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Additive manufacturing technol ogies — machines that can automatically fabricate arbitrarily-shaped parts,
pixel by pixel, layer by layer, from almost any material — have evolved over the last three decades from
limited and expensive prototyping equipment in the hands of few, to small-scale commodity production
tools available to amost anyone. It’ s been broadly recognized that this burgeoning second industrial
revolution will transform every aspect of our lives. Clearly, we'll see the usual improvements we've come
to expect of any burgeoning technology: more material options, better resolution, faster printing, easier
and more reliable operation, and lower costs. But where will this technology go next?

3D printing is only the tip of amuch larger phenomenon. We can look at the evolution of additive
manufacturing technologies' past, present and future as a series of milestone in human’ sincreasing
control over physical matter.

PRINTING FORM —PROGRAMMING THE SHAPE OF MATTER

The first episode of thisjourney, maturing today, has been the unprecedented control over the shape of
objects. Machines today can fabricate objects of almost any material —from nylon to glass, from
chocolate to titanium — and with any complex geometry. This ability istransforming many fieldsto a
degree that few inventions ever have — not just engineering, but many others, from biology to archeology,
and from education to culinary arts.

Complexity for free

Perhaps the most dramatic impact of 3D printing is the ability to manufacture object without factoring
their complexity. Fabricating a solid block costs amost the same as fabricating an oddly shaped object
with curved surfaces and notches. In either case, the printer will still scan back and forth, depositing one
layer at atime, only the material deposition pattern will change. In the same way that printing a picture of
acircle takes no longer than printing a picture of the map of the world, printing a mousetrap does not take
more time, resources or skill than printing a paperweight. Regardless of how you want to measure cost —
in production time, material weight, energy waste, or in production planning effort, adding more features
hardly changes the cost. In some cases, added complexity can even reduce cost — printing a block with a
holeis cheaper and faster than a solid block without ahole. The marginal cost of added complexity is
therefore near zero —in stark contrast with conventional manufacturing where every new feature — every
additional hole, surface, protrusion, and corner — takes more planning effort, requires longer production
time, and consumes more energy and possibly more raw material.

Why do we care about the marginal cost of complexity? It is easy to understand that |owering the cost of
manufacturing complex products is a good thing, but the reason is more profound. Industrial revolutions
are triggered when afundamental cost associated with production drops dramatically, essentially taking
that factor out of the equation. The industrial revolution of the 18 century occurred when the cost of
power dramatically reduced, as steam engines replaced horses and waterwheels. As a consequence, these
power sources were not only replaced, but the range and types of work that machines could perform
greatly expanded, |eading to a cascade of innovation, such asrailroads and factory automation. The
internet similarly reduced the cost of disseminating information — and as a consequence, expanded the
range and types of mediathat could be distributed — not just online newspapers, but also Wikipedia, blogs



and user-generated content. One could argue that 3D printing has drastically reduced the cost of making
complexity. Initially, this simply implies that this technology will gradually replace the old way of
making the things we once made in more expensive ways. But in the longer term, the range and types of
obj ects being manufactured will greatly expand.

The personalization of manufacturing

Alongside the vast new design possibilities, however, isthe personalization of manufacturing. Thistrend
has profound economic implication on how we will design and consume products in the future, who
designs them and where they are made (Lipson & Kurman, 2010). Most importantly, the ability of anyone
to design and make complex products without the barriers of resources and skills of traditional
manufacturing will democratize innovation and unleash the long tail of human creativity. Look online
right now and you’ Il see thousands of objects for sale ready to be printed on demand, from custom-shaped
hearing aids, to flapping-hovering micro air vehicles, to authentic-looking replicas of ancient cuneiforms.

Fig 1. From chocolate to titanium, from biology to archeology, and from robotics to
avionics, 3D printing is a universal technology that will impact every industry and discipline.
Images from [8,9,7,2,5,11]

PRINTING COMPOSITION —SHAPING THE INTERNAL STRUCTURE OF MATERIALS

The second episode of thisjourney, which we are beginning to experience now, is the control over the
composition of matter — going beyond shaping just the external geometry, to shaping the internal structure
of materials with unprecedented fidelity. Using multi-material additive manufacturing technologies, we
are can make materials within materials, embed and weave multiple materials into complex patterns and
co-fabricate entangled components. For example, we can print hard and soft materials in patterns that
create bizarre and new structural behaviors, like materials that expand laterally when pulled

longitudinally. W e are shedding the traditional limitationsimposed by conventional manufacturing where
each part is made of asingle material. Instead, microstructure can be specified with micron-scale
precision. With such possibilities, you'll be able to print acustom tennis racket that cleverly enhances
your unique backhand, or areplacement spinal disc implant tailored for your aching back. While the
possibilities are vast, however, few theories can predict properties of these new materials and few



designers can exploit the new design space, so new design tools will be needed to augment human
creativity.

From bio-printing to food-printing

Thereisliterally no discipline that will remain unaffected by this unprecedented control over the shape
and composition of matter. It’ s easy to imagine the implication to any field that involves the design and
fabrication of physical objects—from mechanical engineering to art and architecture. But the technology
can change aso fields that have no immediate connection to engineering or to manufacturing. Let’ s
consider an example: The emerging field of 3D printing for medical applications.

Custom shaped prosthesis One of the earliest application of 3D printing to health-related applications
was the fabrication of custom-shaped, complex prosthetic limbs and devices. A key challenge in many
prosthetic devicesis the interface point with the body. For example, the ability to match the socket of a
limb prosthesis to a patient’ s bony prominences or muscular tissue can greatly improve both functionality
and comfort. In many cases where the aesthetic appearance of a prosthetic is also afactor, the ability to
custom shape the exterior to blend with its surrounding or match symmetrical featuresis an important
advantage as well. The ability to further shape internal cavities, add strengthening girders and shave
material off non-load-bearing components can also help improve the weight-to-strength ratio of the
device, making it both stronger and lighter. With more sophisticated multi-material fabrication, one could
imagine that the mechanical performance of such devices could be tailored even further, improving their
elasticity, shock bearing, and energetic performance. A second example of shaped prosthesis are hearing
aids. A magjor factor in the comfort and effectiveness of hearing aidsistheir fit in the aural canal. With 3D
printing, the patient’ s canal can be optically scanned and atail ored soft prosthesis fabricated al most
instantly.

Custom implants One-size-fits-all is not agood compromise when it comes to your hip replacement
implant. Theidea of using 3D printing to fabricate custom shaped implants dates back to the earliest days
of freeform fabrication. Custom shaped titanium or platinum implants can be fabricated at exactly the
right size and shape, either parametrically scaled to fit the patient, or even produced directly from CT
scan geometry of the original bone to be replaced, or asymmetrical healthy bone. Since complexity is
free, printed implants can go beyond the standard bone shape and include various cavities and connection
points that make the bonding with existing tissue more compatible, reliable and effective.

Bioprinting Instead of using titanium and other engineering materials, bio-printing involves fabricating
implants (and other constructs) from biological materials directly. Early experimentsinvolved 3D printing
of bio-compatible scaffolds, which were later infused with live cells and incubated before implantation.
Thelive cells gradually replaced the scaffold, resulting in a custom-shaped live tissue-engineered implant.
While the use of printed scaffoldsisstill prevalent, afurther advance involves printing with biological
cellsdirectly with no scaffold at all. In this case, the cells are first immersed in a bio-compatible hydrogel
ink —ahbioink —and then printed into their target form. The bioink has two key, contradicting properties
that make it tricky to develop: On one hand, it needsto be fluid enough to be printed — to flow through the
nozzle while not harming the cells that experience severe shear forces as they come out of the print-head.
On the other hand, the bioink needs to be stiff enough to hold its shape after printing, or else the material
will oozeinto a shapel ess mass. Solving that challenge using a variety of chemical and optical cross-
linking agents, we were able to fabricate cartilage implants in the shape of a meniscus directly from CT
data. Unlike scaffold infusion techniques, however, the ability to print with live cells directly opensthe
door to fabrication of heterogeneous tissue implants. Imagine the fabrication of something as complex as
aspina disk or aheart valve, that involves multiple cell typesin acomplex spatial arrangement that is
critical to proper functionality (Cohenet al., 2006).



Drug screening models The ability to fabricate complex, multi-cell heterogeneous tissue arrangements
in three dimensions has many applications beyond implants. One such exciting opportunity is the
fabrication of modelsfor drug screening. Traditionally, drugs and other treatments are tested first in
simple petri-dish-like environments that try to replicate the anticipated target environment where the
actual drug or treatment will be in use. These petri-dishes or test-tubes are relatively simple compared to
the real environment, both in the range of cell types and their spatia distribution. This mismatch often
necessitates the use of animal models and other more sophisticated high-throughput testing procedures.
The use of 3D bioprinting, however, opens the door to fabrication of 3D, spatially-heterogeneous tissue
models that more closely resembl e the target application of adrug. One could imagine, for example, that
cancer cellsin the shape and distribution of atumor could be fabricated directly and then the effectiveness
of treatments tested directly in vitro. Such experiments could provide a more realistic prediction of drug
effectiveness, and shorten the cycle of drug devel opment.

Surgical planning A somewhat |ess obvious but equally important application of 3D printing is for
preparation for surgery. Non-routine, complex surgical procedures often involve manipulation of tissue
and tools through an intertwined and unknown environment. Some operations also require the preparation
and attachment of permanent or temporary plates and other devices within the patient’ s body . Just as it
easier to put a puzzle together the second time around, surgeons can substantially reduce the time and
improve thereliability of an operation if they get a chance to practice it beforehand. Thisis especialy true
when a complex and non-routine procedure is executed for the first time. For example, we have often
been requested to 3D-print a set of shattered or deformed bones produced from a CT scan of an injured
dog coming into emergency surgery at the veterinary school. The surgeons will receive the printed bones,
and practice the surgery — learning to identify the fragments, optimize the reconstruction process, and
prepare any necessary plates and jigs in advance. Informally, surgeons have reported that surgery time
can be reduced by half, not to mention the increase in quality of care.

Surgical training Surgeonsin training often get access to the state of the art surgical equipment and
tools, but rarely do they get a chanceto practice on realistic cases. It isunlikely that atraining surgeon
will get to practice removing a brain tumor, for example: It isunlikely that aanimal model or ahuman
cadaver will be found with such a case, or that that a synthetic training model happensto available for
purchase. With 3D printing, however, relevant and typical casesfrom real patients can be recorded and
reproduced on demand for practice. With some modeling, it is even possible to combine cases and adjust
the severity of cases on demand in order to challenge training surgeons exactly at the right level for the
best |earning experience. With multi-material bioprinting, the training models could be fabricated with
biological materialsto provide an even more realistic training experience that provides also the feel and
the responsiveness of the real wet tissue.

Custom medication An excellent example of an application of 3D printing where composition control is
key isthe fabrication of medical pills on demand. A growing challenge for both doctors and patientsisthe
administration of multiple medications simultaneously. Instead of keeping track of adozen pillsdaily, a
printer can now fabricate a single, custom-made pill for each patient. That pill contains the exact amount,
combination and arrangement of medication that a patient needs that day. The pill could have a specia
identification marking, eliminating much of the confusion and uncertainty associated with conventional
delivery methods.

Food printing Perhaps the unforeseen killer-app, food printing isfor 3D printing for video gaming isfor
computers. Based on the very same technol ogy as bio-printing, food printing involves the fabrication of
edible items from raw edible inks. Theterm “edible inks’ doesn’t quite do justice here: We'retalking
about chocolate and peanut butter, cookie dough and frosting. And it doesn’'t have to be all bad: Y ou can
even print with organic pesto and locally made goat cheese. It doesn’t really matter: Download the recipe,
load in the frozen food cartridges, and hit print. The recipe dictates which material goes where, and what



inline-cooking procedure is applied during deposition and after. We've printed with all the materials
above and more, creating chocolate confections with frosted decorations, vanilla cookies with vertical text
lettering in chocolate inside. Imagine a cookie printer with slidersto adjust the crispiness, flavor, color,
and texture in any arbitrary way? How about a checker-board lasagna? Y our imagination isthe limit.
While some find the idea of printed foods the epitome of processed foods, others find the whole idea
fascinating in its vast new opportunities to innovate. Download and share recipes, tailor variants to your
liking, and have freshly made dishesto your exact liking made just for you.

PRINTING FUNCTION —PROGRAMMING BEHAVIOR OF ACTIVE MATERIALS

Thethird and final episode of thisjourney, of which we are only beginning to see early signs, isthe
control over behavior. In this episode we will go beyond controlling just the shape of matter; we will go
past controlling just its composition; we will now be able to program these materialsto function in
arbitrary ways — to sense and react, to compute and behave. This last step entail a blurring between
material and code (Gershenfeld, 2005), leading to what is essential lyor ogrammable matter. Moving from
an object’ s mechanical functionality to controlling how it processes information and energy as well.
When this day comes, you'll be able to print virtually anything — from a cellphone to arobot that will
walk out of the printer, batteriesincluded. But that robot will not look at all like today’ s robots, because it
will not be limited by the constraints imposed by conventional manufacturing, nor will it be designed
directly by humans. The ability to manufacture such arbitrary active systems comprising both passive and
active substructures will have opened the door to anew space of designs and anew paradigm of
engineering, one that is not unlike biology.

THE NEW CAD

For the last four decades, computers aided design (CAD) tools have played acritical role in the product
design process. But to alarge extent, CAD tools have remained relatively unchanged in their role and
format: User interfaces have improved, geometric manipul ations have become faster and more reliable,
and graphics has become three dimensional and photo-realistic. But conceptually, CAD software remains
today merely a passive 3D drawing board that records our intentions but offers little insight or ideas of its
own.

As 3D printing technol ogies become more abundant, the traditional barriers of resources and skill for
manufacturing have all but vanished. The limit is now our imagination, and our imagination is,
unfortunately, limited. | have seen over and over how fresh students faced with the blank page of CAD
and the unlimited capability of a 3D printer, design nothing more than a rectangular object with afew
linear notches. To alarge extent, thisis a cultural blindness evolved out of years of observing mass-
produced objects made subject to traditional manufacturing constraints. But on the other hand, thisis also
due to the design thinking imposed by conventional CAD tools, and the lack of new design tools that take
advantage of the vast new design space offered 3D printing capabilities.

It isclear that while the classical CAD paradigm will remain dominant for the foreseeabl e future, new
paradigms for design tools are beginning to emerge.
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Fig 2. The New CAD. Beyond geometric modeling, products are described by
interactive evolution, through procedural construction algorithms, or by compiling
high-level requirement and constraints automatically. Images from [1,10,4]

Function representations As our ability to control the shape, composition, and behavior of material
advances, it becomes more appropriate to think about geometry and material specification as
programming rather than as drawing. For example, say you would like to fabricate a helical surface with
elliptical perforations at some semi-periodic pattern. Making something like that would be a complicated
and expensive nightmare using traditional manufacturing techniques, so that kind of capability isburied
deep down the advanced CAD options menu, if it can be found at all. It would involve multiple steps and
would bring the CAD software to its knees. But unencumbered by traditional manufacturing constraints, a
growing number of designers would want to explore exactly those kind of geometries— easily and
quickly. And why not? There are, in fact, many more crazy shapes that regular shapes, but just currently
difficult to explore. The helical perforated shape might be more easily described using a procedural
construction process rather atarget geometry (Paskoet al., 2011). In other words, algorithmic, rather than
descriptive geometry — much like biology describes phenotypes using a devel opmental process, or like a
software engineer describes the appearance of a dynamic web page.

Matter compilers An aternative approach to design is to specify what the design needs to accomplish
rather than what it need to look like, and then | et the machine compile the design to your specification.
Some products, especially those that have a purely functional role, would fit well into such adesign
process. Consider for exampl e the task of designing supporting bracket. W e know the geometric
constraints of the load and support contact points, the weight to be carried, and the material properties.
Specify those requirements, hit the design button, and watch how the optimal design emerges
automatically. | guarantee that the optimal design will not be a block with rectangular notches and holes.
Instead, an organic-looking optimal structure with beautifully shaped cavities will emerge, something that
would take a human designer years to come up with manually. Now let’ s say the bracket can’t be installed
because of a pipe protruding into the bracket’ slocation. No problem - add the pipe protrusion constraint
and recompile. Programming by specifying the target behavior and constraints, then compiling it into



functional geometry can address complex requirements, as well as optimally exploit the new
manufacturing capabilities afforded by multi-material 3D printing asthey become available. In away, the
designer becomes the customer, and the CAD software becomes the designer.

Inter active evolution What happens when the desired object can’t be described quantitatively? Such
situations occur frequently when designing objects that have an aesthetic component that defies
guantification. Imagine you need to design a perfume bottle. While some aspects of the design can be
specified quantitatively — such asthe desired volume and size — others, such asthe look and feel are more
difficult to describe. Moreover, those skilled at the art of assessing perfume bottles may have no
inclination to dabble in CAD speak. Instead, a new type of CAD software can display arange of initial
design concepts, and allow an expert to indicate which onesthey like, or to put it in perhaps less gentle
terms, which they least dislike. Armed with thisinformation, the machine can begin to infer automatically
a sense of aesthetic that the designer hasin mind, and generate a new set of solutions. These solutions will
till obey the quantitative requirements — the bottle volume and size, say — but match the designer’ s
aesthetic preferences a bit closer. Repeating this process through a sequence of solutions and selections,
the designer might be able to design what might be a complex perfume bottle with relatively little CAD
expertise. Importantly, the designer might actually come across new ideas and be provoked into new
corners of the design space where no person has been before. Using this process, visitorsto the
EndlessForms website (Cluneet al., 2011) have collaboratively designed objects from furniture to faces,
and from bottles to butterflies.

FabApps What if | want to design a toothbrush to print on my 3D printer today? It sunlikely that | will
be able to design agood, ergonomic, and safe toothbrush — even though a toothbrush seems like asimple
product, it takes years of experience and know-how to design a successful one. Y et with the advent of 3D
printers, it islikely that people will want to do exactly that — design their own products with almost no
experience and little patience to learn. The solution may be in the form of ssimple CAD applications
dedicated to a narrow product and which encapsulate all the relevant knowledge, yet expose just the right
level of flexibility to the user. Such FabApps (Cohen & Lipton, 2009), similar to the iPhone apps that you
can download for 99 cents, guide you through your design and make you look like apro. A toothbrush
app can ask for dimensions of your hand and mouth, process pictures of your face and palm, walk you
through fifty different options and ask twenty more questions, then produce the perfect toothbrush that
uniquely fits your needs and is guaranteed to be a success.

CLOSING
3D printing is only the tip of a series of milestone in human’ sincreasing control over physical matter.

If humans distinguished themselves from their evolutionary ancestors by making tools, then additive
manufacturing represents the ultimate tool — perhaps changing human culture forever in ways we can
hardly anticipate.
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