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Additive manufacturing (AM) is a transformative manufacturing approach capable of building parts with free-
form and complex geometries. Polymers come with a wide range of material properties and can be processed via
several different AM processes. Adding anisotropy to polymeric composites opens new applications for polymer
AM by earning additional functionality and creating composites with tailored properties. One of the new ap-
proaches in creating tailored anisotropic composites is pairing external fields that can exert force on fillers and

manipulate them inside polymeric matrices. Four main types of external fields - shear, acoustic, magnetic, and
electrical - are devised to control filler orientation and concentration in polymeric composites. This review
highlights the recent research advances in field-assisted additive manufacturing technologies with the goal of
creating polymeric composites with controlled anisotropy orientation and concentration.

1. Introduction

Additive manufacturing (AM), also known as 3D printing (3DP),
rapid prototyping (RP), and solid freeform fabrication (SFF), is admit-
tedly acknowledged as one of the most important industrial revolutions
of the last 50 years [1]. Using this manufacturing niche, a digital
computer-aided design (CAD) model is turned into a physical part by
using a single machine without the need for going through multiple
conventional manufacturing methods. In contrast to traditional sub-
tractive manufacturing, which typically starts from a solid block of raw
material and cuts excess areas away to generate the desired geometries,
AM is a free-form process that builds 3D structures by adding materials
generally one layer at a time. Utilizing its unique ability of rapidly
generating near net-shaped products built upon multiple materials and
theoretically no geometric limitations, AM introduces a wide and
rapidly expanding range of applications from customized biomedical
devices [2] to jet engine components [3] and mass-produced wearables
[4]. Considering the advances in cyber-physical systems, AM also pro-
vides a flexible manufacturing platform in which people from all around
the world have the opportunity to contribute to the design process and
build parts with virtually no limitations [5].

AM was initially developed using single-phase materials and to date,
most of the progress in additive manufacturing has been achieved on
single-material processes. Due to a wide range of technologies and
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methods developed based on the additive concept, these manufacturing
processes can be formulated to build components from various materials
with different functionalities. However, the inability of single-material
AM in creating structures that possess advantages of multi-material
components, such as the low strength to weight ratio or the need for
added functionality, has led to increasing attention towards AM of multi-
material and composite structures. Composite materials are engineered
or naturally built from more than one constituent component, each of
which have significant differences in their properties and remain distinct
from each other in the final structures [6]. Nature has developed this
class of materials by embedding reinforcing particles into architectured
structures. This approach helps natural materials such as cortical bone
[71, dactyl clubs of the stomatopods [8], and spiders web [9], to
generate superior physical and mechanical properties. While building
natural composites is linked to complex biological structures and mo-
lecular behavior, they also have a far broader diversity compared to
synthetic composites. Rather than the limited materials used in synthetic
composites, this issue also originates from the inability in local control of
concentration and orientation of reinforcing elements [10].

Owing to their relative availability and ease of processing and syn-
thesis, polymers have received immense attention compared to other
materials in this field [11]. While polymeric materials possess many
advantages such as being lightweight, biocompatible, and responsive to
external stimuli [12], they frequently lack mechanical strength
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compared to other materials. As such, this is where polymeric compos-
ites are introduced by adding continuous or discontinuous fillers to the
polymeric matrix, which allows additional functionalities or enhanced
mechanical properties [13]. Additive manufacturing of polymeric
composites has been widely used for building 3D structures [14]. One of
the superior advantages of AM compared to traditional manufacturing
processes is the ability to build multi-material structures [15]. However,
because of the relative infancy of this research area as well as limitations
in most of the commercial printers, multi-material function of additive
technologies is just beginning to be utilized in many industries. Using
the multi-material approach, region-specific properties can be engi-
neered in the structures fabricated in a single machine. Composite
structures with local changes in the building unit blocks or graded dis-
tribution of the fillers, are also categorized under multi-material struc-
tures in AM [14]. Considering the abilities of multi-material additive
manufacturing, one of the current topics for research in additive
manufacturing of polymeric composites is controlling the direction of
anisotropy in the structure [16]. Aligned fillers in polymeric composites
leads to improved functionalities such as strengths and electrical con-
ductivity. From a mechanical behavior point of view, controlling
anisotropy in composite structures is critical as it helps the highly
concentrated loads become dispersed in larger areas which leads to
smaller stresses and eventually less chance of material failure [17].

Current limitations in aligning the reinforcing elements in polymeric
composites can be, to some extent, addressed by the natural flow
behavior of the materials in extrusion-based AM processes, in which the
shear force between the extrusion channel and viscous material induces
stresses into the flow and leads to a partial filler alignment [18,19]. The
initial research related to this approach is dated back to about 50 years
ago, where Bell [20] and Murty and Modlen [21] noticed that in a
convergent channel, particles that are suspended in a fluid have a ten-
dency to be aligned in the same direction as the flow. With the emer-
gence of extrusion-based additive manufacturing technologies and the
need to develop more advanced materials and improve the control over
local structural properties, researchers have used the same concept in
aligning the embedded fibers in AM of fiber-reinforced composites
(FRCs) [22]. From a current industrial point of view, different com-
panies such as Markforged and Fortify have tried to develop both their
machines and materials for printing composite and multi-material
structures with a goal of optimizing mechanical properties. As most of
the multi-material or composite 3D printing machines work with
extrusion-based technologies, they also work towards aligning the fibers
along with the extrusion direction, which still does not give a selective
control over anisotropy orientation.

Aside from the natural tendency of the fillers to be aligned in the flow
direction during extrusion-based processes, other AM technologies do
not possess such an intrinsic control over filler orientation. Therefore,
controlling the anisotropy that originates from filler orientation in AM of
composite structures remains to be one of the major challenges of this
field [14]. Moreover, commercial polymer AM machines such as PolyJet
and Multi Jet Fusion are very limited in terms of material choices and do
not have the ability to control the fillers’ orientation or concentration.
Addressing the anisotropy alignment problem, however, is a promising
research area in different additive technologies. By utilizing AM
methods, precise control over the fillers within a layer can be achieved,
which leads to better control over mechanical and physical properties of
the product such as Young’s modulus, toughness, thermal properties,
and electrical conductivity [23]. These effects have been widely studied
by different groups [24-27]. Variation in the anisotropy orientation in
AM also adds a new dimension in design and opens additional avenues
to develop new functional materials with customized and locally engi-
neered properties such as thermal and electrical conductivity and me-
chanical properties [28].

The distribution of fillers in polymeric composites determines the
bulk material behavior. Random distribution of the fillers leads to a
merely isotropic structure, and by selectively aligning the fillers, certain
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material properties can be controlled. In last two decades, a new
approach has been explored in controlling the anisotropies in polymeric
composites which consists of using an external source of energy paired
with the additive technology to control the fillers independently from
the manufacturing process [29-32]. In this manufacturing approach, the
external energy is generated from different fields such as magnetic [33],
acoustic [34], electric [31], and shear fields [19], and is paired with AM
technologies such as extrusion-based and vat photopolymerization
processes (Fig. 1). In this context, a field is defined as a physical phe-
nomenon that is capable of exerting a real-time force on materials,
leading to an unmediated change in materials orientation or motion.
This approach has been proven to be promising in controlling the filler
orientation and in some cases, the filler concentration, while used
concurrently with additive manufacturing technologies.

Field-assisted AM processes are used to reach customized polymeric
composites with tuned properties. Using different fields gives the ability
to locally control the fillers and fine-tune their location and orientation.
This also helps with building programmable devices [33], shape shifting
structures [35], self-assembled nanostructures [28,36], and efficient
thin films [37]. Field-assisted additive manufacturing methods have
been discussed in other works [38-42]. A comprehensive review on
nanomaterial patterning in AM of polymeric composites has been done
by Elder et al., where the focus is on integrating different physical
phenomena such as thermal, mechanical, magnetic, electrical, evapo-
ration, shear, optical, and electrical effects with AM technologies to
develop functional architectures [40]. In another review, a thorough
study on recent advances in using external force-generating fields in AM
processes of polymers, metals, and ceramics is represented [41]. Current
work will provide a detailed review on different field-assisted AM pro-
cesses to build polymeric composites, previous research in this field, and
its current state-of-the-art methodology. This review is organized as
follows. In Section 2, a brief overview on the AM technologies used in
field-assisted AM of polymeric composites is provided. In Sections 3-6,
different assistive fields including shear, acoustic, magnetic, and electric
fields are reviewed, and their contribution to AM of polymeric com-
posites with selective alignment of reinforcing components is discussed.
In each of these sections, a survey on how each field works, and how the
assisted field is integrated to an AM process is provided and applicable
materials, state-of-the-art implementation, potential and current

Fig. 1. Integration of external fields to additive manufacturing technologies
can generate new categories and applications for polymeric composites.
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applications and limitations of these processes, as well as possible future
directions for each field are discussed. Due to the more complex inte-
gration or electrical and magnetic fields into AM technologies and the
providing better insights into possible applications and future works, a
brief section is dedicated to discussing the integration of these two fields
into conventional manufacturing processes such as casting and molding.

2. Additive manufacturing technologies

AM technologies can be classified into seven categories according to
the general principles and terminology for additive manufacturing
published by the American Society for Testing and Materials (ISO/ASTM
52900:2015) [43]. These categories are binder jetting, directed energy
deposition, material extrusion, material jetting, powder bed fusion,
sheet lamination, and vat photo-polymerization. Among all of the AM
technologies, material extrusion and vat photo-polymerization are two
categories that are more widely integrated with an assisted field for AM
of polymeric composites, and as a result, this review will focus on these
two methods paired with external fields to control anisotropy in poly-
meric composites. Based on ISO/ASTM 52900:2015, these two processes
are defined as follows:

“material extrusion — an additive manufacturing process in which
material is selectively dispensed through a nozzle or orifice.”

“vat photopolymerization — an additive manufacturing process in
which liquid photopolymer in a vat is selectively cured by light-
activated polymerization.”

In the following two subsections, these two processes are briefly
introduced to provide adequate context for the review in the later sec-
tions. It should be noted that there are a few studies using the material
jetting process with an assisted field. Given the small number of refer-
ences on field-assisted material jetting processes, these studies are
reviewed together with the extrusion-based processes without a dedi-
cated section.

2.1. Extrusion-based processes

Material extrusion is the most commonly used category of additive
manufacturing processes. Popular AM processes in this category include
Fused Filament Fabrication (FFF), also known as Fused Deposition
Modeling (FDM), and Direct Ink Writing (DIW), also known as Liquid
Deposition Modeling (LDM). Extrusion-based AM was first developed
and introduced into the market based on the US patent 5121,329 by
Scott Crump for the trademarked FDM process [44]. Since the expiration
of this patent, many small and big companies have focused on devel-
oping 3D printer machines that utilize this FFF process. Fig. 2a illustrates
the concept of material extrusion AM, which builds 3D objects by
pushing a liquid-phased material, which can be a melt or ink, through
the nozzle in a mostly continuous manner and deposit the extruded
material selectively. Currently, various materials ranging from concrete
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to soft biomedical hydrogels that contain living cells are being printed
using extrusion-based AM technology.

Two major limitations of extrusion-based AM technologies are the
low surface quality and anisotropic mechanical properties, which are
basically due to the nozzle size that is used in these processes [45].
However, using post-processing methods and smaller nozzle diameters,
these issues have been addressed to some degree. The dimensional res-
olution of this process normally depends on the nozzle diameter, ma-
terial deformation, flowability after extrusion, and the accuracy of the
motion system in the 3D printing machine. In order to use the
extrusion-based processes for AM of composite structures, two different
approaches can be used: multi-nozzle processes, in which different
materials are selectively extruded in different areas, or single-nozzle
processes that use a mixture of matrix and reinforcing elements as the
extruded material [14]. Process-specific considerations need to be taken
when using either approach with many ongoing studies covering them.
For the first approach, the control over multi-material properties and
adhesion between different materials could still be challenging. For the
second approach, preparing a filament or ink with desired filler and/or
porosity distribution is also a challenge [46].

2.2. Vat photopolymerization

Vat photopolymerization was the first additive manufacturing
concept that made its way to the market, developed and commercialized
by Chuck W. Hull based on the US Patent 5,554,336 [47]. In this process,
the resin vat contains a liquid photopolymer as the initial raw material
for building the final product. This process is based on solidifying or
curing a photosensitive liquid polymer by using a light source to provide
the energy required to induce the curing chemical reaction [48]. At each
step, a thin layer of a photocurable liquid resin is cured and solidified
using different wavelengths of light. After each layer is formed, the print
bed will move up or down (depending on the top-down or bottom-up
nature of the process), and because of the void created from moving
the cured layer, the fresh uncured resin flows to the print area and will
be used to print the next layer. In the top-down approach, as shown in
Fig. 2b, where the resin is cured by a light source above the build plate
and resin vat, the printed part is exposed to more mechanical forces due
to the separation from the bottom of the resin vat, while using less resin.
This approach also provides a smoother surface in printed layer owing to
minimal oxygen inhibition during the print process [49]. On the other
hand, in bottom-up process (Fig. 2c), the resin is cured through a win-
dow at the bottom of the vat using a light source located below the vat,
while the print bed is moving upwards for building the layers. In order to
use vat photopolymerization process for building composite parts, the
reinforcing elements might be added to the resin mixture from the
beginning of the process, or they might be locally added using a sec-
ondary technology such as material extrusion.

In vat photopolymerization, the dimensional accuracy of the part is
determined by the platform accuracy in the z direction, material curing
properties, light wavelength, and the quality of the projected image into
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Fig. 2. (a) The basic concept in extrusion-based AM processes, (b) and (c): Different approaches in vat photopolymerization: (b) Laser-based top-down approach, and

(c) DLP-based bottom-up approach.
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the vat in the x-y plane. Light can be illuminated in two different forms:
laser light that scans the pattern in each layer (laser-based stereo-
lithography) or a projection of the digital mask image corresponding to
each layer of the model. The projection method has been developed as
an outcome of recent developments in LCDs (Liquid Crystal Displays)
and DMDs (Digital Micromirror Devices) which can help with processing
the light and reflecting the light-beam in different given patterns and, as
a result, increasing the dimensional resolution of the process [50]. In
this approach, which is a more novel method and uses the Digital Light
Processing (DLP) technology, the LCD or DMD reflects the light beam
pattern of a layer immediately into the resin vat and as a result, one layer
is cured at a time. This approach leads to larger build sizes and faster
manufacturing processes. Depending on the optical components used in
DLP, this process can have a better dimensional accuracy than the
laser-based approach. Fig. 2b-c shows the schematics of top-down and
bottom-up approaches with laser- and DLP-based vat photo-
polymerization, respectively.

3. Shear field-assisted AM

Based on the concepts of fluid mechanics, shear stress in a flow
originates from the difference between velocity of the walls and the fluid
[51,52]. Therefore, a shear stress field is generated in a flow as a result of
a no-slip boundary condition on the channel walls (Fig. 3a). About a
century ago, shear-induced alignment of particles in a flow was first
reported and modelled by Jeffery [53]. His work led to introducing the
Jeffery orbits, a phenomenon causing the particles to experience
continuous rotation during extrusion in a close channel and subse-
quently not achieving desired short-fiber alignment. Since then, more
precise and sophisticated models regarding this matter have been
studied and developed both theoretically and experimentally with a goal
of synthesizing advanced composite materials with tailored properties,
and shear forces have been employed to gain more desired composites
with better mechanical characteristics [20,21,54].

Shear force has been used to synthesize nanoscale materials and
develop customized polymeric composites. Chen et al. were among the
first teams to develop the shear exfoliation process to transform graphite
to graphene [55]. In this process, exposing the vortex fluidic films of the
liquid to shear derived from centrifugal forces leads generating gra-
phene in the solution (Fig. 3b). Expanding on the footsteps of this work,
other researchers have developed similar processes such as
turbulence-assisted exfoliation, which uses shear forces to produce
graphene from liquid solutions [56,57]. Aside from material synthesis,
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different approaches have been used to apply shear forces that
encourage alignment of nanoparticles in a polymeric matrix. In some
studies, pure shear force in a solid media has been applied to align in-
dividual nanofibers in a single direction. Due to their interesting phys-
ical properties, a substantial portion of the research on shear-assisted
alignment is focused on carbon nanotubes (CNTs) as the reinforcing
components [58], where methods such as peeling-off [59], lateral shear
(domino pushing) [60], and cutting has been used (Fig. 3c-e). Other
methods of shear-assisted alignment in composite materials utilize
flow-induced and extrusion-induced shear forces. Flow-induced shear
forces emerge in a process such as chemical vapor deposition (CVD), in
which the fillers within a coating layer grow in the direction of flow
deposition on the surface and subsequent natural assembly of the
nanomaterials from the same composition [61-63]. Extrusion-induced
shear originates from the flow conditions in a channel and occurs
following the no-slip boundary condition. Although these shear-induced
alignment approaches have been widely used in manufacturing of
composite materials with tailored properties, only the concepts of
shear-assisted and peeling-assisted shear-induced alignment are used in
AM of polymeric composites.

With increasing advancements in fluid mechanics and
manufacturing processes, different approaches have been adopted to
control shear-assisted alignment by introducing solutions that overcome
Jeffery orbits. In conventional manufacturing processes such as casting
and injection molding, depending on the geometry of the mold, sprues,
or inlets, shear-alignment can act as a dominant intrinsic factor for re-
orienting the fillers. More advanced manufacturing processes have
also utilized shear-assisted particle alignment and control the Jeffery
orbits using approaches such as controlling flow velocity, material
properties, channel geometry, and surface properties [64-67]. Using the
shear-assisted alignment for developing advanced materials is not only
limited to where bulk flows of the materials run into a closed or open
channel. Even in small volumes of a viscous fluid, using shear forces can
lead to selective alignment of reinforcing elements along the shear di-
rection, as reviewed by Hu et al. in developing shear coating and
dip-coating processes to create 1D or 2D materials with selective
anisotropy alignment [68].

Thanks to the undebatable advantages of additive manufacturing in
building freeform structures, shear-assisted alignment is paired with AM
to develop more advanced and tailored polymeric composites and
enhance material properties such as electrical behavior, mechanical
strength, and thermal conductivity. About twenty years ago for the first
time, shear-assisted additive manufacturing was studied and
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Fig. 3. Different concepts of shear field used in material development: (a) Profiles of velocity and shear stress for laminar flow [52]. (b) Microfluidic centrifugal flow
velocity and the shear profile leading to exfoliation [55]. (¢) Schematic of the method to align nanofibers using cutting method [58]. d) Peel-off method [59]. (e)

Lateral shear method [60].
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investigated by Dr. Jennifer Lewis and her team using a DIW ink con-
sisting of a mixture of deionized water and silica particles with a surface
treatment of poly(ethylenimine) as a DIW ink [69,70]. Although these
works aimed at building ceramic materials rather than polymeric com-
posites, they proved that by optimizing the extrusion process and ma-
terial characteristics, customized composite structures can be achieved.
This work pioneered other researchers to develop better materials and
processes that can be more effective in term of shear-assisted alignment
for building 3D composite structures. Since shear-assisted particle
alignment is an intrinsic behavior that happens in many fluidic envi-
ronments, shear field has been devised by many researchers to induce
filler alignment into the polymeric composites made by AM. Unlike
other fields discussed in this review, pairing the AM process with
shear-assisted alignment does not require adding any additional equip-
ment to the process and focuses on optimizing the material properties
and process parameters to accentuate the applied shear force to the
fillers. The following two sections will describe advances in
shear-assisted AM processes in aligning reinforcing elements in poly-
meric composites and includes the extrusion-based and
photopolymerization-based AM, which are the main processes that
benefit from shear-assisted alignment.

3.1. Shear field-assisted extrusion-based AM

In extrusion-based manufacturing processes, shear-alignment occurs
when anisotropic nanofillers experience the shear stress that originates
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from the boundary conditions of the flow. As a result of this shear force,
fillers align themselves along the principal axis of the flow. Using short
fibers inside the printed material in a process like FDM leads to partial
flow-induced alignment within the nozzle during extrusion [18], as fi-
bers want to re-orient in the direction of the extrusion [19,71] (Fig. 4a).
Depending on where and how the shear stress is applied the most to the
fillers, shear-assisted alignment of the particles in extrusion-based AM
happens in two different ways [40]. In the first approach, which is
predominantly used, the shear force is applied to the flow from the
nozzle walls. When the fluid is moving inside a nozzle, due to the no-slip
boundary condition, the flow undergoes a shear stress leading to parti-
cle/fiber realignment in the direction of the flow. In the second
approach, which is less commonly used, the shear force might be applied
after the material is extruded. An example of this phenomenon has been
observed by Roskov et al. in the electrospinning process [64]. In elec-
trospinning, aside from the electric field that helps with extrusion of the
filament and realigning the reinforcing materials with extrusion direc-
tion, shear force can also play an important role. In this process, after the
material is extruded towards the collector, owing to the minimal
cross-sectional area of the filament, particles will experience a shear
force along the extrusion direction which leads to intrinsically aligning
the particles in the same direction.

When it comes to particle/fiber alignment in polymeric composites,
enhancing mechanical properties is one of the primary goals that has
been sought by different research studies. To reach this goal by using
shear field, FFF was used to print nanocomposites of acrylonitrile
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Fig. 4. Extrusion-based shear-alignment in AM: (a) Optical images of a triangular honeycomb 3D printed by SiC/C filled epoxy, showing how particles are aligned
along the extrusion direction is different areas [19]. (b) Filler re-orientation mechanism during the 3D printing processes paired with nozzle rotation and the ideal
outcoming orientation [72]. (c) The relationship between shear rate profile and corresponding required alignment time in radial direction of the nozzle and in situ
polarization rheological setup [74]. (d) SEM images of the 3D printed sample showing how shear-assisted alignment led to aligning the graphene flakes along the
fibers [79]. (e) The shear-assisted AM and 6 x 6 array of boron nitride rods and the SEM image of the rod’s surface showing aligned nanosheets [81]. (f) Immu-
nofluorescent images of 3D printed constructs containing human cells show that on a time period of 5 days after differentiation, cells start growing in longitudinal
direction due to shear forces that act at the same direction [94]. (g) The mechanism of time-dependent swelling behavior as an outcome of shear-induced particle
orientation during the print process and how it can lead to building smart stimuli-responsive devices [96]. (h) Printed pixel arrays with polarization-dependent
emission multiplexing: To illustrate the polarized nanocomposites, when looking at the 3D printed polarized perovskite nanocomposites using two-layer device,
patterns related to Taj Mahal and Forbidden city are seen, which are printed with horizontal and vertical polarization, respectively [98].
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butadiene styrene (ABS) matrix containing vapor grown carbon nano-
fibers (VGCF) using a filament made out of the same material [22]. The
filaments were prepared using shear processing of the mixture of ABS
and VGCF. Owing to the shear forces in filament preparation, there is a
degree of alignment in the initial material used for the extrusion process.
Including shear-aligned VGCFs in the printed composite structure in-
crease the storage modulus up to 68% than that of unfilled ABS. Same
approach was used by Zhong et al. to embed short glass fibers into a ABS
matrix by preparing filaments of the matrix and reinforcement materials
using shear stress to align the fibers during the extrusion process [18].
Compton and Lewis’s work inspired by the cellular structure of balsa
wood helped them develop an epoxy-based ink to mimic the remarkable
stiffness and bending properties of balsa wood through aligned fiber
reinforcement achieved during the extrusion process [19]. In this work,
highly oriented fiber-filled epoxy composites of SiC/C-epoxy and
SiC-epoxy inks were printed using an extrusion-based process (Fig. 4a).
Results of this work show high alignment of SiC whiskers and carbon
fibers along the print direction, leading to a considerable increase in the
mechanical properties. Expanding on this extrusion-based model, Raney
et al. introduced nozzle rotation during the extrusion process (rotational
direct ink writing, RDIW) to help enhance the mechanical structures of
the manufactured product [72]. Nozzle rotation happens based on the
print geometry and toolpath, leading to decoupling the particle orien-
tation from toolpath. Therefore, pure shear leads to orienting the fillers
in a more uniform way through different geometrical complexities of the
printed part. Implementing a rotational aspect provides extreme control
over the material as well as its mechanical properties, yielding much
stronger materials with a higher damage tolerance compared to when
the nozzle is not rotating (Fig. 4b).

Understanding the particle-fluid interaction is critical in shear field-
assisted additive manufacturing. One of the major research gaps in this
area is the relationships between shear rate, nozzle size and geometry,
rheological behavior of the 3D printed material, and particle properties.
Raney et al. studied the particle behavior of gold-platinum nanorods
floating in hydrogen peroxide flowing into a Polydimethylsiloxane
(PDMS) microchannel [72]. Although in this work polymeric materials
are not included, the research framework used by this team can be used
when studying the AM of composite materials with polymeric matrix. In
another study, a mixture of a polymeric matrix with a high volume
fraction of carbon fiber was printed using a micro-extrusion process to
develop polymeric composites with tunable mechanical properties [71].
A numerical model was also developed to understand the effect of
shear-alignment and optimize the process parameters to reach
maximum alignment in the final product. Coupling the methods of
smoothed particle hydrodynamics (SPH) and the discrete element
method (DEM), Yang et al. developed a new approach for modeling the
particle interactions and orientation in extrusion-based AM processes
[73]. This approach is helpful in optimizing the AM process and poly-
meric composites fabricated by such manufacturing methods. In a very
unique work, Hausmann et al. experimentally investigated the dynamics
of shear-alignment of high volume fraction cellulose-loaded DIW inks,
using in situ polarization rheology [74]. In this process, polarization
microscopy was devised to take real-time photos of the sample under a
rheometer system (Fig. 4c). By changing the shear deformation rate,
different yield stress values were measured for different inks. Subse-
quently, the same inks were exposed to steady-state rheological tests to
understand the effect of time on particle alignment under different shear
rates. The shear rate difference between these two experiments is used to
get an estimation of shear-induced alignment in different inks. As an
outcome of this study, combinations of shear rate and nozzle geometry
and also design guidelines for DIW inks were proposed to induce proper
particle alignment in 3D printed architectures.

One of the topics in material development that has recently drawn a
vast deal of attention is developing high energy-density structures with
applications in capacitors, batteries, and power transmission systems. A
common and efficient strategy in developing these materials is
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embedding highly aligned nanomaterials inside a polymeric matrix
[75-78]. When focusing on the potential of AM to generate these
structures, shear-assisted DIW is one of the most widely investigated
processes. Most of the studies on shear-assisted DIW for energy and
electronic materials focus on developing printable ink with high capa-
bility of shear-alignment. Jakus et al. developed a graphene ink used in
printing biocompatible and electrically conductive constructs with
enhanced mechanical properties [79]. This ink is composed of graphene
flakes mixed with hyperelastic polyester polylactide-co-glycolide (PLG),
which acts as the binder in the polymeric composites. The printed
scaffolds in this study showed highly aligned graphene flakes in-line
with the extrusion direction, which is ascribed to the shear-assisted
alignment that happens during the DIW process and verified by scan-
ning electron microscopic (SEM) images (Fig. 4d). This work is sug-
gested as a baseline for printing wearable electronics with high electrical
conductivity. The same approach was used by Luo et al. to print BaTiO3
nanowires/P(VDF-CTFE) nanocomposites [80]. The shear field during
the extrusion process of P(VDF-CTFE)/BaTiOs/dimethylformamide
helped with aligning the nanowires in the polymeric matrix. Results of
this work show more than 50% improvement in maximum discharged
energy of the nanocomposite with aligned nanowires, compared to the
nanocomposites with randomly oriented nanowires prepared by the
casting method. Liang et al. developed an extrusion-based method for
multiscale printing of vertical arrays of 2D structures with highly
aligned boron nitride nanorods (Fig. 4e) [81]. The alignment achieved
from this study works in favor of increasing the thermal conductivity,
which makes the printed structures to be an ideal choice for thermal
management purposes. Liu et al. used the FFF of filaments made of
thermoplastic polyurethane filled with hexagonal boron nitride (hBN)
platelets. Using X-ray diffraction (XRD) and small angle X-ray scattering
(SAXS), the degree of filler alignment in 3D printed composite was
estimated [82]. Due to the shear effect in extrusion, the hBN platelets are
reported to align along the extrusion direction, leading to 2.5 times
higher thermal conductivity compared to the samples prepared by hot
pressing with the same platelet loading.

One of the aspects of shear-assisted extrusion-based AM is adding
materials to the ink that can modify the viscosity of the ink and enable a
better shear-assisted behavior. Following the work done by Lewis et al.,
Kokkinis et al. used fumed silica in 3D printable inks for shear-assisted
alignment because of silica’s natural behavior as a viscosity modifier
[33]. Based on the studies by Jin et al., another material used to modify
the viscosity of DIW inks [83] and print self-supporting structures [84] is
laponite nanoclay. Additionally, cellulose nanofiber is another additive
that enhances the printability of DIW inks. Owing to the high aspect
ratio, excellent mechanical properties, and electrostatic repulsive forces
of cellulose nanofibers, these materials have played a critical role in
developing printable inks and developing tailored composites with
desired properties [85]. Since cellulose nanofiber is one of the major
reinforcements in wood, using it as a reinforcing element in polymeric
composites leads to developing mechanically stronger materials [86,
87]. A CNT/cellulose composite was developed by Li et al., yielding
excellent electrical conductivity and mechanical strength in 3D printed
structures [88]. In this study, cellulose nanofibers work as the surfactant
for CNTs, helping with uniform dispersion of carbon nanotubes in a
water solution. A similar approach is also used to print pure cellulose
nanocrystals and cellulose-reinforced composites using DIW of aqueous
and monomer-based inks [89].

One of the major applications of extrusion-based AM processes is in
bioprinting, where the systems are based on dispensing cell-loaded ink.
Since shear stress is an inseparable part of the dispensing system, it has
an immense effect on 3D bioprinting processes. Due to the biological
concerns about the living cells, there is a range of acceptable shear stress
for bioprinting. Moderate amounts of shear stress play a positive role in
biological processes such as cell differentiation [90] and maturation
[91]. On the other hand, excess shear stress on the cell leads to dis-
patching the cells. In bioprinting where hydrogels with high viscosities
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are being extruded out of a nozzle with a small diameter, the shear stress
becomes a more crucial phenomenon [92]. Using the DIW bioprinting of
hydrogels containing C2C12 myoblast cells, it was observed that the
cells were aligned after printing and started to grow along the main axis
of printed filaments of the hydrogel. One of the effects of this
shear-assisted alignment, which is not observed in previous 2D cell
culture studies, was cell maturation after 21 days of culture [93]. Lon-
gitudinal formation of myofibers and alignment of cells is also observed
by bioprinting human muscle progenitor cells in fibrin ink (Fig. 4f) [94].
In another study from the same team, it is shown that bioengineering can
also be utilized in shear force alignment extrusion applications to create
cornea tissue and pre-orient the tissue prior to growing in vivo to allow
for a viable specimen [95]. Using shear-assisted additive manufacturing
and by successfully controlling collagen fibrils orientation, this group
successfully created a lattice pattern of a human cornea, using a bioink
of cellularized corneal extracellular matrix (ECM) keratocytes.

Extrusion-based shear-alignment of particles and fibers have also
played an important role in developing smart and stimuli-responsive
materials. Shear induced alignment of fibrils in DIW process led to
localized anisotropic swelling behavior, and as a result, the printed fil-
aments showed anisotropic stiffness in longitudinal and transverse di-
rections (Fig. 4g) [96]. A hydrogel composite and acrylamide matrix
such as N,N-dimethylacrylamide reinforced by nanofibrillated cellulose
(NFC) was printed, and by controlling geometrical parameters such as
filament size, shape morphing structures programmed to be stimulated
by hydration into different shapes were formed. Fast and reversible
shape morphing composites were also developed by using DIW and
embedding shear-aligned graphene oxide (GO) flakes into a sodium
alginate matrix [97]. Due to the controlled alignment of GO flakes,
structural local deformation is directed in a single direction, leading to
programmed responsive shape changing with multiple stimuli such as
water, heat, and light (Fig. 4h). DIW of nanocomposite inks was per-
formed to control the alignment and composition of perovskite blocks
made from cesium lead halide (CsPbX3, X = Cl, Br, and I) nanowires,
filled block copolymer matrices, and shape polarized optical structures
[98]. In these nanocomposites, local environment and alignment of the
nanowires define the angular emission pattern of the light. As a result,
with controlled pattern of the nanowires, the materials will emit
different colors of light when exposed to ultraviolet (UV) beams with
certain polarization angles. Applications of such materials can be in
information storage and encryption, mechano-optical sensing, and op-
tical displays.
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3.2. Shear field-assisted vat photopolymerization AM

Owing to the natural shear-induced particle alignment in extrusion-
based processes, most of the research in shear-assisted AM is done on
DIW and FFF. In these studies, a nearly laminar and mostly continuous
flow of the print material is used to ensure the filler alignment along
extrusion direction. For vat photopolymerization, however, using shear
field to align the fillers is a little more challenging, since this technology
does not possess the intrinsic shear generation during the process. Yunus
et al. developed a resin vat which is subjected to lateral oscillation,
induced by a linear oscillatory mechanics is installed under the vat
(Fig. 5a) [99]. For the reinforcing material, interfacial bonding of the
aluminum oxide nanofibers and the resin was enhanced using a silane
bonding agent. This oscillation leads to generation of Couette flow and
shear forces in both vertical and horizontal directions (Fig. 5b), which
results in re-orienting the aluminum oxide nanofibers in the resin vat
[100]. Shear-induced alignment of aluminum oxide nanowires led to
improving the tensile strength up to 25%. The effect of frequency in the
oscillator is studied and it was concluded that a frequency of 1 Hz will
yield the maximum shear rate of 314 s}, leading to the best mechanical
behavior in the final product. In order to have better control over local
flow in the print area, it is suggested that some wall patterns need to be
printed. Same approach of shear patterning was also used to prepare
nanocomposites reinforced with silica, alumina, alumina-silica mix, and
nickel-coated carbon fibers [101]. An important aspect of this work is
the ability of the process to generate green bodies of ceramic-matric
composites and generate fully-ceramic parts after burning out the
binders and sintering the green bodies (Fig. 5c), which is an industrial
approach that is being used by some of the 3D printer manufacturing
companies such as Formlabs. A team of researchers at the University of
Buffalo has contributed to understanding and applying the
shear-induced alignment of particles and molecules in vat photo-
polymerization process [102-107]. One of the major effects of shear
stress during vat photopolymerization process is molecular alignment in
print area, which affects the structures and properties of the 3D printed
parts. It is suggested by this team that having a delay in printing each
layer after positioning the print bed leads to lower degree of molecular
alignment in 3D printed product. The findings of these studies is utilized
in developing more sensitive polymeric piezoelectric devices.

Fig. 5. Shear-assisted alignment in vat photopolymerization: [101] (a) Mechanism used to move the vat back and forth, and introduce shear force in the print area,
(b) Schematic of shear alignment process in the proposed method, (c) Green and sintered ceramic part built by the shear-assisted vat photopolymerization.
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3.3. Potentials and limitations of shear field-assisted AM

In comparison to other fields that have been paired with AM tech-
nologies to re-orient particles and fibers, shear forces can devise a wider
range of materials, since the shear forces work in direct contact with the
fillers. While among other force fields discussed in this review, gener-
ating the shear force in extrusion-based AM is the least challenging,
using shear forces to align the fillers is not always the most efficient
methods unless the optimized process parameters and material proper-
ties are selected.

Compared to other fields, the simplicity of generating the shear field
comes with some drawbacks. One of these drawbacks is the current
inability in spatial control over the shear field. To this date there is a lack
of research is controlling the degree of orientation and concentration
within a single AM process in a real-time fashion. When using other
field-assisted AM processes, by changing the spatial profile of the field,
particle orientation and in some case particle concentration can be
locally controlled. However, current approaches in shear-assisted AM do
not offer such an ability, and they work the best only in controlling the
filler orientation.

3.4. Future perspectives of shear field-assisted AM

From the process and materials parameters point of view, there is a
lack of research in predicting the process parameters in order to get to
the best shear-alignment. For example, in terms of efficiently devising
the shear-alignment in AM technologies, materials development plays
an important role in shear-assisted alignment of particles in AM. In this
sense, using the potential of colloidal assembly, studying rheological
behaviors of print material, and utilizing particle-ink interactions seems
to be the main areas that needs more attention. From the theoretical
point of view, more comprehensive studies on understanding the effects
of nozzle geometry and nozzle wall friction are needed to establish the
framework for optimizing the effective shear forces that align the fillers.
There is also a close relationship between print material behavior and
nozzle characteristics that needs to be understood.

Shear field has been successfully used to partially align fibers and
particles due to the material flow in extrusion-based AM; however, there
is a relative lack of research endeavor on shear-assisted alignment in AM
of polymeric composites using vat photopolymerization. Although it is
harder to implement effective shear field in vat photopolymerization,
because of the potential of this process in building parts with a higher
resolution, shear-assisted vat photopolymerization is also another area
that needs to be explored and formulated.

4. Acoustic field-assisted AM

Acoustic field is one of the most widely used external sources of
energy for material manipulation in manufacturing processes
[108-111]. This field creates moderate forces by producing waves of
varying magnitude and frequency to drive materials towards equilib-
rium states with the potential of not having any direct physical contact
[112-115]. Similar to the shear field, acoustic field-assisted AM has the
advantage of working with any material regardless of their physical
properties, shapes, anisotropy, and sizes. Materials that can be moved or
assembled by acoustic fields range from nanometer to millimeter size in
solid, liquid, gas, and even tissue or living cells [113,114,116-119].
With such a wide scope of applications, acoustic waves are demon-
strated to be effective tools for particle trapping [120], separation,
detection, focusing, assembling, and fluid mixing and purification [42,
100,121]. However, there are certain limitations associated with the
acoustic field. Compared to magnetic or electric field-assisted tech-
niques, acoustic field-assisted techniques have been reported to be
challenging in terms of controlling the materials with spatial precision
[122,123]. Moreover, while acoustic fields can assemble the solid par-
ticles into certain patterns, increased volume can cause poor results.

Additive Manufacturing 51 (2022) 102642

Considering all these unique properties, acoustic field is still one of the
most versatile external fields to be used in AM for orienting and
patterning nanometer to millimeter sized particles of different shapes
and properties into ordered arrays in a polymer matrix, which allows for
printing composites with locally varied material compositions, particle
alignments, and engineered properties.

There are primarily four distinct approaches that can be adopted to
generate acoustic radiation forces to manipulate materials: focused
beams [119,124], switching mode [117,118], linear arrays of trans-
ducers facing reflective surfaces [125-127], and emission of
counter-propagating travelling waves [128-131]. The first approach
generally uses an acoustic device constructed with a transducer together
with a focusing crystal or concave lens, which can trap and manipulate a
single liquid droplet in a manner similar to optical tweezers [119,124].
The second approach, the switching mode method, utilizes a
transducer-reflector pair, and by rapidly switching between half and
quarter wavelength frequencies, this technique can establish a new
agglomeration position that enables particles to be moved to any arbi-
trary location between the half and quarter wave nodes [117,118].
Using a similar strategy as switching, instead of using one transducer
against a reflector, the third method uses a linear array of transducers
facing the reflectors. By using multiple transducers with different widths
and driving frequencies, this method provides better ability to control
the particle assembly in different locations [125-127]. The fourth
approach uses pairs of opposing transducers to create
counter-propagating waves, in which the pressure node positions are not
fixed. By altering the relative phases of the counter propagating waves,
the particle assembly can be controlled within the chamber [128,129].
Among the four methods of acoustic force generation, the switching and
counter-propagating travelling wave-based methods have been widely
studied and used in field-assisted AM.

In order to generate acoustic waves in all of the four methods
explained previously, transducers are connected to functional genera-
tors and amplifiers which control both the wave frequency and ampli-
tude. The standing waves generated by the transducers lead to steep
acoustic pressure gradients within the substrate. These gradients lead to
generation of forces which act on suspended materials, moving them
towards the pressure nodes or anti-nodes, depending on the densities of
fluid and solid materials [130-132]. As long as there is a difference in
compressibility and density between the fillers and the surrounding
medium which in this case is acoustic contrast, any combination of the
host material and filler materials are suitable, which makes the acoustic
control quite versatile. When the materials are deposited through an
extrusion printhead in an AM process, transducers are attached on the
printhead to generate vibrations during extrusion of filaments, solid
particles, pastes, or liquid suspensions. This vibration creates better flow
control within the nozzle and also increases filler concentration in
printed patterns. In vat photopolymerization AM, the solid particles and
fibers are pre-dispersed in the resin vat. Piezoelectric transducers are
attached either to the resin vat inner walls or outside the resin vat,
generating acoustic waves in the dispersion to rearrange the fillers to
form desired patterns in the liquid resin [133,134].

Since an extensive range of materials are responsive to the acoustic
field, researchers have investigated fillers including: various metal
powders, polymer particles such as PDMS spheres or hollow SiO;
spheres, inorganic particles such as BaTiO3 spheres, ceramic powders
such as silicon carbide, SiC, and glass particles. Among different fillers,
nano- and micro- sized, continuous and discontinuous glass fibers are
most often used to print reinforced polymer composites. Researchers
also investigated carbon nanofibers, carbon microfibers, SiC fibers,
nickel coated fibers, and silver coated particles. Moreover, a wide range
of liquid materials have been studied as host materials, including photo-
curable polymers, acetone, agar, polyester, silicone and its composites,
extremely viscous materials such as polymer clay, hydrogels, and bio-
inks. In the literature, two categories of AM processes, extrusion-based
AM and vat photopolymerization AM, have utilized the acoustic field
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to redistribute and assemble particles for productions of composites or
multi-material objects with spatially varied material compositions. In
this section, the integration of acoustic fields in these 2 AM categories is
reviewed.

4.1. Acoustic field-assisted extrusion-based AM

In an extrusion-based AM process, liquid or paste-like ink is
dispensed from a nozzle with a controlled flow rate onto a substrate
along digitally defined paths for fabricating 3D structures in a layer-by-
layer manner. Most commonly, the liquid inks are reinforced with ma-
terials such as glass or carbon fibers for the 3D printing of composite
structures. In the extrusion process, the internal microstructure of the
ink changes because of the deposition, relaxation, and shear force
generated during the printing. Although the shear force is favorable in
some occasions to naturally align the fillers, it does not have the capa-
bility to position or align high concentration of particles/fibers, or
separate and manipulate different types of fillers simultaneously.

As a potential solution to address this challenge, acoustic field has
been widely utilized in extrusion-based AM, especially in DIW methods,
to align multi-scale particles or fibers within fluid inks. Acoustic field
has also been effectively used for filler concentration and separation in
target positions within the composite ink simultaneously during print-
ing. Particles and fibers of different shapes such as spherical or cylin-
drical, different sizes from nano- to micro-meter, and different material
properties have been investigated in acoustic field-assisted extrusion-
based AM processes. Piezoelectric ceramic transducers and ultrasonic
probes have been utilized for acoustic field generation in extrusion
techniques. The generated acoustic waves are ultrasonic standing waves,
such as surface acoustic waves (SAW) and bulk acoustic waves (BAW)
for 2D and 3D patterning of particles in the printed traces, respectively.

Depending on the methodology of the extrusion process, acoustic
field can be applied before or after the extrusion of the ink. In the first
approach, a setup primarily consisting of ultrasonic transducers, a signal
generator, and an amplifier is connected to the extruding nozzle. By
generating the standing acoustic waves within the nozzle, the system is
able to re-orient, align, separate, concentrate, or assemble fillers in the
liquid ink inside the nozzle. The desired particle distribution patterns in
the liquid ink are generated by the acoustic field within the nozzle
immediately before extrusion and then retained in the printed traces. In
the second approach, the acoustic setup is attached to the substrate, and
acoustic waves were generated within the printed traces to pattern
particles in the liquid ink after the deposition but before the full
solidification.

A considerable fraction of the research following the first approach,
which applies the acoustic field before extrusion, is reported by a group
from UC Santa Barbara, led by Begley et al [135-138]. They investigated
acoustic focusing of fillers within nozzles in DIW processes to extrude
multi-phase composite materials with retained patterns in the printed
traces. The multi-phase composite materials printed by their process
were comprised of epoxy matrix and fillers including both particles and
fibers (silver-coated glass microspheres, hollow SiO2 spheres and solid
BaTiOg spheres, SiC fibers). In their experimental setup, the extrusion
nozzle consisted of a rectangular glass-capped silicon microfluidic
channel with a piezoelectric transducer attached to the nozzle using
ultrasonic coupling gel [135]. The piezoelectric actuator generated
standing half-waves in the silicon channel, establishing standing BAW
across the channel width. Particles flowing through the channel were
assembled at the nodes of the BAW and subsequently extruded onto a
glass substrate. The transducer was thermally coupled to a cooling stage
using thermal joint compound to maintain at 20° C temperature. It was
observed that increasing the acoustic wave amplitude decreased the
particles focusing width.

In another study performed by this group, two different types of
nozzles were investigated: a single-channel nozzle and a branched-
channel nozzle which produced different local volume fractions of
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fillers in the printed composites [137]. For the single-channel nozzle, a
lead zirconate titanate (PZT) transducer was attached to the outlet of the
silicon channel using ultrasonic coupling gel, whereas for the
branched-channel nozzle, a second PZT transducer was coupled at the
outlet channel near the nozzle exit (Fig. 6a). In the branched-channel
nozzle, the second transducer at the outlet was tuned to the half-wave
frequency to induce a second stage of focusing, which further concen-
trated and increased the local volume fractions of the particles during
extrusion. The nodes/anti-nodes created by the half-wave pressure also
facilitated particle separation in the channel. The denser solid spheres
were focused to the center pressure node, whereas the less-dense hollow
sphere was driven to the pressure anti-node, close to the channel walls
(Fig. 6a). The particle separation and alignment were further retained in
the printed traces.

A group from Nanyang Technological University at Singapore used a
similar principle of filler focusing but with a slightly different setup to
print biological materials [139-142]. Instead of using a silicon micro-
fluidic channel, they glued parallel PZT transducers on the same side of
the external wall of a glass tube, which worked as the extrusion print
head. The vibration provided by the parallel PZT transducers to the glass
tube containing C2C12 cells and human umbilical vein endothelial cells
(HUVECsS) enabled the nozzle to position and focus the cells before the
extrusion process. By exerting high amplitude vibrations to the glass
tube nozzle, this study was able to effectively accumulate the biological
cells in a short period of time at the center of the cylindrical tube and the
pattern were further retained within the printed constructs.

Aside from transducers attached on the outer surface of the nozzle
using ultrasonic gel at one side, researchers have also attached pairs of
transducers on two opposing outer side surfaces of the nozzle so that a
more uniform and stronger acoustic field can be formed in the particle-
resin mixture. In a study reported by Wadsworth et al., the extrusion
nozzle of a commercial 3D printer was replaced with a custom syringe
nozzle [143]. Two PZT transducers were attached to the nozzle external
walls, generating standing SAW which aligned the dispersed fillers into
discontinuous line patterns in the liquid ink within the nozzle, which
were also successfully retained in the printed traces (Fig. 6b).

Utilizing the second approach for acoustic field assistance in extru-
sion processes, which is acoustic manipulation after extrusion, Shir-
waiker et al. presented multiple studies for extrusion-based bioprinting.
A common issue in bioprinting is the low concentration of cells in the
bio-ink, which results in weak cell-to-cell interaction and slow cell
proliferation in the printed construct [144,145]. Achieving high con-
centrations of cells in 3D printed constructs is usually challenging since
it is difficult to accumulate them at the nozzle during extrusion. To solve
this problem, this group used acoustic waves to align cells after the
extrusion to a bio-ink vat [144,145]. They used opposing
transducer-reflector pairs placed in the inner side walls of a bio-ink vat,
to generate standing BAWs to pattern human adipose-derived stem
(hASC) cells in single/multi-layered hydrogel (Fig. 6¢). They found that
the spacing between adjacent cell strands was governed only by the
acoustic wave frequency and not the cell type, while the strand width
was dependent on the transducer frequency and cell type. Furthermore,
it was observed that the cell viability was at least 80%, highlighting the
adequacy of the developed acoustic field-assisted extrusion AM process
for tissue engineering applications.

In addition to particle or fiber focusing and assembling, a study re-
ported by Gunduz et al. demonstrated the utilizaiton of high-amplitude
(Ap-p > 1 ym) ultrasonic vibrations (HUAV) in extrusion-based AM
processes for reducing flow resistance and improving flow rates, espe-
cially for extruding heterogeneous materials with a high fraction of
solids (> 60 vol%) and extremely high viscosities (>10,000 Pa.s) [146].
Researchers attached a custom PZT transducer-steel probe assembly to
the syringe extruder (Fig. 6d). The probe assembly had a resonant fre-
quency of 30 kHz matched to the nozzle resonant vibration mode,
generating vibrations with amplitudes of up to 20 um at the probe tip. A
small fan and a vibration duty cycle in the range of 50-80% were used to
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Fig. 6. Acoustic field-assisted extrusion-based AM devices and test cases: (a) One (for single channel) or two (for branched channel) PZT transducers are attached
with the nozzle of a DIW setup, creating standing BAW to separate and focus particles to the center of the nozzle [135]. (b) Two PZT transducers attached to the
nozzle outside walls, which generate standing SAWs to align the dispersed fibers into discontinuous line patterns [143]. (c) A pair of PZT transducer-glass reflectors
are placed on inner walls of the vat, creating standing BAWs which patterned hASC cells in hydrogel into unidirectional lines [145]. (d) A custom PZT
transducer-steel probe attached to a syringe extruder which creates high-amplitude ultrasonic vibrations within the nozzle, imparting sufficient inertial forces to

enable extrusion of highly viscous composite materials [146].

keep the nozzle temperature below 30 °C. Various parts were success-
fully printed by the developed HUAV-assisted extrusion AM process
using an aluminum-polymer composite or a stiffened fondant with vis-
cosities up to 14,000 Pas. This study showed that high-amplitude ul-
trasonic vibrations within the nozzle generated and applied sufficient
inertial forces to highly viscous materials, enabling extrusion of highly
viscous composite materials for 3D printing of functional parts at a high
fraction of solids, high rates, and with precise flow control.

4.2. Acoustic field-assisted vat photopolymerization AM

Extensive efforts have been made on integrating the acoustic field
into vat photopolymerization AM to print polymeric composites with
controlled particle dispersion patterns. The photocurable liquid resin is
usually contained in a vat or a fluid channel. Particles of different types
and shapes, with different sizes ranging from nano- to micrometers have
been investigated in this process. In the acoustic field-assisted vat pho-
topolymerization AM, particles are premixed with liquid resin, acous-
tically assembled to form a pattern, and then consolidated in the resin
through photopolymerization [34,100,111,122,147].

All of the related work in this section employed ultrasonic standing
waves. For 2D patterning, standing surface acoustic waves (SAW) are
usually employed, whereas for bulk 3D and 2D patterning in a high-
viscosity medium, standing bulk acoustic waves (BAW) are more
commonly used. In most of these studies, ceramic piezoelectric (PZT)
transducers were used since, compared to the electrostatic transducers
with a metal membrane, they can be sealed without any damage in harsh
environments. To integrate transducers in a photopolymerization AM
system, direct and non-direct contact approaches have been reported in

10

the literature. In direct-contact approaches, the transducer is mounted
on the inner wall of the resin vat, while non-contact approaches place
transducers outside of the resin vat. Integration of a single, a pair, and
two or multiple orthogonal pairs of PZT transducers in vat photo-
polymerization AM systems have been demonstrated. By increasing the
number of PZT transducers, the complexity of the acoustic standing
waves and therefore the variety of particle patterns can be increased.
Compared to other field-assisted particle patterning approaches that are
paired with vat photopolymerization AM, the acoustic field-assisted
patterning works for a broad range of particles in the liquid resin,
however, it is limited to patterns of unidirectional lines, curves, or
simple shapes with uniform spacing. The time for acoustic field-assisted
particle patterning in liquid resin can range from a few milliseconds to
minutes, depending on the properties of the particle and the resin, the
particle concentration, and the acoustic field properties.

Asif et al. generated standing bulk acoustic waves by placing two PZT
transducers facing glass reflectors on the inner walls of a rectangular
resin vat to pattern short carbon fibers in liquid resin (Fig. 7a), in which
mechanically anisotropic composites were developed and characterized
[111]. Aside from PZT transducer-glass reflector pairs, researchers have
also employed pairs of opposing transducers to generate ultrasonic
standing acoustic waves in vat polymerization AM. Niendorf et al.
placed a pair of PZT transducers on opposing inner walls of the resin vat
to pattern micro-sized carbon fibers (Fig. 7b) [122]. The authors
developed dimensionless parameters using Buckingham Pi analysis for
acoustic patterning modeling. They found that microscale alignment of
the fillers was primarily driven by the microfiber weight fraction only,
whereas the macroscale alignment was significantly affected by the
microfiber weight fraction, dimensionless ultrasound transducer input
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Fig. 7. Acoustic field-assisted photopolymerization based AM devices and test cases: (a) Two pairs of PZT transducer-glass reflectors are placed on inner walls of the
resin vat, creating standing bulk acoustic waves which patterned short carbon fibers in liquid resin into unidirectional lines [111]. (b) A pair of PZT transducers is
placed on inner walls, creating counter-propagating waves which formed surface standing acoustic waves. Carbon microfibers were patterned to lines in liquid resin
[122]. (c) Schematic and the setup of acoustic-assisted stereolithography 3D printer with 6 PZT transducers placed on the inner side walls of the resin vat. A complex
3D object embedded with a zigzag stitch pattern of copper nanoparticles was demonstrated as a test case and the zigzag stitch pattern can work as two separate
conductive wires [123]. (d) A pair of PZT transducers are placed on the two sides of the central cavity which contains particle-resin mixture, submerged in water and
held in place by springs [147,148]. The device was upgraded by extending to 4 pairs of PZT transducers. A honeycomb pattern of glass microfibers was formed in low
viscous liquid resin by driving four orthogonal transducers in phase. (e) Acoustic waves propagating through the degassed water and the glass plate at the lower side
and applied to the TiO2-resin mixture layer sandwiched between the two glass plates. The glass at upper side was excited by the ultrasound waves propagating
through the mixture [150]. (f) Two orthogonal pairs of PZT transducers were attached beneath the resin vat bottom surface which was a PET film. The PET film
vibrated and induced acoustic waves in the particle-resin mixture. Composite object with multi-dimensional particle filler network was printed and demonstrated
efficient heat dissipation [151]. (g) Acoustic hologram enabled arbitrary complicated pressure field and assembly of silicone particles with complex patterns
including bike and letters [152].

power, and dimensionless ultrasound transducer separation distance. By and an electromagnetic coil pattern as an embedded electronic compo-
increasing the number of transducer pairs, particles can be assembled nent [123]. Greenhall et al. fabricated macroscale multilayer engineered
into lines or curves with more angles or even other shapes. Yunus et al. materials containing a Bouligand microstructure and 3D structures with
developed a hexagon resin vat with six PZT transducers (three pairs of embedded insulated electrical wiring [131].

opposing transducers) placed on the inner side walls (Fig. 7¢) [123]. By In all of the acoustic field-assisted vat photopolymerization AM
actuating different pairs of opposing transducers, the propagation di- processes discussed so far, the PZT transducers are in direct contact with
rection of acoustic standing waves can be changed. As a result, hori- the liquid resin and particles, which posed potential challenges
zontal 60° and 120° particle alignments of line patterns could be formed. including heat generated from transducers, especially at high voltages,
Greenhall et al. reported a study with a similar acoustic field-assisted vat which may damage the print quality and cause difficulties in replacing
polymerization AM setup, which utilized an octagonal resin vat with or recycling transducers. To address those challenges, researchers
eight ultrasound transducers around its perimeter [130,131]. These investigated non-contact approaches for integrating PZT transducers
studies show that by curing the resin layer in multiple sections, each of [132,148]. In the studies reported by Thomas et al. [132] and Scholz
which contains a line pattern of particles with a specified orientation etal. [147,148], two PZT transducers were placed on the opposite outer
angle, 3D composite objects embedded with complicated particle pat- walls of the resin vat and held in place with small springs (Fig. 7d). The
terns could be produced. For example, Yunus et al. presented a zig-zag transducers were submerged in water for cooling purposes.
stitch pattern of copper nanoparticles as a complex 3D form (Fig. 7c) Counter-propagating waves were generated by two opposing
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transducers, which together formed a standing wave field inside the
particle-resin mixture in the central cavity (Fig. 7d). The transducers
were operated at the first three resonances, which were calculated by an
electro-acoustic transmission line model. Anisotropic composite objects
were printed from short glass fibers and low viscosity resins using the
developed system. Acoustic assembling in less than 100 ms was
demonstrated by Scholz et al [147]. The same research group extended
their work to acoustic patterning with 8-transducers and presented more
patterns of glass microfibers, including a honeycomb-like pattern
formed by driving four orthogonal transducers in phase (Fig. 7d) [148].

In addition to placing transducers on the side walls of the resin vat
and propagating acoustic waves on the printing plane, acoustic
patterning could also be achieved by placing the transducers on the
bottom or top walls of the resin vat [149-151]. Tuziuti et al. sandwiched
a layer of particle-resin mixture between two 1.86 mm thick glass plates,
one of which was adhered to a PZT transducer (Fig. 7e) [150]. Both
plates vibrated normal to their surfaces, and the wave propagating in the
liquid mixture formed standing waves, forming two-dimensional parti-
cle patterns. Similarly, Lu et al. attached PZT actuators beneath the resin
vat bottom surface, which was made of a thin Polyethylene tere-
phthalate (PET) film (Fig. 7f). Two pairs of PZT actuators were used to
produce different structural deformations of the PET film, which sub-
sequently induced different acoustic pressure patterns in the
particle-resin mixture and assembled particles to varied patterns.
Different particles with sizes ranging from 70 nm to 75 pm were suc-
cessfully patterned into line, curve, and crisscross patterns with more
than seven times higher particle concentrations than the concentration
of the feedstock. Composites with two-dimensional and
three-dimensional  filler = networks  were  produced, and
multi-dimensional heat dissipation with a high efficiency was demon-
strated [151].

Despite all the progress with the existing methods based on PZT
actuators, it has not been feasible to generate acoustic fields for particle
assembly with truly arbitrary shapes. Only unidirectional parallel lines
or curves, crisscross, honeycomb, or their combinations, were reported
in acoustic field-assisted vat polymerization AM. A possible solution is to
replace the standing acoustic waves with an acoustic hologram, which
can generate a complex 3D sound pressure field. Instead of the tradi-
tional phased array transducers (PATs), which have limited resolutions
and bulky setup, Fischer’s group reported a novel acoustic holography
approach that creates complex sound waves by using a single transducer
and a hologram plate which is characterized by spatially varied thick-
ness [152,153]. They demonstrated silicone microparticles assembled in
deionized water by the acoustic intensity gradient, where complex as-
sembly shapes including a bicycle and letters were formed (Fig. 7g). To
integrate this acoustic holography method in vat polymerization AM
processes, future work may need to focus on device design, material
selections, and hologram plate design for increased assembly pattern
variety and pattern accuracy.

4.3. Potentials and limitations of acoustic field-assisted AM

Compared with other field-assisted AM technologies, acoustic field-
assisted AM provides benefits in material choice freedom and versatile
material manipulation capabilities. Acoustic field has been successfully
integrated into AM for manipulating solid fillers with arbitrary anisot-
ropy from spherical particles to long fibers, size from nano- to micro-
scale, and living cells in polymer matrix to produce polymer compos-
ites or bio-constructs. In addition to re-orientation, alignment, and
patterning that other external fields are typically capable of, the acoustic
field can also focus, separate, and concurrently pattern different types of
fillers, enabling additive manufacturing of composites with a higher
loading fraction of fillers, denser filler patterns, and separate assemblies
of different fillers not possible with other external fields. With those
advantages, acoustic field-assisted AM has been demonstrated for fab-
rications of biomimetic anisotropic composites with enhanced
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mechanical properties, functional multi-material objects embedded with
focused filler lines which could work as thermally or electrically
conductive wires, and hydrogels with accumulated and patterned living
cells for bio applications.

4.4. Future perspectives of acoustic field-assisted AM

Despite the advances, the use of acoustic fields in AM for productions
of composites still face many challenges that need to be addressed, three
of which are reviewed.

First, from the machine development perspective, acoustic trans-
ducers need to be attached to the resin vat in a photopolymerization AM
system or the nozzle surface in an extrusion AM system. Factors
including the transducer placement, attachment, bonding, and acoustic
transmission efficiency all affect the acoustic manipulation effectiveness
and efficiency, process reliability, and the machine lifetime. In addition,
a high acoustic radiation force is needed to pattern a high loading
fraction of fillers with a high anisotropy or in a viscous liquid matrix,
and therefore a high voltage is required to be applied to the acoustic
transducer. As a result, a large amount of impedance heating can be
generated, and the transducer temperature can rise to severely impact
the AM process performance and even damage the transducer. This
hardware design challenge also limits the loading fraction of the fillers,
the viscosity of the matrix, and the volume of materials that can be
processed by the acoustic field-assisted AM technology. High amplitude
vibration has been shown effective for decreasing the friction and
extruding highly viscous composites with high loading fractions of
fillers. One potential research direction is to develop acoustic field AM
technology which combines acoustic focusing, assembling, and high
amplitude vibration by integrating multiple types of acoustic energy
sources. Continuous efforts in improvements and innovations in ma-
chine design and development will be needed in the future.

Second, from the product complexity perspective, only simple line,
curve, and honeycomb patterns of fillers or their combined patterns of
fillers have been achieved in acoustic field-assisted AM. Due to the
inherent simplicity of acoustic fields generated by arrays of transducers,
arbitrary complex patterns are impossible. To overcome this limitation,
development of innovative approaches to generating arbitrary compli-
cated acoustic fields freely and quickly is a critical task in the future. An
acoustic hologram based on a hologram plate proposed by Fischer group
[152,153] might be worthwhile to investigate as a potential solution.
Future advancement in the field of acoustic holography may provide
further insight into the development of novel acoustic hologram-assisted
AM technology, to produce composites with arbitrary filler distribution
patterns.

Furthermore, although extensive research in acoustophoresis has
shown the capability of acoustic field in controlling liquid and gaseous
materials, the research of acoustic field-assisted AM technology inves-
tigated only solid particle fillers. Little work investigated acoustic field-
assisted additive manufacturing of composites out of liquid-liquid mix-
tures or gas-liquid-solid multi-phase mixtures. If the emulsion and gas-
liquid-solid multi-phase mixture manipulation capabilities can be
unlocked and fully utilized in AM processes in future studies, the
versatility of the acoustic field-assisted AM technology will be signifi-
cantly increased to open up a wide variety of potential applications.

Overall, understanding the acoustic field generation approaches,
acoustic manipulation mechanisms, and additive manufacturing pro-
cesses will lead us to innovations in hardware design and development
innovations, driving the acoustic field-assisted AM technology forward.
The future study will further exploit the advantages of acoustic fields
including material choice flexibility, minimal damage to living cells, and
versatile material controllability, leading to breakthroughs in con-
structing next-generation functional materials and structures for a broad
range of bio-applications and engineering applications.
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5. Magnetic field-assisted AM

Compared to the other fields discussed in this work, magnetic field
has certain properties such as the ability of manipulating the materials in
small stimulation timeframe and easier field generation, which makes it
distinct and easier to use in field-assisted additive manufacturing.
Magnetic field can apply spatial forces in a non-contact mode with a
small response time [154-156]. Even with small field magnitudes,
ferromagnetic materials have a fast response when exposed to this field.
Moreover, generation of magnetic field is cheaper and easier compared
to other fields, as it can be produced by using simple, permanent mag-
nets. However, there are also certain limitations in using the magnetic
field. Only certain materials are responsive to this field, which limits the
material choice that can be used in magnetic field-assisted AM.
Considering all these properties, magnetic field has been reported in a
number of studies to build shape-shifting structures and composite
materials such as graphite electrodes for Li-ion batteries [157],
shape-shifting liquid molds for optical lens manufacturing [158], mag-
netic displays [159], soft [160] and continuum robots [161], or
bio-inspired ceramic composites [162]. It has also been widely devised
in driving biomedical devices [163], drug delivery devices [164],
environmental applications [165], and soft robot actuation [154].

There are two methods used to generate magnetic field: electro-
magnetic systems and permanent rare-earth magnets. The main
component in an electromagnetic system is an electromagnetic coil
made of electrically conductive wire wound in turns. The magnetic field
is generated when an electrical current passes through the coil. The
intensity of the magnetic field is controllable by varying the amperage of
electrical current. Large and spatially homogenous magnetic fields are
generated using electromagnets, and because of the high-amperage
electrical current that is needed for this purpose, electromagnetic sys-
tems also require an effective cooling system which can be expensive to
integrate [166]. Electromagnetic systems that are used in field-assisted
AM are divided into two main categories based on their magnetic field
distribution [167]. The first category consists of more established sys-
tems such as Helmholtz coils and Maxwell coils, which are normally
used to generate uniform or gradient magnetic fields, respectively. In the
Helmholtz systems, the uniform field leads to torque generation, and the
constant gradient from Maxwell coils generates the magnetic force. The
second category of electromagnetic systems are more customized coil
systems such as OctoMag [168] and MiniMag [169], that can generate
non-uniform or variable gradient fields [170]. Permanent magnets, on
the other hand, are materials with a broad magnetic hysteresis loop
[171] and have the ability to deliver magnetic flux without continuous
energy input [172]. These materials usually consist of rare-earth ele-
ments. Alnico and hard ferritic materials have been previously used as
permanent magnets; however, thanks to the efficiency and performance
of NdFeB alloys, Alnico and hard ferrites are being replaced by these
materials [173]. Compared to the electromagnetic systems, permanent
magnets are not able to generate large spatial fields; however, certain
properties such as being small, having the capability to generate large
fields in nearby areas, and the ability to locally control the field, leads to
amore common use of these magnets. Rather than individually using the
permanent magnets, different arrangements of permanent magnets such
as Halbach array, can also be used to generate controllable magnetic
fields [171].

There is a limited range of materials including nickel [30] and its
alloys [174], carbon nanotubes [175], iron and its oxides [176], cobalt
[177], neodymium [161] and PrFeB [178]. that are responsive to
magnetic field and used in magnetic field-assisted manufacturing of
composite structures. One of the major drawbacks in AM of metals is the
expensive equipment and process complexities. To address this chal-
lenge and due to their outstanding properties such as being lightweight,
chemically stable, biocompatible, and ease of synthesis, polymeric
composites with metallic reinforcements have opened up their way to
replace the complex metallic parts [179]. To utilize the potential of
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magnetic field in developing such composite structures, fillers composed
of magnetic metals or oxides, and non-magnetic fibers attached to
clusters of magnetic-responsive materials are embedded into the poly-
meric matrices. Researchers have also utilized particle coating methods
to pair magnetic materials with non-magnetic or less-magnetic materials
such as short carbon fibers [180], ceramics such as alumina [181], and
calcium phosphate [10].

In general, two major categories of AM technologies are paired with
magnetic field to generate polymeric composites and will be discussed in
this section: extrusion-based processes and vat photopolymerization.
This section will also include a brief overview of using casting methods
along with magnetic field for aligning the fillers in composite structures.
Although there is an increasing number of research reports available on
additive manufacturing of composite magnetic materials [182-184],
due to the scope of this review, only those using AM and magnetic field
concurrently are included in the following sections.

5.1. Magnetic field-assisted extrusion-based AM

As discussed previously, in extrusion-based processes, shear force
plays an important role in aligning the particles along the extrusion
direction. Although in some cases this might be a favorable phenome-
non, it also might not induce enough alignment into the process. The 3D
printed product might require additional materials to be aligned in the
extrusion direction, or conversely, the alignment might need to be in a
direction rather than that of the extrusion. Magnetic field has been
added to extrusion-based AM processes to address this issue by con-
trolling the fillers that are responsive to the magnetic field [185]. This
method has been used by Hone et al. to build carbon nanotube films
from deposition under strong magnetic fields. Carbon nanotubes are
responsive to magnetic field, and their direction aligns with the field
lines under considerable, strong magnetic torques. Aligning CNTs has
been devised to achieve polymeric composites with tailored properties
in other non-AM works using magnetic fields with magnitudes of 7-25 T
[175]. Considering the strong fields required to control carbon nano-
fibers, there are limitations in using CNTs as magneto-responsive ma-
terials in additive manufacturing. Generating such sizeable fields
require complex systems which normally need large spaces and can have
conflicts with the AM system. Therefore, in magnetic field-assisted AM
of polymeric composites, materials with higher magnetic remanence are
more commonly used. Moreover, in some cases, fillers that are not
responsive to the magnetic field are paired with magnetic materials to
enable the magnetic field to control their density or orientation.

In order to control the fillers in magnetic field-assisted extrusion-
based AM, magnetic field can be applied during or after the extrusion
process. In the first approach, a field-generating setup is devised around
the extruding nozzle and, by generating a magnetic field, helps re-orient
the fillers during the print process. In this approach, particle alignment
occurs at the same time as material flows inside the nozzle. Due to the
effects of the shear alignment, filler alignment in a direction other than
the direction of flow movement will be difficult. Kim et al. used this
approach to print elastomer composite ink containing ferromagnetic
particles (neodymium-iron-boron) through a DIW process (Fig. 8a)
[186]. A tunable electromagnet is installed around the nozzle to control
the particle orientation during the extrusion process. Changing the
magnetic field through the electromagnet, multiple magnetic domains
were printed in each part. Reorientation of ferromagnetic particles was
also studied by Aguilera et al. during material jetting of photocurable
resins [187]. The experimental setup developed in this work was
capable of positioning the permanent magnets and had real-time control
on the magnetic field direction around the nozzle. Roy et al. used per-
manent magnets during extrusion-based AM of composite structures
with convergent nozzles [188]. A combination of magnetic force and
changes in nozzle geometries are studied in this work, and their effects
on alignment of nickel nanowires is investigated. The theoretical study
on particle alignment in this work shows that without the external
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Fig. 8. Magnetic field-assisted extrusion-based AM: a) Example of using magnetic field during the extrusion-based process to print magnetic domains and build smart
and functional structures [186]. b) Example of using magnetic field after extrusion of the material to align particles in different directions [189]. ¢) 3D printing and
magnetic patterning of silver nanowires [190]. d) Extrusion-based magnetic AM to align particles and their real-time orientation [192]. e) Extrusion setup and
schematic basis of studying the magnetic torque for fiber alignment [196]. f) Force balancing during the magnetic droplet manipulation for 3D printing purposes
[36]. g) Precise microstructures controlled by magnetic field [200]. h) Self-healing structures by magnetic alignment after printing [201].

magnetic field, fillers would be randomly aligned in the nozzle.

Due to the challenges in dealing with the shear alignment during the
extrusion process, researchers have also tried to control the filler ma-
terials after the print material is extruded which eliminated the com-
plexities of concurrently dealing with shear and magnetic forces. Song
et al. used inkjet printing to build thin films and components from
magnetic particles while an external magnetic field was applied to the
print area after the material was extruded [189]. With a printer equip-
ped to a magnetic alignment setup surrounding the nozzle, they pro-
duced functional structures by ferromagnetic Cobalt-based high particle
content suspensions. An innovation in their work is using Mu-metal as a
shield around the nozzle, which causes the magnetic field not to affect
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the nozzle and the material that is being extruded. As a result, the ma-
terial is minimally affected by the magnetic field during the extrusion
process (Fig. 8b), and magnetic-field induced alignment happens after
extrusion. The fiber alignment leads to enhanced functionality of their
printed parts, in terms of high frequency permeability and decreases in
hysteresis losses in the alignment-induced hard axis. Ahn et al. used a
magnetic printing method to pattern silver nanowires [190]. Using
magnetite-silver nanowire hybrids, they created a pattern of conductive
silver nanowire gridlines on a flexible substrate, which is generated by a
controlled magnetic field (Fig. 8c). Their printed product exhibits sig-
nificant improvement in electrical and optical properties and looks
promising  for  building energy  storage  devices and
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nano/opto-electronics. Clay et al. used magnetic field coupled with the
inkjet printing process of photocurable inks to build parts with arbitrary
anisotropy [191]. After inkjet printing of the UV-curable ink, an elec-
tromagnet moved under the print bed by a two-axis stage to re-orient the
particles, and while the particles were frozen in their location, UV light
cured the resin. Martin et al. also used an array of permanent magnets
around the nozzle to align the extruded particles along the print direc-
tion (Fig. 8d) [192]. In another research work, using static magnetic
field and PLA filaments loaded with iron particles, the extruded struts of
a FDM printer were manipulated to re-orient the particles inside the
printed structure [193]. The approach used in this work led to devel-
oping active structures with increased attenuation of the transmitted
signal power, making them a promising choice to be used in electronics
and antenna applications.

Recent developments in colloidal assembly techniques have made a
great contribution to field-assisted AM. As a basis to this process, a great
deal of research has been done by Yellen’s group, which consists of using
a uniform magnetic field to control the orientation or concentration of
magnetic particles, as well as assembling the magnetic and diamagnetic
microparticles [177,194,195]. Martin et al. developed the theoretical
basis of this process and studied the feasibility of using magnetic field in
the print area to control particle alignment during the extrusion process
(Fig. 8e) [196]. Their magnetic energetics model is verified through
experimental extrusion results and includes Jeffery orbits and the
random rotation of the dipoles in extrusion process. This work provides
a strong theoretical basis for similar research studies by quantifying the
required magnetic field that is needed to overcome the effects of
shear-force in aligning the particles in extrusion-based processes. Hav-
ing the support of this study, other research groups started using mag-
netic field to align fillers in extrusion-based processes. In another work
from the same group, magnetic field is incorporated into a customized
direct write 3D printer for in-process particle re-orientation [192].
Ultra-high magnetic response (UHMR) particles synthesized from
alumina doped with iron oxide nanoparticles are aligned after extrusion
using three localized electromagnets.

Magnetic field has been also widely used for droplet manipulation,
leading to additional potential applications of AM processes [197-199].
Vekselman et al. used a coilgun in a drop-on-demand printing process of
the inks loaded with magnetic particles (Fig. 8f) [36]. As the coilgun
generates a non-uniform magnetic field around the material jetting
nozzles, it will counteract the internal tension forces in the ink and helps
the droplet to separate from the nozzle. Wang et al. introduced a
magnetically-controlled approach to print fine 3D structures in micron
dimensions [200]. In this approach, a droplet of the magnetic ink con-
sisted of magnetite nanoparticles, polyvinylalcohol, and ethylene glycol
is deposited on the print area. After deposition, using print beds with
controlled hydrophobicity, external magnetic fields are used to manip-
ulate the droplets in different directions. A combination of surface
wetting properties and magnetic field strength and direction yields a
droplet that is manipulated in different directions with different shapes
(Fig. 8g).

With the emergence of the 4D printing concept, one of the most
promising applications of magnetic field-assisted AM is in building
shape-shifting structures and untethered robots that are capable of being
controlled by external magnetic forces. Researchers have used
extrusion-based processes paired with external magnetic field to build
such smart structures. Zhu et al., 3D printed magnetically responsive 3D
structures with a fast response to external magnetic fields [184]. In this
work, soft iron nanoparticles were incorporated into a PDMS elasto-
meric matrix. This ink with a low magnetic remanence was used to print
magnetic field responsive terahertz photonic crystal. Using the ferro-
magnetic iron particles in the printed parts, leads to achieving fast,
shape-shifting responses induced by external magnetic field. The po-
tential applications of their work are discussed to be in the fields of
biomedical devices and smart textiles. Kim et al. used DIW to embed
programmed ferromagnetic domains into soft composite structures
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[186]. It was proved that through this process, complex and rapid shape
transformation in 2D and 3D structures could be programmed.

One of the interesting properties of a permanent magnet is that if
broken into two pieces, each piece becomes an independent magnet, and
they will be attracted to each other in the broken boundary. This
property is used by Bandodkar et al. in building self-healing electro-
chemical structures that fix themselves when a defect happens in their
structure [201]. A conductive self-healing ink was prepared by adding a
mixture of carbon black powders and permanent magnetic Nd,Fe;4B
microparticles to a polystyrene-block-polyisoprene-block-polystyrene
suspension. Using a thin flexible polyester substrate on the semi-
automatic screen printer, this ink was printed on the substrate. During
the print process, permanent magnets were located under the print bed
in such a way that the magnetic field was parallel to the print path. To
demonstrate a self-healing capability of the printed ink, a wearable
circuit was printed into a T-shirt. After repeatedly inducing microcracks
into the circuit, it instantaneously recovered its function (Fig. 8h). The
proposed process can be used in building electrical circuits, batteries,
and electrochemical sensors.

5.2. Magnetic field-assisted vat photopolymerization AM

The idea of using magneto-responsive materials in SLA was first used
by Kobayashi and Ikuta [202]. In their work, ferromagnetic magnetite
particles were mixed with a photocurable resin, and this mixture was
used to build magnetic parts. Although in this work, magnetic field was
not used during the printing process, it is one of the earliest studies to
use SLA in building polymeric composites with embedded ferromagnetic
fillers. A predominant share of the research in the area of magnetic
field-assisted vat photopolymerization is related to the work done by
two groups at ETHZ and Northeastern University [10,181,203,204]. Erb
et al. analyzed the theories behind functionalized UHMR ceramic par-
ticle alignment in a suspension due to magnetic field [181]. These par-
ticles are composed from ceramics such as alumina [181], calcium
sulfate hemihydrate [181], silica [10], and calcium phosphate [10],
which are coated by iron oxide particles. The minimum required mag-
netic field to align the particles is calculated from the theoretical
framework and verified through experiments. Martin and Erb developed
the 3D magnetic printing [10,204], in which after global reorientation of
the particles in the resin vat, photopolymerization happens in the active
voxels and partially cures the resin in selective areas of a layer [10]. The
proposed process in these works utilizes a moving rare-earth magnet or
solenoids to change the orientation of the particles, and while the
magnetic field keeps the particles in a desired orientation, a DLP pro-
jector polymerizes each layer section based on the voxel data (Fig. 9a).

Two major approaches for inducing the magnetic field in magnetic
field-assisted vat photopolymerization are applying a local or global
field to re-orient the particles. When a local field is applied, particles in
the entire vat will adapt the same orientation, and in the next stage, the
resin is selectively cured by laser-scanning or DLP methods. Nakamoto
and Kojima used an array of five electromagnets around their vat to
globally re-orient the particles inside the vat and scanned the desired
areas with a laser beam to cure the resin loaded with 0.5% of ferro-
magnetic short fibers [205]. Their methodology led to strengthening the
structure of the thin films built by this process. Global magnetic field has
also been used in the works done by Erb and Martin [10,204]. One main
drawback of using global magnetic field is that during the process, the
particles need to be homogeneously distributed inside the entire vat and,
as a result, there will be very limited control over the particle concen-
tration in certain regions. Therefore, other researchers have used a local
magnetic field in this process, in which a magnetic field source is moved
along the vat in a path, which depends on the desired particle profile in
the final product [33,35,176,191,206-208]. Using this method, there
will be an improved probability to control the orientation and concen-
tration of the particles locally.

Magnetic vat photopolymerization has a great potential in reaching
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Fig. 9. Magnetic field-assisted vat photopolymerization: a) The 3D printer setup used for voxel-based magnetic vat photopolymerization of simplified bioinspired
structures [10]. b) Using different magnetic field strengths and customized printers, gradient distribution and alignment of ferromagnetic particles are achieved and
matched with theoretical frameworks [176]. c) Structural gradients can be achieved by using magnetic field and DLP printing to build bioinspired
temperature-induced shape shifting structures [33]. d) Multi-technology magnetically assisted vat photopolymerization is used to generate complex biomimetic
structures [208]. e) Soft untethered robotic inchworm is printed in a single process and can move along complex paths, and rough and inclined surfaces [35]. f) 3D
printed microcantilever MEMS sensor is triggered by external magnetic field [209]. g) 3D printing of a ferrogel with selective filler orientation leads to generating

artificial cilia that can be actuated in fluid media [213].

3D structures with different local particle concentrations and orienta-
tions as moving and reorienting the particles in a liquid media is less
challenging. However, using the liquid media also brings up the biggest
drawback of using vat photopolymerization, as the additive process in
magnetic field-assisted AM: once the particles are dispersed in the resin,
there will be a limited concentration of the particles that can be achieved
in each area. Moreover, photocurable resins cannot be solidified when
containing a high particle ratio. To address these problems, multi-
technology processes has been developed, which basically consist of
an extrusion-based system that selectively adds droplets of particle-
loaded resin into a vat of pure photocurable resin. This process is used
by Kokkinis et al., where multiple nozzles are used to extrude different
materials inside the vat and then UV light is used to cure the entire
extruded layer (Fig. 9c) [33]. The same process is also used by Credi
et al. to 3D print micro-cantilever beams for polymeric micro-
electromechanical (MEMS) or nanoelectromechanical (NEMS)
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applications (Fig. 9f) [209].

Pan and Lu developed Magnetic Field-assisted Projection Stereo-
lithography (M-PSL) to build magneto-responsive smart polymeric
structures [206]. In their suggested process, a programmable
micro-deposition nozzle locally extrudes the ferromagnetic particles
into the vat, and a permanent magnet automatically moves around the
resin vat to place the particles into the desired region [210]. Next, the
photocuring process happens by applying a digital image with certain
patterns. In another work from the same group, they studied the prod-
ucts of this process in terms of microscale particle distribution param-
eters and how these parameters affect the part response to an external
magnetic field that is used for actuation purposes [207]. As shown in
Fig. 9e, they also utilized this process to 3D print untethered inchworm
soft robots with the capability of linear locomotion and crawling [35,
211,212]. Potential applications of soft shape-shifting multidomain
structures are in soft robots and wearable electronics. This approach is
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used by Shinoda et al. in building a worm-type-actuator and artificial
cilia [213]. In this work, magnetic field is applied to a UV-curable gel
loaded with two hard and soft magnetic particles, strontium-ferrite and
carbonyl iron, to induce the anisotropy during the curing process
(Fig. 9g). By changing the direction of the applied magnetic field during
the printing process, the orientation of the particles was defined. The
final structures showed the ability for magnetic actuation by crossing a
narrow gap and reproducing a bioinspired metachronal phase propa-
gation wave.

Magnetic field gradients have been used to generate functionally
graded materials (FGMs) [29,162,214,215]. FGMs, in which the
composition and micro/macro- structure of building elements are
spatially controlled based on the functional requirements, are of an
immense importance among different types of composites. Nature has
used different FGMs to overcome complicated challenges that exist
within biological constructs such as connecting soft and hard tissue
structures [216], enamel [217], and bone [218], which are only a few
examples in which FGMs are used to implement biomimetic designs
[38]. Generally, graded materials show enhanced promising fatigue
behavior due to their increased control over the stress distribution as
well as smoother transition in areas with stress concentration [219,220].
Moreover, in these materials, cracks propagate without any bridging,
which leads to a better fatigue life and mechanical behavior [221].
Generating field gradients with magnets appears to be another potential
avenue that can be explored in magnetic field-assisted vat photo-
polymerization. Safaee and Chen used this approach coupled with a
customized DLP process to build 3D functional FGMs with embedded
magnetite particles in an acrylic-based commercial resin [176]. Per-
manent magnets with different distances with respect to the print bed
were used to generate field gradients to eventually control the material
concentration in different areas (Fig. 9b). Microscopic images were
taken from the samples, and material gradients were characterized by
analyzing the grey-scale value of these images along the graded areas.
Using the data acquired from this work, a framework for design,
manufacturing, and characterization of FGMs using magnetic
field-assisted DLP printing is established [222]. Results show that con-
trolling the material gradients in vat photopolymerization is a promising
method of generating complex 3D FGM structures. Moreover, by
selecting proper process parameters, macroscale and microscale test
methods can be used interchangeably.

With recent developments in manufacturing processes, achieving
more complex structures has turned into a more accessible reality. As a
result of these developments, biomimicry and inspiration by nature in
developing more efficient and functional structures have received a lot
of attention [38]. Magnetic field-assisted AM is a proven tool to reach
biomimetic composites owing to its ability in selective particle
re-orientation. Ren et al. used magnetic field-assisted SLA to induce
structural gradients and develop bioinspired soft actuators [208]. Short
steel fibers were mixed with commercial photocurable resins, and
concurrently with the DLP printing process, permanent magnets were
used to change the magnetic field orientation/magnitude to induce
field-gradients (Fig. 9d). The heat-actuated shape memory behavior of
graded actuators developed in this work were evaluated. One of the
challenges in additive manufacturing is building overhang architectures,
which normally require printing extra support structures or external
fast-curing of the printed material [223]. Using external magnetic field
coupled with DLP printing of photocurable resins mixed with silica (as a
viscosity controller) and steel fibers (as the reinforcing component), Ma
et al. developed bioinspired overhang structures with locally controlled
particle orientation along the printed layers [224]. Using this
manufacturing process, it was further proved that local changes the
particle orientation can be devised to change the failure mechanisms
and enhance the local directional fracture toughness. Being inspired by
nature, multi-material surfaces were developed using the ability of
magnetic field to form spatial variations in material compositions,
leading to development of multi-scale hierarchical hydrophobicity
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[225]. Using the same concept and inspired by the hierarchical surface
structure of the limpet teeth, painless microneedles were developed
using magnetic field-assisted of composites loaded with Iron oxide
[226].

As stated in the previous section, colloidal assembly is another
technique associated with magnetic printing. In vat photo-
polymerization, this technique emerges with a great importance, as it
helps keep the particles suspended in the resin during the print process
and achieves a more homogeneous part with better control over particle
concentration and orientation. This area, however, has untapped po-
tential and can be of great interest for further research. In fact, the
behavior of a particle-resin system is of a considerable importance in
field-assisted SLA. Nagarajan et al. developed the magnetic field-assisted
SLA process [227] and evaluated the effect of particle content and resin
rheology on sedimentation behavior of the particles during the DLP
printing process [228]. In a more recent study by the same group [229],
a mixture of NdFeB and SrFeO particles is mixed with epoxy-based
photocurable resin with a goal of building a stable magnetic
particle-loaded resin able to withstand particle settlements and can be
used for magnetic field-assisted vat photopolymerization processes. In
another study, in order to develop stable particle-resin systems for
magnetic field-assisted vat photpolymerization of elastic and tough
polymeric composite, silanization of magnetite particles were shown to
be a potential method to control the dispersion of particles inside the
resin systems during 3D printing process [230].

5.3. Magnetic field-assisted casting

Among the conventional manufacturing processes, casting has also
benefitted from using magnetic field to align the particles inside a ma-
trix. In casting, a liquid material, which can be molten metal, ceramic
slurry, or curable polymeric resin, flows into a mold cavity and forms
into the shape of an unfinished part. In the next step, using a stimulus
such as cooling or UV light, the liquid solidifies into the desired final
shape. A magnetic freeze casting process was developed by Porter et al.
to establish hierarchical particle alignment in anisotropic ceramic
scaffolds [162]. In their approach, a controlled rotating magnetic field of
0.12 T was applied with a rotational speed of 0.05 rpm in the direction
of ice formation and enabled manipulation of magnetite nanofibers.
Depending on how the magnetic field is controlled, the pores generated
by this approach were either aligned or perpendicular to the freeze di-
rection. In another study, Chen et al. developed a magnetic roll-to-roll
alignment process to build polystyrene films in which nanocolumns of
nickel nanofibers were grown along the thickness of the film [30]. Using
the magnetic field in this process led to enhancement in light trans-
mission and conductivity of the patterned films in the columnar direc-
tion, which makes the process suitable for producing flexible electronics
(Fig. 10a).

Magnetic-assisted slip casting (MASC) is another process developed
to add the material in a layerwise manner [231]. Using a magnetic field,
this very promising fast additive method employs a conventional
slip-casting process along with the control of the building blocks
(Fig. 10b). In order to mimic the biological constructs of nacre,
magnetically assisted vacuum casting is utilized [232]. Their proposed
process is composed of using a rotating magnetic field to align the
platelets, using vacuum to consolidate these platelets into the ceramic
structure, infiltration of the pores among the aligned platelets with a
polymeric matrix, and selectively sintering the structure to achieve a
nacre-like material (Fig. 10c).

5.4. Potentials and limitations of magnetic field-assisted AM

Although adding the magnetic field to AM processes adds up another
dimension to the design space, there are also some limitations with this
approach in terms of material and process development. Based on the
literature, currently there are a few filler materials that are responsive to
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Fig. 10. a) Schematic model for showing the roll-to-roll magnetic alignment [30]. b) MASC is used to build bioinspired tooth-like structure by changing the magnetic
field in different regions to reach periodic platelet orientation patterns [231]. ¢) Schematic of vacuum-assisted magnetic alignment to generate nacre-like struc-

tures [232].

the magnetic field. Although some researchers have tried coating other
fillers with magnetic materials and make them responsive to the mag-
netic field, there are still limitations within this highly complex coating
process. Another issue within the realm of material development in
magnetic field-assisted AM is related to the matrix materials, which are
mostly composed of polymers that have limitations such as low tensile
strength and low temperature resistance. From the process development
perspective, generating and controlling large magnetic fields that affect
the materials within the AM process needs advanced technologies,
which increases process cost and complexity. Another challenge that
comes with adding large magnetic fields is the ability of locally control
the field and process components that are surrounding the print area.

5.5. Future perspectives of magnetic field-assisted AM

Despite the notable amount of research explored in magnetic field-
assisted AM, it appears to still be at its infancy, and there are many
potential applications that need to be explored for future research pro-
jects. Untethered robotics is another area in which magnetic field has
been widely used. Complex robots [154], electromagnetic systems
[168], and control approaches [233] are developed using conventional
manufacturing processes to perform different tasks using magnetic field,
and it seems that magnetic additive manufacturing can also be used to
build more complex robots with different geometries and better control
over the materials properties. In order to print smaller robots, more
precise AM methods like aerosol jet printing can be used to print mag-
netic filler-loaded inks, while using magnetic field to control the filler
orientation during the print process. As suggested by Bandodkar et al.,
flexible electronics can also be considered as another potential product
made by magnetic AM, therefore expanding the ceiling for its applica-
tions [201]. Aligning the conductive nanomaterials such as nickel par-
ticles and CNTs in the same direction often leads to better electrical
conductivity and can be considered an outcome of using magnetic
field-assisted AM of flexible electronics. Other materials’ behaviors such
as mechanical [42] and thermal [234] properties can also be enhanced
using this class of field-assisted AM processes.

With the rapid development in biomedical industries and the
growing need for in vivo/in vitro tests, point-of-care (POC), and Lab-on-
a-Chip (LOC) devices are becoming of increased importance. In this
sense, the role of magnetic particles is very important, leading to great
potential applications of incorporating magnetic field in this area. Re-
searchers have developed methods to utilize magnetic field for such
devices [235,236]; however, there is currently no research on additively
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manufactured LOCs with embedded magnetic particles. Due to the high
resolution of some AM processes and their ability to be paired with
magnetic field and develop FGM structures, this field allows for prom-
ising research in the area of magnetic AM. Considering the current trend
in using clean energy resources and the role of rare earth magnets in this
scenario, additively manufactured magnets are finding their way into
the industry, and many research groups are focusing on building free-
form magnets with controllable properties by AM-based methods [237].
Although this research area is still in its infancy, it has a bright prospect
in coming years [238,239]. During the AM process, and in order to print
more efficient magnets, it is beneficial to align the dipoles and consol-
idate them. This is an area that particularly field-assisted AM can be
helpful. Moreover, for developing MEMS engines, having small and
efficient magnets can be a huge advantage, and magnetic AM can be an
effective segue to reach this goal. This same concept is applicable to
additively manufactured piezoelectric devices.

6. Electric field-assisted AM

Electric field is the force-generating element surrounding an elec-
trical charge, causing different electrical charges to exert certain amount
of force to each other. This type of field forms the foundation of many
industries and is defined by Coulomb’s law. Depending on the direction
of the electric field, different electric charges show diverse behaviors
when exposed to an external electric field. This characteristic is used in
field-assisted manufacturing to control particles with varying responses
to external electric fields.

Almost five decades after the Maxwell’s fundamental laws for elec-
tromagnetism was developed, Pohl discovered that particles immersed
in a dielectric media will be stimulated by a force when exposed to an
electric field [240]. The result from this interaction is known as the
dielectrophoresis phenomena, which is defined as the motion of sus-
pended particles in a fluid media due to the polarization forces that are
generated from an inhomogeneous electric field. Pohl’s work is char-
acterized by dipole-dipole interactions between particles controlled in a
viscous media using an external electric field, and has been used as a
starting point by many researchers in various fields such as cell sepa-
ration and sorting [241], microfluidics [242], colloidal assembly pro-
cesses [243], production of composites with controlled distribution and
orientation of reinforcing elements [244-246]. In the context of last
application, electric field can be used to build composites with uniform
orientation or locally controlled redistribution of the fillers.

Dielectrophoresis can be used to build composite structures with



S. Safaee et al.

uniform or graded distribution or orientation of reinforcing components.
In this approach, introduced by Bowen et al., electric field with different
directions and magnitudes was locally applied to a liquid polymeric
mixture loaded with nano- and micron-sized particles with different
electrical properties (insulator, semiconductor, or conductor) [245]. The
resulting composite after the curing process was a field-aided micro--
tailored (FAiMTa) composite [247]. Based on the concepts and methods
introduced by these works, more theoretical frameworks for particle
reorientation and motion have been developed, which are considered as
the basis of more advanced electric field-assisted manufacturing pro-
cesses. Dielectrophoresis has also been used for particle manipulation
and separation of micro- and nano-scale inclusions and bioparticles
[242]. A process based on manipulating particles with similar or dis-
similar natural frequencies in a liquid media was developed by Urdaneta
and Smela and termed multiple frequency dielectrophoresis (MFDEP)
[248]. This process is proven to have the ability of on-demand trap or
transport of certain particles.

Electric field can be applied in two different manners depending on
the type of electric current being used. If direct current (DC) is the basis
of the electric field, the electrical charge flows only in one direction. In
the case of using alternating current (AC), the direction of the electrical
charge changes periodically. Therefore, the direction of the force being
applied to a single electric charge in direct field remains constant and
changes periodically in the case of using alternating field. Compared to
the magnetic field that can affect a material in a completely non-contact
mode, for the electric field to be effective in aligning the particles/fibers,
it has to pass through an electrically conductive media. Both of these
methods can be used to redistribute organic or inorganic materials.

One of the critical parameters that defines the kind of field to be used
in electric field-assisted manufacturing is the filler type that is supposed
to be affected by the electric field. Depending on the materials and ap-
plications, different kinds of electric field might be applied to control the
fillers in a composite system. Different materials such as CNTs [249],
alumina [28], nickel nanowires [250], piezoelectric ceramics [251], and
polymers [252] have been used in electric field-assisted manufacturing
of polymeric composites. In the case of having dielectric particles in the
polymeric resin mixtures, applying alternating electric field leads to
coalescence of dielectric particles and forming chains that are oriented
in the field’s direction [253]. In the case of using CNTs, research reports
show that using DC voltage leads to easier processibility and higher
efficiency [254]. In this work, single-walled CNTs (SWNTs) were aligned
using electric fields at frequencies as low as 0.001 Hz, which is effec-
tively a DC condition. Although this method is effective in terms of the
alignment precision, due to the low frequencies, more time is required to
align the fillers. Moreover, selective alignment of carbon nanotubes in
the aligned SWNT bundles and clusters embedded in polymeric matrix
of urethane dimethacrylate (UDMA) and 1,6-hexanediol dimethacrylate
(HDDMA) can be achieved using AC field [254]. Electrical conductivity
of these composites can be controlled by changing the AC frequency or
magnitude of the field.

Due to the superior properties derived from the process of additive
manufacturing, researchers have made an endeavor to pair electric
fields with this category of manufacturing to control filler orientation in
polymeric composites, and as a result, control the physical properties of
3D printed structures. Like magnetic field-assisted AM, in electric field-
assisted AM, the torque applied on each particle is determined by the
applied field and acts as the driving force that re-aligns the particle in
the direction of the electric field. Viscosity of the resin mixture or
extruded material in electric field-assisted AM is the parameter defining
the magnitude and time for the applied electric field threshold to re-
orient the fillers. Kim et al. suggested a viscosity of 1 Pa.s for an ideal
re-orientation time of different particles in epoxy resins [255]. Although
this research is based on conventional manufacturing processes, the
same concept is applicable to AM. Based on the research by Kim et al.
[249,256-258] and Holmes [28,259-263], different works have subse-
quently been done to integrate electric field with AM to build polymeric
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composites with tailored properties. In this section, the progress and
developments in this field are reviewed.

6.1. Electric field-assisted extrusion-based AM

Electrospinning, although mostly used for generating 2D structures
and not considered an additive manufacturing method, has been used to
generate 3D structures in an additive fashion [264]. Electrospun struc-
tures are prone to bending instabilities [265], and as a result, this pro-
cess is typically suitable for generating randomly arranged 2D meshes
[266]. This is a limiting factor on developing functional materials and
structures from electrospinning process, and researchers have tried to
overcome this problem by generating 3D electrospun structures.
Because of using of electrostatic forces in electrospinning, this process
has a natural ability to use electric field for fiber alignment [267]. Luo
et al. devised a near-field electrospinning process to direct-write arbi-
trary 2D patterns and build arbitrary 3D shaped structures [264]. Using
traditional printing paper as a collector in the electrospinning process,
this group could print self-aligned particles from poly(vinylidene)
fluoride (PVDF) solutions (Fig. 11a). The results of this work can also be
used in MEMS and NEMS applications.

Among all the extrusion-based AM processes, DIW has been widely
paired with electric field. One of the challenges in the DIW process is
control and manipulation of the droplets coming out of the nozzle.
Droplet wetting and spreading behavior play an important role in
achieving precise geometry and low surface roughness [268]. A research
group from the University of Illinois at Chicago used an electric field to
achieve better control over droplet behavior and modify the DIW pro-
cess [269,270]. Different silicone-based and photosensitive inks were
deposited on various dielectric substrates such as glass, wood, Kapton
tape, superhydrophobic coating surfaces, and ceramic surfaces, while
electric field was applied to the substrate to reach better electrowetting
behavior between droplets and substrates, and fast curing was induced
into the process [269]. Moreover, electrowetting was also used to con-
trol and manipulate the droplets from different inks such as pure liquid
inks, aqueous polymer solution inks, and carbon fiber suspension inks,
by using embedded electrodes on the substrate (Fig. 11b) [270].
Adhesion forces between the droplets and electrodes under different
electric fields were analyzed and it was concluded that applying an
electric field with the correct magnitude can effectively lead to a more
accurate and lower surface roughness of the DIW-printed parts.

For the past several decades, electrophoretic deposition (EPD) has
been known for its effectiveness and ease of implementation in indus-
trial applications. EPD is a two-step process, in which charged particles
suspended in stable colloidal solutions are directed toward the substrate
with electrical potential and finally deposited on this surface [271]. This
process is often used for surface coating purposes. Tabellion and Clasen
explored applications of this approach for near-shape manufacturing of
aqueous solutions containing silica glass and ceramic particles [272].
Sullivan et al. used a combination of DIW and EPD to build composite
structures of thermite films [273]. Using DIW, silver nanoparticle inks
were printed into self-supporting structures on which Al/CuO thermite
composite was coated through EPD. Due to the physical basics of EPD,
chances of ignition during the process were eliminated and composite
thermites were successfully coated on the DIW-built electrodes
(Fig. 11c). The results of this work were used to study the mechanism of
combustion reaction. EPD has also been investigated as a ceramic AM
process [274]. In this work, particles are extruded close to a membrane,
which works as the print bed, using a hollow electrode. Using this
process, different geometries including dots, straight lines, and curved
lines were deposited with variable height and thickness. Considering the
dimensional resolution of the deposited profiles, it was proven by this
study that the proposed approach can be used as a basis for AM of 3D
structures.

One of the exciting applications of electric field-assisted
manufacturing is related to building composite structures from
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Fig. 11. Electrical field-assisted extrusion-based AM: a) 3D electrospinning process schematic SEM image of stacked 3D grid structures on a paper substrate [264]. b)
Electrode array and droplet motion control using electrowetting [270]. ¢) 3D printed electrode samples for EPD of thermite [273]. d) Electric field-assisted printing of
PVDF structures with subsequent poling of the extruded material can be used to build flexible electronics [252]. €) Mechanism of the ODE technique to produce metal
electrodes, some of the additively manufactured electrodes, and the smallest geometry that can be obtained [282]. f) Mechanism of the electrohydrodynamic jet

printing and the micro capillary nozzle shape for this process [287].

piezoelectric materials. PVDF polymer is one of the polymeric piezo-
electric materials which can be used in sensing and energy harvesting
applications by converting mechanical to electrical energy [275]. This
material shows up in four different phases of a, §, y, and 8. Due to having
the largest dipole moment, f-phase has gained the greatest attention
compared to other phases [276]. A well-established process to convert
PVDF from its natural o-phase to the most efficient p-phase is by
applying axial stretching followed by applying large electric fields that
align the dipole structures in the polymeric chains [277]. Researchers
have used electric poling-assisted AM to eliminate the complex and
time-consuming process of a-to-p transformation in PVDF structures
[252]. During this process, molten PVDF filaments are subjected to
mechanical stresses resulting from the shear field from the flow inside
the extruding nozzle, and then electrically polarized by applying large
electric fields (Fig. 11d). The same process has been used for additive
manufacturing of piezoelectric polymer-ceramic composites [251].
Barium Titanate (BTO or BaTiO3) ceramic fillers are embedded in PVDF
polymeric matrix to enhance the piezo effect. PVDF and BTO powders
were mixed via solvent casting, and the mixture was extruded during a
heating process to achieve the BTO/PVDF composite filaments. The
composite additively manufactured structures from this process
possessed acceptable piezoelectric properties, along with toughness,
tensile, and fatigue behavior. Alignment of piezoelectric ceramics has
also been investigated by other researchers. Using the dielectrophoresis
concepts, Van den Ende et al. studied the in situ 2D alignment of PZT
short fibers in polyurethane resin [253].

A potential application of electric field-assisted AM is in building thin
metallic films on free-form surfaces. This approach is especially useful
when patterning conductive layers on top of different free-form sub-
strates. To be more specific, patterning of conductive metallic layers on
semiconductor materials is a critical fabrication step in manufacturing of
MEMS. Different 3D printing processes such as laser-induced printing
[278], inkjet printing [279], screen printing [280], and micro-contact
printing [281] have been used in this field and show serious limita-
tions. For example, although inkjet printing can be a fast and single-step
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process, due to the limitations in nozzle size and droplet formation
mechanisms, it lacks the required high resolution. Micro-contact print-
ing has eliminated these problems; however, it still requires the master
molds that need to be generated in conventional photolithography
processes. Laser-induced printing is still relatively complex, requiring
various consecutive steps to process the parts into the final product.
Because of these shortcomings, researchers have used different ap-
proaches to address the metal patterning problem on semiconductor
substrates. Liu et al. addressed these problems by developing a process
called optically-controlled digital electrodeposition (ODE) [282]. In this
approach, light patterns corresponding to the parts shape are projected
into hydrogenated amorphous silicon layer electrode (ODE chip),
causing the illuminated areas to become more electrically conductive.
After this step, owing to the electrophoresis effect, metal ions are
directed and deposited towards the substrate. Using this method,
micro-electrodes were fabricated with different geometries, high elec-
trical conductivity, and geometrical resolution of 2.7 um (Fig. 11e). The
same methodology is used by Pascall et al., leading to effectively elim-
inating the need for photo masks, enhancing the process dimensional
resolution, and developing the first projector-based light-directed EPD
to control the external electric field during the AM process [283-285].

Electrohydrodynamic jet (e-jet) printing is another electric field-
assisted AM process in which high resolution of printing is achieved
through using electric field to drive liquid out of micronozzles. Funda-
mentals of this process were first investigated by Kawamoto et al. [286]
However, the process was first introduced by Park et al. as an AM
method achieving a resolution less than 10 um [287]. Nozzles with a tip
diameter of approximately 2 um were prepared by gold-coating the
external wall and a small fraction of the internal wall of a glass pipette
extruding tip (Fig. 11f). The extruding tip also benefits from a hydro-
phobic coating, which prevents the nozzle from clogging. In order to
provide the ink, this nozzle is connected to a microsyringe pump. An
external voltage is applied between the nozzle wall and the print bed,
which drives the electrohydrodynamic phenomena and causes the fluid
to be extruded out of the nozzle into the substrate. X-Y motion of the
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print substrate provides the required area for patterning different 2D
shapes into the substrate. Due to its high resolution and ability to print a
wide range of materials, the e-jet printing method has also been used to
build fine structures such as polymeric composites with embedded
aligned silver nanowires [288], printed transistors using reduced gra-
phene oxide [289], organic light-emitting diodes (OLEDs) for small
displays [290], and scaffolds for tissue engineering applications with
enhanced cell alignment and proliferation [291].

6.2. Electric field-assisted vat photopolymerization AM

Compared to extrusion-based processes, in the case of using vat
photopolymerization AM, the application of electric field is slightly
different. In extrusion-based processes the electric field is achieved by
applying an electrical potential between the nozzle and print bed or at
the two sides on the print area on the print bed. However, due to use of a
resin vat in the vat photopolymerization, the electric field is generally
applied to the liquid resin and re-orients the fillers in the resin while the
curing process happens. Electrical-filed alignment of particles sus-
pended in a photocurable resin was initially studied by Park and Rob-
ertson [292]. Nakamoto et al. used electrical-assisted laser SLA to build
polymeric composite parts with selective alignment of the fillers [293].
Unidirectional TiC whiskers were dispersed into the photocurable resin
and used to reinforce microparts along their load bearing axis (Fig. 12a).
This work also developed the theoretical framework for calculating the
required electric field to generate sufficient moment to rotate the
whiskers and align them with the field. When the shear stress on the
surface of the whiskers becomes equal to the yield shear stress of the
resin, the liquid resin starts flowing. This characteristic, called Bingham
property, is measured in this study. As another basis for the electric
field-assisted vat photopolymerization, Kim et al. used traditional
methods for developing polymeric composites that are reinforced by
single-wall CNTs [249]. Electric field was used to control the electrical
conductivity of composite structures by aligning the particles under an
AC electric field and subsequent photopolymerization of the liquid
polymeric mixture. This process was developed to align the fillers in the
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polymeric matrix without the drawbacks of shear-alignment such as low
filler content, which leads to developing composites which are not
reinforced beyond increasing the mechanical properties.

Holmes et al. at Army Research Laboratory in collaboration with a
research team at the University of Wisconsin-Madison, developed a
process called Field-Aided Laminar Composite (FALCom), to create
three-dimensionally reinforced polymer composites through using
electric field in SLA process [28,259]. In their work, different filler
materials such as multi-walled carbon nanotubes (MWCNTSs) [259],
alumina microparticles [259], and aluminum microparticles [28,259]
were used. Based on the previous works completed by Kim et al., a
maximum resin viscosity of 1000 cP was selected for efficient particle
alignment under an electric field [249,256,258]. An important aspect of
this work is that the electrical non-conductivity of the matrix monomer
material. However, most of the time, the photoinitiators in photocurable
resins turn out to be electrically conductive. Another important point
that should always be considered in electric field-assisted AM is that
aside from the process that is being used, the fillers do not necessarily
need to be electrically conductive. The research done by Holmes and his
collaborators is considered to be one of the first comprehensive studies
on electric field-assisted vat photopolymerization which is used as the
basis for other research done in recent years.

Similar to the extrusion-based processes, vat photopolymerization
has also been paired with electric field to build 3D composite structures
with piezoelectric properties. Kim et al. used microscale digital projec-
tion printing (DPP) to incorporate barium titanate (BaTiO3, BTO) nano-
fibers into photocurable polymer solutions of polyethylene glycol dia-
crylate (PEGDA) (Fig. 12b) [294]. Using colloidal assembly and surface
modification on BTO nanoparticles, acrylate groups were added to the
particles, which led to improving the piezoelectric properties of the 3D
printed composites by a factor of 10.

Using the Projection-based Electro-Stereolithography (PES), Pan
et al. printed composite structures with controlled distribution of par-
ticles into the print vat (Fig. 12¢) [295,296]. In the PES process, two
technologies, vat photopolymerization and electrostatic deposition, are
integrated together to form the final product. During this process, the
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Fig. 12. Electric field-assisted extrusion-based AM: a) Schematic of filler alignment using electric field in laser stereolithography [293]. b) Piezoelectric micro-
structures built by digital projection printing (right column) and 3D structures manufactured by dynamic optical projection stereolithography (left column) [294]. ¢)
CAD model, 3D view, and microscopic image of part manufactured by projection electro-stereolithography [296]. d) Illustration of the electric field-assisted additive
manufacturing process and the SLA setup used for this purpose [301]. e) 3D printed composites of random and aligned graphene nanoplatelets show different
behaviors, complete disconnection vs. self-healing properties, under compression tests and simultaneous electrical potential [301]. f) Schematic, SEM, and surface
optical microscopic images of MWCNTSs in 3D printed to mimic natural materials [300]. g) Electric field-assisted additive manufacturing is used to build an artificial
meniscus with selective alignment of MWCNTs in different areas [300].

21



S. Safaee et al.

resin is sensitized using a corona charging device, and particles are
deposited from a positively charged plate onto the surface of the resin. In
the meantime, the resin is exposed to the curing light, which builds the
final product during a top-down SLA approach. In addition to devel-
oping this method, this group also developed the physical model for the
curing and deposition process.

Biological structures have been significantly inspiring the way re-
searchers look at developing different materials and reinforcements for
different applications [297]. However, building the complicated organic
natural architectures are currently far beyond the capabilities of tradi-
tional manufacturing processes [298,299]. Being considered a process
that can handle more complicated designs, additive manufacturing has
evolved to help reach this goal by manipulating and modeling the
multi-scale/material structures. Due to the importance of re-
inforcements and control on their dispersion in biological composites,
field-assisted AM has been used to mimic these structures for real-life
applications [38]. In an effort from researchers at the University of
Southern California, alignment of MWCNTs was actively controlled
during a DLP process to mimic the reinforcements of biological archi-
tectures [300]. In their proposed process, two electrodes are used on the
two opposite sides of the resin vat to induce the electric field along the
vat, and consequently align the nanofibers. This resin vat along with the
electrodes has the ability of rotating during the process, and as a result,
the printed parts experience fiber orientation in different directions
along different layers. The load-bearing capabilities of the additively
manufactured composites was significantly enhanced, and because of
the similarities of constructed structures with biological constructs,
future applications in printing artificial menisci is predicted for the
proposed process (Fig. 12f,g). In another work from the same group,
devising the electric field-assisted DLP printing, nacre-inspired hierar-
chical structures were built using aligned graphene nanoplatelets (aGNs)
to reinforce mechanical properties (Fig. 12d,e) [301]. The anisotropic
electrical properties of the GNs helped the researchers build self-sensing
miniature helmets with the ability of crack detection.
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6.3. Electric field-assisted conventional manufacturing processes

Similar to magnetic field-assisted AM, the fundamental concepts of
electric field-assisted AM have been developed through conventional
manufacturing processes. In this section, a brief overview of these works
is presented, which can also be used in conjunction with additive
manufacturing methods. Several research groups have worked on par-
ticle manipulation using an electric field to generate advanced com-
posites. In 1998, Bowen et al. used the dielectrophoresis phenomena to
build composite structures with various filler materials aligned using an
electric field in a thermoset polyurethane matrix [245]. Two years later,
Vyakarnan and Drzal patented an electric field-assisted approach to
fabricate composites with discontinuous fibers aligned in a desired di-
rection [302].

Ryan et al. used electric field during the slow evaporation of a
mixture of semiconductor nanorods and toluene to generate super-
lattices made out of nanorods (Fig. 13a,b) [303]. The direction of the
DC field in this work is perpendicular to the substrate, leading to the
assembly of the nanorods in this direction. Centrifugal casting is also
another conventional method paired with electric field to manipulate
fillers in a composite matrix and build semiconducting structures.
Decker and Gan used a centrifugal casting method in conjunction with
electrical and magnetic fields to manufacture semiconducting polymer
structures from polyaniline (PANi) as the matrix and TiO; nanotubes as
the reinforcing elements [304]. In this method, a rotary chamber
generated the mechanical forces required for forming the multilayered
structures into a mold, and electrical and magnetic forces were added by
a DC field and permanent magnets, respectively. The function of elec-
trical forces polymerized the aniline solution on the surface of the
nanotubes by eliminating the hydrophobicity, and the mechanical cen-
trifugal forces pushed the aniline solution towards the nanotubes. The
fabricated structures were characterized as an n-type material by
measuring their semiconducting properties such as Seebeck coefficient
and electrical resistance.

(b)

Fig. 13. Electric field-assisted alignment in conventional manufacturing processes: a) schematic of the filler alignment using electric-filed-assembly [303]. b)
Nanorods of cadmium sulfide (CdS) are aligned in 3D and deposited under electric field [303]. ¢) Application of electric field to graphene nanoparticles suspended in
epoxy resins leads to orienting the particles in the time span of 20 s [306]. d) Unfolding a 3D gel coil by ionprinted lines and recovery to its original shape by

dehydration [307].
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A fraction of the research on electric field-assisted manufacturing has
also been focused on deriving the theoretical frameworks for particle
alignment. Daniel et al. developed the theoretical formulation of carbon
fiber alignment under an electric field and validated their equations
through experimental results [305]. In another work, the effect of AC
electric field on alignment of graphene nano-platelets in epoxy resins
was investigated, and a relationship was established to correlate the
particle alignment and electrical/thermal conductivity of the resulting
composites [306]. Application of the electric field to the resin loaded
with graphene platelets significantly led to alignment of the particles in
the same direction (Fig. 13c). Smart materials and structures are also
another area of interest for electric field-assisted manufacturing pro-
cesses. Ion printing is used to pattern and embed ions in hydrogels in 2D
and 3D fashions [307]. In this process, the ions are injected into the
structure of the hydrogels while their orientation is controlled using an
external electric field. Due to the responsiveness of the embedded ions
and mechanical compliance of the fabricated structures, this method can
be used to build soft robots and flexible actuators (Fig. 13d).

6.4. Potentials and limitations of electric field-assisted AM

Compared to magnetic field, electric field-assisted manufacturing
has the advantage of using a more extensive range of filler materials.
Due to increased research on the electrophoresis phenomena, this class
of field-assisted manufacturing processes is investigated more compre-
hensively. However, using an electric field has its own challenges, such
as the need for using high voltage, which leads to a smaller number of
works pairing it with AM. A significant amount of work has been
explored on changing the material properties using electric field-assisted
AM. As an example, improved mechanical properties have been reported
by different researchers using this approach [42]. By changing the di-
rection and magnitude of the applied electric field during the
manufacturing process, material properties such as electrical conduc-
tivity or mechanical strength can be tailored.

6.5. Future perspectives of electric field-assisted AM

Considering all the advantages and disadvantages of electric field-
assisted AM, there is still a plethora of applications that remain to be
explored using this method. Aligning electrically conductive fillers in
the same direction will increase the chance of electrical current passing
through the material. As a result, it can be reasonably said that building
conductive polymeric structures is a challenge that can be overcome by
using AM with electric field [301]. Additively manufactured electro-
magnetic interference (EMI) shielding devices can also be developed by
electric field-assisted processes [308-310].

A promising avenue for using electric field-assisted AM is building
3D structures from piezoelectric polymers such as PVDF or by embed-
ding piezoelectric dipoles in a polymeric matrix and using the generated
structure as sensors [251], actuators [252], or energy storage and har-
vesting devices [276,311]. The electric field applied subsequently to the
additive process will help the piezoelectric materials become polarized,
which eliminates the need for extra post-processing steps and results in a
more efficient device [253]. Customized self-sensing 3D structures have
been challenging to fabricate in-house, and additive manufacturing of
piezoelectric composites or conductive polymers play an essential role in
this field [301]. In general, one of the applications of the electric field is
re-orienting the dipoles inside a structure [312], which has opened up
new avenues in developing sensors and actuators [313]. The same
concept has also been coupled with additive manufacturing; however,
one of the challenges in using the electric field in manufacturing pro-
cesses is the need for applying high electrical voltages to orient dipoles.
Aside from the safety issues, large electric fields have undesired effects
on the subsystems that are used for process implementation. A topic that
can be considered as a future research area electric field assisted AM is
developing materials more sensitive to the electric field and as a result
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do not require large fields for dipole reorientation.

Optically controlled electrodeposition is also a promising process for
metal film patterning on freeform surfaces and can be used in placing
micro-sensors, solar cells, and field effect transistors [282]. Ion-planting
has been effectively used to pattern ions into polymeric structures.
Considering hydrogels mechanical properties and their ability to entrap
the ions, this approach is efficient for building stimuli-responsive
structures for soft and untethered robots [307]. Another process that
has been used widely in the industry is field-assisted sintering technol-
ogy (FAST), where an electric field is used to sinter powders in a green
sample [314,315]. Although this technology has not been applied to
powder-bed AM processes, incorporating FAST with AM could open up
new research areas for developing polymeric composites with controlled
anisotropy.

7. Conclusion

Fig. 14 summarizes the matrix materials, reinforcing fillers, and
potential applications and limitations of each reviewed field, including
shear, acoustic, magnetic, and electric field. In this figure, moving from
left to right, more material constraints is imposed on the filler/matrix
and as a result, smaller choice of material will exist. Therefore, the need
to expanding materials range while moving from shear-assisted process
to electric field-assisted processes exists and needs to be addressed in
future research works. As another limitation in field-assisted AM,
increasing the volume fraction of fillers inside the polymeric matrix in
all of the reviewed processes is a limiting factor in terms of materials and
process development that can be explored in future studies.

Although there has been a significant number of research published
on pairing external fields with 3D printing processes, many challenges
remain to be tackled in future in order to establish these class of
manufacturing processes for practical and industrial applications.
Fig. 15 (a) summarizes the current level of development in areas related
to field-assisted AM for each field. A higher score indicates more
development is still needed. Generally, shear and acoustic fields are
more developed than magnetic and electric fields. Fig. 15 (a) also pro-
vides a general direction and guideline for future studies. Fig. 15 (b)
characterizes the limitations and flexibility of each field in different
categories. A higher score indicates it is more flexible and has less lim-
itations. Shear and acoustic fields work for a wide range of materials but
provide less spatial control. On the other hand, magnetic and electric
field, although only work for magnetic and electrically conductive ma-
terials, respectively, offer a greater and more flexible control of anisot-
ropy orientation and distribution.

This paper provided a state-of-the-art review on field-assisted addi-
tive manufacturing processes of polymeric composites. In summary,
advances in AM methods and technologies and deep understanding of
required filler-matrix material properties along with the potential ap-
plications are areas for exploring field-assisted AM for polymeric com-
posites. Different material systems for polymeric composites can benefit
from field-assisted AM in a variety of directions such as improving local
and global physical properties of the composite materials, creating smart
structures, and developing efficient sensors and actuators with
customized shapes and functionalities. The anisotropic alignment
introduced by field-assisted AM can lead to fabrication of structures that
can mimic the functionality of natural materials and help with achieving
tunable properties in 3D printed components. Despite all the progress
that has happened in this area for the past few years, field-assisted AM is
still in its infancy and to have a meaningful progress toward advance-
ments in this field, collaborative research between different disciplines
such as physics, mechanics, and materials science is required. For
example, studies on predicting and understating the material behavior
under external fields have emerged recently. Integrating these studies
with 3D printing process leads to better understanding on
manufacturing process control and help with creating more optimized
structures that are capable to efficiently perform a functional task. From
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Fig. 14. Summary of the matrix and filler materials used in field-assisted additive manufacturing of polymeric composites, and the potential applications and

limitations for each process.

another perspective, developing frameworks that helps with imple-
menting a desired design into the final products is another area that
needs to be explored in field-assisted AM. We predict that in future, more
research in these areas will be performed and multiscale relationships
between properties of raw materials, manufacturing process mecha-
nisms, and performance of the fabricated polymeric composites will be
extracted. As it is discussed for each field-assisted process, a major area
of research is developing easier and more optimized methods to induce
the assistive field into 3D printing processes. By developing more ver-
satile field generation devices, establishing new paradigms in field
generation, and creating materials that are more responsive to external
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fields, field-assisted AM can be developed into further steps. Moreover, a
limited number of additive technologies, materials extrusion and vat
photopolymerization, are widely paired with external field to control
anisotropy in polymer-matrix composites. The authors believe that other
AM technologies of polymeric materials are also viable candidates in this
field and need to be further explored. Future studies can explore the use
of multiple assisted fields, by leveraging the advantages of each field,
while overcoming the limitations of each own to achieve a greater
functionality of the composite material. There is also a great potential
when combining field-assisted AM with smart materials. These processes
enable and open up new opportunities for design and manufacturing of
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novel materials and structures for a variety of applications.
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