
3549

 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
36

  
 I

ss
ue

 1
8 

 S
ep

te
m

be
r 2

02
1 

 w
w

w
.m

rs
.o

rg
/jm

r

Vol.:(0123456789)

 DOI:10.1557/s43578-021-00388-y

Perspectives on multi‑material additive manufacturing
Xiaoyu Zheng1,a) , Christopher Williams2, Christopher M. Spadaccini3, Kristina Shea4
1 University of California, Los Angeles, USA
2 Virginia Tech, Blacksburg, USA
3 Lawrence Livermore National Laboratory, Livermore, USA
4 ETH Zürich, Zurich, Switzerland
a) Address all correspondence to this author. e-mail: rayne23@g.ucla.edu

Received: 19 August 2021; accepted: 26 August 2021; published online: 28 October 2021

The last two decades have seen enormous gains in industrial adoption of additive manufacturing (AM) 
technologies. Its layer‑wise approach to fabrication offers designers the opportunity to create structures 
with unique performance advantages over their traditionally manufactured counterparts, and have 
created new manufacturing business models and supply chains. While today’s AM technologies have 
enabled the creation of new geometries, future AM systems that offer simultaneous processing of 
multiple materials in a single build open opportunities for new product functionality that cannot be 
achieved by traditional manufacturing methods. Advances in multi‑material additive manufacturing, 
which integrate dissimilar material into a complex, three‑dimensional object, is emerging but the 
advances have been sporadic. Moving beyond homogenous materials, adding multi‑materials, gradient, 
functional and responsive materials, and materials with heterogeneous and graded properties means 
that a single additive process based on either energy delivery or material deposition alone may 
not be suitable. This perspective gives a brief overview of the current status, challenges, and future 
recommendations for multi‑material additive manufacturing. The authors aim to expand the notion 
of multi‑material additive manufacturing beyond combining materials with dissimilar properties, to 
combinations of materials at different length scales, material classes as well as multiple functionalities.

Introduction
Additive manufacturing, also known as 3D printing, refers to 
a set of manufacturing processes that selectively deposit mate-
rial and/or energy in a layer-wise manner to construct precise, 
three-dimensional objects. Most notably, the process enables the 
production of complex shapes that would be otherwise impos-
sible to construct by traditional (subtractive, forming) manu-
facturing methods. The geometric complexity enabled by these 
additive processes affords designers the opportunity to realize 
part topologies optimized for specific load cases to minimize 
part mass, architected lattice/cellular materials that offer unique 
energy absorption properties, and single-part consolidated 
assemblies that reduce manufacturing cost and assembly time.

Most early advances in free-form manufacturing focused on 
polymers, due to the relative ease of layer-wise processing via 
selective application of energy sources and/or material deposi-
tion. Although metals and ceramics have been introduced into 

the pallet of printable materials, the lack of diversity of process-
able materials and the challenges in expanding new processable 
materials as compared to traditional manufacturing have sty-
mied its further adoption [1, 2]. AM processes have revolution-
ized engineering design as they offer designers the opportunity 
to selectively prescribe material location in 3D space. With this 
as a foundation, we look ahead to AM processes that offer the 
opportunity to prescribe both material location and material 
property throughout a build volume. The ability to fabricate 
components from multiple materials is compelling as it presents 
an opportunity to engineer multi-functional products with het-
erogeneous properties, functionally graded performance, and 
the inclusion of functional and responsive materials. Expanding 
both AM processes’ multi-material processing capability and the 
AM material catalog to enable assembling a variety of different 
materials in a single product has the opportunity to establish a 
new paradigm in design, prototyping, and manufacturing.
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Multi-material additive manufacturing in the current lit-
erature often refers to processing of two or more materials in 
a specific additive manufacturing process, such as the integra-
tion of multiple nozzles or multiple vats that are loaded with 
different materials [3]. This integration alone may not account 
for the material and system-level complexity required for an 
end-use product, as multi-material integration may involve the 
assembly of materials at different length scales, different mate-
rial classes, with different interfacial energies, as well as inte-
gration of functionalities and components on the system level. 
Over the past decade, as precision improved and the materi-
als pallet of additive manufacturing broadened, new processes 
and integration opportunities emerged. AM began to involve 
increased complexity with multiple materials involved creat-
ing sub-components and multiple functionalities in one part. 
Recent progress has seen new advances in the printing of multi-
material components with spatially varying microstructures 
and properties (including nanocomposites, gradient materials, 
electronics, and metal composites), enabling the integration of 
functional structures and properties within a printed monolith. 
Additionally, these new capabilities also demand new design 
and computational methods. New structures and architectures 
need to be developed to take advantage of unprecedented prop-
erty design space unlocked by these manufacturing capabilities. 
This is still a nascent field as these advances are only sporadi-
cally seen in research laboratories, and a few commercial printer 
manufacturers.

In this perspective, we briefly review some recent progress 
in these areas. We highlight research in multi-material addi-
tive manufacturing that accounts for (1) materials with differ-
ent length-scale gradients, (2) dissimilar material systems, (3) 

design and computations for multi-material manufacturing, and 
(4) multi-functionality and electronics integration.

Recent progress in the field
Integration of material gradients at different length 
scales

Integration of material at different length scales (nanoscale and 
macroscale) enables the enhancement and tailorability of mate-
rial properties, including mechanical, thermal, electrical, and 
multi-functional properties. Such multi-material integration in 
additive manufacturing often involves nanocomposites [4, 5] 
that are introduced as a secondary phase. Another key aspect, 
particularly relevant to additive manufacturing, is the observable 
effects on the macroscopic properties via adding only a small 
amount of nanoscale reinforcement inclusion, due to the high 
surface area of the smaller length-scale material inclusion [6, 7]. 
This is especially important for additive manufacturing as such 
nanoscale reinforcement can alleviate the processability–prop-
erty trade-off in multi-material additive manufacturing when a 
different material that may not be processable at larger quantity 
is introduced. As such, introducing material gradients at differ-
ent length scales within a build has made them one of the most 
viable candidates for expanding the material pallet and improv-
ing material properties, with a manageable process–property 
trade-off. See a representative example of such multi-material 
AM involving nanocomposites where carbon nanotube gradi-
ents are embedded into a three-dimensional structure built by 
a multi-material digital light technique (Ref [8] from this focus 
issue, Fig. 1). To expand to abilities beyond rapid prototyping, 
nanocomposites have been extensively exploited to not only 
improve mechanical properties via carbon-based particulate 

Figure 1:  Multi-material light-based additive manufacturing of embedded carbon nanocomposite structures with multi-material digital light 
processing. Reproduced from Ref. [8].
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inclusions (such as carbon fibers, carbon nanotubes, and gra-
phene inclusions) [9–12], but also enable tailorable properties 
beyond structural, including electrical, thermal, and multi-
functional (e.g., conducting, magnetic, thermoelectric, and fer-
roelectric materials) [13].

One distinct challenge and opportunity is the ability to con-
trol and tailor the morphology, shape, and orientation of these 
smaller scale inclusions as well as gradients of these inclusions 
within a printed part. There are several ways to involve in-situ 
composition, morphology, and density gradients in multi-mate-
rial additive manufacturing, and we summarize them in the fol-
lowing three categories.

(1) Mechanical alignment: This method exploits the use of 
particulate loaded fluid shear flow to control the align-
ment of inclusions. Such methods typically use either 
drag flow introduced by tape casting, or pressure driven 
through an extrusion nozzle resulting in shear align-
ment. These methods have been most commonly used 
to align carbon fibers, but have been recently extended 
to other functional material inclusions to achieve 
templated growth and programmed properties. See Ref. 
[14] from this focused issue for a review of alignment 
of micro-scale particulates by additive manufacturing 
of textured ceramics.

(2) Field-assisted aligning: This set of methods applies an 
external field (magnetic, acoustic, or electric) either to 
the printing head while printing, or across the printing 
bed to control and pattern inclusion morphologies 
to impart patterned polarity and can enable ‘on-the-
fly’ control of microstructure. While electrostatic or 
electromagnetic fields are suitable for a narrow range of 
ink compositions and particle types, acoustic fields are 
promising on account of broad applicability to a wider 
class of colloids, spanning a range of composition, 
particle shape, and size (see Ref. [15, 16] for a recent 
review of field-assisted approaches). Another benefit of 
the acoustic field-assisted approach is the mitigation of 
the trade-off between low particle loading for manu-
facturability and high particle loading for functionality. 
An acoustic field can structure particles into percolated 
bundles rather than a disconnected stochastic network 
far below their percolation threshold [17].

(3) Dynamic modulation of printing head: As an alterna-
tive method to the field-assisted approach, dynamically 
modulating the speed, orientation, or pressure of an 
extrusion nozzle bypasses any limitations of material 
compatibility. Representative works include extrusion-
based deposition with varying rotational rates [18], or 
morphing nozzles that rapidly change the geometry 
of channels to facilitate localized control of alignment 
[19, 20]. Finally, most of these methods are based on 

controlling the orientation at each layer of the pat-
terning process. As emerging additive manufactur-
ing techniques go beyond layer-by-layer deposition 
to volumetric patterning or direct robotic assembly, 
many exciting advancements are on the horizon; going 
beyond 2D patterning to continuous gradients and 3D 
patterning of particle or fiber orientation [21, 22].

Hybrid/dissimilar material systems

In contrast to material systems with varying inclusion gradi-
ents, another dimension for multi-materials is the co-printing 
of dissimilar materials. There are different levels of complexity in 
multi-material spatial configurations and each requires different 
additive manufacturing approaches and integration methods. 
The first level is a hybrid material where dissimilar materials 
are conformally joined [23, 24]. For example, metallic parts 
printed on a copper substrate, or metallic or ceramic materi-
als deposited onto a 3D printed material structure. These types 
of multi-material systems require no modification to an exist-
ing 3D printing system and exploit post-processing techniques 
such as coating, electroless deposition, sputtering, or atomic 
layer deposition. These multi-material systems offer significant 
property enhancement to the base material scaffold, including 
conductivity, superelasticity, biocompatibility, and modulation 
of surface properties.

The other type of multi-material configuration is when 
two or more materials follow different architectures in three 
dimensions [25]. This includes dissimilar materials on 
each layer, or multiple materials distributed in a truly arbi-
trary layout. Methods to achieve this type of configuration 
typically rely on the modification of an existing 3D print-
ing technique for single materials and integrating it with a 
mechanical mechanism that allows switching, mixing, or 
parallel deposition of multiple materials. See the review 
paper by Han and H. Lee on such methods based on dif-
ferent classes of 3D printing techniques [26]. For example, 
3D printing methods based on jetting or extrusion typically 
require the least amount of system modification and achieve 
multi-material parts by co-depositing different materials 
layer-by-layer. Multi-material printing methods based on 
direct ink writing, fused filament fabrication, or material 
jetting typically involve mechanical designs that enable an 
array of nozzles or jetting heads, or connect the extruder 
with a material mixer to alter the composition of materials 
being printed [27]. Recently, this method has been expanded 
to multi-material multi-mixing nozzles to achieve voxelated 
parts [28]. Printing methods that direct energy to either ras-
terize or pattern the precursor material (a bed of powders, 
or a vat of liquid monomers) to create solid parts require 
more extensive modifications to the system compared to 
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the direct extrusion method [29] as these energy delivery-
based printing techniques require the exchange of printing 
bath and powder within the printing chamber (example see 
Ref. [30], Fig. 2). Typically, after delivering and solidifying 
material A (powder or liquid monomer), the non-solidified 
particles (or liquid) are removed via a suction module. After-
ward, the second powder (or liquid) of material B is delivered 
and solidified. The precursor material typically remains in 
the building chamber for the rest of the building process. A 
few new approaches that integrate an extrusion nozzle, or a 
multi-material fluidic delivery system into the build chamber, 
have been developed to eliminate the need for bath exchanges 
[25, 31]. In addition, multi-modal AM systems are emerging 
that combine multiple AM printing modalities into a sin-
gle system (e.g., combined vat photopolymerization, extru-
sion, and jetting) to enable fabrication of multi-material and 
multi-functional components [32–35]. Such systems alleviate 

typical process-induced constraints imposed by conventional 
AM systems (i.e., asking all materials to flow through a pres-
surized nozzle), and instead enable processing of multiple 
classes of materials wherein the processing tool is selected 
to match the materials’ respective rheology and reactivity.

Design for multi‑materials

Multi-material additive manufacturing has provided increased 
design freedom and highlighted the need for more efficient 
design methodologies and tools. The STL file has been the de 
facto industrial standard for storing design files for additive 
manufacturing. However, this file format does not take into 
account the material attributes, color, gradients, or sub-struc-
ture of a target part that can be printed by multi-material addi-
tive manufacturing. Additive manufacturing file format (AMF) 
is an open standard (ISO/ASTM 52915:2016) and, unlike its 

Figure 2:  Direct energy deposition of Inconel 625 and 304 Stainless steel. Reproduced from Ref. [30].
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predecessor STL format this format has native support for color, 
materials, lattices, and constellations. While this file format 
appears to be ideal for multi-material additive manufacturing, 
it has yet to gain widespread use or be adopted by major addi-
tive manufacturing manufacturers. As of today, digital design 
files for multi-material additive manufacturing still widely use 
the STL formats, which are typically split into sub-components 
based on different materials for subsequent slice generations and 
firmware code generations [36] (Fig. 3).

Design methodologies and theories for tailorable proper-
ties involving multi-materials have been gaining rapid growth. 
We summarize them as three main pursuits in the design for 

multi-materials, namely, (1) extremal properties; (2) eliminat-
ing the trade-off between mutually exclusive properties; and 
(3) properties that respond with time (the so-called 4D print-
ing) [37, 38]. (1) Optimizing multi-material distributions in a 
complex topology has led to extremal properties not previously 
possible by a single material. These properties include negative 
and tailorable coefficient of thermal expansion, extreme ther-
mal conductivity, bulk modulus, superelasticity, acoustic band-
gaps, as well as extreme Poisson’s ratio under large deformation 
[39, 40]. See Ref. [41] in this JMR issue for a thorough survey 
of tailorable mechanical properties of bi-material core–shell 
composite achieved by physical vapor deposition techniques 

Figure 3:  Design for multi-material morphing architected materials. Reproduced from Ref. [36].
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after two-photon polymerization. (2) Dual material interphase 
structures also introduce the benefits of breaking the trade-off 
of mutually exclusive properties. For example, carbon fiber-
reinforced composites lead to improved modulus and strength, 
but come with increased brittleness compared to their single 
material counterpart. One possible solution is the addition of a 
third material phase via multi-material additive manufacturing. 
A small amount of soft material phase introduced to a designed 
3D topology would significantly improve the overall energy 
absorption and damping coefficient, with only a slight knock-
down of the stiffness of the composite. See Refs. [42] and [43] for 
reports for how combinations of dissimilar material phases are 
introduced based on this strategy. These multi-material designs 
allow additively manufactured CFRP composites to achieve high 
specific stiffness comparable to a commercial CFRP, technical 
ceramics, and composites, while being dissipative like elasto-
mers. 3) Another active research area is material properties 
that can be programmed and reconfigured, enabled by multi-
material inclusions involving active materials [44–47]. Design 
methods in these areas have been emerging, although sporadic. 
The majority of design methods use topology optimization for 
multi-materials, including density-based method, geometric 
projection methods, evolutionary approaches, and level set 
methods. However, as multi-material AM has not reached the 
same geometrical complexity level compared to single-phase 
materials, not all topology optimized designs are suitable to be 
manufactured or manufactured with adequate precision and 
accuracy, and feature fidelity that matches the performance 
predicted by computations. As such, a few approaches based on 
specific material combinations, or a pre-set architectural layout, 
have yielded outstanding results [48] as compared to a com-
pletely arbitrary layout with all design freedoms. See Ref. [36] as 
an example of how 3D printed active materials can be combined 
with an efficient computational framework to design large-scale 
lattice structures that have programmed shape change between 
an initial state and a target state.

Multi‑functionality and integrated electronics

While materials with dissimilar attributes can be incorporated 
via multi-material additive manufacturing to offer tailored prop-
erties, architecting multiple functionalities into a complex prod-
uct is a nascent development for multi-material additive manu-
facturing. Going beyond the integration of dissimilar materials, 
assemblies of multiple material classes and functionalities are 
challenging for a single process additive manufacturing tech-
nique as the phase transformation mechanisms for each class of 
materials are inherently different and require different energy 
delivery, or deposition mechanisms, to convert a precursor to 
a solid form [49, 50]. As such, fabrication of most multi-func-
tional structures requires the integration of multiple processes 

and technologies, including the combination of 3D printing with 
other complementary processes, or combinations of different 
3D printing techniques to provide or improve spatial control of 
the material, geometry, and functionality. One major cluster in 
this development is the ability to incorporate electronic materi-
als within a structural material to provide functionality, com-
munication, and power. The most common approach involves 
direct dispensing the conducting material onto each layer of the 
structural material to be printed, either in-situ (directly placing 
the conducting material within each layer of the structural mate-
rial during printing) or ex-situ, dispensing them onto the exter-
nal surface of the parts. This ex-situ method has been used in 
conjunction with most 3D printed parts, including powder-bed 
processes, fused filament fabrication and vat photopolymeriza-
tion printed parts. Embedding conducting materials directly 
into the 3D part during printing is less common, but has been 
demonstrated in a few recent works that involve combining dif-
ferent processes [51], as it requires interrupting and re-initiating 
a 3D printing process during a printing path and involves com-
bination with a different deposition method [35, 52, 53]. Some 
challenges involved in the direct dispensing approach include 
compatibility with printed materials, which results in moderate 
interfacial adhesion between the conducting ink and polymer, 
high resistance compared to plated metal, as well as temperature 
gradients induced by the higher temperature cure of the con-
ducting inks. Only a limited number of examples report the use 
of in-situ embedding during printing, as it requires interrupting 
and re-initiating a 3D printing process during a printing path. 
These additional manufacturing capabilities can embed com-
ponents, wires, batteries, antennas, and other sub-components.

Another challenge and opportunity for multi-functionality 
is the trade-off between processability (being able to be net-
shaped into arbitrary 3D architectures with desirable resolu-
tions) and preserving functionality from their intrinsic func-
tional feedstock. These trade-offs limit the design freedom to 
combine electronics with structural materials for further device 
flexibility, integration density, light weighting as well as tailor-
able properties compared with the vast design freedom that 
already exists in structural material additive manufacturing. 
There has been an increased interest in 3D structuring of func-
tional materials, fluidics [54], electronics, piezoelectrics [55], 
and energy storage [56], as modeling and design methods have 
indicated that 3D micro-architectures enable tailorable and 
unusual properties in functional materials. Some emerging 
examples include tunable 3D antenna arrays [57], soft robotics, 
vector sensing [55], and reconfigurable battery architectures. 
However, current methods that rely on piecewise depositions 
are not capable of meeting the desired micro-architectural 
complexity or feature resolution. For example, while direct ink 
writing, aerosol and ink jetting can process functional materials 
like piezoelectric fibers, and carbon fibers, the feature sizes are 
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typically limited to hundreds of micro-meters. Features pro-
duced via these techniques are limited to printed traces and 
features that need to be stuck to a continuous surface (such as a 
flat board) with a significantly larger surface area. In contrast to 
structural material additive manufacturing, these multi-func-
tional components lack arbitrary three-dimensional features 
and free-standing electronic architectures. While light-based 
techniques, including projection stereolithography have par-
ticular advantages in high feature fidelity and resolution, the 
photo-sensitive requirement in the precursor material makes 
it challenging to incorporate functional materials without sac-
rificing either feature fidelity or functionality, which is an area 
that remains largely undeveloped. A few emerging approaches 
[58, 59] such as charge programmed printing based on the 
selective deposition of 3D micro-architectures have enabled 
more complex free-standing multi-material structures com-
posed of conducting, electronic, and dielectric materials. These 
light-based approaches have led to some new device possibili-
ties such as 3D micro-antennae, cellular fluidics, as well as tac-
tile transducers and smart composites [59].

Conclusions and outlook
Additive manufacturing of multi-materials continues to evolve, 
unlocking more complexity in composite gradients, multi-
material combinations, as well as embedded active components 
and multi-functionality that were not previously possible. This 
field of technical expertise has seen enormous interests and inte-
grated advancement in material science and processing, design 
and computations as well as advanced characterization tech-
niques. While tremendous progress has been made especially 
over the past decade, we envision several significant develop-
ments and opportunities in the following areas.

 (i) material property enhancement. This involves improv-
ing the conductivity, functional properties, and 
mechanical properties of the multi-material compo-
nents that can be additively manufactured. This also 
involves exploration of the structure–property–perfor-
mance relationships of dissimilar material interfaces in 
such multi-material printed parts.

 (ii) feature size complexity. As a significant number of 
topology optimized features are yet to become practical 
for multi-material manufacturing, future developments 
need to incorporate expanded feature size compatibil-
ity across multiple length scales, as well as features that 
have been especially challenging, such as continuous 3D 
surface (closed cell feature) as well as suspended fea-
tures that typically need additional supports and sub-
sequent material removal.

 (iii) computationally efficient design tools that enable non-
linear behaviors and mutually exclusive properties.

 (iv) components and system-level integration of multi-
materials into a single product. As elaborated in the 
above section, approaches and new AM process chains 
that enable the integration of multiple distinct material 
classes into a functionality complex part without part 
assembly are still in their infancy.
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