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 Nature provides a pattern of complex systems in which materials with vastly dissimilar 
properties grow together and function in close proximity. Although the gap between 
biological and existing AM systems cannot be overstated, the aspiration for AM to mimic 
this capability of nature has been widely admired (but is currently limited to multi-material 
parts made from families of like materials). The recent ASTM F2921 standard provides 
the first standardized framework to identify anisotropic properties of printed parts. This 
research highlights how understanding and quantifying the anisotropies between and 
within layers of printed parts provides foundational understanding to begin to emulate 
nature’s pattern by consolidating dissimilar multi-material parts in AM which promises 
future potential to supersede conventional part assembly with integral printed systems. 

 
 

1 Introduction 

Market forces simultaneously demand lock down of 
existing additive manufacturing (AM) systems for maximum 
reliability and also push for increased process capability. 
While this dichotomy can be seen as mutually exclusive, 
research pushing the envelope often yields fundamental 
understanding which can lead to improved control of the 
processes which is important to both factions. This research 
aspires to contribute to both. 

The unparalleled capabilities of AM to print complex 
geometry and accurately forecast the impact of design 
changes on production costs offer renewed potential to 
further leverage accepted product improvement and cost 
reduction methods [1-4]. For example, the well validated 
design for assembly (DFA) method[5]; which is largely 
predicated on the simplification of products through the 
reduction of part count (and associated tooling costs) can be 
realized by the amalgamation of parts (or subassemblies) into 
fewer more elegant (and often more complex) parts that are 
otherwise impractical or impossible to make [6, 7]. Also, 
where reduced part count is not advantageous, the ability to 
use AM as a simultaneous manufacturing and assembly 
means by printing multiple discrete parts in an assembled 
configuration (similar to in-mold assembly [8]) is well 
illustrated by AM marketing stands filled with adjustable 
wrenches, “brain gears” and plastic chain mail; even if 
current limitations on performance relegates many printed 
assemblies to remain as curiosities (until material properties 
and mating surface tolerances improve and/or supports can 
be reduced). 

Also inherent in AM is the potential to depart from 
some longstanding protocols enabling further features and 
efficiencies. For example, DFA presumes that when multiple 
materials are needed in a product (even if those parts do not 
need to move with respect to one another), that separate 
parts will be required [5]. Researchers over the last 15 years 

have demonstrated the capability of AM to defy this norm 
by printing monolithic multi-material parts [9-13]. While 
impressive progress has been made recently, notably 
combining multiple acrylic-based photo-polymers as digital 
materials (by Objet Connex), systems have yet to 
demonstrate the automated ability to digitally combine 
dissimilar materials [14]. This nascent capability has the 
potential to subsume conventional assembly thus enabling 
the printing of functional systems in one go; however, it 
cannot be realized without contiguous consolidation of 
dissimilar materials. 

Elevating 3D printing from binary single build material 
deposition (i.e. the presence or absence of material) to 
defining material composition is a powerful step. This 
capability is more akin to growth in biological systems than 
conventional manufacture and assembly, and gives a better 
framework for envisioning the trajectory along which it will 
develop [15]. Nature generally forgoes macro scale assembly 
in preference for growing assemblies via transportation and 
deposition of microscopic components made from a wide 
range of materials including natural polymers, minerals/ 
ceramics, and even traces of metal. The distinguishing 
feature of natural systems is their potential for complexity 
through compositional definition (enabling embedded and 
distributed intelligence/self-awareness). It has been 
predicted that if you can make something now, one day you 
will be able to print it [16]. The authors assert that the ability 
of AM to mimic conventional manufacturing processes will 
be eclipsed by the freedoms granted by digital compositional 
definition to manufacture/assemble that which cannot be 
made by conventional means. 

Several experimental outcomes are reported herein with 
embryonic results offering foundational insights into 
fabrication of dissimilar multi-material parts. Follow on 
discussion is framed within a series of gateways, derived 
from literature and the experimental outcomes, which pave 
the way toward dissimilar multi-material parts. 
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2 Precursors to dissimilar multi-material parts 

Owing to the absence of mature digital deposition 
systems which simultaneously handle vastly dissimilar 
materials (e.g. polymers, metals, and ceramics) in the same 
build, the following experiments are identified as 
"precursors" to purposeful digital composition of monolithic 
parts incorporating dissimilar materials. 

2.1 Customized seat via optimized structure (ex. A) 
The remit of the European based Custom-fit project 

was to deliver bespoke body fitting customized products via 
the use of developmental AM processes capable of 
depositing functionally graded materials. Unfortunately, the 
difficulty of developing processes capable of grading 
materials was underestimated, so ways to compensate for the 
technical shortfall had to be considered for each of the 
intended applications. One approach dealt with the dilemma 
by substituting functionally graded structures for functionally 
graded materials [17]. Through tailored modification of 
internal compliant spring geometries, rider specific 
customized Ducati 1098 motorcycle seats (Figure 1) were 
produced in Somos 201 (3D Systems, USA) using 
conventional single material laser sintering (Sinterstation, 3D 
Systems, USA) which mimicked performance of customized 
multi-material evaluation seats made by hand. 

 

Figure 1: Ducati 1098 motorcycle seat customized via optimized structure 

It is noteworthy that design optimization techniques 
which topologically optimize (such as Within Labs, etc.) 
rather than compositionally optimize have gained traction 
more quickly due to better fit with machine capability. Since 
these techniques are not mutually exclusive, topological 
optimization will certainly embrace compositional and 
morphological optimization in due course. 

2.2 Laser melting onto dissimilar material substrates 
Although metal parts built using powder bed 

technologies are typically built on top of substrates made 
from the same or similar material composition as the 
feedstock powder, below are some trials where an alternative 
substrate material was used. 

2.2.1 Inconel 625 on steel (ex. B) 
The fabrication of Inconel 625 nickel-based superalloy 

has been achieved upon a mild steel substrate and is 
reported here as a somewhat dissimilar material combination 
and will provide a baseline for comparison with other 
material combinations. 

Steel substrates (80x60x10mm) were mounted in a 
bespoke powder bed type system, with Z axis resolution of 
+ 10µm. A re-coating system was used to deliver 100µm 
layers of gas atomized Inconel 625 powder over the 
substrate. The system utilized a chamber of inert Argon 
shield gas, with O2 content below 0.2%, monitored real time. 
A ytterbium fiber laser (YLR-4000, IPG Photonics, USA), 
having a 1080nm wavelength, 850µm diameter spot size and 
a power of 1-4kW (continuous wave with Gaussian 
distribution) was used to expose 30x10mm samples using a 
remote laser welding robot (Comau RB 4G SmartLaser, 
Comau S.p.A, Italy). After initial trials, an optimum set of 
parameters was determined, processing with a 500µm hatch 
distance, with between 800-1000W at 6-8m/min providing 
repeatable consolidation (Figure 2). 

 

Figure 2: Inconel 625 samples 50 layers high on a mild steel substrate 

Although the material to be consolidated and the 
substrate are different, Solution strengthened Ni-Based 
alloys such as 625 are often welded conventionally to mild or 
stainless steels, without problems [18]. Indeed in this case, 
nickel and steel exhibit an excellent interface, with good 
mixing at the boundary (Figure 3). A small level of cracking 
can be observed within the melted tracks at the interface. As 
the cracks traverse more than one melted pass, it is most 
likely they have formed as a result of residual stress and re-
melting during the subsequent few layers, rather than during 
solidification of any one pass. As the substrate was at room 
temperature when the build commenced, thermal gradients 
were at their highest, which probably contributed to cracking 
during the initial layers. Were the interface to occur after 
deposition of several steel layers (when energy input and 
heating of the substrate had reached a steady state), the 
thermal stresses would have been lower and cracking at the 
interface may have been reduced or eliminated. 

366.6mm 

10 mm 
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(a) 

 

(b)            (c) 

Figure 3: Compositional map of Inconel 625/mild steel interface (a) 
backscatter SEM image, (b) Iron, (c) Nickel. 

2.2.2 Tantalum-Tungsten alloy on steel (ex. C) 
The fabrication of Tantalum-Tungsten alloy was 

achieved on a substrate of identical composition and also 
attempted on a mild steel substrate. Although both materials 
are metal, comparing tantalum with iron shows they are 
substantially dissimilar: tantalum has an 80% higher melting 
point (3290K vs. 1811K), ~30% lower thermal conductivity 
(57.5Wm-1 K-1 vs. 80.4Wm-1 K-1) and ~45% lower thermal 
expansivity (6.3µm m-1 K-1 vs. 11.8µm m-1 K-1) [19]. 

Tantalum is a metallic element which has a relatively 
high density (16.69g/cm3), exhibits exceptional corrosion 
resistance, and is chemically and biologically inert. Tantalum 
is ideal for a variety of applications including bone implants 
due to its exceptionally “low solubility and toxicity” in vivo 
and favorable osteointegration; however its use for various 
applications is prevented primarily by manufacturing 
difficulties [20].  

In order to address this problem, a process window for 
laser melting a tantalum-tungsten based alloy powder was 
broadly characterized using the powder-bed system 
previously described. The powder is primarily tantalum (Ta), 
with 2.5 at. % tungsten (W), this was deposited upon a 
100x100x10mm substrate of the same composition 
(TaW2.5) in a scoping trial with parameters ranging from 
1.5-4kW laser power and speeds of 4-8m/min, with constant 
layer thickness of 100µm, hatch spacing of 500µm and laser 
spot size of 850µm. After an optimum set of samples 
exhibiting controlled melting was obtained, deposition onto 
a mild steel substrate was then attempted with the same 
parameters. The parameters produced significant over-
melting of the steel substrate initially, but failed to deliver the 
required energy to fully melt the TaW2.5 powder after 3-5 
layers (presumably due to the higher thermal conductivity of 
the substrate). To achieve the melting of TaW2.5 onto a mild 

steel substrate, it was necessary to gradate the processing 
parameters on a layer by layer basis, increasing laser power 
from 950-1150W up to 2050-2250W over 8 layers with 
constant laser scan speeds (2.75-3.5m/min). Using this layer 
by layer control of the build parameters, a steady state was 
achieved after 8 layers after which constant parameters were 
used until a total of 36 layers were deposited (Figure 4). 

 

Figure 4: TaW2.5 samples 36 layers high on a mild steel substrate 

SEM imagery of the interface (Figure 5) shows notable 
cracking between the substrate and consolidated material, 
most likely caused by the large difference in thermal 
expansion which created thermal stresses across the interface 
as the number of deposited layers increased. 

 

 
Figure 5: SEM image of interface region (top); solidification of TaW2.5 

within steel matrix (bottom) 

Ta 

steel substrate 
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Figure 5 shows the interface region between the mild 
steel substrate (darker regions) and the deposited TaW2.5 
powder (lighter regions). It is evident that the first layer was 
not exposed to sufficient laser energy to completely melt the 
powder particles. However, surface melting of the particles 
appears to have occurred (Figure 5 bottom), as evidenced by 
the grain growth intruding into the surrounding steel matrix. 
The second layer shows this to a greater degree, as the 
quantity of tantalum present increases, and the quantity of 
steel available decreases. 

Figure 6 shows a severe example of interfacial de-
lamination between the substrate and consolidated material 
(other samples exhibited similar cracks of shorter length and 
width). Within the bulk of the sample, material has 
consolidated with high density, although some macro 
porosity/defects exist, the majority of porosity in the 
material is below 1µm diameter, showing promise for laser 
melting as a processing route for tantalum based alloys. 

 

Figure 6: Interfacial cracking of TaW2.5 on a mild steel substrate 

Although additional research is required to improve the 
integrity of the TaW2.5/steel interface, the potential for such 
an interface has been demonstrated. With further refinement 
of build parameters and powder feedstock, it may be 
possible to achieve a high integrity interface similar to the 
one shown between Inconel and steel (Figure 3). This is the 
first time (to the author’s knowledge) that a refractory metal 
has been laser melted onto a mild steel substrate (melt 
temperature difference of ~1500° C). 

2.3 Furnace fused copper in volumetric cavities (ex D) 
Several researchers have produced circuits by printing 

the 3D structure as a “mold” where designed in cavities are 
intended for in- or post- process deposition (typically via 
direct write extrusion) [14, 21]. Following this pattern, a 
simple circuit mold was made via binder jetting (Z510, 
ZCorp, USA) using standard material and settings where the 
conductive tracks were directly written using conductive air 
curing silicone (SS26, Silicone Solutions, Ohio, USA). 
Further to this, inspired by 2D examples of in process digital 
printing of conductive materials for post process co-firing 
[22], the same 3D mold circuit was printed and cavities were 

filled with 38 μm diameter 99.7% pure copper powder 
(Sandvik Osprey, Wales) and furnace co-fired at 1100° C. 
The result shown in Figure 7 (bottom) was a failure by many 
measures (oxidation was not well managed before or during 
firing, the furnace was not properly vented which set off a 
fire alarm, the conductivity of the tracks was poor and the 
molten copper overflowed from the tracks during firing); 
however, it highlights various issues that need addressing to 
develop a viable approach for dissimilar multi-material parts 
by binder jetting and global 3D thermal post processing (as 
opposed to area treatment such as flash fusing). It also 
stresses the need to address thermal expansion, outgassing, 
and stresses in 3D. 

 

Figure 7: 3D printed circuit mold with conductive tracks made by directly 
written conductive paste (above) and co-fired copper powder (bottom) 

3 Gateways 

The examples above have marginal value if presented 
simply to inform; however examining the motivation behind 
why they were created has the potential to transform our 
efforts toward effective AM methodologies for dissimilar 
multi-materials. 

3.1 Gateway 1 – Characterization of anisotropies 
Understanding how like materials are joined in AM is 

prerequisite knowledge for joining dissimilar materials. 
Fundamental characterization which leads to improved 
understanding is an endeavor valued for its contribution to 

Ta 

steel 

Ta/steel 
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ensuring process repeatability and reliability, while also 
serving as the foundation science for future development.  

As evidenced by the shortcomings in the experimental 
work reported above, the gaps in current understanding and 
inadequacies in existing tools for designing, simulating and 
predicting dissimilar material interactions are vast. Although 
substantial work has been undertaken to characterize highly 
utilized AM processes, materials research and process 
qualification work has largely been undertaken independently 
and lacks the synergy possible with widespread 
collaboration. A holistic approach to standardized 
characterization, documentation, and dissemination of 
anisotropic properties resulting from AM parts has only 
recently been forthcoming via the efforts of the ASTM F42 
committee. This initiative promises the potential to 
harmonize the characterization of anisotropies and thereby 
accelerating improvements to AM reliability and capability.  

ASTM F2921 introduced last year, is a standardized 
method for identifying the location and orientation of parts 
during the build process. These parameters form part of the 
pedigree for AM parts which is indispensable for identifying, 
quantifying, and communicating anisotropic part properties. 
F2921 is targeted at identifying part weakness perpendicular 
to the layers (Z-axis) due to de-lamination or other inter-
layer defects across all AM processes. Given the propensity 
for these defects in parts made of like materials and the 
catastrophic failure of the tantalum on steel in Example C 
(Figure 6), it is critical that these characteristics are 
documented and that performance expectations are managed 
accordingly. This need is analogous to ensuring the correct 
orientation of the grain (with or against) in wooden objects. 

Further to the characterization of interlayer (Z-axis) 
bonding, as enabled by ASTM F2921, the characterization of 
intra-layer (X/Y) anisotropies is also required; which can be 
considered analogous to avoiding areas with knots when 
working with wood. In order to fully correlate intra-layer 
microstructure with processing parameters this will likely 
require development of process specific standards. Other 
manufacturing processes have already developed a strategy 
to identify potential sources of anisotropic properties, for 
example in composites, ASTM D3878 and E1309 specify 
how to identify sources of intra-layer anisotropies (cloth 
weave pattern and parameters for each layer) and also any 
influence they may have on the inter-layer parameters (such 
as orientation changes from layer to layer in the layup or 
overall processing conditions). Along these same lines, 
considering laser-based AM processes, factors influencing 
the intra-layer microstructure (power density, speed, laser 
raster strategy, hatch spacing, laser power ramping, etc.) and 
the inter-layer bonding (whether the raster strategy changes 
from layer to layer, layer thickness, etc.) should be identified.  

Although detailed documentation of build parameters is 
likely to encounter opposition from manufacturers and users 
who do not want to divulge know-how, successful building 
with infinite geometrical possibilities cannot be guaranteed 
and will therefore likely require refinement for production 
grade parts. Automated processing with advanced user 
control has already emerged in AM software packages. This 

follows a strong pattern in video editing and CAM software, 
which rely on automated processing, but with the ability to 
edit down to a frame by frame (or toolpath by toolpath) level 
for problematic features producing unexpected results. This 
level of control provides recourse for experienced users to 
cope with build failures, software/firmware upgrades, etc.  

Universal adoption of F2921 and follow on standards 
will accelerate foundational understanding of the properties 
produced by AM processes that will pave the way for 
broadening our capability to consolidate dissimilar materials 
in close proximity. 

3.2 Gateway 2 – Digital deposition/µ-assembly means 
The first bottle neck for realizing dissimilar multi-

material parts is employment of suitable deposition means as 
illustrated by Example A. Much of the progress of the AM 
industry to date has been predicated on selective 
processing/joining (by laser, e-beam, plasma, DLP, binder 
jetting, etc.) of bulk deposited layers of material. This 
approach has suited the prototyping industry because bulk 
deposition imposes a lower technological threshold for 
material development which has allowed proliferation of 
new materials, however arguably this has also induced 
acceptance of higher variability in the material supply. 

By definition, virtually all of the dissimilar multi-material 
parts over the past 15 years have required a selective 
deposition means (material extrusion/direct write [14, 23, 
24], directed energy deposition [10], sheet lamination [25], 
material jetting [26] and electrophotography [27, 28]) 
normally requiring manual intervention [21, 29]. Current 
multi-material parts often involve costly and operator 
sensitive manual fabrication steps. For example, as explained 
in Example A, customized motorcycle seats are typically 
assembled by hand from multiple foam materials [29]. 
Automated selective deposition generally requires more 
materials engineering and is more difficult to scale up than 
selective processing, however, the tighter tolerances it 
requires promises the potential to improve AM reliability. 

Objet’s Connex (material jetting) technology has 
pioneered the first automated digital multi-material AM 
system (which derives significant scalability from inkjet 
printing technology). The Objet Connex technology allows 
composition blended from two materials to be determined 
for each voxel in the machine’s resolution. Its unchallenged 
success is clear evidence that in order to improve capability 
to replace assembly we must be able to efficiently deposit 
material digitally. Furthermore, considering the plethora of 
developmental digital fabrication applications based on 
digital printing (especially for printed electronics), the 
nearing potential for digital dissimilar material printing is 
apparent. 

Digital deposition is also the enabling step for efficient 
global processing/consolidation means and characterization 
of its effects in the presence of multiple materials. The 
additively fabricated 3D circuit (Example D) is an early 
demonstration of the interaction between materials with 
different natures during global processing (where solvated 
re-solidified adhesive bonded matrices made via ZCorp were 
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used as molds for thermally fusing metallic materials). Digital 
deposition has the potential to make evaluation of multi-
material permutations far more practical, by eliminating 
manual process steps typically required for deposition of 
multiple materials [21]. Additionally, where material 
incompatibilities preclude global or area processing methods, 
digital deposition enables the pairing of selective deposition 
with selective processing (i.e. double selection) to locally 
manage consolidation effects of multiple dissimilar materials 
[30]. 

It is interesting to note that this step from binary single 
material deposition (or double binary if the support material 
is a different composition) to defining material composition 
is prefigured in biology. Biological systems determined by 
DNA sequence convert the digital 4 character DNA code 
(or 64 codon code when the triplets of the nucleotide are 
counted) into a 20 character (amino acid) protein code which 
becomes the building blocks for muscle and other tissue and 
also help transport nitrogen, dietary fat and other materials 
through the body [31]. In this sense biological systems are 
digital assembly systems driven by the digital genomic code 
which determines composition and ultimately surface 
geometry. 

Similar to how biological system assembly is predicated 
on low level digital definition, the use of digital deposition in 
AM represents the cascading of the digital ethos down from 
macro-scale conventional assembly steps (i.e. the presence or 
absence of component parts) down to a more fundamental 
voxel by voxel material joining level in AM. The need for 
scalable digital deposition foreshadows the widespread 
incorporation of digital printing technologies (inkjet, 
electrophotography, thermal printing, aerosol jetting, 
magnetic writing, etc.) into AM systems as digital fabrication 
and 3D printing converge into 3D digital fabrication. 

3.3 Gateway 3 – Transition layers 
All additional functionality imparted through specified 

composition of critical features (including improved 
chemical, thermal, or wear resistance) is contingent on 
maintaining a strong bond to adjacent material in monolithic 
parts during in-build and in-service conditions. The defects 
in Examples C-D highlight some of the failure modes of 
materials with incompatible behaviors at various conditions. 
Experiencing related problems, Hatanaka et al. incorporated 
a “sacrificial ‘buffer’ material” into their multi-material 
prototypes to compensate for expansion mismatches [21]. 
Protective thermal barrier layers have also been used to 
shield substrates from high temperatures [30]. The need to 
gracefully transition between dissimilar materials is the next 
gateway and represents a fertile opportunity for functional 
grading, solid state joining and material treatments for 
internal stress relief at boundaries. 

Whether considering expansion joints in a concrete 
bridge, ceramic heat shield tiles for the space shuttle or the 
pseudo-self-assembled layers at the interface between 
different materials in Example C, the incompatibility of 
some dissimilar materials will require connection via a 
buffering transitionary layer, which can be considered akin to 
connective tissue. 

The human body is rife with connective tissue and its 
components. Fibroblasts are at the most common cell in the 
body, and have the primary purpose of forming collagen, 
which is the most common protein in the body, which is the 
main component in connective tissue [32, 33]. Developing 
transitionary layers in AM can be considered akin to the way 
the body connects bone to muscle through tendons, or bone 
to bone through ligaments or how it keeps relatively hard 
finger nails attached to the nail bed, etc. As the outputs from 
AM systems increase in complexity, the importance for 
appropriate transitionary layers will grow proportionally. 

3.4 Gateway 4 – Distributed intelligence/processing 
While the prior gateways describe fundamental technical 

barriers for multi-material parts, this last gateway 
concentrates on applications for its future use. The shift 
away from labor intensive occupations (such as manual 
agricultural techniques) toward modern employment largely 
centered on thinking and communicating via computer, 
resonates with the notion published in the early 19th century 
that advocated working by words or “mental exertion” 
rather than just by physical force [34, 35]. This trend toward 
increased mentally-intensive work has been amplified and 
largely enabled by the decentralization and distribution of 
computing power over the last 40 years. The desire to 
magnify one’s efforts via electronic or electro-mechanical 
means continues to drive the integration of intelligence into 
an ever wider range of products. This demand for “smart” 
gadgets sets high expectations for future AM capability to 
impart intelligence into 3D printed products. 

Dissimilar multi-material AM promises the potential of 
printing part-systems all in one go incorporating directly 
printed logic circuitry (electronic, microfluidic or biological). 
While far from the only viable application of this capability, 
empowering physical mass with intelligence is a clearly 
delineated aspiration inspired by nature, and is only possible 
for objects made from dissimilar materials above a high 
complexity threshold. Example D is a token step toward 
incorporating directly printed sensors, computational 
capability, memory and even motors into 2D and 3D printed 
products, which is a vision shared by a growing number of 
researchers [14, 24, 36]. Although directly printed intelligent 
features are likely to be heavily supplemented with 
embedded/encapsulated conventional electronics initially, 
the growing body of digital fabrication research will 
undoubtedly enable weaning off of this approach over time. 

Augmenting product functionality with intelligence is 
not limited to in-service conditions and can be embodied in 
part-systems during any stage of the product lifecycle. For 
example, intelligent behavior during fabrication can embrace 
self-assembly and directed self-assembly methods [37-39]. 
Additionally, self-awareness is desired as early as possible in 
the life cycle for tracking and self-determination purposes. It 
has been pre-figured by efforts that incorporate RFID tags, 
sensors and other identification means, which bridge toward 
elevated self-awareness throughout the product life cycle 
[40]. As a product matures, the possibility of self-replication 
including the potential to evolve the design for the next 
iteration has been explored [41, 42]. Rounding out the life 
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cycle, realization of dissimilar multi-material parts will 
require superseding macro-scale recycling with more 
intelligent disassembly means that will renew and contribute 
fundamental elements back to form new products and in this 
way minimize outgoing waste from the industrial ecology 
[43]. 

By virtue of increasing the (specified) complexity, self-
awareness, and processing power in products, this gateway 
epitomizes biomimicry (imitation of nature) which is a fit 
framework for considering the future growth of this AM 
capability. Following nature’s pattern, intelligence will not lie 
exclusively with the AM production system, nor with a 
central part processor; instead a measure of intelligence will 
be distributed throughout the part to provide sensing 
feedback and local response. Taking this analogy to an 
extreme, embodied intelligence could theoretically be 
cascaded down until it permeates every voxel (just as each 
cell holds DNA in its nucleus). This would potentially enable 
feedback to flow upstream creating an extremely high 
resolution pseudo-closed loop control for coordination 
between the various intelligence levels. Although that level 
of control is not likely to be possible or practical, perhaps 
moving that direction, some designs will become “stem” 
designs which are approximately what is needed and after 
they are printed they will be empowered to remodel 
themselves locally in response to in-service conditions (as 
bones do from stresses [44, 45]). In some circumstances 
intelligent matter will essentially become the “AM system” as 
it is empowered to self-organize into the product. Early 
insights into the behavior of intelligent feedstock material is 
gained currently by digital printing of living cells and their 
components into tissue scaffolds and simple organs, 
although as yet robust biological feedback loops to the 
printing hardware have not been established [46-48]. 

It is noteworthy that the distributed decision making 
and regenerative powers of biological systems have some 
similarities to the (potential) efficiencies of distributed 
production enabled by AM, namely that distributed systems 
(essentially a micro-supply chain in this case) are less 
susceptible to total interruption due to reduced 
dependencies and a measure of redundancy within it [49-51]. 

With these advancements it will be possible to better 
quantify the cost of limiting functionality as obliged by 
design for conventional manufacturing rules and an educated 
decision can be made as to whether the added functionality 
justifies the high development overheads associated with 
enabling intelligent parts through next generation AM 
technology.  

4 Conclusion 

In contrast to mimicking conventional mechanical 
assembly, the potential to consolidate dissimilar multi-
material parts will enable the potential to print functional 
systems (both monolithically and as printed assemblies) in 
one go. This compositional definition capability will unlock 
system fabrication (in the same way binary single material 
AM has unlocked geometrical design) to allow the 
mimicking of biological growth which can support far more 

complex products which are not practical to produce by 
conventional means. This epic research journey promises to 
be able to print smartphones, human organs, wearable 
biological computers and further products yet to be 
conceived or those which cannot be pre-conceived because 
the printed “things” will be empowered to self-determine 
their structure and composition.  

Future capability for reliable AM systems and parts with 
high fidelity biomimicry must be built on a scientific 
foundation established by the characterization of 
anisotropies, development of selective deposition means, 
engineering of transitionary layers and materials and the 
incorporation of intelligence into AM parts. 
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	1 Introduction
	Market forces simultaneously demand lock down of existing additive manufacturing (AM) systems for maximum reliability and also push for increased process capability. While this dichotomy can be seen as mutually exclusive, research pushing the envelope often yields fundamental understanding which can lead to improved control of the processes which is important to both factions. This research aspires to contribute to both.
	The unparalleled capabilities of AM to print complex geometry and accurately forecast the impact of design changes on production costs offer renewed potential to further leverage accepted product improvement and cost reduction methods [1-4]. For example, the well validated design for assembly (DFA) method[5]; which is largely predicated on the simplification of products through the reduction of part count (and associated tooling costs) can be realized by the amalgamation of parts (or subassemblies) into fewer more elegant (and often more complex) parts that are otherwise impractical or impossible to make [6, 7]. Also, where reduced part count is not advantageous, the ability to use AM as a simultaneous manufacturing and assembly means by printing multiple discrete parts in an assembled configuration (similar to in-mold assembly [8]) is well illustrated by AM marketing stands filled with adjustable wrenches, “brain gears” and plastic chain mail; even if current limitations on performance relegates many printed assemblies to remain as curiosities (until material properties and mating surface tolerances improve and/or supports can be reduced).
	Elevating 3D printing from binary single build material deposition (i.e. the presence or absence of material) to defining material composition is a powerful step. This capability is more akin to growth in biological systems than conventional manufacture and assembly, and gives a better framework for envisioning the trajectory along which it will develop [15]. Nature generally forgoes macro scale assembly in preference for growing assemblies via transportation and deposition of microscopic components made from a wide range of materials including natural polymers, minerals/ ceramics, and even traces of metal. The distinguishing feature of natural systems is their potential for complexity through compositional definition (enabling embedded and distributed intelligence/self-awareness). It has been predicted that if you can make something now, one day you will be able to print it [16]. The authors assert that the ability of AM to mimic conventional manufacturing processes will be eclipsed by the freedoms granted by digital compositional definition to manufacture/assemble that which cannot be made by conventional means.
	Also inherent in AM is the potential to depart from some longstanding protocols enabling further features and efficiencies. For example, DFA presumes that when multiple materials are needed in a product (even if those parts do not need to move with respect to one another), that separate parts will be required [5]. Researchers over the last 15 years have demonstrated the capability of AM to defy this norm by printing monolithic multi-material parts [9-13]. While impressive progress has been made recently, notably combining multiple acrylic-based photo-polymers as digital materials (by Objet Connex), systems have yet to demonstrate the automated ability to digitally combine dissimilar materials [14]. This nascent capability has the potential to subsume conventional assembly thus enabling the printing of functional systems in one go; however, it cannot be realized without contiguous consolidation of dissimilar materials.
	Several experimental outcomes are reported herein with embryonic results offering foundational insights into fabrication of dissimilar multi-material parts. Follow on discussion is framed within a series of gateways, derived from literature and the experimental outcomes, which pave the way toward dissimilar multi-material parts.
	2 Precursors to dissimilar multi-material parts
	2.1 Customized seat via optimized structure (ex. A)
	2.2 Laser melting onto dissimilar material substrates
	2.2.1 Inconel 625 on steel (ex. B)
	2.2.2 Tantalum-Tungsten alloy on steel (ex. C)
	2.3 Furnace fused copper in volumetric cavities (ex D)

	Although metal parts built using powder bed technologies are typically built on top of substrates made from the same or similar material composition as the feedstock powder, below are some trials where an alternative substrate material was used.
	Owing to the absence of mature digital deposition systems which simultaneously handle vastly dissimilar materials (e.g. polymers, metals, and ceramics) in the same build, the following experiments are identified as "precursors" to purposeful digital composition of monolithic parts incorporating dissimilar materials.
	The fabrication of Inconel 625 nickel-based superalloy has been achieved upon a mild steel substrate and is reported here as a somewhat dissimilar material combination and will provide a baseline for comparison with other material combinations.
	The remit of the European based Custom-fit project was to deliver bespoke body fitting customized products via the use of developmental AM processes capable of depositing functionally graded materials. Unfortunately, the difficulty of developing processes capable of grading materials was underestimated, so ways to compensate for the technical shortfall had to be considered for each of the intended applications. One approach dealt with the dilemma by substituting functionally graded structures for functionally graded materials [17]. Through tailored modification of internal compliant spring geometries, rider specific customized Ducati 1098 motorcycle seats (Figure 1) were produced in Somos 201 (3D Systems, USA) using conventional single material laser sintering (Sinterstation, 3D Systems, USA) which mimicked performance of customized multi-material evaluation seats made by hand.
	Steel substrates (80x60x10mm) were mounted in a bespoke powder bed type system, with Z axis resolution of + 10µm. A re-coating system was used to deliver 100µm layers of gas atomized Inconel 625 powder over the substrate. The system utilized a chamber of inert Argon shield gas, with O2 content below 0.2%, monitored real time. A ytterbium fiber laser (YLR-4000, IPG Photonics, USA), having a 1080nm wavelength, 850µm diameter spot size and a power of 1-4kW (continuous wave with Gaussian distribution) was used to expose 30x10mm samples using a remote laser welding robot (Comau RB 4G SmartLaser, Comau S.p.A, Italy). After initial trials, an optimum set of parameters was determined, processing with a 500µm hatch distance, with between 800-1000W at 6-8m/min providing repeatable consolidation (Figure 2).
	//
	/
	Figure 2: Inconel 625 samples 50 layers high on a mild steel substrate
	Although the material to be consolidated and the substrate are different, Solution strengthened Ni-Based alloys such as 625 are often welded conventionally to mild or stainless steels, without problems [18]. Indeed in this case, nickel and steel exhibit an excellent interface, with good mixing at the boundary (Figure 3). A small level of cracking can be observed within the melted tracks at the interface. As the cracks traverse more than one melted pass, it is most likely they have formed as a result of residual stress and re-melting during the subsequent few layers, rather than during solidification of any one pass. As the substrate was at room temperature when the build commenced, thermal gradients were at their highest, which probably contributed to cracking during the initial layers. Were the interface to occur after deposition of several steel layers (when energy input and heating of the substrate had reached a steady state), the thermal stresses would have been lower and cracking at the interface may have been reduced or eliminated.
	Figure 1: Ducati 1098 motorcycle seat customized via optimized structure
	It is noteworthy that design optimization techniques which topologically optimize (such as Within Labs, etc.) rather than compositionally optimize have gained traction more quickly due to better fit with machine capability. Since these techniques are not mutually exclusive, topological optimization will certainly embrace compositional and morphological optimization in due course.
	/
	/
	(a)
	Figure 4: TaW2.5 samples 36 layers high on a mild steel substrate
	//
	(b)            (c)
	SEM imagery of the interface (Figure 5) shows notable cracking between the substrate and consolidated material, most likely caused by the large difference in thermal expansion which created thermal stresses across the interface as the number of deposited layers increased.
	Figure 3: Compositional map of Inconel 625/mild steel interface (a) backscatter SEM image, (b) Iron, (c) Nickel.
	/
	The fabrication of Tantalum-Tungsten alloy was achieved on a substrate of identical composition and also attempted on a mild steel substrate. Although both materials are metal, comparing tantalum with iron shows they are substantially dissimilar: tantalum has an 80% higher melting point (3290K vs. 1811K), ~30% lower thermal conductivity (57.5Wm-1 K-1 vs. 80.4Wm-1 K-1) and ~45% lower thermal expansivity (6.3µm m-1 K-1 vs. 11.8µm m-1 K-1) [19].
	Tantalum is a metallic element which has a relatively high density (16.69g/cm3), exhibits exceptional corrosion resistance, and is chemically and biologically inert. Tantalum is ideal for a variety of applications including bone implants due to its exceptionally “low solubility and toxicity” in vivo and favorable osteointegration; however its use for various applications is prevented primarily by manufacturing difficulties [20]. 
	/
	In order to address this problem, a process window for laser melting a tantalum-tungsten based alloy powder was broadly characterized using the powder-bed system previously described. The powder is primarily tantalum (Ta), with 2.5 at. % tungsten (W), this was deposited upon a 100x100x10mm substrate of the same composition (TaW2.5) in a scoping trial with parameters ranging from 1.5-4kW laser power and speeds of 4-8m/min, with constant layer thickness of 100µm, hatch spacing of 500µm and laser spot size of 850µm. After an optimum set of samples exhibiting controlled melting was obtained, deposition onto a mild steel substrate was then attempted with the same parameters. The parameters produced significant over-melting of the steel substrate initially, but failed to deliver the required energy to fully melt the TaW2.5 powder after 3-5 layers (presumably due to the higher thermal conductivity of the substrate). To achieve the melting of TaW2.5 onto a mild steel substrate, it was necessary to gradate the processing parameters on a layer by layer basis, increasing laser power from 950-1150W up to 2050-2250W over 8 layers with constant laser scan speeds (2.75-3.5m/min). Using this layer by layer control of the build parameters, a steady state was achieved after 8 layers after which constant parameters were used until a total of 36 layers were deposited (Figure 4).
	Figure 5: SEM image of interface region (top); solidification of TaW2.5 within steel matrix (bottom)
	Figure 5 shows the interface region between the mild steel substrate (darker regions) and the deposited TaW2.5 powder (lighter regions). It is evident that the first layer was not exposed to sufficient laser energy to completely melt the powder particles. However, surface melting of the particles appears to have occurred (Figure 5 bottom), as evidenced by the grain growth intruding into the surrounding steel matrix. The second layer shows this to a greater degree, as the quantity of tantalum present increases, and the quantity of steel available decreases.
	Figure 6 shows a severe example of interfacial de-lamination between the substrate and consolidated material (other samples exhibited similar cracks of shorter length and width). Within the bulk of the sample, material has consolidated with high density, although some macro porosity/defects exist, the majority of porosity in the material is below 1µm diameter, showing promise for laser melting as a processing route for tantalum based alloys.
	//
	/
	Figure 6: Interfacial cracking of TaW2.5 on a mild steel substrate
	Although additional research is required to improve the integrity of the TaW2.5/steel interface, the potential for such an interface has been demonstrated. With further refinement of build parameters and powder feedstock, it may be possible to achieve a high integrity interface similar to the one shown between Inconel and steel (Figure 3). This is the first time (to the author’s knowledge) that a refractory metal has been laser melted onto a mild steel substrate (melt temperature difference of ~1500° C).
	Figure 7: 3D printed circuit mold with conductive tracks made by directly written conductive paste (above) and co-fired copper powder (bottom)
	3 Gateways
	3.1 Gateway 1 – Characterization of anisotropies
	3.2 Gateway 2 – Digital deposition/µ-assembly means
	3.3 Gateway 3 – Transition layers
	3.4 Gateway 4 – Distributed intelligence/processing

	The examples above have marginal value if presented simply to inform; however examining the motivation behind why they were created has the potential to transform our efforts toward effective AM methodologies for dissimilar multi-materials.
	Several researchers have produced circuits by printing the 3D structure as a “mold” where designed in cavities are intended for in- or post- process deposition (typically via direct write extrusion) [14, 21]. Following this pattern, a simple circuit mold was made via binder jetting (Z510, ZCorp, USA) using standard material and settings where the conductive tracks were directly written using conductive air curing silicone (SS26, Silicone Solutions, Ohio, USA). Further to this, inspired by 2D examples of in process digital printing of conductive materials for post process co-firing [22], the same 3D mold circuit was printed and cavities were filled with 38 μm diameter 99.7% pure copper powder (Sandvik Osprey, Wales) and furnace co-fired at 1100° C. The result shown in Figure 7 (bottom) was a failure by many measures (oxidation was not well managed before or during firing, the furnace was not properly vented which set off a fire alarm, the conductivity of the tracks was poor and the molten copper overflowed from the tracks during firing); however, it highlights various issues that need addressing to develop a viable approach for dissimilar multi-material parts by binder jetting and global 3D thermal post processing (as opposed to area treatment such as flash fusing). It also stresses the need to address thermal expansion, outgassing, and stresses in 3D.
	Understanding how like materials are joined in AM is prerequisite knowledge for joining dissimilar materials. Fundamental characterization which leads to improved understanding is an endeavor valued for its contribution to ensuring process repeatability and reliability, while also serving as the foundation science for future development. 
	As evidenced by the shortcomings in the experimental work reported above, the gaps in current understanding and inadequacies in existing tools for designing, simulating and predicting dissimilar material interactions are vast. Although substantial work has been undertaken to characterize highly utilized AM processes, materials research and process qualification work has largely been undertaken independently and lacks the synergy possible with widespread collaboration. A holistic approach to standardized characterization, documentation, and dissemination of anisotropic properties resulting from AM parts has only recently been forthcoming via the efforts of the ASTM F42 committee. This initiative promises the potential to harmonize the characterization of anisotropies and thereby accelerating improvements to AM reliability and capability. 
	Universal adoption of F2921 and follow on standards will accelerate foundational understanding of the properties produced by AM processes that will pave the way for broadening our capability to consolidate dissimilar materials in close proximity.
	The first bottle neck for realizing dissimilar multi-material parts is employment of suitable deposition means as illustrated by Example A. Much of the progress of the AM industry to date has been predicated on selective processing/joining (by laser, e-beam, plasma, DLP, binder jetting, etc.) of bulk deposited layers of material. This approach has suited the prototyping industry because bulk deposition imposes a lower technological threshold for material development which has allowed proliferation of new materials, however arguably this has also induced acceptance of higher variability in the material supply.
	ASTM F2921 introduced last year, is a standardized method for identifying the location and orientation of parts during the build process. These parameters form part of the pedigree for AM parts which is indispensable for identifying, quantifying, and communicating anisotropic part properties. F2921 is targeted at identifying part weakness perpendicular to the layers (Z-axis) due to de-lamination or other inter-layer defects across all AM processes. Given the propensity for these defects in parts made of like materials and the catastrophic failure of the tantalum on steel in Example C (Figure 6), it is critical that these characteristics are documented and that performance expectations are managed accordingly. This need is analogous to ensuring the correct orientation of the grain (with or against) in wooden objects.
	By definition, virtually all of the dissimilar multi-material parts over the past 15 years have required a selective deposition means (material extrusion/direct write [14, 23, 24], directed energy deposition [10], sheet lamination [25], material jetting [26] and electrophotography [27, 28]) normally requiring manual intervention [21, 29]. Current multi-material parts often involve costly and operator sensitive manual fabrication steps. For example, as explained in Example A, customized motorcycle seats are typically assembled by hand from multiple foam materials [29]. Automated selective deposition generally requires more materials engineering and is more difficult to scale up than selective processing, however, the tighter tolerances it requires promises the potential to improve AM reliability.
	Further to the characterization of interlayer (Z-axis) bonding, as enabled by ASTM F2921, the characterization of intra-layer (X/Y) anisotropies is also required; which can be considered analogous to avoiding areas with knots when working with wood. In order to fully correlate intra-layer microstructure with processing parameters this will likely require development of process specific standards. Other manufacturing processes have already developed a strategy to identify potential sources of anisotropic properties, for example in composites, ASTM D3878 and E1309 specify how to identify sources of intra-layer anisotropies (cloth weave pattern and parameters for each layer) and also any influence they may have on the inter-layer parameters (such as orientation changes from layer to layer in the layup or overall processing conditions). Along these same lines, considering laser-based AM processes, factors influencing the intra-layer microstructure (power density, speed, laser raster strategy, hatch spacing, laser power ramping, etc.) and the inter-layer bonding (whether the raster strategy changes from layer to layer, layer thickness, etc.) should be identified. 
	Objet’s Connex (material jetting) technology has pioneered the first automated digital multi-material AM system (which derives significant scalability from inkjet printing technology). The Objet Connex technology allows composition blended from two materials to be determined for each voxel in the machine’s resolution. Its unchallenged success is clear evidence that in order to improve capability to replace assembly we must be able to efficiently deposit material digitally. Furthermore, considering the plethora of developmental digital fabrication applications based on digital printing (especially for printed electronics), the nearing potential for digital dissimilar material printing is apparent.
	Although detailed documentation of build parameters is likely to encounter opposition from manufacturers and users who do not want to divulge know-how, successful building with infinite geometrical possibilities cannot be guaranteed and will therefore likely require refinement for production grade parts. Automated processing with advanced user control has already emerged in AM software packages. This follows a strong pattern in video editing and CAM software, which rely on automated processing, but with the ability to edit down to a frame by frame (or toolpath by toolpath) level for problematic features producing unexpected results. This level of control provides recourse for experienced users to cope with build failures, software/firmware upgrades, etc. 
	Digital deposition is also the enabling step for efficient global processing/consolidation means and characterization of its effects in the presence of multiple materials. The additively fabricated 3D circuit (Example D) is an early demonstration of the interaction between materials with different natures during global processing (where solvated re-solidified adhesive bonded matrices made via ZCorp were used as molds for thermally fusing metallic materials). Digital deposition has the potential to make evaluation of multi-material permutations far more practical, by eliminating manual process steps typically required for deposition of multiple materials [21]. Additionally, where material incompatibilities preclude global or area processing methods, digital deposition enables the pairing of selective deposition with selective processing (i.e. double selection) to locally manage consolidation effects of multiple dissimilar materials [30].
	The human body is rife with connective tissue and its components. Fibroblasts are at the most common cell in the body, and have the primary purpose of forming collagen, which is the most common protein in the body, which is the main component in connective tissue [32, 33]. Developing transitionary layers in AM can be considered akin to the way the body connects bone to muscle through tendons, or bone to bone through ligaments or how it keeps relatively hard finger nails attached to the nail bed, etc. As the outputs from AM systems increase in complexity, the importance for appropriate transitionary layers will grow proportionally.
	It is interesting to note that this step from binary single material deposition (or double binary if the support material is a different composition) to defining material composition is prefigured in biology. Biological systems determined by DNA sequence convert the digital 4 character DNA code (or 64 codon code when the triplets of the nucleotide are counted) into a 20 character (amino acid) protein code which becomes the building blocks for muscle and other tissue and also help transport nitrogen, dietary fat and other materials through the body [31]. In this sense biological systems are digital assembly systems driven by the digital genomic code which determines composition and ultimately surface geometry.
	While the prior gateways describe fundamental technical barriers for multi-material parts, this last gateway concentrates on applications for its future use. The shift away from labor intensive occupations (such as manual agricultural techniques) toward modern employment largely centered on thinking and communicating via computer, resonates with the notion published in the early 19th century that advocated working by words or “mental exertion” rather than just by physical force [34, 35]. This trend toward increased mentally-intensive work has been amplified and largely enabled by the decentralization and distribution of computing power over the last 40 years. The desire to magnify one’s efforts via electronic or electro-mechanical means continues to drive the integration of intelligence into an ever wider range of products. This demand for “smart” gadgets sets high expectations for future AM capability to impart intelligence into 3D printed products.
	Similar to how biological system assembly is predicated on low level digital definition, the use of digital deposition in AM represents the cascading of the digital ethos down from macro-scale conventional assembly steps (i.e. the presence or absence of component parts) down to a more fundamental voxel by voxel material joining level in AM. The need for scalable digital deposition foreshadows the widespread incorporation of digital printing technologies (inkjet, electrophotography, thermal printing, aerosol jetting, magnetic writing, etc.) into AM systems as digital fabrication and 3D printing converge into 3D digital fabrication.
	Dissimilar multi-material AM promises the potential of printing part-systems all in one go incorporating directly printed logic circuitry (electronic, microfluidic or biological). While far from the only viable application of this capability, empowering physical mass with intelligence is a clearly delineated aspiration inspired by nature, and is only possible for objects made from dissimilar materials above a high complexity threshold. Example D is a token step toward incorporating directly printed sensors, computational capability, memory and even motors into 2D and 3D printed products, which is a vision shared by a growing number of researchers [14, 24, 36]. Although directly printed intelligent features are likely to be heavily supplemented with embedded/encapsulated conventional electronics initially, the growing body of digital fabrication research will undoubtedly enable weaning off of this approach over time.
	All additional functionality imparted through specified composition of critical features (including improved chemical, thermal, or wear resistance) is contingent on maintaining a strong bond to adjacent material in monolithic parts during in-build and in-service conditions. The defects in Examples C-D highlight some of the failure modes of materials with incompatible behaviors at various conditions. Experiencing related problems, Hatanaka et al. incorporated a “sacrificial ‘buffer’ material” into their multi-material prototypes to compensate for expansion mismatches [21]. Protective thermal barrier layers have also been used to shield substrates from high temperatures [30]. The need to gracefully transition between dissimilar materials is the next gateway and represents a fertile opportunity for functional grading, solid state joining and material treatments for internal stress relief at boundaries.
	Augmenting product functionality with intelligence is not limited to in-service conditions and can be embodied in part-systems during any stage of the product lifecycle. For example, intelligent behavior during fabrication can embrace self-assembly and directed self-assembly methods [37-39]. Additionally, self-awareness is desired as early as possible in the life cycle for tracking and self-determination purposes. It has been pre-figured by efforts that incorporate RFID tags, sensors and other identification means, which bridge toward elevated self-awareness throughout the product life cycle [40]. As a product matures, the possibility of self-replication including the potential to evolve the design for the next iteration has been explored [41, 42]. Rounding out the life cycle, realization of dissimilar multi-material parts will require superseding macro-scale recycling with more intelligent disassembly means that will renew and contribute fundamental elements back to form new products and in this way minimize outgoing waste from the industrial ecology [43].
	Whether considering expansion joints in a concrete bridge, ceramic heat shield tiles for the space shuttle or the pseudo-self-assembled layers at the interface between different materials in Example C, the incompatibility of some dissimilar materials will require connection via a buffering transitionary layer, which can be considered akin to connective tissue.
	By virtue of increasing the (specified) complexity, self-awareness, and processing power in products, this gateway epitomizes biomimicry (imitation of nature) which is a fit framework for considering the future growth of this AM capability. Following nature’s pattern, intelligence will not lie exclusively with the AM production system, nor with a central part processor; instead a measure of intelligence will be distributed throughout the part to provide sensing feedback and local response. Taking this analogy to an extreme, embodied intelligence could theoretically be cascaded down until it permeates every voxel (just as each cell holds DNA in its nucleus). This would potentially enable feedback to flow upstream creating an extremely high resolution pseudo-closed loop control for coordination between the various intelligence levels. Although that level of control is not likely to be possible or practical, perhaps moving that direction, some designs will become “stem” designs which are approximately what is needed and after they are printed they will be empowered to remodel themselves locally in response to in-service conditions (as bones do from stresses [44, 45]). In some circumstances intelligent matter will essentially become the “AM system” as it is empowered to self-organize into the product. Early insights into the behavior of intelligent feedstock material is gained currently by digital printing of living cells and their components into tissue scaffolds and simple organs, although as yet robust biological feedback loops to the printing hardware have not been established [46-48].
	Future capability for reliable AM systems and parts with high fidelity biomimicry must be built on a scientific foundation established by the characterization of anisotropies, development of selective deposition means, engineering of transitionary layers and materials and the incorporation of intelligence into AM parts.
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