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Abstract
Material science in additive manufacturing (AM) has experienced remarkable 
advancements in the development of functional materials. This review systematically 
investigates the state-of-the-art research on AM of functional materials, providing a 
comprehensive overview of AM systems and methodologies employed for functional 
materials and applications. The review delves into various functional materials, 
including magnetic, metal powder, perovskite, piezoelectric, thermoelectric, and 
carbon-based materials, exploring their fabrication and applications in creating 
multifunctional components and devices. Furthermore, it examines the integration 
of these functional materials, enabling manufacturing on curved surfaces, the 
development of flexible components, and the enhancement of functional properties. 
By analyzing the latest developments in this rapidly evolving field, this review 
offers insights into current challenges, future directions, and potential innovations, 
promoting a deeper understanding of AM technology and stimulating further 
advancements toward the realization of advanced functional devices and systems.

Keywords: Additive manufacturing; Functional materials; Polymer matrices; 
Multifunctional components

1. Introduction
Additive manufacturing (AM), commonly referred to as three-dimensional (3D) printing, 
manufactures objects layer by layer. This process has revolutionized the manufacturing 
landscape by offering enhanced design flexibility and reduced production times. AM 
technology enables the fabrication of complex structures and allows for the manufacturing 
of creative and innovative designs.1-3 It facilitates the customized production of each 
product, which offers significant advantages in prototype development and personalized 
product manufacturing.4,5 Moreover, AM enables the fabrication of complex structures, 
contributing to light weighting and structural optimization in industries such as 
aerospace and automotive.6-11 With these diverse arrays of advantages, AM technology is 
driving innovative changes in the manufacturing industry.

Polymer materials are widely utilized in AM due to their inherent advantages, 
such as lightweight, corrosion resistance, mechanical strength, and biocompatibility.4 
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These polymers, ranging from photo-curable resins 
to thermoplastics and viscous polymer inks, find 
applications across diverse areas, including medical, 
aerospace, automotive, electronics, soft robotics, energy, 
environmental, and industrial fields, depending on their 
specific characteristics.12,13 Moreover, recent research is 
exploring the potential of polymers for 4D printing, where 
they can respond to stimuli such as temperature, light, 
electric fields, magnetic fields, and moisture, resulting in 
changes in shape or properties over time.14,15 The versatility 
and adaptability of polymer materials render them 
highly desirable for AM, especially when integrated with 
functional materials to enable a wide range of applications.

AM using functional materials has emerged as a 
critical area of research in the manufacturing industry. 
The use of polymer-based functional materials in AM 
offers significant advantages due to ease of processing and 
low manufacturing temperatures. By combining various 
functional materials with polymer matrices, it becomes 
possible to enhance the characteristics and functionalities 
of polymers, facilitating the fabrication of components 
with properties such as magnetic, actuating, and electrical 
conductivity.4 Furthermore, ongoing research is exploring 
the fabrication of parts with properties such as piezoelectric 
and thermoelectric behavior by leveraging multi-material 
manufacturing capabilities.16,17 The development of AM 
technology using functional and high-performance 
materials unlocks diverse applications across various 
industries, ranging from electronics engineering to medical 
purposes such as artificial organs and medical robotics.18,19 
These research efforts underscore the innovative 
advancements driven by AM with functional materials in 
the manufacturing industry and are expected to contribute 
to enhancing manufacturing process efficiency and 
product performance.

This review aims to comprehensively investigate state-
of-the-art research efforts on AM of functional materials 
integrated with polymer matrices. It systematically 
categorizes AM systems and methodologies used for 
polymer-based functional materials. Subsequently, it 
summarizes notable studies that fabricate various functional 
materials or structures, such as magnetic, metal powder, 
perovskite, piezoelectric, and thermoelectric materials, 
exploring their applications in fabricating multifunctional 
components and devices. Ultimately, by studying and 
analyzing the latest developments in polymer-based AM of 
functional materials, this review seeks to provide insights 
into current challenges, future directions, and potential 
innovations in the rapidly growing field of functional AM. 
Figure  1 provides an overview of functional materials 
for AM techniques and applications. Descriptions of key 

strategies, material selections, and application prospects 
are provided to foster a deeper understanding of AM 
technology and stimulate further innovation toward the 
realization of advanced functional devices and systems.

2. AM methods for functional materials
According to American Society for Testing and Materials 
standards, the AM of functional polymer materials can be 
classified into several categories: material extrusion, vat 
photopolymerization, binder jetting, powder bed fusion 
(PBF), and material jetting. Each AM technology has its 
unique manufacturing process and compatible materials, 
with the suitable technology varying depending on the 
required functional characteristics and polymer types. 
These classifications and characteristics are summarized in 
Table 1.

2.1. Material extrusion

Material extrusion is currently the most commonly used 
AM method, forming layers by extruding thermoplastic or 
liquid-state materials through small nozzles.20 While this 
method may have relatively lower resolution and accuracy, 
its affordability and ability to mix with various materials 
make it widely utilized, especially in the manufacturing of 
functional polymers. An example of a material extrusion 
AM method commonly used for polymers is depicted in 
Figure 2A.

Fused deposition modeling (FDM) is a 3D printing 
technique in which molten thermoplastic material is 

Figure  1. Overview of functional materials for additive manufacturing 
techniques and applications.
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extruded through a movable nozzle controlled by software 
to create layers.16 This process typically involves heating 
the thermoplastic filament to its melting point within the 
printer’s extruder assembly. The melted filament is then 
precisely deposited onto the build platform layer by layer, 
where it quickly solidifies to form the desired object. The 
movement of the nozzle is directed by computer-aided 
design software, allowing for the production of intricate 

and precise shapes. Recent advancements include screw-
based systems capable of using pellets, enabling the 
processing of a wider range of thermoplastic materials in 
large sizes. This expansion of capabilities has increased the 
scope of FDM applications in both research and industry.

Direct ink writing (DIW) is a 3D printing technique 
that enables the precise deposition of liquid-state materials 

Table 1. Characteristics of each polymer AM process

AM process Printing 
method

Raw materials Fabrication mechanism Resolution 
(xy [µm])

Resolution 
(thickness [µm])

Typical build 
size (mm3)

Material extrusion FDM Thermoplastic filaments or 
pellets

Molten material 
extrusion

100 – 150 100 – 200 223×223×305

DIW Viscoelastic ink Material extrusion and 
solidification

100 – 1200 100 – 400 260×220×70

Meniscus 
printing

Viscous ink Ink extrusion by 
meniscus contact

0.05 – 2 ‑ 4×25

Vat photopolymerization SLA Photosensitive polymer resin UV laser curing 6.5 – 25 25 – 300 145×145×175

DLP Photosensitive polymer resin DLP projector curing 35 – 100 25 – 150 140×79×100

CLIP Photosensitive polymer resin Continuous UV curing 75 0.4 – 100 150×80×300

Binder jetting ‑ Powdered materials Drop bonding liquid 100 260 – 380 1800×1000×700

Powder bed fusion SLS Polymer powder Laser sintering 30 – 100 60 – 180 340×340×600

Material jetting Polyjet Thermoset photopolymers Liquid material deposit 
and UV curing

42 – 85 16 – 28 294×192×148.6

Abbreviations: AM: Additive manufacturing; CLIP: Continuous liquid interface production; DIW: Direct ink writing; DLP: Digital light processing; 
FDM: Fused deposition modeling; SLA: Stereolithography; SLS: Selective laser sintering.

Figure 2. Schematic illustrations of the additive manufacturing process for functional materials. (A) Material extrusion 3D printing; left panel reproduced 
with permission from Liu et al.16 (Copyright © 2022 American Chemical Society); center panel reproduced with permission from Hossain et al.21 (Copyright 
© 2022 American Chemical Society); right panel reproduced with permission from Lee et al.23 (Copyright © 2017 American Chemical Society). (B) Vat 
photopolymerization 3D printing; left panel reproduced with permission from Pagac et al.25 (Copyright © 2018 American Chemical Society); center 
panel reproduced with permission from Chiappone et al.27 (Copyright © 2021 American Chemical Society); and right panel reproduced with permission 
from Wang et al.28 (Copyright © 2023 American Chemical Society). (C) Binder jetting; reproduced with permission from Jose et al.29 (Copyright © 2016 
American Chemical Society). (D) Selective laser sintering; reproduced with permission from Ouyang et al.30 (Copyright © 2022 American Chemical 
Society). (E) Material jetting; reproduced with permission from Sireesha et al.31 (Copyright © 2018 RSC Advances).
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through small nozzles to create desired shapes. This 
process involves the extrusion of material in a continuous 
stream rather than layer-by-layer deposition typical of 
other 3D printing methods. DIW allows for the use of 
various materials, including non-thermoplastic polymers, 
hydrogels, ceramics, and even living cells, in bio-printing 
applications. The ability to print with liquid materials 
provides flexibility in material composition and properties, 
making DIW suitable for a wide range of applications in 
fields such as biomedicine, soft robotics, and electronics.21,22

Meniscus printing is a 3D printing technology wherein 
liquid polymers are dispensed onto a flat surface and 
shaped using surface tension to achieve the desired form. 
This method typically involves the controlled deposition 
of droplets of liquid polymer onto a substrate. The surface 
tension of the liquid causes it to form a meniscus, which 
can be controlled to create precise shapes and structures.23,24 
Meniscus printing offers advantages in producing complex 
geometries and structures with high resolution and 
precision. It finds applications in various fields, including 
biomedicine, where it can be used to create biomaterials 
for tissue engineering and drug delivery systems.

2.2. Vat photopolymerization

Vat photopolymerization is an AM technology that 
selectively solidifies liquid resin contained in a vat 
using a curing device. The liquid resin typically consists 
of oligomers and monomers. When exposed to the 
curing light, the oligomers and monomers undergo 
polymerization, forming polymer chains that harden to 
create the desired object. The curing process occurs layer 
by layer, with each layer solidified before the next layer 
is added, resulting in precise and detailed models. Vat 
photopolymerization utilizes various curing devices such as 
UV beams, digital light, and light-emitting diodes (LEDs), 
offering advantages in high resolution and accuracy for the 
resulting products.25

Stereolithography (SLA) is a high-resolution 
AM technology that employs rastering lasers to 
photopolymerize liquid resin, forming 3D models. The 
process involves sequentially exposing the resin surface to 
the laser to create layers, with each layer cured by UV light.26 
A schematic diagram of the SLA process is illustrated on 
the left in Figure 2B. SLA is capable of producing intricate 
and complex models with high precision. It finds extensive 
applications in industries such as advanced medical, 
automotive, and aerospace due to its ability to fabricate 
precise and complex prototypes and functional parts.

Digital light processing (DLP) stands out in the realm 
of AM as a technology that precisely photopolymerizes 
liquid resin using a projector light source. Its significant 

difference from SLA lies in the light source. While SLA 
employs rastering lasers, DLP utilizes a projector light 
source, enabling a different approach to layer creation. 
A defining advantage of DLP is its capability to print an 
entire 2D layer simultaneously, thanks to the digital micro-
mirror device generating a digital image to illuminate each 
layer’s shape in one go.27 This simultaneous curing process 
contributes to the rapid production of high-resolution 
models, distinguishing DLP for its speed in manufacturing. 
This speed advantage positions DLP as a viable choice 
for applications where time-to-market is crucial, such as 
precision parts manufacturing and medical modeling. 
However, it is worth noting that compared to SLA, DLP 
may exhibit slightly lower resolution due to the nature of 
its projection method. Despite this minor drawback, DLP’s 
efficiency in printing speed makes it an attractive option 
for various industries seeking to balance between speed 
and resolution in their AM processes.

Continuous liquid interface production (CLIP) 3D 
printing is an AM technology that addresses the slow 
production speed of SLA and DLP by fundamentally 
changing the manufacturing process. Instead of layer-
by-layer manufacturing using photo-curable resin, CLIP 
continuously lowers a liquid resin pool to manufacture 
objects.28 This continuous process offers significantly faster 
production speeds, up to 100 times faster than conventional 
layer-by-layer methods, while maintaining high accuracy. 
CLIP holds promise for manufacturing innovation due to 
its speed and precision, opening up new possibilities for 
various industries. The primary distinction between DLP 
and CLIP lies in their manufacturing processes: CLIP utilizes 
a continuous manufacturing process, whereas DLP employs 
a layer-by-layer approach, as illustrated in Figure 2B.

2.3. Binder jetting

Binder jetting is an AM process that begins by evenly 
spreading powder material across a build platform. 
Subsequently, a binder, typically in liquid form, is precisely 
jetted onto the powder layer, selectively solidifying it. This 
process is repeated for each layer until the desired object is 
formed. The schematic of the binder jetting process is depicted 
in Figure 2C. Post-processing techniques such as sintering or 
infiltrating can, further, enhance the precision and strength 
of the final product. Binder jetting is known for its relatively 
high production speeds and cost-effectiveness, making it 
suitable for mass production. In addition, its ability to mix 
various materials provides versatility for manufacturing 
functional components across different industries.26

2.4. PBF

Polymer materials are primarily utilized in the PBF process, 
predominantly through selective laser sintering (SLS). 
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SLS involves laying down a flat layer of polymer powder 
particles and selectively sintering them with a laser into 
the desired shape. After each layer is sintered, the powder 
bed is lowered, and another flat powder layer is laid on top, 
repeating the process until the entire object is fabricated. It 
is important to note that SLS differs distinctly from selective 
laser melting (SLM), as SLS does not fully melt the powder 
into a liquid state. The schematic of the SLS process is 
shown in Figure 2D. SLS technology offers the capability to 
manufacture complex 3D shapes, enabling its application 
across a wide range of fields. In addition, its ability to 
mix various materials further extends its versatility.30 
Particularly, noteworthy is the role of polymer powder 
in serving as support, enhancing design flexibility. From 
prototype fabrication to final product manufacturing, SLS 
emerges as a promising manufacturing method extensively 
used across diverse industries.

2.5. Material jetting

Material jetting is a manufacturing method where liquid 
materials are precisely sprayed through small nozzles to 
form layers. This technology offers exceptional fabrication 
speed, making it suitable for various industries and 
applications.31 In material jetting, materials are deposited 
at precise locations through small nozzles and then cured 
either by UV light or heat to form and bond layers. The 
referenced process schematic is shown in Figure 2E. This 
process allows for the creation of models with complex 
shapes and intricate details, providing high material 
selectivity and enabling the fabrication of parts with 
specific material properties tailored to the application’s 
requirements.

3. AM with functional materials and their 
applications
3.1. Magnetic powders

Recently, there has been active research on magnetically 
responsive soft materials among various types of polymer-
based stimuli-responsive soft materials. This interest 
primarily stems from their advantage of faster response 
compared to other operating modes, such as heat, light, 
and electric fields.32 The magnetic field, which serves as 
the actuating source for these magnetically responsive soft 
materials, is non-contact and relatively easy to control, as 
its magnitude, phase, and frequency can be modulated 
quickly and accurately, and the magnetic field is transparent 
to most materials.32-34

Magnetic filler particles generally consist of 
ferromagnetic materials that exhibit significant 
magnetization under an external magnetic field. These 
ferromagnetic materials can be classified according to their 

magnetization properties into hard magnetic materials, 
soft magnetic materials, and superparamagnetic materials. 
Hard magnetic materials have high remanence and 
coercivity. Remanence (or residual magnetization) refers to 
the magnetization remaining in a material after the external 
magnetic field has been removed. This property renders 
hard magnetic materials to be considered permanent 
magnets. Coercivity is the strength of the external 
magnetic field required to demagnetize the magnetized 
material. Hard magnetic materials can maintain significant 
residual magnetization even after the removal of the 
magnetic field following saturation, and they can also 
retain notable residual magnetization when subjected to 
magnetic fields below their coercive strength.35,36 Due to 
these characteristics, hard magnetic materials exhibit large 
hysteresis (Figure 3A). Hence, composites containing hard 
magnetic particles embedded in a polymer matrix retain 
high residual properties after magnetization and exhibit 
independent behavior in response to applied magnetic 
fields below the coercive fields. Hard magnetic materials 
include ferrite-based substances such as barium ferrite 
(BaFe12O19), strontium ferrite (SrFe12O19), or neodymium 
iron boron (Nd2Fe14B) and samarium cobalt (SmCo5, 
Sm2Co17) known as rare-earth magnets.

Soft magnetic materials, such as pure iron (Fe), nickel-iron 
alloy, and silicon-iron alloy, are known for their strong response to 
magnetic fields, characterized by high saturation magnetization. 
However, they tend to retain a low residual magnetization 
after saturation and are easily demagnetized due to their low 
coercivity. That is, soft magnetic materials have narrow hysteresis 
(Figure 3B). In addition, these materials, utilized as fillers, possess 
high relative permeability and swift responsiveness, making 
them widely utilized in the fabrication of magnetic alignment 
composites.35 Ferromagnetic particles smaller than a certain 
critical size are referred to as superparamagnetic materials, 
behaving somewhat similarly to non-magnetic substances in 
the absence of an external magnetic field, despite maintaining 
relatively high magnetization (Figure 3C). Superparamagnetism 
is a property exhibited by nanometer-sized magnetic particles, 
where the continual thermal motion and Brownian motion 
cause their magnetic structure to fluctuate, rendering them 
essentially unaligned in the absence of an external magnetic field. 
Notably, Fe3O4 nanoparticles are widely utilized in various fields, 
including biomedical applications and micro-robotics, due to 
their biocompatibility and relatively high magnetization.37-39 
Typically, Fe3O4 undergoes a transition from a soft magnetic 
phase to a superparamagnetic phase at a critical size of around 
20 nm.40

3.1.1. Magnetically responsive soft robots

Due to recent advances in 3D printing technology for soft 
materials, current research is focused on developing soft 
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robots capable of achieving complex behaviors through 
the use of 3D-printed magnetically responsive soft 
materials (Table  2). Embedded magnetic filler particles 
generate internal stress as they attempt to align with 
the magnetic field under external magnetic influence, 

resulting in macroscopic deformation and exhibiting 
intricate behavior.41-43

A method has been developed to program complex 
non-uniform magnetic domain patterns using permanent 
magnets or electromagnets on hard magnetic particles 

Figure  3. Comparison of magnetization characteristics under magnetic field. (A) Hard magnetic materials. (B) Soft magnetic materials. (C) 
Superparamagnetic materials.

Table 2. Comparison of materials and fabrication methods for magnetically responsive soft robots

3D printing method Material composition Description References

Material extrusion (DIW) NdFeB microparticles+thermoplastic 
elastomers (styrene‑isoprene block 
copolymers)

NdFeB‑SIS composite ink is developed to provide high 
elasticity (>1000%), and an origami‑inspired printing method is 
introduced for reprogramming.

41

Material extrusion (DIW) NdFeB microparticles+silicone 
elastomers (SE1700 and Ecoflex 
00‑30 Part B)

The evolutionary algorithm‑guided voxel encoding is proposed 
to design tailored magnetic density and direction, leading to 
functional biomimetic soft robots and expanded applications.

42

Material extrusion (DIW) NdFeB microparticles+silicone 
elastomers (SE1700 and Ecoflex 
00‑30 Part B)

A new 3D printing technology is proposed for 
shape‑programmable soft materials utilizing magnetic fields for 
untethered actuation and delivering potential for biomedical 
devices, and soft robotics via customized domain patterns and 
magnetization strength.

44

Material extrusion (DIW) NdFeB microparticles+silicone 
elastomers (Sylgard 184)

A 4D printing method utilizing an origami‑based magnetization 
technique is proposed. This method enables the fabrication of 
complex objects with the ability to reprogram their magnetization. 
Bionic hands serve as an example of this capability.

43

Material extrusion (DIW) NdFeB microparticles+thermoplastic 
elastomers (thermoplastic urethane)
NdFeB microparticles+silicone 
elastomers (Sylgard 184)

A continuum soft robot with omnidirectional steering 
capabilities, miniaturized ferromagnetic domains, and hydrogel 
skin for navigation in complex environments and steerable laser 
delivery was presented for minimally invasive robotics surgery.

45

Material extrusion (DIW) NdFeB microparticles+silicone 
elastomers (SE 1700)

A coaxial printing method for creating soft‑magnetic‑electrical 
fibers is presented, enabling hybrid functions issues in soft 
robotics and biomedical applications, demonstrated by 
catheter‑based electro‑ablation, somatosensory gripper.

47

Vat photopolymerization 
(DLP)

NdFeB microparticles+photocurable 
elastomers

A UV lithography‑based method is presented for patterning 
magnetic particles in elastomer matrices, enabling custom 3D 
magnetization profiles for higher‑order microrobots, leading to 
locomotion with multi‑arm grasping and multi‑legged crawling.

49

Vat photopolymerization 
(CLIP)

Fe3O4 nanoparticles+photocurable 
elastomers

A comprehensive solution for designing and fabricating a 3D 
micro‑robotic gripper using a high‑resolution CLIP process for 
untethered operation in both dry and aqueous environments has 
been presented, resulting in a monolithic gripper design.

50

Abbreviations: CLIP: Continuous liquid interface production; DIW: Direct ink writing; DLP: Digital light processing; NdFeB: Neodymium magnet.

CBA
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inside soft materials utilized in extrusion-based 3D printing, 
such as DIW.44 Soft materials embedded with neodymium 
magnet (NdFeB) particles, programmed through this 
method, can undergo rapid transformations of complex 
shapes under the influence of an external magnetic field. 
Building on this capability, a soft robot capable of crawling 
and jumping was developed. Similarly, a method has been 
developed that can program not only the direction but 
also the density of the magnetic domain on a voxel basis 
in the printed filament using an evolutionary algorithm.42 
Through this approach, a four-legged soft robot mimicking 
a trot (dog gaits) was developed from a soft material 
embedded with NdFeB particles under an alternating 
magnetic field. This demonstration highlights the potential 
for greatly expanding application possibilities beyond the 
brute-force approach used to program the magnetization 
domain of existing magnetically responsive soft materials.

A mechanism was proposed to reprogram the 
magnetization profile by folding a hinge-designed 
magnetically responsive material into a desired shape 
and applying an impulse magnetic field exceeding 
the coercivity. Using this mechanism, a multi-finger 
soft robotic gripper exhibiting precise operation was 
demonstrated (Figure 4A).41 A rock-paper-scissors gesture 
was demonstrated by re-magnetizing a magnetically 
responsive NdFeB material that mimics the human hand.45 
For hard magnetic materials that are already saturated, the 
remanence can be initialized by heating and cooling above 
the Curie point of the material in addition to applying an 
impulse magnetic field greater than the coercive force.

The self-responsive soft material is soft and flexible while 
exhibiting excellent responsiveness, enabling expansion 
into a core-sheath structure through integration with a 
functional core. Several studies have explored its application 
in biomedical contexts. For instance, a soft robotic catheter 
was developed using a polymer matrix embedded with 
NdFeB particles as a sheath and inserting other functional 
materials coaxially into the core.46 This catheter robot, 
featuring an optical fiber as its functional core and a 
magnetically responsive soft material coated with hydrogel 
as its sheath, demonstrated laser delivery by reaching the 
target point within a 3D cerebrovascular phantom through 
flexible motion. Similarly, a coaxial printing method has 
been developed, enabling the simultaneous printing of the 
core and sheath to yield structures with excellent magnetic 
reactivity and conductivity. This method involves using a 
conductive liquid metal core and a magnetically responsive 
soft material sheath structure embedded with NdFeB 
particles.47 Employing this coaxial printing method, a 
soft robot gripper has been developed, capable of grabing 
objects of various sizes by transforming under the influence 

of a magnetic field. In addition, a soft robot gripper capable 
of detecting the size of the captured object by analyzing the 
changing induced magnetic field was demonstrated.

In addition to extrusion-based 3D printing methods, the 
design and fabrication of magnetically responsive soft materials 
using light-based 3D printing methods have been reported. 
Compared to extrusion-based 3D printing, which typically has 
relatively lower resolution, light-based 3D printing generally 
has high resolution.48 By utilizing this technology, an eight-
legged paddle-crawling robot was developed by programming 
magnetic domains into NdFeB particles embedded within 
a magnetically responsive soft material.49 Demonstrations of 
the robot’s crawling motion on silicone oil were achieved by 
applying an alternating magnetic field. Furthermore, a micro-
scale robotic gripper was developed using the CLIP approach 
instead of the slower SLA approach, which exhibits clear 
boundaries between layers.50 This gripper utilizes Fe3O4 with 
a diameter of 20 – 30 nm, considered a superparamagnetic 
material, as a filler for achieving fast closing motion.40 The low 
residual magnetization enables rapid closing of the gripper by 
its elasticity.

3D printing technology has revolutionized the field of 
magnetically responsive soft robots, enabling the creation of 
complex designs and sophisticated functionalities that were 
previously unattainable through traditional manufacturing 
methods. Material extrusion 3D printing offers the ability 
to program the magnetization direction of the printed 
filament by applying an external magnetic field, allowing for 
customized designs. This technique has proven particularly 
useful for fabricating soft robots with intricate structures and 
tailored properties. Vat photopolymerization 3D printing 
also provides the capability for localized magnetization 
programming during layer-by-layer printing. Light-based 
3D printing generally offers higher resolution and faster 
printing speeds compared to extrusion-based methods. 
However, the use of dark magnetic materials can lead to 
reduced curing speeds, limiting the incorporation of high 
magnetic particle contents.

Despite the rapid advancements in 3D-printed 
magnetically responsive soft robots, several areas still 
require improvement:
(i)	 Real-time feedback-based autonomous control: In 

soft robotic applications, such as navigating through 
blood vessels, real-time feedback is crucial for obstacle 
avoidance and path planning. Vision-based feedback 
systems can be integrated with electromagnetic 
actuation systems to enable intelligent control and 
maneuverability.

(ii)	 Multi-material printing: The combination of materials 
with different magnetic properties using multi-
nozzle printers opens up possibilities for creating 
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multifunctional soft robots. Integrating magnetic 
materials with other functional materials, such as 
biocompatible or conductive materials, can expand 
the capabilities and applications of these robots.

(iii)	High magnetic particle content limitations in vat 
photopolymerization: While vat photopolymerization 
offers advantages like high resolution, it presents 
a challenge when using dark magnetic particles. 
These particles can hinder the curing process due 
to light absorption, making it difficult to achieve 
high magnetic particle content within the printed 
structures. This limitation can restrict the overall 
magnetic strength and functionality of the soft robots 
produced using this method.

3.2. Metal powders

In recent years, there has been remarkable progress in the 
field of electronic devices, especially with the emergence 
of soft electronics based on polymer matrices, which 
have seen significant advancements following the recent 
strides in 3D printing technology. Nanoparticle fillers 
can be added to polymers to impart various properties.51 
Among these, metal nanoparticle inks are readily 
available and exhibit relatively high electrical conductivity 
compared to inks containing other types of nanofillers.52 
These metal nanoparticles are used to develop a variety 
of flexible or stretchable soft electronics by combining 
embedded polymer composite ink, conformal printing, 

Figure 4. Polymer-based applications of magnetic powder- and metallic powder-embedded materials. (A) Origami-based programming magnetization 
profile method and soft robots based on magnetically responsive soft materials. Images reproduced with permission from Wajahat et al.41 Copyright © 2023 
American Chemical Society. (B) Soft wearable inductance sensor fabricated with a liquid metal core-polymer sheath structure. Images reproduced with 
permission from Zhou et al.74 Copyright © 2018 American Chemical Society.
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and 3D printer technology, which allows for on-demand 
production.

Metal nanoparticle fillers have a direct impact on the 
electrical and mechanical characteristics of the printed 
products.52-54 To determine the suitability of metal 
nanoparticles, factors such as electrical conductivity, 
oxidation stability, and electrical properties can be 
considered based on the required performance of 
individual soft electronics. The most commonly used metal 
nanoparticles are those of single elements, such as silver, 
gold, and copper nanoparticles.52-56 Among them, silver is 
the most widely used conductive filler due to its outstanding 
electrical conductivity, mechanical rigidity, and high 
corrosion resistance among metals.55-59 Moreover, silver 
nanoparticles find extensive use in medical applications, 
as they can be employed for selective laser photothermal 
treatment, leveraging the surface plasmon resonance effect 
and the ability to convert strongly absorbed light into local 
heat.60-62 Copper nanoparticles are relatively inexpensive 
compared to silver and gold and possess similar electrical 
conductivity and a low electron transfer effect as silver.53,54 
However, when forming copper nanoparticles in air, an 
oxide layer is generated on the surface for thermodynamic 
stability, leading to a reduction in electrical conductivity 
and an increase in sintering temperature.63-66 The 
formation of an oxide layer renders the sintering of copper 
nanoparticle inks technically challenging, which is one 
of the main reasons why copper nanoparticles are used 
less frequently than the relatively more expensive silver 
nanoparticles as conductive fillers.

3.2.1. Soft sensors embedded with metallic nanoparticles

Polymer-based sensors printed using 3D printing 
technology can achieve excellent shape restoration and 
perform various functions depending on the embedded 
conductive material. Particularly, polymer composites 
embedded with conductive nanoparticles are known 
to exhibit a sensitive resistance response to strain and 
possess excellent electrical conductivity.67-69 An ideal 
elastic conductor maintains constant high conductivity 
over a wide range of strain rates.70 In particular, strain and 
tactile sensors made of metals with excellent conductivity 
are actively being researched. The material, fabrication 
method, and performance of the polymer-based sensor 
embedded with metallic particles are summarized in 
Table 3.

Taking advantage of the fact that extrusion-based 
DIW 3D printing allows for multi-material printing, a 
tactile sensor was demonstrated through a single process 
with four different independently addressable nozzles.71 
The tactile sensor comprises two electrode layers, one 
insulating layer, a support layer, a sensor layer, and a 
base layer. The sensor layer and electrode layer contained 
silver nanoparticles embedded in silicone elastomer, and 
the completed sensor exhibited high flexibility, electrical 
conductivity, and sensitivity. It is also possible to expand it 
into an array form.

Strain sensors and capacitive sensors fabricated using 
a new method called hybrid 3D printing have been 
reported.72 Advanced soft sensors are accomplished 

Table 3. Comparison of materials, fabrication methods, and performance of soft sensors embedded with metallic nanoparticles

3D printing method Material composition Applications Performances References

Multi‑material 
extrusion (DIW)

Submicrometer‑sized silver 
particles+silicone elastomers 
(Dragon Skin 10)

Tactile sensor As the pressure applied rose from 100 to 
500 kPa, the device’s resistance decreased 
approximately twelvefold, dropping from 1.14 
kΩ to 95 Ω; gauge factor: about 180

71

Material extrusion 
(DIW) with automated 
pick‑and‑place

Silver micro‑flakes+thermoplastic 
elastomers (thermoplastic 
urethane)

Microcontroller 
device and 
wearable device

Electrical conductivity; initial: 104×S/cm; at 
strain of 240%: 0.1 S/cm; gauge factor 13.3

72

Feedback‑controlled 
material extrusion 
(DIW)

Silver micro‑flakes+poly (ethylene 
oxide) (PEO)

Inductive coil 
(also suitable for 
moisture sensing), 
wearable device

Electrical conductivity (1.38±0.0814) × 104  
S/cm (one order of magnitude lower than bulk 
silver)

73

Coaxially material 
extrusion (DIW)

Galinstan+silicone elastomers (737 
neutral cure sealant)

Strain sensor Maximum tensile strain of 100%; can be bent 
up to 180 degrees

74

Integrating vat 
photopolymerization 
(DLP) and material 
extrusion (DIW)

(i) DLP elastomer: acrylate‑based
(ii) �DLP plastic: acrylate‑thiol 

based
(iii) �DIW ink: photosensitive ink, 

conductive silver ink, and 
LCE ink

Strain gauge Gauge factor: 251 75

Abbreviations: DIW: Direct ink writing; DLP: Digital light processing; LCE: Liquid crystal elastomers.
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through the integration of DIW printing and automated 
pick-and-place of electronic components within a unified 
manufacturing platform. Ink using silver flakes as filler in 
a thermoplastic polyurethane (TPU) matrix is printed as a 
strain gauge, along with a pick-and-place microcontroller 
and LED, resulting in the development of a large-area 
wearable strain gauge. The developed strain gauge outputs 
LED readings according to joint bending. Similarly, a 
moisture sensor was developed through a pick-and-place 
hybrid procedure of DIW 3D printing and surface-mount 
electronic components (LEDs).73 Polyethylene oxide 
(PEO) composite with silver flakes as conductive filler 
was extruded and printed in the form of an induction 
coil. When immersed in water, the printed conductive 
traces undergo a reverse drying process and exhibit higher 
impedance. Under controlled moisture, the ink maintains 
its printed shape and recovers to its initial impedance level 
after drying.

In addition, a flexible sensor was developed to detect the 
deformation and posture of a snake-like soft robot based 
on liquid metal (Figure 4B).74 Liquid metal-based sensors 
have the advantage of measuring large deformations 
by remaining connected even after experiencing large 
deformations due to their stable electrical properties. 
Since liquid metal has low printability, silicon and liquid 
metal are printed together coaxially. The sensor is printed 
in the shape of a solenoid and can be installed on a soft 
robot, such as a snake, to distinguish tensile and bending 
deformations.

Extrusion-based 3D printing has been considered the 
predominant approach for fabricating soft sensors embedded 
with metallic powder. However, a limited but notable 
alternative has been reported: vat photopolymerization 
printing. Photopolymerization-based printing is only 
applicable to photosensitive resins, and metallic powders 
may absorb and reflect light, potentially impeding sufficient 
light penetration into the material. These limitations can 
result in incomplete curing of the material and degradation 
of mechanical properties. In addition, metallic powders 
have high thermal conductivity, which can concentrate 
heat energy generated during the photopolymerization 
process onto the soft material, leading to thermal damage 
or deformation of the material.

To circumvent these limitations, hybrid 3D printing that 
integrates the advantages of vat photopolymerization and 
extrusion-based 3D printing was developed. This approach 
has demonstrated strain gauge fabrication.75 The hybrid 
3D printer combines DLP for high-resolution printing of 
a photosensitive matrix and DIW for printing conductive 
silver nanoparticle ink. Through optimization of printing 
parameters, strong interfacial bonding between the DLP-

printed matrix and DIW-printed functional materials was 
achieved. The developed strain gauge exhibited a gauge 
factor of 251, indicating relatively excellent sensitivity.

Advanced 3D printing techniques, such as multi-
material extrusion, hybrid printing, and coaxial printing, 
have emerged as powerful tools for fabricating soft sensors. 
These 3D printing methods have particularly facilitated soft 
sensors embedded with metallic nanoparticles, enabling 
immediate fabrication on request. The integration of metal 
particles into non-conductive polymer matrices imparts 
electrical conductivity, while the inherent flexibility of 
polymers facilitates their applications in various fields, 
such as strain sensors and wearable sensors. Despite their 
advantages, metal particle-embedded soft materials face 
several challenges:
(i)	 High-temperature sintering: Metal nanoparticles often 

require high-temperature sintering (typically above 
100°C) to enhance electrical conductivity, hindering 
in situ fabrication within the human body.

(ii)	 Cost limitations: Silver nanoparticles, the most 
commonly used, are expensive, thereby limiting their 
suitability for mass production. Although copper 
nanoparticles are cheaper than silver nanoparticles, 
they are less commonly used due to the aforementioned 
manufacturing difficulties.

(iii)	Oxidation: The large surface area of nanoparticles 
makes them susceptible to oxidation, potentially 
compromising their long-term performance.

3.3. Perovskites

Perovskite materials have attracted considerable interest in 
the semiconductor field due to their unique characteristics, 
such as strong absorption coefficients, excellent tolerance 
to defects, and high charge carrier mobility.76-78 Perovskites 
generally possess ABX3 structure, where A and B represent 
cations, and X represents an anion (A: MA+ or FA+ or 
Cs+, B: Pb2+ or Sn2+, X: Cl-  or Br-  or I-). The enhanced 
photoluminescence quantum yield (PLQY) and superior 
color purity inherent to perovskites significantly enhance 
the power conversion efficiency (PCE) in solar cells.79-83 
Furthermore, their broad wavelength spectrum facilitates 
the generation of diverse light colors in LEDs, which 
plays a critical role in achieving high-resolution display 
technologies.84,85 Moreover, these properties are critically 
harnessed in engineering highly sensitive sensors capable of 
detecting subtle environmental alterations.86 Conventional 
fabrication methods of perovskite devices include spin 
coating,87 spray coating,88 and blade coating.89 However, 
spin coating often leads to substantial material loss, spray 
coating poses challenges in controlling the uniformity of 
perovskite layer thickness, and blade coating encounters 
difficulties in fabricating ultrathin films.
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3D printing technology has emerged as an alternative 
that overcomes the limitations of conventional fabrication 
methods. It enables the fabrication of complex structures, 
optimization of material usage, and cost-effective 
production. In particular, it has been employed for 
fabricating perovskite layers using inkjet printing,90 
meniscus printing,91 electrohydrodynamic (EHD) 
printing,92 FDM,93 and DIW.94 However, securing high-
quality and stable inks remains a significant challenge. 
Technological advancements in the fabrication and 
performance of perovskite materials using 3D printing 
technology are detailed in Table  4, highlighting their 
application in devices such as solar cells, sensors, and 
LEDs.

3.3.1. Photovoltaic effect

Perovskite solar cells (PSCs) and photodetectors both 
leverage the light absorption properties of perovskites 
to generate electrical signals from light energy. In PSCs, 
light induces the generation of electron-hole pairs within 
the active perovskite layer, which are, then, transported 
through the hole transport layer (HTL) and electron 
transport layer (ETL) to electrodes, thereby transforming 
light into electricity. Similarly, perovskite photodetectors 
generate electron-hole pairs on exposure to light, guiding 
them toward electrodes to produce electrical signals for 
detecting light intensity and wavelength. These applications 
are pivotal in various fields, such as environmental 
monitoring, image sensing, and optical communication, 
requiring high sensitivity and rapid response times. These 

technologies underscore the versatility and efficiency of 
perovskites in converting light into electrical energy for 
various practical applications.

Inkjet printing achieves a high PCE of more than 21%, 
replacing the conventional spin coating method due to 
difficulties in scaling up to large areas. This advancement 
was facilitated by utilizing a high-concentration precursor 
to effectively form absorption layers thicker than 1 μm, 
and by streamlining the manufacturing process through 
a single-ink approach.95 Perovskite photodetectors with 
high resolution, flexibility, and wide color range have been 
fabricated using EHD printing, overcoming the limitations 
of fabricating multi-spectral semiconductors. This printing 
technique successfully produced high-quality perovskite 
dot arrays with 1 μm precision, presenting the potential 
for future wide-color photodetector and artificial vision 
systems.96

3.3.2. Perovskite displays

In perovskite LEDs and through photoluminescence in 
perovskites, the interplay of electrons and holes is crucial 
for the conversion of electrical and absorbed light energy 
into emitted light of various wavelengths. Electron-hole 
recombination within the perovskite layer is key to the 
efficiency of light emission in LEDs, where the introduction 
of various nanoparticles allows for a spectrum of colors 
with high purity. Photoluminescence, on the other hand, 
involves the absorption of photons that excite electrons to 
higher energy states. Following this excitation, some energy 
is lost, and the remaining energy is emitted as light when the 

Table 4. Fabrication methods and applications using perovskite

3D printing method Structure Applications Description References

Inkjet Cs0.1MA0.15FA0.75, Pb 
(I0.85Br0.15)3

Solar cells Inkjet‑printed micrometer‑thick perovskite solar cells achieve 
high power conversion efficiencies (PCEs) exceeding 21% and are 
promising for scalable applications in photovoltaic technologies.

95

Electrohydrodynamic 
(EHD)

MAPbX3 Photodetector The high‑resolution perovskite full‑colored photodetector 
achieves a responsivity of 14.97 A W‑1, a detectivity of 1.41×1012 
Jones and features 1 µm diameter dot arrays.

96

Inkjet CsPbBr3 Displays (LEDs) The inkjet‑printed perovskite photodetector reported a PLQY of 
61.8% and an external quantum efficiency (EQE) of 5.9%.

97

Inkjet FA0.8Cs0.2PbI3, 
CsPbBr3, 
Cs0.75EA0.25PbBr3

Displays (LEDs) Perovskite light‑emitting diodes (PeLEDs) exhibit a PLQY of 
14.3% and are used in flexible, large‑area panel lighting and 
displays, offering high resolution.

98

Inkjet CsPbBr3‑PVP Displays Inkjet‑printed perovskite nanocomposites achieve a 64.3% 
PLQY and are used for detailed, high‑resolution patterning in 
applications like anticounterfeiting labels.

99

Meniscus MAPbX3 Displays The meniscus‑guided 3D printing technique enables the creation 
of perovskite nanowire heterostructures with nano‑pixel 
resolution, facilitating innovative applications in high‑resolution 
optoelectronics.

91

Abbreviations: PLQY: Photoluminescence quantum yield; LEDs: Light‑emitting diode.
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electrons return to lower energy states. This process enables 
perovskites to emit light at wavelengths different from 
the absorbed light, showcasing their potential to produce 
diverse and pure colors in lighting and display technologies.

LEDs were fabricated using CsPbBr3 nanocrystals 
that maintain their crystalline structure and exhibit high 
PLQY even under high-temperature annealing. A  novel 
inkjet printing technique utilizing high-boiling decalin 
and octane-mixed solvents was developed. This method 
demonstrated a six-fold increase in efficiency compared 
to LEDs fabricated using conventional spin coating.97 
Perovskite LEDs (PeLEDs) have garnered attention due 
to their characteristics, such as solution processing, large-
area fabrication, and flexibility, which contrast with those 
of conventional inorganic LEDs. However, challenges 
arise when applying blade or slot-die coating to flexible 
substrates. In a separate study, large-area fabrication was 
achieved through inkjet printing technology. The fabricated 
PeLEDs exhibited an external quantum efficiency (EQE) of 
14.3% at an area of 0.04 cm², suggesting the feasibility of 
future wide-color displays.98

Inkjet printing capable of precision control was 
implemented by adding polyvinylpyrrolidone (PVP) to 
perovskite. This technology is activated by light, exhibiting 
a fluorescent effect. The patterns created are composed of 
dot microarrays, exhibiting homogeneity at a macroscopic 
level and high reproducibility at a microscopic level. In the 
pertinent study, the arrangement of these dots enabled the 
creation of complex images such as barcodes, the logo of 
Fuzhou University, and honeybee illustrations. Perovskite 
exhibits nearly invisible characteristics in ambient 
conditions and can be applied to flexible substrates, 
indicating its potential for use in anticounterfeiting 
labels (Figure  5A).99 Furthermore, complex-shaped and 
compositionally diverse perovskite heterostructures 
were fabricated using meniscus-guided printing. A study 
demonstrated the capability to program various emission 
colors, achieving color mixing and encryption at the single 
nanopixel level.91

Perovskite printing technology is garnering attention 
for its potential applications in flexible electronics and 
wearable devices due to its high material utilization 
efficiency and cost-effectiveness. This technology enables 
direct printing on flexible substrates, offering significant 
design flexibility and the ability to create precise patterns 
through fine nozzles, making it ideal for producing high-
resolution displays. However, devices such as PSCs and 
photodetectors face challenges in maintaining long-
term performance stability due to their sensitivity to 
environmental factors such as humidity and temperature. 
To overcome these challenges, further research emphasizes 

optimizing the chemical and physical properties of the 
ink, as well as exploring encapsulation and specialized 
coating techniques. Such advancements are expected to 
enhance the commercial viability of perovskite inkjet 
printing technology. In addition, ongoing studies focusing 
on optimizing ink viscosity, surface tension, and chemical 
properties are crucial for advancing this field.

3.4. Piezoelectrics

Piezoelectric technology possesses the capability to 
convert mechanical energy, such as vibrations or impacts, 
into electrical energy, and vice versa. The piezoelectric and 
converse piezoelectric effects are mathematically described 
by Equations I and II, respectively.

D = dT + ∈T E	 (Piezoelectric effect)� (I)

S = sET + dE	 (Converse piezoelectric effect)� (II)

In these equations, D represents electric displacement, d 
the piezoelectric charge coefficient, T mechanical stress, ∈T 
permittivity of the material (for T = constant), E electrical 
field, S mechanical strain, and sE mechanical compliance 
(for E = constant). The piezoelectric charge coefficient, 
d, varies depending on the material and its orientation, 
reflecting the material’s effectiveness in converting 
mechanical energy into electrical energy and vice versa. 
This technology is crucial in the development of compact 
electronic devices, such as portable gadgets, medical 
technologies, and Internet of Things devices.100,101 It enables 
continuous operation without the need for recharging, 
thereby gaining recognition as an environmentally friendly 
material.

Piezoelectric materials are categorized into ceramics 
and polymers. Ceramic materials include lead zirconate 
titanate (PZT)-based compounds, which possess high 
piezoelectric constants and ferroelectric properties,102 
as well as lead-free materials, such as BaTiO3, known 
for their environmental friendliness.103 On the polymer 
side, materials such as polyvinylidene fluoride (PVDF) 
and P(VDF-TrFE) are prominent, particularly in 
wearable technologies, due to their flexibility and ease of 
processing.104,105

Conventional manufacturing methods for piezoelectric 
devices, including sintering, etching, and cutting,106-108 
exhibit limitations in creating complex geometries. These 
methods often result in issues such as mechanical stress, 
loss of grain structure, reduction in strength, and near-
surface depolarization.109

The introduction of 3D printing technology has 
addressed these challenges, offering advantages over 
traditional manufacturing methods as follows: (i) the 
capability to fabricate complex structures, (ii) precise 
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control over microscale components, (iii) simplification of 
device assembly and packaging stages, and (iv) enhanced 
electromechanical responses and piezoelectric output.109 
Piezoelectric devices are primarily manufactured using 
3D printing methods such as SLA,110 FDM,111 DIW,112 
DLP,113 and inkjet printing.114 These techniques provide the 
potential for precise and efficient fabrication of complex 3D 
piezoelectric structures. Recent advances in 3D printing 
technology for piezoelectric materials are summarized 
in Table 5, highlighting their improved performance and 
applications in sensors, pressure detectors, and energy 
harvesting devices.

3.4.1. Energy harvester and sensors

Piezoelectric materials can convert mechanical stress 
or vibrations into electrical energy through structural 
deformation, leading to charge separation and 
accumulation. This process generates a potential difference, 
aiding in the transformation of mechanical to electrical 
energy, which can power devices immediately or be stored 
for future use. Widely adopted in the industrial sector for 
its accuracy and quick response, piezoelectric materials 
enable precise measurements of vibrations, pressure, and 
force, converting mechanical energy changes into electrical 
signals for application in various technologies.

Figure  5. Applications of perovskite and piezoelectric materials. (A) Microarrays of anticounterfeiting labels made from perovskites with 
polyvinylpyrrolidone. Images reproduced with permission from Liu et al.99 Copyright © 2019 American Chemical Society. (B) All-3D-printed pyroelectric 
NG (PyNG) applications, such as self-powered sensors and energy harvesting. Images reproduced with permission from Maity et al.115 Copyright © 2023 
American Chemical Society.
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A hybrid thermoelectric-piezoelectric nanogenerator, 
utilizing cellulose nanocrystals to harvest mechanical 
and thermal energy, was fabricated using FDM. This 3D 
printing methodology reduces the number of processing 
steps required for multilayer fabrication while maintaining 
excellent stability and performance. The fabricated sensor 
exhibits superior mechanical energy harvesting and can 
accurately detect heartbeats and respiration regardless 
of time and location without an external power source. 
Furthermore, the device facilitates noninvasive monitoring 
of cardiorespiratory status, representing an advancement in 
the development of human-machine interfaces through its 
self-powered operation (Figure  5B).115 Sensors fabricated 
using DIW with MoS2-enhanced PVDF demonstrated 
a piezoelectric coefficient (d33) of 48.4 pC N−1, which is 
approximately eight times higher than that of sensors 
produced through casting.116 In addition, a fully printed and 
PDMS-packaged piezoelectric sensor using P(VDF-TrFE)-
BaTiO3 was fabricated through DIW. The fabricated sensor 
was successfully attached to a prosthetic hand, enabling it to 
detect dynamic tactile data and identify objects.117

3.4.2. Piezo actuators

The inverse piezoelectric effect converts external electrical 
signals into mechanical energy, leading to the physical 
deformation of piezoelectric materials. When voltage is 
applied, the material’s crystal structure deforms, slightly 
changing its dimensions. The extent of this expansion or 
contraction is influenced by the magnitude and direction 
of the applied voltage and the type of material. This precise 
control over deformation is utilized in applications such 
as precision positioning, vibration generation, and fluid 

control. These capabilities underline the significance of the 
inverse piezoelectric effect in various technological fields.

A robotic metamaterial utilizing DLP technology 
has been fabricated, featuring multi-degree-of-freedom 
movements. This robotic metamaterial is designed as a 
micro 3D lattice structure that integrates piezoelectric, 
conductive, and structural elements. It can undergo 
numerous deformation modes, including twisting, shear, 
normal deformation, and combinations and amplifications 
of these modes. Such robotic metamaterials surpass 
the limitations of natural piezoelectric crystals and are 
expected to directly influence the development of future 
micro-robots and transducers.118

3D printing of piezoelectric materials allows for the 
precise fabrication of complex shapes and structures, 
applicable in various fields such as energy harvesters 
and sensors. This technology enables the design of 
multifunctional sensors with integrated capabilities. In 
addition, 3D printing facilitates the structural optimization 
of lightweight actuators. However, products manufactured 
through this method may have reduced durability compared 
to those produced by traditional methods, and minor 
defects that occur during the printing process can lead to 
performance degradation. Consequently, further research 
and development are needed to enhance the piezoelectric 
efficiency and durability of these materials, addressing the 
challenges inherent in the 3D printing process to ensure 
reliable and robust performance in practical applications.

3.5. Thermoelectrics

Thermoelectrics directly transform the temperature 
difference into electric current and vice versa using the 

Table 5. Comparison of materials and fabrication methods for piezoelectrics

3D printing 
method

Material 
composition

Applications Description References

FDM Cellulose 
nanocrystal, 
CNT

Energy Harvester 
and sensors

An all‑3D‑printed pyro‑piezoelectric nanogenerator using cellulose nanocrystals is 
introduced for self‑powered cardiorespiratory monitoring, facilitating non‑invasive 
health tracking.

115

DIW PVDF, MoS2 Energy Harvester 
and sensors

3D printing and 2D MoS2 nanofillers enhanced PVDF‑based sensors, achieving a 
piezoelectric coefficient of 48.4 pC N‑1, approximately 8.2 times higher than as‑cast 
PVDF for advanced precision applications.

116

DIW P (VDF‑TrFE), 
BaTiO3

Sensors A fully printed piezoelectric pressure sensor demonstrated in this work achieves 
a stable output of approximately 2.5 V at 30 kPa over 2000 seconds with minimal 
variation and is effectively employed in a prosthetic hand to discern the tactile 
hardness of various objects.

117

DLP PZT, SiOC Piezo actuators The described multi‑material additive manufacturing technique crafts intricate 3D 
robotic metamaterials with piezoceramic, metallic, and structural elements, enabling 
small‑scale devices capable of complex motions and integrated sensing for advanced 
robotic and transducer applications.

118

Abbreviations: CNT: Carbon nanotube; DIW: Direct ink writing; DLP: Digital light processing; FDM: Fused deposition modeling; PZT: Lead zirconate 
titanate; PVDF: Polyvinylidene fluoride; SLA: Stereolithography; SLS: Selective laser sintering.
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Peltier and Seebeck effects. This feature can be utilized in 
various fields, such as energy harvesting, cooling systems, 
and sensors.119 As the potential difference generated within 
a single p-n semiconductor remains at the millivolt scale, 
thermoelectric devices achieve higher voltages by linking 
multiple p-n semiconductors in series.120 For the n-type 
component, cationic materials such as TiO2-x and BixSb2-

xTe3-y, while for the p-type component, anionic materials 
such as Ni and Bi2 (SeyTe1-y)3 are used.

The inefficiency in utilizing thermal energy stems 
from the limitation of traditional thermoelectric device 
manufacturing, which is confined to a 2D plane. Therefore, 3D 
printing technology, which can overcome these limitations, 
is gaining attention. There are various thermoelectric 
manufacturing technologies utilizing the 3D printing 
method, including material jetting, vat photopolymerization, 
materials extrusion, PBF (SLS), screen printing, dispenser 
printing, and inkjet printing.17,120-124 These techniques offer 
benefits, including the capability to create precise structures, 
reduce material wastage, apply diverse materials, and expedite 
the prototyping process.119 Recent advances in 3D printing 
technology for thermoelectric materials are summarized 
in Table  6, highlighting their improved performance and 
applications in thermoelectric cooler and generator.

3.5.1. Thermoelectric coolers

Thermoelectric coolers (TECs), which function based on 
the Peltier effect, offer various advantages. TECs enable 
precise temperature control by directly adjusting power 
through variations in input current. Furthermore, they 
have the benefits of low noise and minimized size due to 
the absence of compressors.125 Therefore, numerous studies 
have been conducted to enhance stability and increase 
cooling efficiency.

Li et al.126 fabricated flexible thermoelectric thick 
films using screen printing on a polyimide substrate with 

a Bi0.5Sb1.5Te3/epoxy composite. These films created a 
temperature difference from 4.2 to 7.8 K when the current 
was between 0.01 and 0.05 A, with a power factor (PF) of 
1.12  mW/m·K-2. This achievement expands the potential 
of the flexible TECs with better cooling performance based 
on the higher PF value. Lu et al.127 utilized inkjet printing 
to fabricate thin film TECs using nanoparticle materials: 
p-type Sb1.5Bi0.5Te3 size of 9.8 ±2.7 nm and n-type Bi2Te2.7Se0.3 
size of 7.6 ± 1.9  nm on a polyimide (PI) substrate. The 
maximum PF was approximately 77 μW/m·K-2 at 75°C. This 
finding suggests the potential for improving the drawbacks 
of conventional nanoparticle thin-film manufacturing 
processes, such as complex manufacturing processes and 
material wastage. Since thin films are superior in localizing 
cooling and heating compared to bulk devices,128 they will 
lead to advancements in fields such as microelectronics 
and thermochemistry-on-a-chip.

3.5.2. Thermoelectric generators (TEGs)

The Seebeck effect is an electrical phenomenon observed 
between two semiconductors due to a temperature difference, 
where electrons migrate from one material to another in 
response to the temperature gradient. TEGs function based 
on the Seebeck effect, and they can generate electricity 
from small temperature differences, with the advantages of 
minimal size and lightweight. Therefore, numerous studies 
have been conducted to enhance stability and broaden the 
scalability of application areas. A  state-of-the-art, flexible 
TEG with metal chalcogenide nanowires was developed 
through inkjet printing. The printed films achieved a 
PF of 493.8 µW/m·K-2 at 400 K and a power density of 
0.9 µW/m·K-2 using materials such as Ag2Te, Cu7Te4, and 
Bi2Te2.7Se0.3.

129 This development enhanced both parameters 
and demonstrated promising scalability for novel materials. 
Moreover, a flexible TEG on a paper substrate was developed 
through dispenser printing. Materials such as Bi0.5Sb1.5Te3 and 
Bi2Se0.3Te2.7 were used, achieving an output power and voltage 

Table 6. Comparison of materials and fabrication methods for thermoelectric

Printing Method Composition Application Performance Reference

Screen Bi0.5Sb1.5Te3/epoxy composite TEC Temperature difference from 4.2 to 7.8 K with current 0.01 
to 0.05 A, at PF of 1.12 mW/m·K‑2

126

Inkjet p‑type Sb1.5Bi0.5Te3
n‑type Bi2Te2.7Se0.3

TEC PF of 77 μW/m·K‑2 at 75°C 127

Inkjet Ag2Te, Cu7Te4, Bi2Te2.7Se0.3 TEG PF of 493.8 µW/m·K‑2 at 400 K and power density of 0.9 
µW/m·K‑2

129

Dispenser Bi0.5Sb1.5Te3, Bi2Se0.3Te2.7 TEG Output power and voltage of 10 nW and 8.3 mV, 
respectively, with a thousand bending cycles at 35K

124

Ink dispensing SWCNTs/SDBS, SWCNTs/CTAB TEG PF values of 308 µW/m·K‑2 and 258 µW/m·K‑2 for the p‑type 
and n‑type film, respectively

130

Abbreviations: PF: Power factor; SWCNTs/CTAB: Single‑walled carbon nanotubes/cetyltrimethylammonium bromide; SWCNTs/SDBS: Single‑walled 
carbon nanotubes/sodium dodecylbenzene sulfonate; TEC: Thermoelectric cooler; TEG: Thermoelectric generator.
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of 10 nW and 8.3 mV, respectively, after a thousand bending 
cycles at 35 K.124 Figure  6B illustrates the manufacturing 
process and the complete structure of the flexible TEG. This 
research indicates the potential for printing TEGs on paper, 
which is widely used in various industries, thus enhancing 
the scalability of TEGs. Furthermore, Mytafides et al.130 
fabricated TEGs using ink dispensing with single-walled 
carbon nanotube (SWCNT) material. The resulting TEGs 
achieved high flexibility and PF values of 308 µW/m·K-2 and 
258 µW/m·K-2 for the p-type and n-type film, respectively. 
The materials used were SWCNTs/sodium dodecylbenzene 
sulfonate and SWCNTs/cetyltrimethylammonium bromide. 
These TEGs maintained stability even in encapsulated 
conditions, demonstrating the potential for advancing 
TEG technology by adopting new materials and producing 
durable TEGs for applications in extreme conditions. 
Figure 6A depicts the structural composition, flexibility, and 
overall construction of the fabricated TEGs.

3.6. Carbon-based materials

Carbon-based materials are compounds consisting of 
carbon atoms, with properties varying according to their 
chemical structure. They generally exhibit lightweight, 
high strength, electrical and thermal conductivity, and 
chemical stability. Examples of carbon-based materials 
include graphene, which consists of widely spread carbon 

atoms, carbon nanotubes (CNTs) with a cylindrical 
structure, and fullerenes with a spherical shape. These 
materials find wide applications in various fields, such 
as microelectronics, electrochemical biosensors, strain 
sensors, and chemical sensors.131,132 At present, the general 
manufacturing methods for carbon-based materials are 
chemical vapor deposition (CVD) and arc discharge. 
However, CVD has disadvantages, such as the use of 
numerous solvents, complex manufacturing processes, 
and high costs. The arc discharge method may also 
be susceptible to impurities and material wastage.133 
Therefore, various printing techniques such as DIW, binder 
jetting, inkjet printing, spray coating, FDM, and SLS have 
been developed to address these problems. These methods 
offer advantages such as simplification of processes, 
precise structure printing, minimal material wastage, and 
rapid prototyping. However, challenges remain, including 
high porosity, weak connections between layers, and 
ensuring the production of high-quality materials.134 
Recent advances in 3D printing technology for carbon-
based materials are summarized in Table 7, with improved 
performance and applications in sensor and battery.

3.6.1. Carbon-based sensors

Carbon-based chemical and strain sensors have 
revolutionized modern sensing technology. Chemical 

Figure  6. Applications of thermoelectric materials. (A) Fabrication of an all-carbon, fully printed, and flexible thermoelectric generator, including 
its structure, flexibility, and overall composition. Images reproduced with permission from Mytafides et al.130 Copyright 2021 © American Chemical 
Society. (B) Schematic diagram illustrating the fabrication process and the resulting transparent paper-based flexible thermoelectric generator. Images 
reproduced with permission from Zhao et al.124 Copyright © 2019 American Chemical Society. Abbreviations: OTEG: Organic thermoelectric generator; 
PTFE: Polytetrafluoroethylene; TE: Thermoelectric.
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sensors exhibit notable sensitivity to various compounds, 
with short response and recovery times. Similarly, strain 
sensors can sensitively detect structural deformations and 
stresses. Consequently, carbon-based chemical and strain 
sensors demonstrate innovative application potentials 
across various industries.

(a)	 Chemical sensors

Chemical sensors rely on chemical reactions altering the 
material’s properties, forming the fundamental principle 
of their operation. Due to the durability and outstanding 
properties of carbon-based materials, they are often 
utilized in chemical sensors. For instance, a highly sensitive 
flexible ethanol sensor was developed using inkjet printing, 
functionalized with poly(3,4-ethylenedioxythiophene) 
and carboxylic acid (COOH) poly (styrenesulfonate) 
(PEDOT:  PSS) CNT. It exhibits a sensitivity (ΔS/ΔC) of 
24.4×10−4 and short response/recovery times of 13/60 at 
1000  ppm.135 Its high sensitivity is anticipated to lead to 
the development of precise ethanol sensors. In addition, a 
humidity sensor was developed using graphene-carbon ink 
through screen printing on substrates such as glossy paper, 
matt paper, and sylvicta. The sensor resistance-humidity 
gradient was approximately 12.4 Ω/%RH (room humidity) 
from 25% RH to 91.7% RH. It displayed flexibility, stability, 
repeatability, durability, and short response/recovery time.136 
Detecting humidity is essential across diverse industries, 
environmental monitoring, and health-care sectors, making 

it applicable in various fields. Furthermore, a volatile 
organic compound sensor was developed using pristine 
graphene formulated from ethyl cellulose and toluene/
ethanol through extrusion printing.137 Sized approximately 
12 μm, it demonstrated the capability to detect chemical 
substances such as ethanol, methanol, and acetone within 
the range of 5 – 100 ppm. A formula relating concentration 
in ppm and resistance variation was derived, enabling 
current concentration measurements. The miniaturization 
of existing sensors suggests the potential to advance 
portable chemical sensor technology, thereby leading to the 
development of portable chemical sensors. Furthermore, 
Anca et al.138 fabricated NH3 detectable chemical sensors 
using laser-induced forward transfer printing. The minimum 
detectable NH3 value was 25 ppm, with a response time of 13 
s, showcasing an expansion of the manufacturing process.

(b)	 Strain sensors

The strain-sensitive property of an object, influenced 
by its structure, undergoes changes when subjected to 
mechanical forces such as tension or compression. This 
alteration in the property enables accurate measurement 
of strain experienced by the object.

Flexible strain sensors were developed using CNT ink 
with multiwall nanotubes and PVP through meniscus-
guided printing based on the principle of piezoresistivity. 
This sensor achieved gauge factors of 12.87 at compressive 
strain and 13.07 at tensile strain and maintained its 

Table 7. Comparison of materials and fabrication methods for carbon‑based materials

Printing method Composition Application Performance References

Inkjet Poly (3,4ethylenedioxythiophene), 
COOH, PEDOT: PSS, CNT

Chemical sensor Sensitivity (ΔS/ΔC) of 24.4×10‑4 and short 
response/recovery times of 13/60 at 1000 ppm

135

Screen Graphene‑carbon ink Humidity sensor resistance‑humidity gradient was~12.4 Ω/%RH 
(room humidity) on 25%RH to 91.7%RH

136

Extrusion Pristine graphene formulated from 
ethyl cellulose, toluene/ethanol

VOC sensor Detect chemical substances ‑ ethanol, methanol, 
and acetone within the range of 5 to 100 ppm.

142

Laser‑induced forward 
transfer

SWCNTs/SnO2 NPs Chemical sensor 
(NH3)

At room temperature, NH3 response time of 13 s 
for 25 ppm

144

Meniscus MWNTs, PVP Strain sensor Gauge factors of 12.87 at compressive strain and 
13.07 at tensile strain at over 1500 bending cycles

137

FDM Graphene‑based polylactic acid, TPU Strain sensor High level of sensitivity 138

Inkjet Graphene nano‑sheets, green 
solvent: ethanol, stabilizer: 1 wt% 
ethyl‑cellulose

Battery ~942 mAh/g at 0.1 C. With the 100 cycles of 
bending, 87% capacity remained.

140

Inkjet LiFePO4/AB/CNT Battery 150 mAh/g at 0.1 C with 150 cycles 141

Vat photopolymerization 
(SLA)

PEGDA, Sudan I, GPE, PC, EC, 
Carbon black

Battery Capacity of 1.4 μAh/cm2 after 2 cycles. 143

Abbreviations: AB: Acetylene Black; CNT: Carbon nanotube; EC: Ethylene Carbonate; FDM: Fused deposition modeling; GPE: Gel Polymer 
Electrolyte; MWNTs: Multiwall nanotubes; NPs: Nanoparticles; PC: Propylene Carbonate; PEDOT: PSS: Poly (3,4‑ethylenedioxythiophene) polystyrene 
sulfonate; PVP: Polyvinylpyrrolidone; SLA: Stereolithography; SWCNTs: Single‑walled carbon nanotube; TPU: Thermoplastic polyurethane; 
VOC: Volatile organic compound.
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performance over approximately 1500 bending cycles 
(Figure  7A and B).139 This research, by enhancing the 
gauge factor, has improved precision and shown new 
potential in fields such as robotics engineering and 
wearable sensors, which demand precise measurements. 
In addition, a strain sensor using graphene-based 
polylactic acid with TPU was developed through FDM. 
It operates on the principle of piezoresistivity, calculating 
variations in resistance induced by applied tensile and 
compressive strain.140 The study demonstrated the 
possibility of enhancing flexibility by more than fourfold 
while maintaining a high level of sensitivity comparable 
to that of a typical graphene sensor.

3.6.2. Batteries

Most lithium-ion batteries share similar shapes and solid 
properties. However, since the majority of electronic 
devices use batteries and their design must accommodate 
the battery, it hinders the free design of electric devices. 
To overcome these drawbacks, there is increasing 
attention on 3D printing technology, which enables 

free control of shapes and the fabrication of precise 
structures, including flexible batteries. Consequently, 
research is progressing on 3D printing carbon-based 
materials, which constitute the major parts of a battery, 
to address these problems.

A state-of-the-art flexible battery was developed 
with a CNT:  MnO2 anode. It achieved a capacity of 
63 μAh cm-2 at 0.4  mA cm−2 and experienced only a 
2.72% loss in capacity when the battery was bent.141 This 
advancement holds promise for the development of 
wearable electronic devices, medical devices, and smart 
clothing. Furthermore, a lithium-ion battery utilizing 
graphene nanosheets with solvent exfoliation using 
green solvent (ethanol) and stabilizer (1 wt% ethyl-
cellulose) was developed through inkjet printing. The 
battery achieved a capacity of approximately 942  mAh/g 
at 0.1 C. Even after 100  cycles of bending, the electrode 
retained approximately 87% of its initial capacity, as 
shown in Figure  7C.142 It demonstrated outstanding 
battery performance and scalability in industries such as 
smartphones and automobiles. Furthermore, a lithium-ion 

Figure 7. Fabrication and application of carbon-based materials. (A) Schematic diagram illustrating the meniscus-guided printing process for fabricating 
a transparent paper-based flexible thermoelectric generator (TEG), along with its resulting structure. (B) The fabrication process of an all-carbon fully 
printed and flexible TEG, including its structure, flexibility, and overall composition. Images in (A) and (B) reproduced with permission from Wajahat 
et al.137 Copyright © 2018 American Chemical Society. (C) A schematic depiction of the graphene ink, inkjet-printing process, and annealing of printed 
samples in the production of graphene thin-film electrodes for use in lithium-ion batteries. Images reproduced with permission from Kushwaha et al.142 
Copyright © 2021 American Chemical Society.
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battery using LiFePO4/AB/CNT was developed through 
inkjet printing. It demonstrated a specific capacity of 
150 mAh/g at 0.1 C with 150 cycles.143 This study represents 
the fabrication of thick electrodes with high-power density 
and energy density, revealing the potential for high-
performance energy storage devices. Furthermore, Chen et 
al.144 developed a lithium-ion micro-battery using carbon 
black through SLA. The battery exhibited a capacity of 1.4 
μAh/cm2 after two cycles of charging. This study signifies 
the expansion of existing manufacturing methods.

4. Conclusion and future perspectives
The promising and essential AM technology, pivotal for 
the Fourth Industrial Revolution, offers tremendous utility 
in manufacturing, spanning from product development 
to efficient production and small-batch manufacturing 
of diverse products. The advancement of AM technology 
has led to the development of materials with enhanced 
performance and novel characteristics, alongside the 
introduction of efficient and precise manufacturing 
systems to the market. Particularly, intensive research 
on functional materials based on polymer substrates and 
their applications is currently underway, showcasing their 
immense potential value.

In this review, we categorize the AM technologies 
primarily used for manufacturing functional polymer 
materials based on their manufacturing methods and 
operational principles. Subsequently, we examine the AM 
processes based on the characteristics of functional materials. 
By emphasizing the key features of each material, we support 
an upward approach to functional polymer design, enabling 
not only optimal process ability but also the achievement of 
multifunctional and complex shape manufacturing.

Next, we investigate the functional properties primarily 
utilized in current polymer-based functional materials. The 
development of functional materials based on polymers is 
predominantly focused on photosensitive resins. Extensive 
research has been conducted on the development of 
functional resins with properties such as biocompatibility, 
electrical conductivity, and magnetism. For instance, 
research on biocompatible resins is progressing for the 
optimal design of artificial organs and internal implants. 
In addition, research on functional materials for various 
applications, such as sensors, actuators, and soft robots, 
utilizing electrical conductivity and magnetism, is ongoing. 
Studies showcasing the achievement of special functionalities 
through the utilization of the unique 3D manufacturing 
capabilities and mixed production characteristics of AM 
technologies have also been examined.

Furthermore, we explore the development of 
functional components with various structures utilizing 

AM technologies, such as piezoelectric, thermoelectric, 
and perovskite materials. The advancement of functional 
components usable in diverse applications such as energy 
harvesting, displays, and sensors has been facilitated by 
the development of AM technologies. Integration with 
polymer materials has enabled manufacturing on curved 
surfaces, the development of flexible components, and the 
enhancement of functional properties, maximizing the 
utilization methods and fields of AM technologies.

This review emphasizes the importance of functional 
polymer materials in expanding the scope and capabilities 
of AM processes. Active participation in diversifying 
material options to meet the varied requirements of 
modern manufacturing, ranging from photosensitive resins 
to polymer powders, filaments, and viscous inks, is evident 
in recent research. Novel functional polymer materials with 
enhanced conductivity, actuation, and other functionalities 
hold huge potential across various application domains, 
from biocompatible implants to smart robots.

Overall, the rapid growth of research environments 
and technological advancements in polymer materials 
for AM signify a promising future where AM becomes 
an essential and complementary component of the 
modern manufacturing ecosystem. Through continuous 
interdisciplinary collaboration and innovation, the vision 
of realizing fully functional custom products through AM 
will be achieved.
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