discussion of the theory and practice of the
synthesis and purification of NDs and the in-depth examination
of surface functionalization and application domains of NDs, the
reader is referred to.[1113:31.56-58]

In short, the graphitization of the (111) diamond facet,*}] a
shape-dependent surface instability, leads characteristically to in-
herent changes in surface hybridization, reactivity, and electro-
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static potential and thus impacts the interaction of NDs and their
surroundings and surfactants.**] Over a wide size range, NDs
terminated with atomic hydrogen and oxygen and hydroxyl func-
tional groups are reported. After purification from sp? carbon
by oxidation (e.g., acid cleaning), the surface of detonation NDs
contains a complex mixture of oxygen-rich surface groups, in-
cluding carboxylic acids, esters, ethers, lactones, and ketones.*3!
This reinforces a negative zeta potential commonly found in the
commercial nanodiamond powders. Positive zeta potential (typ-
ically at pH < 7) can be attained on NDs with a certain surface
content of sp* bonding, specifically graphene-like shells that be-
come protonated.l®”! Nanodiamond aqueous colloidal solutions
containing stable single particles were reported for hydrogen-
treated!® and microbead-assisted ultrasonically de-aggregated
DNDs.ll

Compared to carbon nanotubes (CNTs) and other graphite-
based nanoparticles, NDs have a greater capacity to affix differ-
ent functional groups to their surfaces, including modification
with biologically active moieties.[°?] Covalent functionalization
can proceed via the different functional groups that already ex-
ist on the surface of commercial NDs, but carboxylated NDs
prepared by ozone and air purification methods are popular

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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starting materials. On the other hand, hydrogenated NDs are
produced using plasma or thermal treatment at elevated temper-
atures, which results in the complete removal of oxygen from
the surface. Other surface modifications are obtained by using
wet chemistry involving the conversion of the many functional
groups known in organic chemistry (e.g., photochemical chlori-
nation, esterification, silanization), while diazonium chemistry
and Diels—Alder reactions are carried out for the functionaliza-
tion of graphitized NDs.

To date, NDs have found wide application in industrial, com-
mercial, and academic settings. In particular, they have become
a key platform for numerous nanoscience and nanotechnology
developments.3!l The spin properties of color centers in NDs
can be optically detected, which has triggered the development of
high-resolution magnetometers and quantum sensors. NDs are
frequently reported in biosensing and tissue engineering stud-
ies, and ND-mediated drug delivery has also been widely explored
in recent years. NDs are valuable lubricant additives, while both
micro- and nanosized diamond powders are used as a polishing
agent due to their high wear resistance and hardness. Their em-
bedding in metallic, ceramic, and polymeric matrices to produce
mechanically reinforced composite materials for various tribo-
logical applications has become an active domain of research.
Also, the recent developments related to diamond-polymer com-
posites for thermal applications are noteworthy. In general, pris-
tine diamond powders as well as functionalized ones are used
to form diamond composites with advanced material properties,
and also their processing in combination with additives in resin
systems has been reported for particular applications.

3. Printing Techniques

This section provides an overview of the printing techniques uti-
lized for materials containing diamond nano- or microparticles,
which were employed to fabricate the range of system compo-
nents and devices discussed in detail in Section 4. It outlines the
basic principles, advantages, and limitations of these techniques
to provide the necessary background for understanding their ap-
plications. Rather than an exhaustive discussion of each printing
method, this chapter aims to offer a concise introduction to its
key aspects, ensuring clarity and context for the subsequent sec-
tions. A comparative overview summarizing typical resolution,
cost-effectiveness, scalability, main limitations, and key advan-
tages of the discussed techniques is provided in Table S1 of the
Supporting Information to complement the text.

3.1. Screen Printing

Screen printing is a widely adopted technique for fabricating
structured patterns on a broad range of substrates. Its key
strengths lie in the versatility, high repeatability, and compatibil-
ity with diverse materials, making it a cost-effective and scalable
method for large-scale manufacturing. Screen printing is partic-
ularly suitable for flexible, stretchable, and low-cost substrates.[3]
However, one limitation of this technique is its relatively low res-
olution compared to high-precision methods like inkjet printing
(see Subsection 3.3), which may restrict its use in applications
requiring fine patterning.

Adv. Mater. Technol. 2025, 10,e01111 e01111 (5 0‘F25)
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The screen-printing process, illustrated in Figure 3A, consists
of three main components:[®*®4 i) substrate — the surface onto
which the ink is deposited; ii) screen mesh (template) — a stencil
that defines the printed pattern; and iii) squeegee — a flat, rigid
blade that forces the ink through the open areas of the mesh onto
the substrate. The ink is transferred selectively, forming well-
defined patterns. One of the major advantages of screen print-
ing is its compatibility with various functional inks, allowing the
deposition of a broad range of conductive, semiconducting, and
insulating materials.[¢*%4 Additionally, multi-layered structures
can be created through overprinting, where different materials
are sequentially deposited onto the same substrate.6>6]

The quality and performance of screen-printed structures are
influenced by several critical parameters.[®-%5] The composition
of the ink, particularly the balance of solvents, binders, and
functional particles, is essential for achieving uniform, stable
deposition. Print uniformity and adhesion can be further im-
proved through substrate pre-treatments such as plasma activa-
tion or surface modification. Screen printing offers high repro-
ducibility due to the absence of satellite droplets and the mini-
mization of coffee ring effects, issues more common in droplet-
based techniques like inkjet printing (see Subsection 3.3). Con-
sistent squeegee force and alignment are also crucial for ensur-
ing uniform layer thickness across the printed area. Finally, post-
processing steps such as thermal curing, UV treatment, or chem-
ical annealing enhance the mechanical strength, conductivity,
and durability of the printed structures.

Screen printing has been successfully employed in the fab-
rication of various diamond-based materials. This includes
the use of BDD microparticle pastes for electrochemical
sensors,[1¢17677%1 BDD nanosheet-enriched carbon inks for
biosensing applications,/’*) and NDs-containing inks for devices
such as electron emission cathodes.!”?]

3.2. Microcontact Printing

Microcontact printing (uCP) is a versatile and cost-effective sur-
face patterning technique that enables the transfer of micro-
and nanoscale features onto a substrate using an elastomeric
stamp.l”>7# Its ability to produce high-resolution patterns with-
out the need for complex lithographic processes has made it
particularly valuable for applications in microelectronics, biosen-
sors, and advanced materials science.l”>7*

The fundamental principle of uCP is the selective transfer
of an “inked” material from a patterned polymeric stamp to a
substrate.[”>7*] The process includes several key steps, shown in
Figure 3B. First, an elastomeric stamp, typically made from poly-
dimethylsiloxane (PDMS), is fabricated by curing a prepolymer
over a master template. This stamp, which contains a raised re-
lief pattern, is then inked with the desired material, selectively ab-
sorbing the ink onto the raised features. When the inked stamp
is brought into contact with the substrate, the ink is transferred,
forming a well-defined pattern. Finally, the stamp is removed,
leaving behind a structured deposition of the material. The reso-
lution of uCP can reach sub-100 nm levels, depending on factors
such as stamp quality, ink formulation, and substrate properties.

The effectiveness of uCP relies on the interaction between the
stamp, ink, and substrate.”*”>] PDMS is the most commonly
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(A) Screen printing (B) MCP
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pulse voltage ink application
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Figure 3. A) Schematic illustration of the screen-printing process, showing the deposition of ink through a patterned screen (mesh) onto a substrate
using a squeegee. Reproduced with permission from ref. [91]. Copyright 2017, Elsevier. B) Step-by-step schematic of the uCP process: 1) PDMS is poured
over a master pattern; 2) cured to form a flexible stamp; 3) ink is applied to the stamp; 4) the stamp is brought into contact with the substrate for ink
transfer; and 5) removed, leaving behind a patterned layer. Reproduced with permission from ref. [92]. Copyright 2005, Springer. C) Working principle
of piezoelectric inkjet printing, where mechanical deformation of a piezoelectric element ejects ink droplets through a nozzle with high precision.

Reproduced with permission from ref. [93]. Copyright 2015, Science X.

used stamp material due to its flexibility, chemical inertness, and
ease of fabrication. However, its hydrophobic nature can limit
the transfer efficiency of certain polar inks, necessitating surface
treatments or the use of alternative elastomers. The ink compo-
sition plays a critical role in achieving uniform and well-defined
patterns, as it must selectively adhere to the substrate while mini-
mizing unwanted spreading or diffusion. Similarly, the substrate
often requires pre-treatment, such as plasma activation or chem-
ical functionalization, to enhance adhesion and improve pattern
resolution.

The technique is highly adaptable for various applications due
to its compatibility with a wide range of materials and sub-
strates, while its non-destructive nature enables the processing
of delicate or flexible materials without causing damage.”>) How-
ever, uCP also faces several challenges. Ink diffusion beyond the
printed areas can lead to reduced pattern reliability, particularly
when working with low-viscosity inks.!”! The soft and flexible na-
ture of PDMS stamps can also result in pattern distortion due
to swelling, mechanical deformation, or buckling.”>’* Further-
more, scaling uCP for large-area patterning remains difficult, as
maintaining uniform pressure and contact over extended sur-
faces poses a challenge.

In the context of diamond-based fabrication, uCP has proven
effective for generating patterned seeding layers using ND parti-
cles, which act as nucleation sites for subsequent CVD growth of
diamond films. This method enables the scalable production of
high-resolution diamond structures, including miniaturized fea-
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tures, supporting applications in microelectronics,”®! microelec-
tromechanical systems (MEMS),””] and neural research, such as
promoting ordered neural cell adhesion.[”®]

3.3. Inkjet Printing

Inkjet printing is a versatile, digitally controlled additive man-
ufacturing technology that enables the precise deposition of
functional materials, predominantly using a drop-on-demand
mechanism.[””! This technique offers high precision, mini-
mal material waste, and flexible patterning, making it an effi-
cient and contactless method for printing on a wide range of
substrates.[6680]

Inkjet printing belongs to “direct-write” technologies and
operates by precisely depositing ink droplets (volumes of a
few pL) onto a substrate through micron-scale nozzles.’*°! Un-
like screen printing (described in Subsection 3.1), which re-
lies on a stencil, inkjet printing is a digital, mask-free tech-
nique, enabling fully customizable patterns for rapid proto-
typing and flexible manufacturing.[®®) The movement of the
nozzles is software-controlled, ensuring accurate droplet place-
ment and allowing for the fabrication of fine, high-resolution
structures.

Inkjet printing techniques are categorized based on their
droplet generation mechanism,[®®7] with piezoelectric inkjet
printing being applied for printing nanodiamond-containing
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Figure 4. Schematic illustration of the working principles of representative 3D printing techniques: A) FDM — a thermoplastic filament is extruded
through a heated nozzle and deposited layer-by-layer onto a build platform (Reproduced with permission from ref. [112]. Copyright 2014, MDPL.);
B) DLP - a digital light projector cures entire layers of liquid photopolymer resin simultaneously to form solid structures; C) SLA — a UV laser scans
and selectively cures liquid photopolymer resin layer by layer with high precision (Reproduced with permission from ref. [113]. Copyright 2012, MDPI.);
D) PBF — a high-energy laser or electron beam selectively fuses regions of a powder bed to create solid parts layer by layer; and E) DED — metal wire is
fed through a nozzle and melted by an electron beam as it is deposited onto a substrate (Reproduced with permission from ref. [114]. Copyright 2020,

Elsevier.).

inks.[8182] This is one of the most widely used methods, where
a piezoelectric crystal deforms under an applied voltage, me-
chanically ejecting ink droplets from the nozzle,”># as schemat-
ically illustrated in Figure 3C. This technique enables precise
control over droplet size and positioning, making it ideal for
high-resolution printing (down to 20-50 um). However, it is lim-
ited by relatively low printing speeds compared to other inkjet
technologies.

Ink properties such as viscosity, surface tension, and volatility
must be carefully optimized to ensure stable droplet formation
and deposition.”*%3 Poorly formulated inks can lead to nozzle
clogging, inconsistent droplet ejection, or uncontrolled spread-
ing on the substrate. Another major challenge in inkjet printing
is the formation of satellite droplets, which can distort printed
patterns and reduce resolution. The coffee ring effect, caused by
uneven evaporation of solvent within the droplets, can also result
in non-uniform printed features.

Similar to uCP, inkjet printing is also employed for the se-
lective area seeding of NDs, followed by CVD growth of dia-
mond films. However, its applications are broader, as inkjet print-
ing has been used not only for the fabrication of patterned and
miniaturized diamond structures!®-3+8] but also for mass,®?]
gas,[%%7] and electrochemical sensors,!®8] UV photodetectors, %]
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and for controlled placement (or embedding) of NDs for quan-
tum applications.[*]

3.4. 3D Printing Techniques

3D printing enables the layer-by-layer fabrication of complex
structures with high precision, design flexibility, and minimal
material waste.”**! The techniques used in 3D printing are
broadly categorized based on the energy source and material
deposition strategy into non-laser-based and laser-based meth-
ods. Non-laser-based techniques include fused deposition mod-
elling (FDM), fused deposition modelling and sintering (FDMS),
and digital light processing (DLP), while laser-based techniques
encompass stereolithography (SLA) and two prominent fami-
lies: powder bed fusion (PBF) and directed energy deposition
(DED).**%] Each of these methods offers unique advantages in
terms of resolution, material compatibility, scalability, and me-
chanical performance.

FDM, schematically depicted in Figure 4A, is one of the
most accessible and widely adopted methods, particularly suit-
able for polymers and composites. It functions by extruding a
thermoplastic filament through a heated nozzle, depositing the
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material layer-by-layer onto a build platform.®>! This approach
is favored for its low cost and ease of use, although its resolution
is limited and printed parts may exhibit visible layer lines and re-
duced mechanical strength. Additionally, support structures are
often required for printing, adding complexity to post-processing.
FDMS builds on this concept, embedding metal or ceramic pow-
ders into a thermoplastic matrix to create printable filaments.[’]
After printing, the composite part undergoes debinding and sin-
tering to produce dense, mechanically robust components. While
FDMS allows affordable desktop fabrication of metal and ce-
ramic parts, post-processing can be complex and must be pre-
cisely managed to avoid shrinkage or deformation.[*’!

When working with diamond microparticles, additional con-
siderations arise due to the material’s extreme hardness and abra-
siveness, which can pose challenges to standard 3D printing
equipment. For instance, in FDM-based methods, diamond parti-
cles can cause accelerated wear of key printer components, such
as nozzles and feeding gears. To ensure reliable and long-term
operation, hardware modifications are often necessary, com-
monly involving the replacement of standard steel components
with reinforced materials like titanium or hardened steel.[1#%8
Additionally, to prevent clogging during extrusion, larger nozzle
diameters (e.g., 0.8 mm) are often employed, ensuring a smooth
and continuous printing process despite the presence of hard
fillers.[18:98]

DLP, shown in Figure 4B, represents a digital photopolymer-
ization technique in which entire resin layers are simultaneously
cured using a digital light projector, significantly reducing the
build time.[**??] DLP offers excellent resolution and is commonly
used for producing detailed parts in fields like dentistry, jewelry,
and electronics. However, it is limited to photosensitive resins,
which may require additional curing and typically exhibit brittle
mechanical behavior.

In contrast to DLP, SLA uses a focused UV laser to selectively
cure resin in a layer-by-layer scanning process (Figure 4C).[%1%]
This laser-based approach achieves high accuracy and surface fin-
ish, but curing is slower than DLP, and the materials used share
similar brittleness limitations, making them less suitable for
high-impact applications unless reinforced with post-processing
treatments or composite resins.

Among laser-based 3D printing techniques, two major fami-
lies are widely used for processing polymers, ceramics, and met-
als: powder bed fusion (PBF) and directed energy deposition
(DED).I! In PBF, a thin layer of powder materiall'°%1%2] — poly-
meric, ceramic, or metallic - is spread over a build platform, and a
high-energy laser selectively fuses the powder particles according
to a digital design, as schematically displayed in Figure 4D. The
process repeats layer-by-layer until the entire object is formed.
PBF enables the fabrication of complex, high-resolution parts
with excellent mechanical properties, especially when working
with metals. An important advantage is that unsintered powder
acts as a support during printing, eliminating the need for ad-
ditional support structures.”*l However, PBF requires fine pow-
ders, controlled environments, and often post-processing to re-
duce porosity and improve surface finish.

DED, on the other hand, involves the focused application of
energy, typically via a laser or electron beam, onto a substrate
while simultaneously feeding metal powder or wire into the melt
pool,1%] which is illustrated in Figure 4E. This method is par-
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ticularly well-suited for repairing existing components, adding
localized features, or fabricating large-scale metal parts. DED al-
lows for precise control over material placement and composi-
tion, but generally has lower resolution compared to PBF and re-
quires more careful thermal management to prevent defects and
warping.

3D printing methods, primarily combined with diamond mi-
croparticles, have been employed in a wide range of applications,
including electrochemicall®l and humidity!®®! sensors, heat sinks
and cooling coils for thermal management,1%1%] ag well as
diamond-impregnated tools such as grinding heads and wheels
to enhance mechanical performance.l' 111l These applications
are further discussed in Section 4.

4. Applications

Given the aforementioned broad variety in particle sizes, shapes,
surface states, and targeted applications of diamond powders (see
Section 2), the printing thereof, either through ink, filament,
resin or powder mixture with or without solvent, surfactant,
and/or modifier, typically requires a highly tailored approach and
a single standard processing method does not exist. Therefore, in
the following sections, the specific diamond powder characteris-
tics and their processing prior to or during the printing, if known,
will be specified per case. A comprehensive summary of the lit-
erature on diamond printing, including diamond powder type,
printing technique, matrix material, and application, is available
in Table S2 of the Supporting Information.

4.1. Fabrication of Patterned and Miniaturized Diamond
Structures

The ability to fabricate patterned and miniaturized diamond
structures has gained significant interest in various fields such
as microelectronics, photonics, and sensor technologies. Dia-
mond, owing to its exceptional mechanical, thermal, and electri-
cal properties (see Subsection 2.1), is an ideal material for high-
performance applications. However, the challenge lies in the pre-
cision fabrication of diamond structures on a microscale. The
emergence of printing technologies, particularly inkjet printing
and pCP, offers a promising approach to address this challenge
by enabling selective seeding of diamond nanoparticles (<50 nm
in size) and subsequent CVD growth. Therefore, this subsection
reviews the advancements in using printing technologies to cre-
ate micropatterned and miniaturized diamond structures by op-
timizing key factors such as ink composition, substrate surface
treatment, and printing parameters, while highlighting the asso-
ciated methodologies, challenges, and potential applications.

4.1.1. Droplet-Based Patterning of Diamond Nanoparticles

The initial successful efforts in using inkjet printing to pattern di-
amond nanogrit were made by Fox et al. almost 25 years ago.®*!
In their study, commercially available diamond suspensions were
mixed with water-based ink to create a printable solution, allow-
ing for the direct deposition of diamond nanoparticles onto sub-
strates such as glass, silicon, copper, and fused quartz. To ensure
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Figure 5. A) Scanning electron microscopy (SEM) images showing di-
amond micropatterns formed via different printing techniques: Ai) dia-
mond dot (280 pm in diameter) grown by CVD for 22 h on a copper sub-
strate, with visible splashing effects; nucleation was achieved via inkjet
printing (Reproduced with permission from ref. [84]. Copyright 2000, AIP
Publishing); Aii) square diamond pattern (~4.5 um) obtained after 4 h of
CVD on a silicon substrate, with nucleation achieved by pnCP (Reproduced
with permission from ref. [76]. Copyright 2011, American Chemical Soci-
ety). B) Evolution of the diameter of multiple inkjet-printed ND-containing
dried-up droplet patterns as a function of the time after (top) O, plasma
and (bottom) CF, plasma pre-treatment. Resulting droplet patterns after
Bi) 6 and Bii) 18 days for O, plasma, and Biii) 20 min and Biv) 3 days for
CF, plasma. Reproduced with permission from ref. [116]. Copyright 2024,
American Chemical Society. C) Optical microscope images of grids printed
using ND-containing inks on a glass substrate, applying a micropipette.
The three images differ in glycerol percentage, which increases from left to
right. Optimum printing is observed using an ink containing 50 wt.% glyc-
erol (middle image). Reproduced with permission from ref. [117]. Copy-
right 2015, American Chemical Society.

uniform wettability, glass and silicon substrates were treated with
a surfactant. The resolution of the printed patterns was decent,
achieving dot-shaped features as small as 80 um, as depicted in
Figure 5Ai. However, the low density of printed ND seeds re-
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quired prolonged diamond CVD processes, extending over 20 h
to form large-grained polycrystalline diamond films, often with
scattered diamond particles surrounding the patterns due to ink
splashing (Figure 5Ai).

Subsequent studies, further expanding on Fox’s pioneering
work,!® addressed the splashing effects during inkjet print-
ing, along with challenges related to ink viscosity and jetting
resistance.®%] In these works, ink composition was optimized
by mixing ND powder with ethylene glycol,[®#] which then re-
sulted in inkjet-printed lines as narrow as 40 um on silicon and
quartz substrates.[%5] Approximately 3 h long CVD process was
required to form continuous polycrystalline diamond films due
to higher concentration of NDs; however, one must balance be-
tween the seeding density and risk of clogging the inkjet noz-
zles. The CVD growth time was further reduced to only 15—
20 min in,®! achieving pinhole-free nanodiamond films of de-
sired patterns with minimal splashing. This improvement was
attributed to a carefully formulated ND suspension in ethylene
glycol with optimal viscosity, which suppressed previous prob-
lems with jetting resistance and simultaneously enabled a very
high surface density of ND seeds to form an almost continuous
film even before the CVD process. Additionally, drop spacing was
identified and optimized as a key parameter for achieving fine
patterning.[8!]

More recent works have explored the use of inkjet printing for
seeding ND particles to create nanocrystalline diamond coatings
on glass.[11>116] In [115] the authors demonstrated the ability to de-
posit NDs with very efficient use of ink, achieving droplet vol-
umes as low as 1 pL, resulting in droplet diameters of 12.4 pm.
The study reported successfully printed patterns with a resolu-
tion of 87 um. Moreover, by printing three layers with a 5 um
shift between each layer, the researchers averaged out inhomo-
geneities from nozzle trajectory and capillary flow effects, fur-
ther enhancing pattern quality. Next, the effects of various sur-
face treatments, UV-ozone, O, plasma, and CF, plasma, on the
wetting properties of fused silica substrates were investigated, 116!
which are crucial for enhancing the resolution of inkjet-printed
patterns (Figure 5B). It was found that UV-ozone and O, plasma
treatments produced hydrophilic surfaces, whereas CF, plasma
treatment resulted in hydrophobic surfaces, which significantly
improved printing resolution. Specifically, CF, plasma treatment
enabled the generation of high-resolution patterns with printed
droplet sizes as small as 30 um in diameter (see Figure 5Biii). The
study also demonstrated that the timing between surface treat-
ment and printing was critical: samples printed within 2 h of
CF, plasma treatment maintained a contact angle sufficient to
regulate droplet size, starting at 31 + 1 um after 20 min. How-
ever, this hydrophobicity was lost within a day due to the de-
cay of the fluorocarbon layer created by the CF, treatment (see
Figure 5Biv). Moreover, the study highlighted a trade-off between
achieving high-resolution patterns and ensuring homogeneous
surface coverage. While hydrophobic surfaces facilitated high-
resolution printing, achieving uniform coverage required more
hydrophilic surfaces to reduce capillary-driven flow behavior. The
researchers suggested optimizing the timing between surface
modifications and printing to balance these factors, ensuring
both high resolution and homogeneity.
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4.1.2. Stamp-Assisted and Direct Micropatterning

Unlike inkjet printing, which is limited by its resolution to fea-
ture sizes of typically several dozen microns, uCP offers high res-
olution dependent on a PDMS stamp, potentially reaching be-
low 100 nm."%l The process uses DNDs as small as 5 nm to
achieve high nucleation densities (~10" ¢cm™2), which are cru-
cial for synthesizing continuous, pinhole-free diamond films in
a short time. Enhanced adhesion and uniformity of the diamond
patterns are achieved by using an oxidized PDMS stamp and a
poly(methylmethacrylate) (PMMA) layer on the silicon substrate.
The pCP technique has demonstrated the ability to produce well-
defined diamond patterns, including 50 um square structures
with uniform edges and sharp corners after just 2 h of layer
growth. Even finer patterns have been achieved, such as 2.5 um
squares, which exhibited only a 3.6% expansion after 1.5 h of
diamond deposition. However, with extended deposition times,
the final pattern size increased significantly; for example, after
4 h of deposition, the pattern size grew from 2.5 to 4.5 pm (see
Figure 5Aii). Despite this expansion, the overall shape of the pat-
terns remained unchanged. Additionally, high-quality microcrys-
talline diamond circles with diameters as small as 8 pm were
fabricated through prolonged deposition from an initial 4 um
printed circle.[”!

In a recent study, pCP was demonstrated as a simple yet ef-
fective method for the bottom-up fabrication of diamond MEMS
cantilevers.l””] The process began with the preparation of an opti-
mized ND-containing ink composed of thermally refined DNDs
(=70 nm) dispersed in an acetone solution with fine-tuned pH
(8.5), ionic concentration (0.01 mol L), and PMMA content to
ensure colloidal stability. A PDMS stamp, replicated from a sili-
con master mold with patterned cantilever arrays (100 um wide,
500-2000 um long, 2 um deep), was cleaned and oxygen plasma-
treated prior to inking via spin-coating. The ND-containing pat-
tern was transfer-printed onto a preheated silicon (100) sub-
strate, followed by CVD to grow the diamond layer. The final
cantilever structures were released using wet chemical etching
in a KOH-isopropanol bath, avoiding lattice damage associated
with dry etching. This approach produced relatively high-density
ND seeding layers (~10° cm™; NDs clusters had an average
size of ~#100 nm), crucial for selective diamond growth, and en-
abled the fabrication of high-quality, suspended diamond MEMS
structures. These results demonstrate that combining the pCP
method with ND seeding enables precise and scalable patterning
as well as its potential as a cost-effective strategy for producing
diamond-based microdevices suitable for sensing and quantum
technologies.

Lastly, a “direct-write” printing technique was developed us-
ing a computer-controlled micropipette.l''”] This method allowed
for the deposition of nanodiamond tracks with picolitre volumes
of liquid, achieving line widths as narrow as 2 um. This was ac-
complished by optimizing ink composition, particularly focus-
ing on the effects of glycerol content. Different concentrations of
glycerol were tested (demonstrated in Figure 5C), with the opti-
mum viscosity for printing found in a mixture of 50 wt.% glycerol
and 50 vol.% deionized water. This formulation significantly im-
proved print quality by reducing the “coffee-ring” effect, which
occurs when the ink dries unevenly, leading to a higher concen-
tration of NDs at the edges of the pattern. The glycerol also slowed
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the evaporation rate of water, ensuring a more uniform depo-
sition of NDs across the substrate. Before seeding, substrates
such as silicon, SiO,, and quartz were meticulously cleaned and
treated with UV-ozone to improve surface wettability. The result-
ing nanodiamond patterns were then grown into nanocrystalline
diamond films over periods ranging from 30 min to 4 h, depend-
ing on the desired thickness and uniformity.

4.2. Sensors

Using various printing techniques, researchers have developed
diamond-particle-based printed sensors that serve a wide range
of applications, from mass and gas detection to electrochemical
sensing. These printed sensors offer significant advantages in
terms of fabrication flexibility, cost-effectiveness, and scalability,
enabling rapid prototyping and customization for specific sens-
ing tasks. This chapter reviews recent progress in diamond-based
printed sensors, emphasizing how these technologies improve
sensitivity, precision, and adaptability across various analytical
applications.

4.2.1. Mass and Gas Sensors

In 2019, Sartori et al.®?] introduced a low-cost, lithography-free
method for fabricating diamond-based micro-resonators using
inkjet printing. In this process, a standard desktop inkjet printer
was used to deposit water-based nanodiamond ink onto a sub-
strate, creating spots ~50-60 pm in diameter. These spots were
then grown into nanocrystalline diamond films of 1 um thick-
ness through CVD and suspended using reactive ion etching; the
fabrication is schematically depicted in Figure 6A. Laser interfer-
ometry analysis revealed that the fabricated resonators exhibited
resonance frequencies between 9 and 30 MHz, with high quality
(Q) factors exceeding 10%, and a figure of merit (f, x Q) reach-
ing ~2.5 x 10" Hz in vacuum. When applied as mass sensors,
the inkjet-printed diamond resonators demonstrated exceptional
sensitivity. After gold deposition, the resonators achieved mass
responsivities up to 981 Hz fg~' and ultra-high mass resolution,
with values reaching 278 + 48 zg, which surpasses many tra-
ditional lithography-based sensors. This work demonstrates the
potential of direct inkjet printing for creating high-performance,
low-cost diamond-based mass sensors.

Inkjet printing was also utilized for fabricating gas
sensors.®6¥’] Particularly, a quartz crystal microbalance (QCM)
gas sensor with an inkjet-printed ND (1-5 nm) sensitive layer
was developed for detecting low concentrations of gases such as
ammonia and acetone, as well as different humidity levels. (%]
The nanocrystalline morphology of the diamond layer provided
a large surface area for gas adsorption, significantly enhancing
sensitivity, particularly to ammonia. The sensor exhibited a
frequency shift of 38 Hz in response to ammonia, three times
higher than a QCM sensor coated with ZnO. Building on
this approach, the gas-sensing capabilities of inkjet-seeded,
CVD-grown hydrogenated nanocrystalline diamond (NCD)
layers were explored under UV-LED illumination by the same
group.[’l The sensor was fabricated by selectively depositing
DND ink onto interdigital electrodes, followed by CVD growth of
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Figure 6. A) Schematic representation of the three-step fabrication process for diamond micro-disk resonators using inkjet printing, accompanied by cor-
responding SEM images: 1) printed droplet composed of clustered diamond nanoparticles; 2) droplet after CVD growth, forming a closed nanocrystalline
diamond film; 3) final suspended diamond micro-disk resonators. Reproduced with permission from ref. [82]. Copyright 2019, Wiley. B) Performance of
3D-printed humidity sensors prepared by FDM: Bi) Comparison of three different 3D-printed electrode designs, showing sensor resistance as a function
of relative humidity. Inset: Photograph of the humidity sensor based on Design A. Bii) Dynamic response of the 3D-printed humidity sensor (Design
A) positioned between two plastic tubes, demonstrating sensitivity to alternating flows of compressed dry air and human breath. Reproduced with

permission from ref. [98]. Copyright 2020, American Chemical Society.

a hydrogen-terminated NCD layer. The resulting NCD sensors
were tested for detecting gases such as NH;, NO,, and O, at
ppm levels, with the sensor’s response measured as a relative
change in resistance.

In addition, a 3D-printable composite material for humid-
ity sensing was developed, consisting of BDD microparticles
(60 wt.%) and lithium chloride (LiCl) (2 wt.%) within an acry-
lonitrile butadiene styrene (ABS) matrix, and fabricated using a
FDM 3D printer.[®®! In this configuration, the BDD microparti-
cles formed electrically conducting paths, while LiCl acted as the
humidity-sensitive component. Scanning electron microscopy
confirmed the uniform distribution of BDD and a thin LiCl layer
throughout the matrix, forming a network that enabled humid-
ity detection. The sensor exhibited a 125-fold resistance change
across relative humidity levels from 11% to 97% (shown in
Figure 6Bi), demonstrating high sensitivity. When tested with hu-
man breath cycles, the sensor provided rapid response and recov-
ery times of 13 and 60 s, respectively, making it suitable for real-
time humidity monitoring (Figure 6Bii). Besides, the 3D-printing
capability of this composite material allowed for customized sen-
sor designs, such as a sensor integrated within gas pipelines to
detect moisture contamination in nitrogen supplies, a setup dif-

Adv. Mater. Technol. 2025, 10,e01111 e01111 (M 0f25)

ficult to achieve with traditional multicomponent humidity sen-
sors. This novel approach shows promise for on-demand manu-
facturing of humidity sensors for both environmental and indus-
trial applications.

4.2.2. Electrochemical Sensors

Three printing techniques, namely inkjet, screen, and 3D (FDM)
printing, have been used to develop electrodes and sensors
based on conductive BDD. The first approach involves direct
inkjet printing of nanodiamond-containing ink onto silicon-
based substrates to create three-electrode sensor chips.#8 Opti-
mized and continuous inkjet-printed features were obtained us-
ing a glycerol-based nanodiamond ink (0.4% vol wt™!), silicon
substrates pre-treated with oxygen plasma followed by air expo-
sure, and a dot density of 750 drops (9 pL volume each) per inch.
After drying, the micropatterned substrate underwent chemi-
cal vapor deposition to grow a uniform thin-film BDD layer,
which functioned as both the working and counter electrodes
(see Figure 7A). Commercial silver ink was then inkjet-printed
to complete the sensor chip with a reference electrode. This
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Figure 7. A) Schematic of the fabrication process for the inkjet-printed BDD three-electrode sensor chip: 1) Nanodiamond ink was inkjet-printed onto
a pre-treated Si or SiO, wafer to define the working and counter electrodes. 2) Selectively seeded areas underwent CVD to grow a uniform BDD layer.
3) A silver reference electrode was then added via inkjet printing to complete the sensor. An optical image of the fully fabricated sensor is shown on
the right (scale bar: 1 mm). Reproduced with permission from ref. [88]. Copyright 2023, American Chemical Society. B) Schematic illustration of the
fabrication procedure for the BDDP-based screen-printed electrode. The electrode is applied for the detection of the antibiotic ciprofloxacin in urine
samples, demonstrating enhanced sensitivity with oxygen-terminated BDDP layers. Reproduced with permission from.l17:6° Copyright 2016, American
Chemical Society. Copyright 2020, Elsevier. C) Top-view SEM image (cyan frame) of the BDDP screen-printed electrode shown in the accompanying
photograph. Raman spectrum of the carbon paste mixed with BDD foil is presented, along with Nyquist plots from EIS measurements at varying
concentrations of Haemophilus influenzae, detected using the receptor-functionalized BDDP-based biosensor. Reproduced with permission from.!”"]
Copyright 2023, Springer. D) Optical image (left) illustrating the flexibility of the 3D-printed composite electrode. Cross-sectional SEM image (middle)
shows the distribution of fillers — BDD particles and CNTs, with selected particles highlighted — within the TPU matrix. Differential pulse voltammograms
of dopamine are presented (right) for three electrode compositions: TPU/CNT (red), TPU/CNT/BDD (1:1) (green), and TPU/CNT/BDD (1:2) (blue).
Reproduced with permission from ref. [18] Copyright 2024, American Chemical Society.
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sensor demonstrated effective electrochemical detection of var-
ious organic compounds with different structural motifs, includ-
ing glucose, ascorbic acid, uric acid, tyrosine, and dopamine, and
its performance was successfully compared with commercially
available “screen-printed” BDD electrodes. This chip-based fabri-
cation method allows for rapid prototyping of diverse small-scale
electrode designs and BDD microstructures, potentially enhanc-
ing sensor performance and enabling repeated use.

Considerable research has been conducted on screen-printed
BDD electrodes.[1®176771] Notably, Kondo’s group developed a
process in which intrinsic diamond powder was first coated
with a BDD layer in a CVD reactor. The coated BDD pow-
der (BDDP) was then mixed with polyester (PES) resin dis-
solved in 2-butanone and isophorone to create a BDDP paste,
which was subsequently used to fabricate screen-printed BDD
electrodes.[1*1767-701 Sequential printing of silver ink as an elec-
trical lead, carbon ink as a current collector, resist ink as a mask
to prevent silver dissolution into the electrolyte solution, and
BDDP ink onto a polyimide film produced a BDDP-printed elec-
trode, as illustrated in Figure 7B. The group investigated vari-
ous parameters affecting the electrochemical behavior of screen-
printed BDD electrodes, including the ratio of BDD powder to
polyester resin,!'”] BDD particle size,[®] and surface termination
(as-grown, hydrogen-terminated, and oxygen-terminated).[®7]
At high BDDP content, the printed electrodes displayed electro-
chemical characteristics typical of a planar electrode with a lin-
ear diffusion mode, attributed to the dense packing of BDDP
on the electrode surface. In contrast, a reduction in BDDP con-
tent shifted the diffusion mode from linear to hemispherical,
likely due to the formation of island-like conductive domains,
ranging from several micrometers to several tens of microm-
eters in size, which induced microelectrode behavior. Among
the printed electrodes, those with the largest BDDP particles
(350-3500 nm) exhibited the widest potential window, the low-
est background current, and an absence of redox peaks associ-
ated with sp? carbon impurities. Microscopic analysis further re-
vealed that oxygen-terminated BDDPs were only partially covered
with PES resin, while hydrogen-terminated BDDPs were fully
encapsulated, a distinction that influenced the electrochemical
behavior of the screen-printed electrode. These electrodes were
successfully applied in sensing strategies for ascorbic acid, 8-
hydroxy-2’-deoxyguanosine,!'”) ciprofloxacin(®! (see Figure 7B),
and L-cysteine.”"l Surface modification with cobalt phthalocya-
nine allowed for the detection of hydrogen peroxide, while
glucose-oxidase-immobilized cobalt phthalocyanine enabled glu-
cose detection.[®’]

Another work focused on the development of BDD nanosheet
volume-enriched screen-printed carbon electrodes.”!] The ini-
tially MWCVD-produced BDD foils were mechanically removed
from the tantalum substrate and were then placed in the ceramic
grinder for 15 min. The resulting ground BDD foil was added
to a commercial carbon paste and mixed until a homogeneous
mass was obtained. The ratio of diamond foil to paste was 4%.
These foil fragments were strongly bonded together with carbon
paste. The size of individual BDD foil flakes was ~2 um, whilst
the conductive carbon particles within the used paste were up to
100 nm in size and stuck together to form a continuous layer with
small pores. This platform was used as a biosensor, on which an
anti-protein D antibody was anchored to enable the detection of
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Protein D produced by the bacteria Haemophilus influenzae (Hi)
(see Figure 7C). The developed biosensor exhibited a high level
of sensitivity and selectivity toward protein D and Hi. Potential
applications for rapid biological and medical disposable sensors
have thus been demonstrated.

Besides, some studies report on “screen-printed” BDD elec-
trodes for detecting various compounds, though in these cases,
the BDD layer is commercially produced by thin-film chemi-
cal deposition, and only the reference and counter electrodes
on the sensing chip are truly screen-printed.''*1211 Similarly,
laboratory-made screen-printed sensing chips, however, with
chemically deposited BDD film serving as the working elec-
trode, have been developed and applied for electrochemical
detection.!122-126]

In a recent study, fused deposition modelling (FDM) was em-
ployed to fabricate flexible electrodes composed of BDD mi-
croparticles and multi-walled carbon nanotubes (CNTs) embed-
ded in a thermoplastic polyurethane (TPU) matrix (displayed in
Figure 7D). Two TPU/CNT/BDD composite filaments with dif-
ferent CNT:BDD ratios (1:1 and 1:2) were developed and com-
pared to a TPU/CNT reference. Scanning electron microscopy
confirmed a homogeneous distribution of the conductive fillers
without aggregation. The introduction of BDD significantly en-
hanced the electrical performance, with the CNT:BDD-1:2 ratio
composite showing a tenfold increase in conductivity (1.2 S m™!)
compared to the TPU/CNT. Notably, a surface activation step in-
volving partial TPU dissolution in dimethylformamide further
enhanced the electrode performance. Electrochemical character-
ization using redox couples ([Ru(NH,),]**/?* and [Fe(CN)(]>~/*7)
revealed improved electron transfer kinetics for BDD-containing
composites, reflected by reduced peak-to-peak separations and
increased heterogeneous electron transfer rate constants (up to
1.1 X 1073 c¢m s7!). The TPU/CNT/BDD flexible electrodes also
demonstrated reliable dopamine detection, showing distinct oxi-
dation peaks, while the TPU/CNT electrode lacked a clear signal
(see Figure 7D). These results highlight the synergistic benefits
of combining BDD and CNTs in a printable flexible matrix and
underscore the potential of FDM for developing next-generation,
customizable diamond-based electrochemical devices.

To sum up, the development of printable BDD-based elec-
trodes has enabled the rapid prototyping of robust, sensitive,
and cost-effective electrochemical sensors. These printed elec-
trodes demonstrate high performance in detecting a variety of
analytes, including biomolecules and biologically active organic
compounds, highlighting their potential for widespread applica-
tion in environmental monitoring, healthcare, and biosensing.
As printing techniques continue to evolve, BDD-based sensors
are expected to become even more versatile and accessible for
both research and commercial use.

4.3. Thermal Management

As modern electronic devices become increasingly compact and
power-dense, effective thermal management is critical to main-
taining their performance, stability, and longevity. Conventional
cooling methods often fall short in meeting the demands of
miniaturized, high-power systems, driving the need for advanced
materials with superior heat dissipation capabilities. Diamond,
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renowned for its exceptional thermal conductivity (see Subsec-
tion 2.1), has emerged as a highly attractive filler in polymer com-
posites for thermal management applications. Notably, the ther-
mal conductivity of synthetic diamond microparticles, commonly
used in these systems, has been shown to increase markedly with
particle size, from ~400 to 2000 W m~! K71, as the particle di-
ameter increases from 20 to 300 pm, approaching values compa-
rable to bulk diamond.[*?”] This size-dependent behavior, linked
to defect density and phonon scattering, is essential in optimiz-
ing the design of thermally conductive composites. In parallel,
recent advances in 3D printing have further expanded the poten-
tial of diamond-polymer materials by enabling the fabrication of
customized, efficient heat sinks and cooling components. This
chapter highlights studies that exploit various 3D printing tech-
niques to fabricate diamond-based composites for effective ther-
mal management.

Kalsoom et al.l'® incorporated synthetic diamond (D) mi-
croparticles (2-4 um) into an acrylate polymer (AP) matrix at load-
ings of 10%, 20%, 25%, and 30% (w v~'), and used SLA to 3D-
print heat sink structures. A significant improvement in thermal
conductivity occurred at 30% (w v~!), where interconnected dia-
mond aggregates were formed (see SEM images in Figure 8A),
and drastically enhanced heat transfer. The APD-30 composite
material reduced the time required to heat a surface to 60 °C
by 30% compared to lower-content composites, demonstrating
a more than 200% improvement in heat transfer efficiency due
to the formation of a highly interconnected diamond microparti-
cle network. This composite material was successfully used to
3D-print prototype heat sinks (see Figure 8B) and coiled cool-
ing systems, which exhibited exceptional thermal management
capabilities. A heating system set at 100 °C was used to assess
the heat transfer performance of printed heat sinks made from
basic AP resin and APD composite material. Thermal imaging
showed that the APD-30 composite heat sink maintained tem-
peratures 5-8 °C higher than the AP heat sink across all mea-
sured points, indicating improved heat distribution away from
the heated surface (Figure 8B). Further, in a 3D-printed coiled
cooling system, the APD-30 composite reduced water tempera-
ture from 39 to 25 °C (room temperature) as it passed through
the system, highlighting its potential for fluidic cooling devices
and heat sinks. The study also confirmed that the inclusion of di-
amond microparticles did not negatively impact the thermal sta-
bility of the acrylate polymer. The composite maintained thermal
stability and structural integrity, with thermogravimetric analysis
showing no degradation and only slight reductions in the thermal
expansion coefficient.

The same type of HPHT diamond microparticles (2—4 um) was
also integrated into an ABS polymer matrix at concentrations of
37.5 wt.% and 60 wt.%, and the resulting filament was used in a
low-cost FDM printer, which was customized to handle the highly
abrasive nature of diamond.l'%! The incorporation of microdi-
amonds significantly enhanced the thermal conductivity of the
composite, with ABS’s thermal conductivity increasing from 0.17
to 0.94 W m~! K~!, a more than five-fold improvement for the
60 wt.% diamond composite. Complex heat sink structures with
winged designs were 3D-printed and demonstrated a 42% im-
provement in heat dissipation compared to pure ABS heat sinks.
Notably, the material was recyclable: waste prints were dissolved
in acetone and re-extruded into functional filaments without loss

104]
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of performance. This approach demonstrates a practical and sus-
tainable route to thermally efficient, geometrically complex cool-
ing components using desktop-scale 3D printing.

Further expanding on hybrid fillers, another study!®! em-
ployed HPHT diamond microparticles (2—4 um) in combination
with boron nitride (BN) nanoparticles (<150 nm) dispersed in a
TPU matrix. Using pneumatic extrusion-based 3D printing, the
authors fabricated flexible, self-supporting heat sink structures
(see inset in Figure 8Ci). A 16.7 wt.% loading of each filler re-
sulted in a nine-fold increase in tensile modulus and a 126% im-
provement in thermal conductivity compared to neat TPU. This
thermal enhancement is attributed to the synergistic effect of the
two fillers: the BN nanoparticles bridge the gaps between mi-
crodiamond particles, forming continuous heat conduction path-
ways. Under bottom heating at 55 °C, the composite heat sink’s
surface reached temperatures ~4 °C higher than that of neat
TPU, as shown in Figure 8C, confirming the improved thermal
flux due to the embedded filler network. Despite the absence of
surface modification, the direct inclusion of both filler types into
the matrix yielded excellent dispersion and performance. The
printed structures showed high resolution, uniform layer stack-
ing, and excellent flexibility, making them suitable for stretchable
and soft microelectronic applications.

Finally, Chen et al. demonstrated the use of DLP-based
additive manufacturing to fabricate diamond/SiC composites
with high thermal conductivity for electronic 3D-packaging
applications.['?8] The process involved a specially formulated
photopolymerizable slurry containing micrometer-sized (rang-
ing from 5 to 40 pm) diamond particles dispersed in a 405 nm
light-curable resin, which was printed layer-by-layer using a DLP
module. Following light curing, the green bodies were pyrolyzed
and subjected to reactive melt infiltration with molten silicon,
resulting in dense diamond/SiC composites. These composites
achieved excellent thermal properties, including a thermal con-
ductivity of 246 W m~! K~! and a low coefficient of thermal expan-
sion (3.36 ppm K1), values closely matching those required for
silicon chip packaging. The study also demonstrated that com-
bining large (40 um) and small (5-10 pm) diamond particles
improved both the packing density and thermal performance.
This work showcases the capability of DLP-based 3D printing to
produce high-performance thermal management materials with
complex geometries for advanced electronic applications.

4.4. Machining Tools

Diamond is well known for its unparalleled hardness and ther-
mal conductivity, and high resistance to wear, and it also has the
ability to form extremely sharp edges.['®! Because of these char-
acteristics, it is the ideal abrasive material for cutting, grinding,
and polishing applications in a variety of industries, including
mining, construction, automotive, and electronics. The price of
diamonds has decreased by two orders of magnitude as a result
of the technological advances in diamond synthesis over the past
few decades. Consequently, diamonds are widely used these days
and dominate multiple segments of the abrasives and abrasive
tools markets because of their ability to machine a wide range of
materials, including metals, ceramics, and composites. Diamond
tools can be divided into ceramic, metal, and resin types based
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Figure 8. A) SEM cross-sectional images of composites fabricated using stereolithographic 3D printer with synthetic diamond microparticles (2—4 um)
dispersed in an acrylate polymer matrix at Ai) 10% (w v™'), Aii) 25% (w v='), and Aiii) 30% (w v') loadings. B) Comparison of 3D-printed heat sink
performance: Bi) heat sink made from commercial acrylate resin, Bii) heat sink printed using 30% (w v=') diamond composite, Biii) IR image of the
polymer heat sink after 10 min of heating at 100 °C, and Biv) IR image of the composite heat sink under the same conditions. Reproduced with permission
from ref. [104]. Copyright 2016, Royal Society of Chemistry. C) Thermal evaluation of heat sinks fabricated via pneumatic extrusion-based 3D printing:
Ci) Temperature—time curves measured at the top of the middle fin for neat thermoplastic polyurethane (PU) and the 16.7BN-16.7D—-PU composite.
Inset: Photograph of the flexible 3D-printed 16.7BN-16.7D-PU heat sink, demonstrating its bendability. Cii) IR images captured after 15 min of heating
the base of the objects at 55 °C, illustrating the temperature distribution in both materials. Reproduced with permission from ref. [105]. Copyright 2023,

Wiley.

on their matrix material. New diamond tooling-based production
methods have been introduced, allowing for faster, more accu-
rate, and cheaper task completion.["3" Toolmakers have also been
paying more and more attention to the tool fabrication processes.
In China, with its synthetic diamond production of over 20 bil-
lion carats annually, accounting for more than 80% of the world’s
total production,!3!! the high-pressure, high-temperature sinter-
ing technology has produced diamond-impregnated segments
for drilling and sawing in a lab setting.['*%]

3D printing is a powerful technology to manufacture parts
layer by layer using computer-aided design, and it has emerged

Adv. Mater. Technol. 2025, 10,e01111 e01111 (15 0f25)

recently as a key area of research in tool development. Yang
etal. reported the 3D manufacturing of dental ceramic tools with
neatly organized abrasive diamond particles (>100 um) using
laser sintering technology, which offered good cost/performance
ratios and straightforward manufacturing procedures.[''") The
3D dispersion of the sizeable diamond particles was made more
uniform by using laser rapid scanning, which greatly enhanced
the manufacturing performance of the grinding wheels. Cr car-
bides were generated at the surface of the diamond particles,
which improved the bonding strength between the Ni-Cr alloy
matrix and abrasive diamond particles. Consequently, the dia-
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Figure 9. A) 3D printed diamond-impregnated bit with grid-shaped matrix fabricated using laser beam PBF technology: Ai) the design and Aii) as-printed
working layer. Labels in Ai): 1 — grid piece on the outside, 2 — grid piece on the inside, 3 — grid pieces in the middle, 4 — waterways, 5 — steel body, 6
— matrix, 7 — space between two adjacent grid pieces. Reproduced with permission from ref. [133]. Copyright 2020, Elsevier. B) 3D printed diamond
grinding wheel prepared using dual-filament technology: Bi) top-view image of the working layer after dressing with the linear cooling channels well
visible, Bii) matrix surface morphology of the yellow region, and Biii) microscopic morphology of a single diamond particle. Reproduced with permission

from ref. [110]. Copyright 2024, Springer.

mond particles demonstrated adequate wear and fracture resis-
tance, with no falling-off cases noticed under heavy-load grinding
conditions (i.e., tool speed 1200 m min~', workpiece speed 1 m
min~?, depth of cut 0.05 mm) against zirconia ceramic (ZrO,).

With the increasing worldwide demand for mineral resources
and the development of mineral exploration, deep ore prospect-
ing still represents a major mining industry. So far, drilling is the
critical cost factor, and impregnated diamond bits are the main
tools for resource extraction and geological exploration. In this
perspective, Wu and co-workers presented the manufacture of
diamond-impregnated bits with a grid-shaped matrix (DIBGM)
using 3D printing technology to improve the drilling efficiency in
hard rock formation.'33] They used a 3D printer with laser beam
PBF technology to produce the DIBGM with a steel body and ra-
dial concentric grid pieces distributed throughout the working
layer of the bit matrix (see Figure 9A). A mixture feedstock of Co-
Cr-Mo alloy and diamond powders was used in their DIBGM de-
sign with a diamond concentration of 2-4%. Compared to the tra-
ditional impregnated diamond bits, the DIBGM provided a 67%
larger calculated specific pressure of 113 kgf cm~2 on the bottom
surface lip. Additionally, rock cutting tests conducted by using
a precision microtome and two 3D-printed grid pieces demon-
strated high machining efficiency in hard rock formations (sand-
stone, slate, and granite).!'33]

Diamond tools are also indispensable in the machining of
other very hard materials such as ceramics and cemented car-

Adv. Mater. Technol. 2025, 10, 01111 e01111 (16 0f25)

bide (WC-Co), which particularly present significant challenges
due to their high hardness, strength, and excellent wear resis-
tance. Comparatively little research has been done on diamond
grinding heads made especially for hole processing and groov-
ing of cemented carbide. Moreover, the conventional techniques
for producing diamond grinding heads, such as hot-pressing sin-
tering, brazing, and electroplating, have drawbacks when cre-
ating double-layer structures. These issues include uneven dia-
mond particle sedimentation, high scrap rates, and the inabil-
ity to precisely control diamond particle placement. Recently,
though, a novel double-layer diamond grinding head specifi-
cally designed for grooving cemented carbide was fabricated us-
ing dual-nozzle FDM 3D printing technology.l'®! The printed
green body underwent post-processing, including thermal de-
greasing, hot pressing, sintering, and dressing. Seeking maxi-
mized abrasive utilization, reduced raw material waste, and min-
imized production costs, the design featured diamond particles
exclusively on the outer wall. Particularly, grinding heads were
produced with different diamond concentrations (5-25 vol.%),
particle sizes (25-250 pm), and cobalt content (0-16 vol.%).
Grinding experiments carried out on cemented carbide showed
that the diamond particle size has the most pronounced ef-
fect, with a smaller diamond particle size lowering both the
mechanical properties and wear resistance, as well as grind-
ing efficiency, despite the favorable lower surface roughness
post-grinding.
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In another study, a novel type of diamond grinding wheel with
linear cooling channels was prepared by using dual-filament 3D
printing technology.[1911% The raw materials for the 3D printing
included two different powder mixtures, namely i) CuSn15 alloy
powder, diamond powder (30-150 um), and a binder composed
of high-temperature resistant resin, thermoplastic elastomer and
polyolefin for the working layer and ii) alumina powder, graphite
powder, and a binder consisting of high-temperature resistant
resin, thermoplastic elastomer, polyolefin and surfactant for the
flow channel, respectively. Optical and electron microscopy im-
ages of the diamond grinding wheel (Figure 9B) show an even
distribution of diamond particles deeply embedded within the
matrix. Grinding experiments conducted on four types of hard
and brittle materials (i.e., red sandstone, concrete, alumina ce-
ramic plate, and optical glass) demonstrated superior grinding
performance over that of conventional dense grinding wheels
without channels.['*] Furthermore, the grinding performance of
the 3D printed diamond grinding wheel was found to be posi-
tively correlated with the volume concentration and grain size of
the diamond filler.['%]

Copper-tin-diamond composite manufacturing was explored
by using FDMS technology.* Sample morphological analysis
revealed increased porosity within the composite with increased
concentration of diamond particles, resulting in decreased rela-
tive density, bending strength, and holding ability. The particle
agglomeration was affected by the diamond particle size, with
finer particles corresponding to more severe particle agglomer-
ation, potentially leading to the generation of cavities in the sam-
ple as well as reduced overall material performance. Ultra-thin
dicing blades were successfully manufactured by wire cutting
and thinning out of selected post-processed composites compris-
ing Cu-Sn15 matrix powder, diamond particles (20-44 um), and
binder with thermoplastic elastomer and modified polyolefin. In
a follow-up study, two different binder systems were used to fab-
ricate the metal-based diamond composites.['**] Samples printed
using thermoplastic-based binder presented a more uniform mi-
crostructure and obtained better flexural strength and relative
density compared with composites prepared with paraffin-wax-
based binder.

A recent example of the versatility of additive manufacturing to
fabricate lightweight, high-performance materials with intricate
geometry was reported by Kraiem et al.'3¢] They employed laser
powder bed fusion to successfully manufacture parts of dense
(97%) AlSil0Mg, augmented with 5 vol.% diamond. Crack-free
metal matrix composites (MMCs) were produced from uncoated
diamond particles (mean diameter of 25 pm) added to spheri-
cally shaped AlSi10Mg (size range of 15-45 pm). Despite par-
tial graphitization of the diamond during the process, the den-
sity and mechanical properties of printed MM Cs were still higher
after diamond addition. This was ascribed to a direct interfacial
reaction and aluminium carbide formation between the molten
aluminium and the diamond reinforcement. The effect of dia-
mond grain size on the formability and mechanical properties
of 3D printed metal-bonded diamond tools based on the same
AlSi10Mg matrix was studied by Tian et al.['”] Selective laser
melting (LSM) of AlSi10Mg powder (15-53 um) and five differ-
ent diamond powders of varying mesh (particle diameter varying
in the range 25-75 um) resulted in the diamond abrasives being
evenly distributed and firmly embedded into the metal binder
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with chemical metallurgical bonding. However, with fixed dia-
mond volume fraction, a decrease in the diamond grain size was
found to lower the relative density and main mechanical proper-
ties of the printed parts, including Young’s modulus, compres-
sive strength, tensile strength, yield strength, flexural modulus,
and flexural strength.

Laser-based DED was employed by Chen et al. to 3D print
Ti6Al4V/diamond MMCs.['*8] Without premixing the powders
with designated Ti6Al4V and diamond particle sizes of 45—
106 and 53-63 pm, respectively, high diamond loadings (up to
50 wt.%) were applied. Enhanced thermal conductivity and me-
chanical strength were found with an increase in the diamond
loading. With a nominal diamond loading of 40 wt.%, a two-
fold improvement of the thermal conductivity was obtained, com-
pared to Ti6Al4V. However, a higher amount of defects and poros-
ity led to a drop in mechanical properties and thermal conductiv-
ity at relatively high loading. Overall, peak values for compression
strength and modulus were found for diamond loadings in the
range of 20-30 wt.%. According to the authors, these 3D printed
metal matrix composites with improved thermal and mechani-
cal properties show a high potential in space applications (e.g.,
spacecraft radiators, aircraft electronic racks) and as biomedical
devices (e.g., medical implant material). Fang et al. fabricated
metal matrix diamond composites by SLM in an argon-gas-filled
working chamber at different forming parameters.!'*! Particu-
larly, they used metal (Ni10Co10Cu40Sn9Fe31) powder with an
average size of 48 ym, diamond particles with an average size
~200 um, and a diamond concentration of 20 vol.%. Compared
to MMCs created by vacuum brazing and hot-pressing sintering,
the diamond particles in the SLM-formed composites were fixed
by the metal matrix more firmly and with lower thermal damage.

Additive manufacturing technology provides unique opportu-
nities for the production of functionally graded materials (FGM:s)
by stacking materials layer-by-layer and thus enabling diamond-
based tool products with spatially varying mechanical properties.
Rahmani et al. explored the 3D printing of mixed Ti6Al4V and di-
amond powders by SLM and introduced a combination of SLM
and spark plasma sintering to incorporate diamond particles into
various 3D-built metallic structures. They fabricated parts for use
as tunnel boring cutters and mining equipment blades. Through
a series of studies!**1*] involving impact-abrasive laboratory ex-
periments and finite element modelling, they showed that func-
tionally graded lattice structures composed of Ti6Al4V and stain-
less steel AISI 316L allowed an accurate distribution of diamond
particles across them. In particular, the use of Ni-coated diamond
particles, with various types and average grain sizes tested in the
range from 6 to 50 um, resulted in higher homogeneity of dis-
tribution of diamond in the composites after sintering as com-
pared to pure polycrystalline diamond powder.'*! In terms of
tribological performance, increased ductility and higher impact-
abrasive resistance of the composites were reported with the
addition of a higher content of coated diamond particles. Re-
cently, Kong et al. reported diamond/cemented carbide FGMs
produced via filament-based material extrusion 3D printing com-
bined with high-temperature and high-pressure synthesis.[*}]
They specially designed FGMs to realize a gradient transition
from cemented carbide to diamond by a systematic variation in
diamond particle (20-30 um) concentration along the building
direction, applying eight gradient layers and matching filaments.
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Material samples without visual surface defects were synthesized
at 6.5 GPa and 1550 °C. Analysis revealed that a gradient com-
position change optimized the bonding strength and residual
stress from a mismatch of the coefficient of thermal expansion, as
compared with a conventional polycrystalline diamond compact.
Also, a 15% increase in impact resistance was recorded in drop-
weight tests. Although further research is required to optimize
the gradient design and performance of diamond/cemented car-
bide FGMs, it is evident that the filament-based material extru-
sion technology holds great potential in the development of high-
performance FGMs in mass production.

The 3D printing of diamond-resin composites is another route
to diamond tool production that has gained research attention
recently. Meng et al. prepared UV-curable diamond/resin slur-
ries with micron-sized diamond powder and used DLP for the
preparation of composite specimens that were subjected to vari-
ous mechanical and thermal analyses.[***1%] Slurries containing
non-treated diamond powders with particle sizes of 15-20 um
and solid contents ranging from 6.25 to 25 vol.% were success-
fully printed.['* The slurry viscosity increased with the diamond
content, yet for all investigated slurries, it was found suitable for
printing with DLP technology. The cure depth and cure width
decreased with an increase in diamond loading, while the ther-
mal stability of printed specimens improved with it, according to
thermogravimetric analysis. Three-point bending tests demon-
strated that the flexural strength of printed bar-shaped speci-
mens decreased from 40.0 to 23.9 MPa for diamond contents
ranging from 0 to 18.75 vol.%, and it levelled off with further
increase to 25 vol.%. Generally, the poor bonding condition be-
tween diamond powder and resin matrix is a challenging prob-
lem. To provide an effective solution for such composites, Yang
et al. showed that the coating of the diamond particles with Al, O,
via a hydrothermal-assisted chemical precipitation method im-
proves the interfacial adhesion.'*] They reported improved oxi-
dation resistance and reduced UV light absorbance of the coated
diamond powder. Compared with the pristine diamond resin
suspension, the coated diamond UV curable resin suspension
showed higher viscosity and suspension stability. In addition,
the Al,O, coating led to improved mechanical response of the
DLP processed diamond-resin composite, including ~36% in-
crease in the bending strength and %26% increase in the elastic-
ity modulus. Phenolic resin-based diamond tool parts with con-
trollable porosity and structure were successfully prepared by 3D
gel-printing (extrusion) by Shao et al.'*) This rapid prototyping
technology, developed on the basis of gel molding, has the ad-
vantages of low cost and high solid content, and has promising
future applications in the field of manufacturing tailored abrasive
materials. Specifically, the authors used two kinds of sharp-edged
diamond powders with median diameters of 1.58 and 2.61 pm,
respectively, to 3D gel-print a variety of bar-shaped parts. The
three-point bending strength of dense printed parts was ~23.7
and 27.0 MPa, while for the porous printed parts (porosity 20—
5%), it monotonically decreased from 18.2 to 11.8 MPa and from
21.6 to 15.5 MPa, respectively.

Additive manufacturing via DLP of SiC ceramics is commonly
hampered by the low solid content of the photosensitive slurry,
leading to high residual Si content and low strength of the
printed parts. By introducing quasi-spherical diamond powder
(Dsy = 13.5 pum) as the high-density carbon source, Tang et al.
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managed to effectively improve the printing properties, such as
the curing thickness, viscosity, and stability of the slurries.['*’]
High-strength reaction-bonded SiC components with complex
structure were successfully produced through DLP-based 3D
printing technology combined with reactive melt infiltration.
The final samples exhibited an elastic modulus of 359.16 +
4.57 GPa and a specific flexural strength of 312.45 + 18.75 MPa,
which are among the highest values reported for 3D-printed SiC
composites.

Chen et al. investigated SLA-based 3D printing to manufac-
ture grinding wheels from a vitrified bond and diamond (10
+ 5 um) slurry system (involving silane coupling agents) with
high solid content, low viscosity, and good stability.l'*”] Complex-
shaped gyroid triply periodic minimal surface grinding wheels
were fabricated, and their grinding performance (removal rate,
grinding temperature, and surface roughness) was tested against
SiC ceramic and compared to that achieved using a conven-
tional solid structure grinding wheel. The gyroid porous grinding
wheel showed better self-sharpening and achieved a lower sur-
face roughness (0.069 um vs 0.155 um) and 27% lower grinding
temperature of 106 °C.

The chemical stability and efficient heat conduction of
diamond make diamond powder a highly attractive addi-
tive to achieve green manufacturing when combined with
advanced manufacturing techniques. To this purpose, Tang
and Tang successfully 3D printed functionally graded dia-
mond/geopolymer composites with self-healing ability at room
temperature and good thermal stability via extrusion-based addi-
tive manufacturing.['*®] They formulated two different inks using
alkaline potassium silicate, dry geopolymer, and diamond pow-
der (0 and 15 wt.% diamond) and chose titanium-plated diamond
(3.5-4.2 pm) to avoid graphitization. The addition of diamond
could avoid the occurrence of cracks during high-temperature
conditions up to 1200 °C due to its excellent thermal conductivity.
Promoted thermal repair was demonstrated, and the aggregation
and growth of an emission-like secondary mullite phase on the
original mullite phase were seemingly caused by heat preserva-
tion of diamond and the decrease in crystallization temperature.

4.5. Biomedical Engineering

Diamond is a suitable material in a quickly growing number of
biomedical applications, such as bonel'*! and tissue implants,
tissue engineering scaffolds,[®?! bioimaging and theranostics,!'>!
anti-cancer therapy,"*!! drugl®! and gene delivery, and antimi-
crobial agents.['>?] Particularly, NDs provide a unique combina-
tion of properties that render them superior to other nanomate-
rials. These distinct features include their small size (%5 nm),
scalable production and low cost, negligible toxicity, chemical
inertness of the bulk diamond core linked to a rich chemistry
of the surface, and bright and robust fluorescence resistant to
photobleaching (021531 The direct printing of NDs, as well as their
incorporation into composites and hybrid materials, followed by
the 3D printing of diamond-based structures and platforms, are
emerging research areas in biology and medicine.

A relatively early proof-of-concept study of the 3D printing of
variously shaped objects using a layer-by-layer additive manufac-
turing method was reported by Angjellari et al.'> They used
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dispersions of poly(vinyl alcohol) (PVA) and DNDs to produce
PVA-DND nanocomposites representing an innovative material
class for stable and biocompatible systems (e.g., scaffolds). Sig-
nificant enhancement in the hardness and indentation modulus
was noticed with respect to the pure PVA material, even with
small additions of DND (from 0.5% w w™1).

In 2020, Fox et al. described the fabrication of diamond-based
implant materials using laser cladding technology to 3D print a
composite of 50 um diamond powder and fused titanium ma-
terial, a common medical implant material.'>>! Composite scaf-
folds of up to 50% diamond were successfully produced while
the diamond content remained capable of typical diamond flu-
orescence as imaged by confocal microscopy. The incorporation
of diamond made the scaffolds more hydrophilic and improved
the cell viability (adhesion and proliferation) of Chinese Hamster
Ovarian (CHO) cells. In a subsequent study, Mani et al. reported
the feasibility of fabricating diamond—titanium hybrid electrodes
for neuronal interfacing using laser metal deposition.!'>¢] The be-
havior of the printed planar material was influenced by various
parameters, such as powder chemistry (micro-diamond content),
surface functionalization (oxygen plasma), and morphology (sur-
face roughness). With a 50% diamond volume fraction, the elec-
trodes exhibited a high electrochemical capacitance of 1.1 mF
cm~2 and a low electrochemical impedance of 1 kQ cm? at 1 kHz
in physiological saline. Furthermore, they exhibited a high de-
gree of biocompatibility assessed in vitro using cortical neurons.
The core team of researchers recently reported the 3D printing
of biocompatible titanium-diamond composite structures for im-
plant applications using laser metal deposition.['”] Parts were
fabricated comprising 30% and 50% diamond, and experimen-
tally determined values of the hardness, ultimate tensile strength,
and yield strength were 4-6 GPa, 426 MPa, and 375 MPa, respec-
tively. Increasing the diamond composition to 30% led to higher
osteoblast viability and lower bacteria count compared with tita-
nium. The manufacturing approach was finally argued as a po-
tential route to patient-specific diamond implant solutions.

In another work, a stamping method for designing and fab-
ricating a diamond platform for ordered neural cell adhesion
was shown.”8] Herein, pCP was used for patterned ND seeding,
and CVD was conducted subsequently to form thin-film polycrys-
talline diamond arrays with square patterns of ~50 x 50 um?.
The PDMS stamp was fabricated by casting on a micro-patterned
silicon substrate, which was first developed using conventional
optical lithography. From earlier work, it was already concluded
that rat cortical neurons survived on the polycrystalline diamond
as used here in the patterned growth of diamond in signifi-
cantly higher densities than on tissue culture plastic after 24 h
of incubation. 158

Digital dentistry can benefit from the unique features of
NDs when embedded in the biomaterial used for 3D print-
ing. Polymer-based 3D-printed dental appliances, such as or-
thodontic attachments, brackets, and provisional crowns, lack
strength and hardness and, as a result, require frequent re-
placement due to surface damage or loss of structure. In a
microbial-rich oral environment, such limiting physicochemi-
cal factors enable biofilm formation and bacterial attachment.
Mangal et al. showed that NDs, which are known for their ex-
ceptional strength, high modulus, and biocompatibility, can sig-
nificantly enhance the bulk properties of PMMA, a synthetic
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thermoplastic polymer, even at a very low concentration of
0.1 wt.%.1139160] They used solution-based mixing with the aid
of a high-power sonication probe in combination with mag-
netic stirring to incorporate pure non-functionalized NDs and
amine-functionalized NDs into the PMMA (Figure 10A). Follow-
ing, custom-designed cuboidal specimens were printed with a
DLP 3D printer. Statistically significant increase in the Vickers
micro-hardness (p < 0.001) was revealed in the nanocompos-
ites, along with enhanced resistance to surface loss (p < 0.001)
in comparison to the unfilled PMMA for both stainless steel
and titanium countersurfaces.[**] Although both nanocompos-
ites showed markedly improved mechanical properties, the ami-
nated ND-containing composite showed higher flexural strength,
impact strength, and elastic modulus compared to the control
and ND-containing specimens, which was ascribed to stronger
covalent linkages and the somewhat better monodisperse state
of the aminated NDs in the polymer.['*"] Compared to the un-
mixed PMMA, both the ND-containing nanocomposites exhib-
ited significantly enhanced resistance to the formation of Strep-
tococcus mutant biofilms after 48 h (p < 0.01). The confocal imag-
ing of the bacterial biofilm revealed distinctive biofilm thick-
ness (Figure 10Bi) and biomass (Figure 10Bii), with the high-
est values derived on the control group and statistically signifi-
cantly lower numbers on both the ND-variant nanocomposites
(p < 0.01). Insignificant differences in the biofilm thickness and
biomass were found between the ND-incorporated and aminated
ND-incorporated variants.!'®! Finally, with the ultimate aim of
fabricating orthodontic customized appliances with high qual-
ity of fit, the accuracy of 3D-printed orthodontic brackets made
using the (aminated) ND-nanocomposites was confirmed using
trueness analysis.[1% A morphometric comparison, with devia-
tions of +200 pm and tolerances of +10 um assigned, verified
the absence of any significant morphological changes in printing
accuracy due to incorporation of (aminated) NDs. Although the
studies were conducted in vitro and the findings must be verified
in vivo, the reported ND-filler approach provides a promising so-
lution to tackle the challenge of the intra-oral aging of 3D-printed
appliances due to microbial insult.

4.6. Other Applications

Further application domains and potential use cases of 2D and
3D printed diamond include electronics, optics, and quantum
physics. Already in 2011, Zhang et al. developed a diamond paste
by mixing ND powder with nanocrystalline graphite and ethyl cel-
lulose, which was subsequently applied in screen printing to fab-
ricate low-cost and large-area nanodiamond film electron emis-
sion cathodes.[”?! A three-step thermal sintering process was used
to remove organic material and to fix the nanodiamond film on
the substrates. Following, a hydrogen plasma post-treatment was
applied to improve the field emission stability and uniformity of
the screen-printed films, characterized by a turn-on field 0of 1.25 V
pm~!. According to the authors, this plasma treatment made
the nanodiamond emission tips sharper and their distribution
more uniform, and enabled electrons to tunnel in the film. How-
ever, little information was given on the number of dark/dead
pixels in the high-density films. Also, a minimum average
distance between the nanodiamond emitters required to limit
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Figure 10. A) Depiction of the process used to prepare and manufacture nanocomposites of biological-grade and UV-curable acrylate-based resin
material (PMMA) and NDs as nanofiller. Specimens were fabricated using a DLP 3D printer with polymerization under 405 nm light and post-processing
using a UV oven. Reproduced with permission from ref. [160]. Copyright 2020, MDPI. B) Quantitative analysis of the biofilm thickness Bi) and biomass
Bii) attached on the surfaces of control (without ND filler) and non-functionalized NDs (ND) and amine-functionalized NDs (A-ND) incorporated
nanocomposite. Streptococcus mutants (S. mutants, ATCC 25175) strain was used in the experiment. The lowercase letters above the error bars indicate
significant differences. “*p < 0.01 for the comparison between the groups. Reproduced with permission from ref. [159]. Copyright 2020, Elsevier.

interactions or screening electronic field effects was not reported.
Potential use of the as-produced film cathode was argued for fu-
ture military electronic devices and outdoor displays, although
it has to be noted that the technology of field-emission cathodes
fabricated from synthesized CNTs or suspensions of CNTs (e.g.,
screen printing) is far more advanced. Leading consumer elec-
tronics companies like Samsung, Sony, and Philips had worked
on the development of this kind of display, but the research and
commercialization stopped ~2010 because of the emergence of
the organic light-emitting diodes (OLEDs).[16!]

Nahlik et al. developed single- and double-layered UV photode-
tectors via a sequential inkjet printing on an interdigitated elec-
trode platform using diamond and zinc oxide precursor inks.®!
In particular, the nanodiamond ink was prepared from a dis-
persion of DNDs and ethylene glycol (400 mg L™!). At a wave-
length of 365 nm, the photoresponsivity of the double-layered
photodetector (ZnO/ND) was 0.35 A W~!, providing more than
10 times higher response and faster reactivity in comparison to
the single-layered photodetector (ZnO) from 30 to 90 °C. From
a preliminary attempt to improve the optical properties of poly-
meric acrylate resin by incorporation of microdiamond pow-
der (median grain diameter of 125 nm), Kowalewska et al. an-
ticipated the effective production and future application poten-
tial of such diamond-polymer composites in 3D-printed optical
elements.!19]

A myriad of different color centers, i.e., fluorescent crystallo-
graphic defects embedded within the crystal lattice, have been
identified in diamond.['®*1%] Owing to their unique quantum
properties and robustness even at room temperature, the quan-
tum defects in NDs, such as the nitrogen-vacancy (NV) centers,
offer a viable path to the realization of multiple upcoming quan-
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tum technologies, e.g., spintronics, data storage, quantum optics,
quantum computing, and quantum sensing.['®®! For many of the
practical applications, the controlled placement (or embedding)
of NDs with respect to target sites is essential. For this purpose,
Xu et al. developed an electrohydrodynamic dispensing method
to print NDs (x40 nm sized, carboxylated surface, 1-4 NVs per
particle) directly on common substrates like silicon and glass.[!
By configuring a glass nanopipette to a printer head with a three-
axis positioning stage, they established a high-precision print-
ing process with on-demand control over the quantity (including
single-particle level) and position of printed NDs in arbitrary pat-
terns (Figure 11). This lithography-free, direct printing approach
was shown to be flexible and accurate, and it could be extended
for printing fluorescent NDs of various sizes and defect densities
and types (e.g., SiV™ centers) for their implementation into di-
verse fields. Regarding diamond-based quantum computing and
communication, however, it is questionable whether this quan-
tum defect placement approach will be able to compete with the
other developed techniques to precisely position and activate in-
dividual defects in diamond using focused ion beams.

5. Conclusion and Outlook

Diamond particle printing has developed into a vibrant field of
materials research that makes it possible to create structures and
functions that are difficult to achieve with traditional manufactur-
ing techniques. Diamond powders are available in a wide range of
particle sizes, from a few nanometers up to hundreds of microns,
and are produced synthetically at consistent quality and decreas-
ing cost. They offer great processability with additive manufac-
turing owing to their small size, unique surface chemistry, and
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Figure 11. Inkjet-printing of fluorescent NDs. A) Concept sketch illustrating the electrohydrodynamic printing of NDs when a negative DC voltage is
applied to a back electrode. The printing involves three steps: B) A nanodroplet containing NDs is ejected; C) The nanodroplet lands on the substrate
and the solvent (deionized water) evaporates; D) Eventually, a cluster of NDs is formed, and the embedded NV centers are optically accessible. E) SEM
image of an array of clusters with a 3 um pitch (scale bar: 2 pm). F) Confocal fluorescence image of the printed array of ND clusters under 532 nm

excitation (recorded fluorescence wavelength range: 647-800 nm). Reproduced with permission from ref. [90]. Copyright 2022, Wiley.

dispersibility in various liquid and solid media. The rapid de-
velopment of printing technologies has created new opportu-
nities for producing increasingly sophisticated and innovative
diamond-based materials and devices with advanced functional-
ity, performance, and continued miniaturization.

As demand grows for compact, high-performance technolo-
gies across the biomedical, sensing, and electronics sectors,
printed diamond-based materials offer unique advantages in
combining thermal management, chemical stability, and, in the
case of BDD, electrical conductivity. Ink-based printing enables
the precision engineering of diamond structures on a microscale.
Successful fabrication of high-quality MEMS cantilevers and
micro-resonators for mass and gas sensing has been demon-
strated. Printable BDD electrodes support the rapid prototyp-
ing of robust and sensitive electrochemical sensors for environ-
mental monitoring, biosensing, and healthcare. Also, 3D print-
ing presents a viable path to the development of electrochemi-
cal and humidity sensors with a customizable flexible/stiff ma-
trix and real-time monitoring capabilities. The 3D printing of
diamond-based implant materials and dental appliances shows
great promise for durable and patient-specific solutions. A ma-
jor research activity is the 3D printing of diamond machining
tools with ceramic, metal, or resin matrix materials. Novel dia-

Adv. Mater. Technol. 2025, 10,e01111 e01111 (21 0f25)

mond tooling production methods have been introduced for the
fabrication of impregnated diamond bits, grinding wheels, and
mining parts.

The rapid tooling of diamond-reinforced metal matrix com-
posites provides highly satisfactory results in a bulk print.
However, printed structures with intricate geometry can suffer
from a relatively poor connection of metal struts due to weak
bonding between diamond and metal matrix, causing brittle
scaffold structures, for example. Further, diamond microparti-
cles are reported to accumulate at the bottom of printed features
due to differences in shape, size, weight, and density of diamond
and matrix powders, respectively. To meet the growing quality
demands, one of the crucial steps in the additive manufacturing
involving diamond powders is particle size classification. In
many studies, the description of the materials’ characteristics
of the diamond powders employed is rather limited. Yet, the
powders must be very precisely specified for size, shape, and
also composition to ensure both the optimal density of dia-
mond particles within the matrix and compatible interfacial
mechanical properties. Also, more attention should be paid to
the surface functionalization and modification of the diamond
powders to make them fit for the printing process and desired
application. This could include oxidation, hydrogenation, or
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graphitization, to improve their chemical and physical proper-
ties, and the grafting of specific groups or function-guidance
molecules (coupling agents) to provide covalent bonding
between NDs and polymer/resin matrix, and improved uni-
formity of particle distribution. By adding a high-temperature
resistant and weldable metallization layer to diamond pow-
der surfaces, the bonding strength between diamond and
matrix in diamond tools can be effectively enhanced, and
it provides protection against diamond oxidation. Surface
coating techniques like fluidized-bed atomic layer depo-
sition to produce core-shell composite diamond powders
with highly conformal metal (oxide) nanolayers hold great
promise.

For optimum diamond printing performance, regardless of
the end application, an interdisciplinary expertise from the
involved researchers is essential. The material characteristics
of the applied diamond powders, as well as the printing de-
sign, processing, and apparatus configuration, need to be op-
timized to achieve the maximum potential, something that is
not always apparent in the relatively young but quickly grow-
ing practice of diamond particle printing. Adaptation of print-
ing hardware to handle the abrasive nature of diamond parti-
cles is critical for practical implementation. This includes custom
nozzles, hardened feeding systems, and wear-resistant compo-
nents, particularly in FDM and extrusion-based systems. Stan-
dardization and scaling will be essential for translating these
technologies from lab-scale demonstrations to industrial ap-
plications. This includes establishing benchmarks for perfor-
mance, durability, and compatibility across different printing
platforms.

Looking ahead, the integration of artificial intelligence and
machine learning presents a powerful opportunity to accelerate
research and development in diamond particle printing. Data-
driven models can support the rational design of ink formula-
tions, optimize print parameters, and predict structure-property
relationships, significantly reducing experimental workload. As
the cost of synthetic diamond continues to decline and additive
manufacturing technologies become more accessible and pre-
cise, the prospects for printed diamond-based materials and de-
vices are brighter than ever.
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