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Abstract

Additive Manufacturing (AM) and printing-based fabrication technologies have emerged
as powerful enablers for next-generation electronic integration and packaging, address-
ing the growing limitations of conventional subtractive manufacturing techniques. As
electronic systems continue to scale toward higher operating frequencies (10–110 GHz
and beyond) and increased functional density (>104 interconnects/cm2), traditional
packaging approaches struggle with rigid design constraints, complex processing steps
(>15–25 fabrication steps), high tooling costs ($10,000–$100,000 for mask and molds) and
limited compatibility with heterogeneous integration. In this review, a comprehensive and
critical overview of major additive manufacturing and printing technologies including
aerosol jet printing, inkjet printing, vat polymerization, fused filament fabrication (FFF)
and nScrypt printing is presented from the perspective of electronic assembly and pack-
aging. The fundamental working mechanisms, material compatibility, resolution limits,
scalability, and reliability considerations of each technique are systematically discussed.
From a manufacturing standpoint, AM reduces material waste by 50–90% compared to
subtractive PCB processing and eliminates tooling costs, enabling low-volume prototyping
with per-unit fabrication costs reduced by 30–70% for small batches (<100 units). Pro-
duction throughput varies widely, from 1 to 20 cm2/min for high-resolution direct write
systems to >100 cm2/min for scalable inkjet systems. Moreover, it is discussed how these
technologies enable advanced packaging architectures such as printed signal crossovers,
three-dimensional interconnects, ramps, and embedded chip assemblies. Recent research
efforts and reported demonstrations are analyzed to highlight the advantages and current
limitations of additive manufacturing for high-frequency, RF, and system-on-package (SoP)
applications. Finally, future directions and remaining challenges are discussed, including
advances in materials, custom and on-demand manufacturing, enhanced design freedom,
integration of multifunctionality, cost-effectiveness, and smart packaging solutions. This re-
view aims to serve as a reference for researchers and engineers seeking to leverage additive
manufacturing for high-performance electronic integration and next-generation electronic
packaging solutions.

Keywords: additive manufacturing; printing techniques; electronic packaging and
integration; 3D interconnects; system-on-package; embedded electronics

1. Introduction
The continuous scaling of electronic systems towards higher functionality, increased

operating frequencies, and reduced form factors has placed unprecedented demands on
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electronic integration and packaging technologies [1–4]. While semiconductor device
fabrication has advanced rapidly, conventional electronic packaging methods such as
wire bonding [5], flip-chip interconnects [6], and multilayer printed circuit boards [7] are
increasingly constrained by parasitic effects, rigid design rules, complex processing steps,
and escalating manufacturing costs [8–11]. These challenges are particularly pronounced
in emerging application domains including millimeter-wave (mm-wave) communication,
5G and beyond wireless systems, power electronics, and heterogeneous integration, where
electrical, thermal, and mechanical performance must be simultaneously optimized within
compact volumes [12–14].

Electronic packaging is no longer a passive mechanical enclosure, but an active system-
level technology that directly influences signal integrity, power handling, thermal dissipa-
tion, and long-term reliability [15,16]. Traditional subtractive manufacturing approaches rely
on masks, etching, drilling, and lamination, which limit geometric freedom and hinder rapid
design iteration. Furthermore, these processes often require multiple fabrication steps and
materials that are not easily compatible with advanced three-dimensional (3D) integration
strategies [17]. As a result, there is a growing need for alternative manufacturing paradigms
that can enable fine-pitch interconnects, embedded components, and customized package
architectures while reducing cost, material waste, and development time [18].

Additive Manufacturing (AM) and printing-based fabrication technologies have
emerged as transformative tools capable of addressing many of these limitations [19–22].
Unlike conventional manufacturing, AM enables the direct, maskless and digitally con-
trolled deposition of functional materials including conductive, dielectrics, and structural
polymers onto planar and nonplanar substrates. There are total of seven types of AM tech-
niques, [23] but in this article we discussed five printing technologies, such as aerosol jet
printing [2,24], inkjet printing [25,26], vat polymerization [27,28], fused filament fabrication
(FFF), also called fused deposition modeling (FDM) [29,30] and fluid-dispensing-based
nScrypt printing [31,32], as mentioned in Figure 1, which allows the fabrication of electrical
interconnects, dielectric structures, and mechanical supports with a level of design freedom
unattainable using traditional approaches.

Figure 1. The schematic shows AM techniques for electronic integration and packaging.

In recent years, these technologies have transitioned from simple prototyping tools to
viable manufacturing platforms for printed electronics, system-on-package (SoP) architec-
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tures, embedded-chip assemblies, and smart electronic packaging. Numerous studies have
demonstrated their effectiveness in fabricating printed antennas, RF transmission lines,
signal crossovers, three-dimensional ramp interconnects, and embedded passive and active
components (demonstration shown in Figure 2). Importantly, additive manufacturing
enables heterogeneous integration by allowing materials with vastly different electrical,
thermal, and mechanical properties to be combined within a single package [11,33–35].

Figure 2. Demonstration of AM-printed antennas, interconnects, and embedded chips on flexi-
ble substrate.

The primary motivation of this review is to provide a comprehensive and critical
overview of additive manufacturing and printing technologies specifically from the per-
spective of electronic integration and packaging. Rather than treating these techniques as
isolated fabrication tools, this article evaluates how different printing methods operate,
their material compatibility, resolution limits, scalability, reliability, and how they can be
strategically combined to enable advanced electronic packaging solutions. The key focus is
placed on applications such as printed signal crossovers, three-dimensional interconnects,
ramp-based packaging topologies, and chip-embedded assemblies, which represent key
enabling technologies for next-generation electronic systems. By integrating recent research
developments and experimental demonstrations, this review serves as a comprehensive
reference for researchers and engineers pursuing additive manufacturing approaches for
high-performance electronic integration and packaging.

2. Printing Technology
2.1. Aerosol Jet Printing

Aerosol jet printing is one of many direct-write (DW) processes. Direct-write tech-
nology refers to the creation of micro- and nanoscale, 2D or 3D structures on flat or
nonconformal surfaces. The AJP process can print a variety of aerosolization-capable liquid
inks such as colloidal inks, nanoparticle inks, diluted thick film paste and UV-curable
polymer solutions [36]. Figure 3 shows a conceptual layout of aerosol jet printing appa-
ratus. Liquid inks are first atomized to create a dense aerosol cloud of 1–5 µm diameter
droplets. A pneumatic nebulizer is typically used when the liquid viscosity is in the range
of 20–1000 cP and an ultrasonic atomizer is used for low viscosity fluids, i.e., 1–20 cP. The
particle diameter is limited to below 1 µm for the pneumatic nebulizer and below 0.2 µm
for the ultrasonic atomizer. Once created, a carrier gas transfers the aerosol to a printing
head. This carrier gas is typically dry with nitrogen, but other gases and vapors can be
introduced into the gas stream as needed. Within the printhead, a second co-flowing sheath
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gas focuses the droplets to a 10–100 µm diameter jet. The droplets (shown in red color in
Figure 3) exit the nozzle at velocities up to 100 m/s [25,37,38].

Figure 3. Working principle of aerosol jet printing for precision electronic fabrication.

2.1.1. Advantages and Disadvantages

AJP offers exceptional flexibility in terms of printable materials, supporting a wide vis-
cosity range and allowing for the deposition of nanoparticle-based conductive, dielectrics
polymers and functional composites. Its non-contact nature enables printing on fragile
substrates, previously fabricated components, and nonplanar surfaces without mechanical
damage. The fine resolution and three-dimensional deposition capability make AJP partic-
ularly well-suited for fabricating vertical interconnects, dielectric ramps, and conformal
conductive traces. Additionally, the use of sheath gas reduces nozzle clogging and enhances
process stability, which is critical for repeatable micro-scale printing [24,39].

Despite its strengths, AJP faces challenges related to throughput and scalability. The
focused aerosol jet inherently limits the deposition rate, making large area printing time
consuming. Equipment complexity and operational costs are higher than those of con-
ventional inkjet systems due to the need for atomization units, precise gas flow control,
and fine motion stages. Furthermore, achieving consistent print quality requires careful
optimization of ink formulation, aerosol dynamics, and process parameters, which can
increase development time [39,40].

2.1.2. Relevance to Electronic Integration and Packaging

AJP has been extensively demonstrated for electronic packaging applications, in-
cluding fine-pitch inter-die interconnects, printed RF transmission lines, dielectric signal
crossovers, and three-dimensional ramp structures that replace traditional wire bonds. Its
ability to print on nonplanar surfaces enables advanced system-on-package and heteroge-
neous integration, particularly mm-wave and RF electronics where parasitic effects must
be minimized [41–44].

2.2. Inkjet Printing

Inkjet printing is a digitally controlled material deposition technique in which picolitre-
scale droplets of functional inks are selectively ejected through a micro-sized nozzle onto
a substrate. Since its existence, it has become one of the most widely used printing tech-
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nologies for both personal and commercial use due to the low cost, high quality, and
versatility [25]. Modern inkjet printing primarily employs drop-on-demand (DoD) oper-
ation, where droplets are generated only when required. In piezoelectric inkjet systems,
an applied electrical pulse deforms a piezoelectric actuator, creating a pressure wave that
expels a single droplet from the nozzle [45–47]. Droplet formation, flight, and impact are
governed by fluid dynamics, surface tension, and substrate wetting behavior. Everything
is controlled through the software’s such as raster image processing (RIP) (v3.0), waveform
optimization, and printhead control. The process is shown in Figure 4. The particle with the
maximum diameter with the solvent is constrained by the dimensions of the inkjet nozzle,
ranging from 10 to 50 µm, and necessitates the particle to be at least 25% smaller than the
nozzle diameter. The processes are repeated in succession to achieve the desired pattern. Af-
ter deposition, solvent evaporation and subsequent curing or sintering convert the printed
pattern into a functional substrate. Inkjet printing supports precise lateral placement and
enables multilayer fabrication through sequential deposition and curing steps [48].

Figure 4. An Inkjet Printing schematic demonstrating ink reservoir, piezoelectric element, nozzle and
substrate interaction.

2.2.1. Advantages and Disadvantages

Inkjet printing is cost-effective, scalable, and compatible with high-throughput manu-
facturing. Its maskless nature allows rapid design changes through the simple modification
of print files, making it ideal for prototyping and customized packaging solutions. Inkjet
system support multilayer printing and enables the fabrication of redistribution layers,
printed antennas, and embedded passive components. Short interconnects length achieved
through inkjet printing reduce parasitic resistance and inductance, improving electrical
performance in high-frequency packages [49–51].

Inkjet printing is highly sensitive to ink properties, requiring strict control of vis-
cosity, surface tension, and particle size to prevent nozzle clogging. Maintenance proce-
dures such as purging and cleaning increases material waste and downtime. Addition-
ally, achieving ultra-fine resolution below a few micrometers remains challenging, and
printed features may suffer from thickness nonuniformity and coffee-ring effects, which
can degrade RF performance [52].
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2.2.2. Relevance to Electronic Integration and Packaging

Inkjet Printing is widely used in electronic packaging for printed interconnects, re-
distribution layers, antennas, and multilayer RF structures. When combined with other
additive manufacturing techniques, it enables hybrid packaging platforms that integrate
electrical functionality directly into structural components [53–56].

2.3. Vat Polymerization

Vat polymerization is a class of additive manufacturing techniques in which liquid
photopolymer resins are selectively cured using ultraviolet (UV) or visible light to form
solid three-dimensional structures in a layer-by-layer manner. The process begins with
a computer-aided design (CAD) model that is digitally sliced into thin two-dimensional
layers. Each layer is sequentially exposed to patterned light, inducing photopolymerization
and solidification of the resin [57]. Vat polymerization systems are commonly categorized
into scanning-based stereolithography (SLA) [58] and projection-based digital light pro-
cessing (DLP) (shown in Figure 5) [59]. In scanning-based systems, a focused laser beam
traces the cross-section of each layer, curing the resin locally. In projection-based systems,
an entire layer is cured simultaneously using a digital micromirror device (DMD) that
projects a patterned light image onto the resin surface. Additionally, the platform systems
comprise two main components: the building platform, where the part is constructed,
and the elevator, responsible for raising and lowering the building platform. The vat’s
liquid photocurable resin serves as the starting material. It is typically equipped with a
level adjustment tool and an automated refilling pump. Gravity alone is unable to cause
the resin surface to become flat because liquid resins used in vat polymerization have the
potential to be rather viscous. Therefore, the resin is usually distributed, and its surface is
uniformly flattened using a recoater blade. Furthermore, because projection-based printing
system print each layer in a single pass, it takes less time to print. The scanning-based
polymerization method, in contrast, cures each layer using a laser scanner. Large-scale
printing can generally be done with SLA, but at the expense of resolution platforms, optics,
and control systems. After each layer is cured, the build platform moves incrementally to
allow fresh resin to coat the surface before the next exposure [60–62].

Figure 5. A schematic illustration of vat polymerization processes: (left) scanning-based stereolithog-
raphy (SLA); (right) projection-based digital light processing (DLP).
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2.3.1. Advantages and Disadvantages

Vat polymerization offers exceptionally high dimensional accuracy and smooth surface
finish, often reaching sub-micron roughness levels. This surface quality is particularly ben-
eficial for electronic packaging, where smooth dielectric surfaces are required to minimize
conductor roughness-induced losses at high frequencies. The ability to fabricate complex
three-dimensional geometries with internal cavities and fine features enables the creation of
advanced packaging structures such as air-filled substrates, waveguides and mechanically
integrated housings. Projection-based systems further provide high throughput, making
vat polymerization attractive for rapid fabrication of intricate dielectric components [63].

The primary limitation of vat polymerization lies in material availability. Most commer-
cially available photopolymer resins exhibit limited thermal stability, mechanical strength,
and dielectric performance compared to traditional PCB materials such as FR4 or ceramics.
Moreover, post-processing steps including resin removal, cleaning, and UV post-curing
add time and complexity to fabrication. Additionally, conventional vat polymerization
does not inherently produce metallic conductive features, or conductive structures which
can be realized using functionalized resins, such as MWCNT-filled photopolymers or intrin-
sically conductive polymer formulations. However, hybrid integration with direct-write
techniques remains advantageous for achieving higher conductivity and multimaterial
electronic packaging [64–66].

2.3.2. Relevance to Electronic Integration and Packaging

Vat polymerization plays a critical role in electronic packaging as a structural and
dielectric fabrication platform. When combined with inkjet or aerosol jet printing, it
enables fully additive manufactured structural electronics, including integrated antennas,
RF substrates, and multi-functional package housings. Its high resolution and surface
quality make it particularly suitable for mm-wave and RF packaging applications [67–69].

2.4. Extrusion Based Printing
2.4.1. Fused Filament Fabrication (FFF)

Fused filament fabrication (FFF), also called fused deposition modeling (FDM), is
an extrusion-based additive manufacturing process in which thermoplastic filament is
heated above its glass transition or melting temperature and extruded through a nozzle
onto a build platform [70]. As shown in Figure 6, the filament is stored in a roller and
directly linked to the extrusion head, which moves along the X and Y directions, while
the build platform moves in the Z direction. Typically, two types of material filaments
are used: supporting material and built material. While most FFF systems offer resolu-
tions ranging from approximately 10 to 100 µm for the thickness of individual printed
layers, the minimal XY feature dimension is constrained by the nozzle diameter, typically
falling between 200 and 400 µm in nozzle systems. Some systems allow for the simul-
taneous deposition of multiple materials using additional nozzles. So, the FFF process
typically consists of three stages: pre-processing, production, and post-processing. In the
pre-processing stage, the product design is created using CAD (SolidWorks 2023/2024 or
fusion 360) software, and crucial process parameters such as building orientation, machine
temperature, and slicing parameters are determined. These parameters significantly influ-
ence the mechanical characteristics of the final product. As the extruded filament cools, it
solidifies and bonds to previously deposited layers, gradually forming a three-dimensional
object. Post-processing involves removing the product from the build platform, removing
any supporting structures, and undergoing additional surface treatments to improve the
product’s surface quality [29,70,71].
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Figure 6. Conceptual representation of fused filament fabrication (FFF), where material is deposited
layer by layer to build a 3D object.

2.4.1.1. Advantages and Disadvantages

FFF is one of the most accessible and cost-effective additive manufacturing technolo-
gies, offering a wide selection of thermoplastic materials with diverse mechanical, thermal,
and electrical properties. Multi-material printing enables the fabrication of structural
components alongside insulating or thermally conductive materials. The robustness and
simplicity of FFF systems make them suitable for rapid prototyping of electronic enclosures,
fixtures, and low-cost packaging substrates [72–74].

FFF is limited by relatively low resolution, as the minimum feature size is constrained
by nozzle diameter and extrusion dynamics. Printed parts typically exhibit high surface
roughness and anisotropic mechanical properties due to interlayer bonding, which can
negatively affect high-frequency electrical performance. Post-processing is often required
to improve surface quality, increasing fabrication time [75,76].

2.4.1.2. Relevance to Electronic Integration and Packaging

In electronic packaging, FFF is primarily used for structural components, such as
package housings, fixtures, and low-frequency substrates. While it is not ideal for fine-pitch
interconnects or high-frequency circuits, FFF becomes valuable when integrated into hybrid
manufacturing workflows, where conductive features are printed using inkjet or aerosol jet
techniques onto FFF-fabricated structures [77–80].

2.4.2. Fluid Dispensing Based Printing

nScrypt printing is a precision micro-dispensing-based additive manufacturing tech-
nology that employs a patented SmartPump valve system to control material flow at the
picolitre scale. Unlike conventional extrusion methods, the nScrypt system uses an actively
actuated valve positioned near the dispensing orifice, allowing precise start-stop control
of material deposition [31]. The schematic of nScrypt is shown in Figure 7, where the
cross-sectional view of the valve assembly depicts a valve rod driven by a motor, traveling
with a resolution of 0.1 µm within the valve body channel. The patented pen tip shape
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minimizes pressure requirements for material dispensing through very small holes, such
as 100 microns or less. This assembly can handle highly viscous materials and loaded
particles. Material is delivered from a syringe or cartridge under positive pressure into the
valve chamber. When the valve opens, material is dispensed through a fine nozzle onto the
substrate. Closing the valve induces a slight reverse flow, preventing droplet formation and
stringing. This system enables high-speed printing with exceptional positional accuracy
in the X, Y, and Z directions. Printing patterns can be generated by CAD software and
transferred into script files using nScrypt software called nStudio (version 2021). Higher
speeds enable rapid manufacturing, reducing costs, and maintenance [32,81,82].

Sealing element 

Figure 7. Working principle of nScrypt printing.

2.4.2.1. Advantages and Disadvantages

nScrypt printing supports a wide range of highly viscous and particle-loaded materials,
including conductive pastes, dielectric polymers, and solder inks. The high level of flow
control enables the fabrication of fine interconnects, and three-dimensional features with
minimal material waste. The ability to print in true three dimensions makes nScrypt
particularly suitable for advanced packaging applications [83,84].

Despite its precision, nScrypt printing systems are relatively expensive and less widely
adopted compared to inkjet or FFF technologies. Build volumes are limited, and system
complexity can increase maintenance requirements. Market adoption is still emerging,
which limits standardized workflows [85,86].

2.4.2.2. Relevance to Electronic Integration and Packaging

nScrypt printing is extensively used in microelectronics packaging, including via
filling, solder dispensing, printed interconnects, embedded components, and heterogeneous
integration. Its capability to print fine features in three dimensions makes it a powerful
tool for next-generation electronic packaging [87–89].

2.5. Comparison of Additive Manufacturing (AM) Techniques

Additive manufacturing and printed electronics techniques differ significantly in
resolution, material compatibility, system cost and suitability for electronic integration
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and packaging. Aerosol jet printing (AJP) is particularly well-suited for high-resolution
conductive interconnects, conformal circuits, and fine-feature electronic integration on
complex or curved substrates, making it valuable for advanced packaging and embedded
electronics. Inkjet Printing (IJP) enables scalable, cost-effective 2D deposition of functional
materials and is widely used for printed circuit patterning and flexible electronics. Vat
Polymerization (SLA/DLP) provides high structural accuracy and smooth surface finish,
making it ideal for microfluidic devices, precision housings, and packaging components
requiring tight tolerances. Fused Filament Fabrication (FFF) is best suited for low-cost
structural prototyping and fabrication of mechanical enclosures or support structures for
electronic assemblies. nScrypt printing enables true hybrid manufacturing by combining
conductive, dielectric, and structural materials within a single platform, supporting inte-
grated electronic packaging, embedded systems, and multifunctional device fabrication.
The distinguishing technical capabilities and limitations of these processes are systemati-
cally summarized in Table 1 to highlight their suitability for structural fabrication, printed
electronics, and integrated packaging applications.

Table 1. Comparative table of additive and printed manufacturing techniques.

Characteristic Aerosol Jet
Printing (AJP)

Inkjet
Printing (IJP)

Vat Polymerization
(SLA/DLP)

Fused Filament
Fabrication (FFF) nScrypt Printing Reference

Achievable Feature
Size (Lateral) 10–50 µm 20–100 µm 25–100 µm 200–500 µm 10–100 µm [24,90–92]

Resolution
(X, Y, Z direction)

X, Y = 10–50 µm
Z = 1–10 µm

X, Y = 20–80 µm
Z = 5–50 µm

X, Y = 25–100 µm
Z = 25–100 µm

X, Y = 200–400 µm
Z = 100–400 µm

X, Y = 10–50 µm
Z = 10–100 µm [83,93–96]

Conductive
Materials

Yes (Metal
NPs Ink) Yes (Metal Inks) Limited Very Limited Yes (Inks, Pastes) [46,97,98]

Dielectric
Materials Yes Yes Yes Yes Yes [99–102]

Structural
Materials Limited Limited Yes

(Photopolymers)
Yes (Thermoplas-
tics/composites) Yes [103–105]

Material Cost High Moderate-High Moderate-High Low-Moderate High [106–109]

Substrate Used Rigid, flexible,
curved surfaces

Rigid & flexi-
ble substrates

Build platform
with supports Heated build plate Rigid and flexible [78,110,111]

Electronic
Integration
& Packaging
Capability

Fine interconnects,
conformal tracs,
embedded circuits

2D printed
electronics,
flexible circuits

Structural
packaging,
microfluidic
integration

Structural housing
& supports

Multi-material,
embedded
electronics,
3D packaging

[38,72,75,81,
112]

Post-Processing Thermal sintering Drying & sintering IPA wash + UV cure Support
removal, annealing Thermal/UV cure [106,113–118]

Failure Modes
Overspray,
clogging,
adhesion loss

Coffee-ring effect,
satellite
drops, clogging

Shrinkage,
delamination,
warpage

Warpage, poor
adhesion, porosity

Nozzle clogging,
adhesion issues,
bead inconsistency

[115–119]

Surface Defects Blurred
edges (overspray)

Non-uniform
droplet spreading

Support marks,
stair-stepping Visible layer lines Bead spreading [111,120–122]

Applications Printed electronics,
antennas, sensors

Printed circuits,
displays, RFID

Microfluidics,
precision prototypes

Functional
prototypes,
fixtures, enclosures

Multi-material
electronics,
aerospace systems

[22,25,85,91,123]

3. Example Applications of AM Technologies
While all five additive manufacturing techniques have merits for general prototyping

and structural fabrication, where aerosol jet printing (AJP), inkjet printing (IJP), and nScrypt
printing enable the precise deposition of conductive, dielectric, and structural materials
on complex geometries, supporting embedded electronics, conformal traces, and multi-
material integration. However, techniques such as fused filament fabrication (FFF) and vat
polymerization (SLA/DLP) are generally less suitable for direct electronic integration and
advanced packaging applications. FFF is primarily limited by its relatively coarse lateral
resolution, large layer thickness, and difficulty in depositing conductive or functional inks,
which restricts its ability to create fine interconnects or embedded circuitry. Similarly,
vat polymerization achieves high structural precision but is constrained to photocurable
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resins and lacks compatibility with conductive and dielectric materials in multi-material
architectures. Moreover, they are primarily used for substrate fabrication. Therefore, the
following discussion of electronic integration and packaging focuses more on aerosol jet
printing, inkjet printing and nScrypt printing, which can practically realize functional,
multi-material devices and assemblies.

3.1. Printed Signal Crossovers Using Additive Manufacturing

Printed circuit boards (PCBs) are essential for connecting and supporting electronics
components in a wide range of electronic devices [124]. In various electronic applications,
including radar systems, communication transmitters, and optical drives, both radio fre-
quency (RF) circuits and direct current (DC) circuits are commonly used [125,126]. Printed
signal crossovers are critical building blocks in high-density electronic packaging, allowing
multiple electrical signals to intersect without electrical shorting while maintaining signal
integrity. Signal crossover may be necessary for integrating RF/DC, DC/DC or RF/RF
electronics at the broad level to achieve effective packaging. When dealing with RF/DC
signal lines, it’s crucial that the crossover maintains high isolation, low insertion loss, high
DC carrying capacity, and high RF power handling capability. RF-DC crossovers are often
solved with surface mount technology (SMT) components or multilayers designs in order
to achieve these characteristics. SMT components for RF over RF are often not feasible due
to limited isolation. To have a wide DC trace with high current capability, a large-sized chip
is necessary. These components are limited in frequency ranges, sizes of signal traces, and
power handling capabilities. Often, it is required to redesign the electronic schematic to fit
in these bulky and rigid components [127]. Aerosol Jet Printing is a technology capable
of depositing a variety of materials, including dielectric and conductive materials, on the
microscale. This printing technique allows for precise deposition of dielectric material
exclusively over the RF-DC crossover location, and subsequent deposition of conductive
material over the dielectric can establish a connection to the top signal trace.

L. Clark et al. [128] investigates a direct ink writing approach using aerosol jet printing
(AJP) to fabricate signal crossover structures, where one electrical trace passes over another
without direct electrical contact, which are commonly needed in compact electronic systems
as shown in Figure 8. Normally, such crossovers on circuit boards require additional physi-
cal layers, adding cost and weight for which authors propose an additive manufacturing
solution to reduce that complexity. The electrical performance of the printed crossovers
is evaluated through high-frequency S-parameter measurements in the X-band, showing
minimal signal degradation due to the crossover structures. In addition, thermal and power
handling tests are conducted to assess crossover reliability under elevated temperatures
and applied power. The results indicate that aerosol jet printed crossovers can sustain
functional RF operation while maintaining acceptable thermal stability.

Figure 8. Direct-write printed signal crossover showing ramp and crossover printed on top of RF line.

Another study done by S. Romaguera et al. [129] presents one of the earliest demonstra-
tions of fully printed signal crossover structures using inkjet printing. The authors fabricate
metal-insulator-metal (MIM) crossover architectures, (as shown in Figure 9, adapted from

https://doi.org/10.3390/electronicmat7010006

https://doi.org/10.3390/electronicmat7010006


Electron. Mater. 2026, 7, 6 12 of 26

reference [129]) where a printed dielectric layer electrically isolates two intersecting con-
ductive silver traces. The study focuses on process feasibility, material compatibility, and
multilayer build-up using sequential deposition and curing steps. This study establishes
a fundamental manufacturing framework for additive signal crossovers and highlights
key challenges such as layer uniformity and registration accuracy that remain relevant to
modern aerosol jet and direct-write crossover fabrication techniques.

Figure 9. Schematic of metal–insulator–metal (MIM) crossover illustrating two conductive layers
separated by an insulator for signal routing.

Recent research has addressed the persistent challenge of signal crossovers in compact
circuit designs through innovative placement and routing strategies. In the context of
inkjet-printed electronics, crossover-aware placement and routing has been proposed by F.
Rasheed [130] to minimize overlapping conductive traces, enhancing reliability and print
yield on flexible substrates without increasing design complexity as shown in Figure 10
(adapted from reference [130]). Complementing this approach, a novel surface-mount
method by A. Microwave Inc. [131] demonstrates crossover signals in conventional SMT
circuits without adding extra PCB layers, maintaining signal integrity while simplifying
manufacturing. Together, these studies highlight a broader trend in circuit design, de-
veloping efficient techniques to manage crossovers across both flexible and traditional
electronics. Challenges such as dielectric loss, alignment accuracy, and reliability are also
addressed. Overall, printed crossovers are shown to be critical for compact and high-density
RF integration.

Figure 10. Diagram of a printed crossover structure (left) featuring indium tin oxide (ITO) con-
ductors insulated by dimethyl sulfoxide (DMSO), with a PEDOT: PSS crossover region and
(right) illustrates stacked Metal 1 and Metal 2 layers providing electrical separation for signal
routing in additive electronics.
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Laser-enhanced direct print additive manufacturing (LE-DPAM) is an additive manu-
facturing technique that combines aerosol jet printing of metallic nanoparticle inks with
localized laser sintering. In this process, metallic ink is deposited in a controlled manner
while a focused laser beam simultaneously sinters the material, enabling rapid solidification
and mechanical stability during printing. A key advantage of LE-DPAM is its ability to
fabricate self-supporting 3D structures such as vertical posts, bridges, interconnects and
crossovers, directly on planar substrates.

Firat et al. [132] demonstrated a low-loss suspended crossover interconnect fab-
ricated using LE-DPAM. Conventional planar crossover interconnects suffer from in-
creased dielectric loss and parasitic capacitance due to close proximity to the substrate,
particularly at microwave frequencies. The proposed suspended architecture addresses
these limitations by elevating the crossover conductor above the substrate, allowing the
electromagnetic fields to propagate primarily through air. As illustrated in Figure 11
(adapted from reference [132]), the fabrication process begins with printing the bottom
transmission line, followed by vertical metallic support posts formed using simultaneous
aerosol jet deposition and laser sintering. A horizontal metallic bridge is then printed
across the posts to form a crossover without the need for a sacrificial layer or multilayer
dielectrics. Experimental S-parameter measurements show improved insertion loss and
reduced signal degradation compared to conventional planar crossovers. These additive
manufacturing approaches offer a simple, low-cost, and flexible method for fabricating
three-dimensional crossovers, making them suitable for microwave packaging, and
heterogeneous electronic integration.

Figure 11. Schematic layout of crossover coplanar waveguides (CPWs) integrated on an ABS substrate,
featuring crossover CPWs and a low noise amplifier for signal processing.

3.2. Printed 3D Interconnects and Ramps for Packaging Topologies

For optimal packages, careful consideration is required for interconnect size, parasitic
effects, coefficient or thermal expansion, and potential detuning caused by molding or
nearby components. Addressing these concerns involves implementing a novel packaging
solution utilizing printed fully 3D interconnects, capitalizing on the advantage offered by
high-resolution additive manufacturing. In the past, the electronics industry has heavily
relied on wire and ribbon bonding, as well as printing interconnects, to establish depend-
able connections. However, advancements in electronic production have necessitated
the development of better, more reliable interconnects scalable for high-volume manufac-
turing. Annually, this industry generates over ten trillion semiconductor interconnects,
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amounting to thousands per person globally. While wire bonding has been the primary
method for the past 50 years, it is not without its drawbacks. Failures can occur due
to contamination, unstable substrate surfaces, sequential interconnection processes, and
metallurgical issues, leading to significant cost. To address these challenges, AM ramp
interconnects are being adopted to replace bond wires in mm-wave RF packages. The
fabrication of flexible 3D structures can be challenging due to thick underlying material
layers acting as support structures, causing deformation during subsequent 3D printing
processes. However, combining flexible 3D printing and inkjet deposition enables the
creation of heterogeneous packages using nonpolar interconnects across ICs of varying
heights, enhancing performance [71,133,134].

Three-dimensional interconnects and ramp-based transitions (shown in Figure 12)
represent one of the most impactful applications of additive manufacturing in electronic in-
tegration, particularly as alternatives to conventional wire bonding. These are essential for
modern electronic packages, where multiple dies and components must be interconnected
across varying height levels. Partially, SLA-printed high-speed interconnects have demon-
strated the creation of a new low-crosstalk structure capable of achieving high-density
interconnects. Moreover, extensive research has also demonstrated that inkjet and aerosol
jet printed ramp structures support high-frequency operations up to tens of gigahertz, mak-
ing them suitable for mm-wave and RF-packaging. These interconnects can be fabricated
post-assembly, enabling repair, customization, and design iteration. Integration of ramp
interconnects with 3D printed dielectric substrates has further enabled a fully additive
manufacturing packaging platform incorporating antennas, transmission lines, and em-
bedded passives. Also, ramp-based packaging topologies are increasingly important for
heterogeneous integration, where chips of varying sizes, materials, and heights must be
interconnected within a single package [135–138].

Figure 12. Schematic cross-sectional illustration of 3D-printed interconnects and ramps.

The introduction of a novel “ramp” interconnect structure in 2016, utilizing inkjet
printing technologies, further demonstrated practical packaging topologies. Integrating
3D printing with inkjet printing allows for the post-process fabrication of on-package
components, antennas, and meta-material structures. As three-dimensional first level
interconnections become essential for establishing communication between IC dies, pack-
aging substrates, and other electronic elements within the same package, wire bonding
and flip-chip techniques are the prevailing methodologies. While wire bonding offers
an economical approach, it is susceptible to displacement during molding and induces
substantial parasitic inductance, often requiring passive component incorporation to
offset these effects. On the other hand, flip-chip techniques curtail interconnection length
and parasitic effects, although they are vulnerable to mismatches in the coefficient of
thermal expansion and can experience frequency detuning due to their proximity to
on-package signal pathways below the IC. So, to evaluate these existing hurdles related
to cost and adaptability in wireless system-on-package solutions, this technique of 3D in-
terconnects and ramps is a swift, entirely additive electronic manufacturing method that
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offers advantages such as minimal material wastage, lowered expenses, and increased
design adaptability [139–141].

Recent studies have been done by two different groups of authors; first, Feng et al., [142]
examine the use of aerosol jet printing (AJP) to fabricate conformal interconnects for
millimeter-wave RF systems as an alternative to traditional interconnect techniques like
wire bonding and microstrip lines in 2023. The authors show that AJP can digitally design
and deposit conductive silver nanoparticle interconnects (as shown in Figure 13 (left)) directly
onto 3D surfaces of RF packages, significantly reducing parasitic inductance and signal loss
at high frequencies up to 110 GHz. And the second group of authors, Kexin et al., [143]
demonstrate fully inkjet-printed 3D ramp interconnects optimized for flexible and conformal
electronics in the 5G/mm-wave frequency bands (20–40 GHz) in 2024. The authors fabri-
cate multilayer SU-8 dielectric ramps and printed silver nanoparticle conductive traces that
bridge microstrip lines to attached die pads. (shown in Figure 13 (right) adapted from refer-
ence [143]) This work extends earlier rigid-substrate ramp designs into flexible heterogeneous
systems, establishing additive printed ramp interconnects as viable for integrated 5G/mm
wave conformal devices. Both studies underscore the importance of geometry-controlled,
direct-write interconnects in advancing next-generation electronic packaging and multilayer
printed electronic architectures.

Figure 13. (left) Diagram shows Ag interconnects printed by AJP on a SiC wafer. (right) Demonstra-
tion of flexible inkjet-printed 3D “ramp” interconnects.

3.3. Advanced Packaging Approach for Enhancing Performance

Additive manufacturing has become a key technology for advanced electronic pack-
aging and high-frequency devices due to its ability to fabricate complex structures with
high precision. The electronics industry consistently demands more functionality, faster
speeds, and lower power consumption. Significant efforts have been devoted to advancing
high-density electronic packaging and integration in recent years, encompassing various
initiatives such as PCB-embedded designs, 3D chip stacking, metal-embedded chip assem-
bly (MECA), multi-chip modules (MCMs), monolithic microwave integrated circuit (MMIC)
and heterogenous integration [18,144,145]. In PCB-embedded designs, interconnections to
embedded devices are shortened, minimizing parasitic inductances, as well as reducing
system volume and weight. A common approach to PCB-embedded technology involves
vertically stacking layers of PCBs and prepreg layers, creating cavities in between to host
embedded devices. However, this method, while widely used, is susceptible to errors.
The alignment of cavities during stacking and variations in thermal expansion coefficients
during thermal curing can lead to issues. Additionally, precise alignment of vias to access
embedded devices, especially in bare die form, presents challenges [146]. To address these
complications, an alternative technique for embedding devices into PCBs is employed. This
method involves embedding devices in a high thermal conductivity metallic matrix inside
the PCB, utilizing a combination of subtractive and additive manufacturing technologies.
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Unlike traditional methods, this approach requires only a single PCB layer, eliminating the
need for drilling and plating of vias to connect to embedded devices [147–149].

Aga et al. [150] introduce an additive manufacturing-based strategy for embedding
semiconductor chips within a metallic matrix-infused printed circuit board (PCB) as
shown in Figure 14 (adapted from reference [150]) to improve integration and perfor-
mance of electronic systems. The process leverages additive deposition and metallic
matrix infusion techniques to directly incorporate bare chips into the circuit board sub-
strate, creating a monolithic composite structure rather than mounting a discrete package
onto a standard PCB. The proposed method aims to enhance electrical interconnection
density, thermal management, and mechanical robustness by embedding chips in a
conductive metallic matrix that surrounds and supports the devices. This architecture
potentially reduces parasitic effects and improves heat dissipation compared with tradi-
tional surface mounting and soldering approaches used in conventional PCB assembly.
The work contributes to emerging research on chip-embedding and heterogeneous inte-
gration, where additive processes are explored to push beyond the limits of conventional
PCB fabrication and assembly.

Figure 14. Process flow of chips embedded in metallic matrix inside a PCB using additive manufac-
turing (AM) technology.

https://doi.org/10.3390/electronicmat7010006

https://doi.org/10.3390/electronicmat7010006


Electron. Mater. 2026, 7, 6 17 of 26

The continuous demand for high-performance RF systems has driven research into
innovative chip integration and packaging strategies. Conventional wire-bond and flip-chip
approaches often suffer from parasitic losses, limited thermal management, and impedance
mismatches, which constrain circuit performance at high frequencies. To address these
challenges, Estrada et al. [151] introduced a Metal-Embedded Chip Assembly (MECA)
process, in which active RF chips and passive components are embedded into a metallic
ground structure as shown in Figure 15 (adapted from reference [151]). This approach
simultaneously improves electrical interconnect quality, thermal dissipation, and design
flexibility, providing a foundation for enhanced RF circuit performance.

Figure 15. Schematic of a MECA process cross-sectional shows that RF chips and passive components
are embedded within a Si interposer wafer.

Photolithographically defined bridge transmission lines are used as interconnects,
replacing wire bonds, and enabling precise impedance control with significantly reduced
parasitic inductance and loss. Experimental results demonstrate that MECA interconnects
provide superior RF performance over a wide frequency range, with improved characteris-
tic impedance and lower insertion loss compared to traditional microstrip and wire-bond
transitions. The authors further validate the technique through the integration of passive
RF components and a GaN power amplifier, showing measurable improvements in gain
and power-added efficiency. Overall, the additive and MECA process represents a promis-
ing heterogeneous integration strategy for high-frequency and high-power RF systems,
offering enhanced electrical performance, improved thermal management, and increased
design flexibility [152,153].

AM has emerged as a versatile approach for advanced electronic packaging and RF
systems. Z. Shen et al. [154] investigated additive manufacturing approaches for multi-chip
modules (MCMs), demonstrating how these techniques can enable precise interconnects,
compact layouts, and improved module integration, which are critical for high-density
electronics. Figure 16 shows the cross section of AM-MCM where interconnects (black),
components (red, yellow, green, orange) and insulations (blue) are deposited. Another
study done by A. Obeidat et al. [155] focused on additive electronics for embedded RF
die packaging and multi-chip phased array modules, showing that additive approaches
can simplify assembly processes, enhance design flexibility, and support scalable inte-
gration of multiple components in a single module. Furthermore, A. Mohamed [142]
discussed that laser-enhanced direct-print additive manufacturing has been applied to
W-band monolithic microwave integrated circuit (MMIC) chip assembly, achieving highly
accurate placement and excellent RF performance at millimeter-wave frequencies, which
is essential for next generation high-frequency communication systems. Together, these
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works highlight how additive manufacturing is transforming the design and assembly of
multi-chip and high-frequency electronic systems by enabling compact, high-performance,
and scalable solutions.

Figure 16. Schematic cross-sectional illustration of additive manufacturing (AM) multi-chip module
(MCM), showing integrated components, interconnect structure, and insulating layers assembled on
a substrate.

Moreover, embedded packaging architecture provides a foundation for three-
dimensional stacked integration, resulting in enhanced electrical performance and im-
proved thermal management [156,157]. Studies on advanced packaging approaches for
power electronics, such as 3-D dimensional integration, press-fit packaging, and hybrid
packaging schemes can be broadly categorized with the domain of embedded packaging
technologies [158–160].

4. Future of AM in Electronic Assembly and Manufacturing
Additive manufacturing (AM) is expected to play an increasingly critical role in the

future of electronic assembly and manufacturing as the demand for higher integration
density, improved electronic performance, and customized packaging architectures con-
tinues to grow. While current AM techniques have demonstrated significant potential for
prototyping and small-scale production, their long-term impact will be defined by advances
in materials, process integration, scalability, and reliability [161–164].

(a) Advances in Materials: Research into advanced conductive inks, dielectric materials,
and hybrid composites will expand the capabilities of AM for electronics, enabling
higher performance and better reliability for components like flexible circuits and
embedded systems. Such capabilities would enable the fabrication of fully integrated
electronic packages in a single manufacturing flow, eliminating the need for multiple
fabrication, assembly, and alignment steps common in conventional packaging.

(b) Custom and On-demand Manufacturing: The ability to produce electronic compo-
nents on-demand allows manufacturers to quickly prototype and customize products,
significantly shortening development cycles and reducing inventory requirements.

(c) Enhanced Design Freedom: AM allows for the creation of complex geometries and
custom designs that are difficult or impossible to achieve with traditional manufactur-
ing techniques. This opens the door to innovative electronic components, including
lightweight and compact devices.

(d) Integration of Multifunctionality: AM enables the integration of diverse functionalities
such as sensors, antennas, and circuits which are embedded directly into structures or
devices. This minimizes assembly steps and enhances system performance.

(e) Sustainability and Cost-Effectiveness: By reducing material waste, energy consump-
tion, and production steps, AM offers a more sustainable and cost-efficient alternative
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to traditional manufacturing. The use of recyclable and bio-based materials in AM
could further enhance its eco-friendly potential.

(f) Smart Packaging Solutions: The development of additive-based smart packaging, such
as ramp topologies and embedded interconnects, will further enhance the reliability
and functionality of electronic devices, especially in high-frequency applications.

5. Summary
This paper has reviewed various additive manufacturing (AM) technologies from

the perspective of electronic integration and packaging. By systematically examining
aerosol jet printing, inkjet printing, vat polymerization, fused filament fabrication, and
fluid-dispensing-based nScrypt printing, this work highlights how each technique offers
unique capabilities and limitations in terms of resolution, material compatibility, scal-
ability, and reliability. Collectively, these technologies provide unprecedented design
freedom and enable advanced packaging architectures that are difficult or impossible to
realize using conventional subtractive manufacturing approaches. Applications such
as printed signal crossovers, three-dimensional interconnects, ramp-based transitions,
and embedded chip assemblies demonstrate the potential of additive manufacturing to
enhance integration density and support high-frequency operation. Furthermore, the
future of AM in electronic assembly and manufacturing is discussed. Ultimately, addi-
tive manufacturing is poised to become a key enabling technology for next-generation
electronic packaging, supporting the development of compact, high-performance, and
applications in specific electronic systems.
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