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Bulk Spin-Resonance Quantum
Computation

Meil A. Gershenfeld and Isaac L. Chuang®

Cuanturn computation remaing an enormously appealing bul ehusive goal. 1 & appealing
bacause of k8 potential to perdorm superfast algosthms. such as Binding prime 1actors
in palynomial time, but alss ehesive because of the diticulty of simutanecusly manip-
ulating quantum gagrees of freedom while preventing emdrormantally induced deco-
herence, A new approach bo quantum computing is introduced based on the use of
mulliphe-putse rescnance techniques to manipuiaie the smal deviation from equilibrium
of the density mabrix of @ macroscopic ensembile 50 that it appears to be the density
rmatrix of a much lower dimensional pune staba, A complate prescripbion Tor quamum
oompiting is given far such a system.
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Experimental Implementation of Fast Quantum Searching

biase 1. Chesang,® el Gemshenfehl.? and Mark Kubisse'
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Georver™s. search alporithm For g sysom with Fogr slases. By porforming @ tomographic spovantnation
of the density masis during the compotition ood sgieemesl s soon beluesn theory snd cyperimen.
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Experimental realizationof Shor's =
quantum factoring algorithm L
using nuclear magnetic resonance |

Lisven M. K. Vandersypes' |, Makthiss Sieffen |, Gregery Breyta',
Costanting 5. Yannonl', Mark K. Sherwood* & lsaas L Chuang*
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Physical One-Way Functions

Ravikanth Pappu,*’ Ben Recht, Jason Taylor, Meil Gershenfeld

Miadern cryplographic practice reits on the use of one-wiry functiond, which are
eaty to evaluate but difficult to vert. Unfortunately, commanly used one-way
functions are either based on unproven conjectures of have kndven vilnerabilities
Wie thow that indtesd of relying on numbser theory, the meloscopic plrysics ol
caherent tramsport through a disordered medium can be used to allocate and
suthenticate unigue identifiers by physically reducing the medium’s micro-
structure to a fied-length string of binary degits. These physical one-way
functions are inexpendive 1o fabricate, prohibitively difficult to duplicate, admit
no compact mathematical representation, and are intrinsically tamper-resis-
tant. \We provide an authentication protocel based on the ensimous address
space that is a principal characteristic of physical one-way functions
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that these data canmot casily be duplicated.
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Reversibly Assembled Cellular
Composite Materials

Kenneth C. Cheung*® and Neil Gershenfeld

Canlor lor Bits ard Atoms, Massachuselts Instituie of Tochnology, Cambeidge, MA 02135, LISA,
*Cormesponding author. E-mail: koecheungfimi.edu

We introduce composite materials made by reversibly assembling a three-
dimensional lattice of mass-produced carbon fiber reinforced polymer composite
parts with integrated mechanical interlocking connections, The resulting cellular
composite materials can respond as an elastic solid with an extremely large
measured medulus for an ulirallght materlal (12.3 megapascals at a density of 7.2
mg par cubic centimater), Thess materials offer a hierarchical decomposition in

Microfluidic Bubble Loaic

Manu Prakash* and Neil Gershenfeld
832 9 FEBRUARY 2007 VOL 315 SCIENCE
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Entrainment and Communication with IMssipative Preudorandom Dynamics

M, Gershenfeld
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There arg many models of compuiation, but they all share the same umder-

Ivimg laws of phivases, Softwane can represent physical quasiithes, but i< mot ilself wit-
tem wilh pliysical wnite. This division in representations, dating back (o ihe onigins of
ompaler scienoe, imposes increasingly herose measurnes 0 mainiain the Hiction (bt
saflware i exccwled n a virteal world, 1 conssder mstead an allemative approach,
represeniing compuisiion so tha hardwane amd software are aligned at all levels of
description. By absiractng physics with asymchronows logic asomats [ show 1hat
this alignmment can nol oaly impeove sealability, portability, and perfommance, but also
samiplaly programming and expand applications.
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Experimental Observations of a Lefi-Handed Material That Obeyvs Snell’s Law
Amfrew A Hooel,' Jeffrey B Beock,' amd fose [ Chmang'*
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Fig. 3 ALA cells
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By Neil Gershenfeld,
Raffi Krikorian and Danny Cohen
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The principles that gave rise to the Internet are
now leading to a new kind of network of

everyday devices, an “Internet-0"
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MATERIALS SCIENCE

Discretely assembled mechanical metamaterials

Benjamin Jenett's, Christopher Cameron’, Fillppos Tourlomousis’, Alfonso Parra Ruble’,
Megan Ochalek', Nell Gershenfeld’
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Design and synthesis of a minimal

bacterial genome
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Jason Taylor

Vice President of Infrastructure Foundation at
Facebook

San Francieco Bay Area
Faoeboak
InkZ, Lucidity, inc., Blushiouniain.com

Massachusatls insiiute of Technology

IrThert

Compary Wabse

Jason Taylor s a Vice President of infrastructure at Facebook, where he leads the growps that
manage hardware degign & quality, supply chain, technical program managemeant, sener budgel
and allocation, and the long-tem inlrasiruciuee pan. Prior (o Facebook, M wias integral in Scaling
tha anginearing teams and production emdrsnments of Several consumarlacing lach companies.
Jason holds a PhD. from MIT in Ultrafast Lasers and Quantum Computing and a B.E. From
vanderbilt University In Physlcs, Electrcal Enginsering and Math,

Meet The Latest Unicorn:
Formlabs, A 3-D Printing
Startup Founded By Three
Young MIT Grads

The odds are good that Lyric Semiconductor will
change computing

Raffi Krikorian, 40, will return to California to join the Emerson Collective, the
philanthropy company founded by Laurene Powell Jobs, a DNC official confirmed on
Thursday. He served as Twitter’s vice president of engineering and ran Uber's self-

driving cars project before joining the Democratic Party in the summer of 2017,
taking on his first job in politics at a time when the DNC faced an urgent need to
reimagine its internal approach to tech and cybersecurity.

Ehe New HJork Times

New Technique Reveals Centuries of
Secrets in Locked Letters

M.LT. researchers have devised a virtual-reality technique that
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lets them read old letters that were mailed not in envelopes but in

Parfans you v punched oul & paped S0l of Foldad an origan seanT

the writing paper itsell after being folded into elaborate
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Edward S. Boyden

Massachusetts Institute of Technology
2016 Breakthrough Prize in Life Sciences
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NASAS MIGHTY MORPHING
WINGS MARE FOR MORE
EFFICIENT FLYING

“ine of the things that we've been able to show ks that this
bullding block approach can actually achiove better strangthk
and stiffness, at wery low weights, than any other material
theat we build with ™ says MASA'S Kenny Cheung, ome of the
leaders of the project.

Better yet, when the team put the wings onto a dummy plan
hody and threw it into the wind tunnel at NASA's Langley
Research Center in Virginda, the mock alreraft flashed some
terrific acrodynamics, “We maxed out the wind tunnel's
capaclty.” =avs Cheung.
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Think Tank Team

In 2016, Maxim Lobovsky, cofoander and CED of Formlaks, made the
cut for the Forbes 30 Under 20 list. Today, his 3-D peinting compay
passed the 51 billion valuation mark with a new round of vennare

capital funding from Mew Enterprise Associates
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m 2004, while Saul Gmftith was a
I Ph.[. student at the Massachusctts

Institute of Technology, he won a
I!hirl}'-I|t|1ux::t|.1-|.||:|!|:tr u.wa:'d I!|'|1I: -|x ﬁ_i'-'h’-l'l-
cach year to a student who has shown
unusual promise as an inventor. Griffith
was an obvious candidate. Neil
Crershenfeld, one of his professors,
described him to me as "an invention
engine,” and said, “With Saul, you push
‘G’ and he SPCWS Projects in cvery

imaginable direction.” The judging
committee was especially impressed by a
device that Griffith had created o
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drecribed bim ar an imvention cmgime,

custom-manufacture low-cost cyeglass
lenses, intended primarily for people in
impoverished countrics,

Project Ara: Inside Google’s Bold Gambit
to Make Smartphones Modular
(= J ¢ Jwl s Jin

My MloDrscken

The bwo-year guest to
create the ulimate
customizable phone, Inside
i oak

On January 24, Google
annoumced that it had agresd
to sl Motonola, its phone:
manafacturing business, to
Chinese electronics ghant
Lemovo. Thus concladed the
campary's bried, unproftalble
{oray inlo smartphone
hardware, which bogan when
1t revea e plan. bo acgaine
Modorala Mobality in August,
SEL.

Ara Knalan, bead mechanical
efgEimeer on Progect Ara, wilh the
phone in ks curren! funcliosal
probolype form
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LASS" LAW IS KNOCKING AT THE DOOR

i Dobiart 4 ) ! I F B | T i

Our economy has grown and has been transformed by 60 years of Moore's Law, bringing
electronics in any path of life. Moore's Law has now reached its endpoint (although progress
in computation capabilities are still continuing, not a the previous pace and, most
importantly, not with the cost decrease we have experienced in the last decades) but a new
Law is knocking at the door of our economy and our society, promising to be as disruptive as

Moore's: Lass’ Law.

Sherry Lassiter, known as Lass, is the head of the Fab Foundation. A Fab, a Fab Lab, is a room
full of computers managing tools that can manufacture objects, including 3D printers and
laser cutters. The first Fab Lab was created back in 2003 at MIT Center's for Bits and Atoms

by Meil Gershenfeld and in 2009 he set up the Fab Foundation. There “Lass” noticed that the

Looking for more info on Lass’ law
and the future of Fab Labs? Get Neil
Gershenfeld new book "Designing
Reality”. Image Credit - Book Cover,
Neil Gershenfeld

number of “tools” for manufacturing doubled every year and by 2016 there were over 1,000
Fab Labs around the world.

If Lass' Law will remain valid in the next ten years by 2030 there will be over 10 million fab labs, and clearly they will no longer be confined
within research labs: there are simply not enough research labs around the world to host them. By that time Fabs will have percolated in
small industries, retail stores and some will have found a place in consumers’ homes. Give it 10 more years and 150 millions homes will
have a fab lab as part of their furniture.

At the same time the whole value chain of manufacturing will be transformed bringing Industry 4.0 into Industry 5.0. Consumers will no
longer buy products but products’ specs and them will manufacture them at home. Of course one can imagine that a new slate of
businesses will be there, providing support to customisation. Possibly some of these business will sell “intelligence” to make customisation

decision possible at home.

The convergence of Artificial Intelligence with massively distributed / on site manufacturing is going to change the economy, the value
chains and the players in manufacturing.

In twenty years time it will be difficult to find a product that is not a melange of atoms and bits. Many products will be aware of their “use”
and will be able to reconfigure themselves to the point of creating their own offsprings (thanks to the availability of fab labs). The mixing of
Al with fab labs and the self generation of offsprings will result in products evolution with an increasing symbiotic leverage of what is in

the product’s ambient.

Welcome to Industry 5.0, an Industry having people as player and product component!
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“ﬁ fablight PRODUCTS  USE CASES

fablicht Sheet fablicht Tube & Sheet

Sheet metalup to 1/4 of a standard sheet Round, square, and rectangle,
50" x 25" (1270mm x 635mm) 0.5 to 2" (12mm to S0mm)

standard length to 527 ( 1320mm)
Extended length to B0 (2032mm)
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M ac h I n es t h at M a ke The Machine that Make project at the MIT Center for Bits and Atoms Is developing rapid-prototyping _of rapid-prototyping machines, that can be used In fab labs.
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Modular Machines controlied with kodular

Softwarne
A Generalist, a Mechanical Breadboard. The
Vise Grips of CNC. Mud Machine Liveth A Wire-EDM that fits on your deskiop
Mud Machine Liveth
Modular Robot Tube carver [M]MTM: modular machines Reconfigurable Stages foldafab DIY EDM
that make

d An entry level EDM maching for making
More modular machines out of protolyping Reconfigurable one-axis stages for multi- A deployable medium-format GNG router
carblde/H55 tooling andfor lead screws

Reconfigurable modular robot with
inferchangeable end-effectors materials for prototyping purpose motion

Milling machime 1or round stock
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The additive lathe is a 3D printer thal prints on
A suilcase milling machine, 3d printer, and rolation objects
vimyl cutter Modular control for the MTM project A design without lead screws, reducing cost

Low cost 5 axis machining
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Defense Advanced Research Projects Agency > Program Information

Fundamental Design (FUN Design)

Dr. Jan Vandenbrande

The goal of the Fundamental Design (FUN Design) program is to determine whether we can develop or discover a new set of building blocks to
describe conceptual designs. The design building blocks will capture the components’ underlying physics allowing a family of nonintuitive
solutions to be generated. Successful outcomes of this program will give the designer the ability to evolve and adapt designs rapidly in
response to changing requirements and provide a thorough understanding of trade-offs early in the design process.

Dr. Jan Vandenbrande

Defense Sciences Office (DSO)
Program Manager

Dr. Jan Vandenbrande joined DARPA as a program manager in July 2015. He is interested in
developing math and computational tools to radically improve the design of mechanical
products. Topics of specific interest to Dr. Vandenbrande include: exploiting new design
possibilities enabled by new materials and fabrication processes (3-D printing, composite
fibers, micro truss structures) and enhancing design discovery.

Before joining DARPA, Dr. Vandenbrande was a technical fellow and senior manager of the
Applied Math Geometry and Optimization group at Boeing. He leveraged his knowledge in
geometric reasoning, production automation and design processes to create several
advanced geometry processing systems to change how products are designed and made.
Boeing uses these tools to conduct design trade and optimization studies, to enable

proprietary composite layup fabrication processes, and to visualize metal machinability issues.

Dr. Vandenbrande authored several parametric air and spacecraft models for design trade
studies such as the hypersonic X-43C and the Orbital Space Plane study.

Al Unigraphics, now Siemens NX, Dr. Vandenbrande worked on the architecture of the next-
generation Computer Aided Manufacturing (CAM) system, improving tool path generation
performance and revamping the CAM user interface. He received his Ph.D. in Electrical
Engineering from the University of Rochester for his work on machinable feature recognition.

Open Manufacturing

Uncertainties in materials and component
manufacturing processes are a primary
cause of cost escalation and delay during
the development, testing and early
production of defense systems. In
addition, fielded military platforms may
have unanticipated performance
problems, despite large investment and
extensive testing of their key components
and subassemblies. These uncertainties
and performance problems are often the
result of the random variations and non-
uniform scaling of manufacturing
processes. These challenges, in turn,
lead to counterproductive resistance 1o
adoption of new, innovative
manufacturing technologies that could
offer better results.

Enabling Quantification of Uncertainty
in Physical Systems (EQUIPS)
Complex physical systems, devices and
processes important to the Department of
Defense (DoD) are often poorly
understood due to uncertainty in models,
parameters, operating environments and
measurements. The goal of DARPA's
Enabling Quantification of Uncertainty in
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Development cell by cell

With a trio of techniques, scientists are tracking embryo
development in stunning detail

By Elizabeth Pennisi | 20 December 2018

From at least the time of Hippocrates, biologists have been transfixed by the mystery of how a single cell
develops into an adult animal with multiple organs and billions of cells. The ancient Greek physician
hypothesized that moisture from a mother’s breath helps shape a growing infant, but now we know it is
DNA that ultimately orchestrates the processes by which cells multiply and specialize. Now, just as a
music score indicates when strings, brass, percussion, and woodwinds chime in to create a symphony, a
combination of technologies is revealing when genes in individual cells switch on, cueing the cells to
play their specialized parts. The result is the ability to track development of organisms and organs in
stunning detail, cell by cell and through time. Science is recognizing that combination of technologies,
and its potential for spurring advances in basic research and medicine, as the 2018 Breakthrough of the
Year.
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Science
Single-cell mapping of gene expression landscapes and
lineage in the zebrafish embryo

Daniel E. Wagner, Caleb Weinreb, Zach M. Collins, James A. Briggs, Sean G. Megason,* Allon M. Klein*

Department of Systems Biology. Harvar dMedical School, Baston, MA 02115, USA.
*Corresponding author. Emait sean_megason®hms harvardedu (5.6.M.); allon_iein®hms harvard edu (AM K )

High-throughput mapping of cellular differentiation hierarchies from single-cell data promises to empow«
systematic interrogations of vertebrate development and disease. Here, we applied single-cell RNA
sequencing to >»92,000 cells from zebrafish embryos during the first day of development. Using a graph-
based approach, we mapped a cell state landscape that describes axis patterning, germ layer formation,
and organogenesis. We tested how clonally related cells traverse this landscape by developing a
transposon-based barcoding approach (“TracerSeq”) for reconstructing single-cell lineage histories.
Clonally related cells were often restricted by the state landscape, including a case in which two
independent lineages converge on similar fates. Cell fates remained restricted to this landscape in chord)
deficient embryos. We provide web-based resources for further analysis of the single-cell data.

First release: 26 April 2018
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Cile as: D. E. Wagner et al., Science
10.1126/science.aard362 (2018).
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Toylike blocks make lightweight,

strong structures

Instead of reducing parts, engineers suggest building planes from

thousands of identical pieces

[
(< shorerhis JIWFTRSt ] £ sure B

By Meghan Rosen

A carbon-fiber skaleabon of Tin kertm,-hlike buildin-g
blocks is 10 times as stiff as structures of similar
densities. And because the framework s made of
mosthy identical pleces, broken parts can be easily
swapped out for new ones, (ks inventors report in
the Aug. 16 Science. The new design could one day
form light, SUIFT. easy-to-repair bones of Birfrarmes,
bicycles bridges and aven buildings.

=It's fascinaking,” says rnaterials scientist Rainer
Adelung of Kigl University in Germany. "When you
read this article, you think, "Why hasnt anyone
done this before?’ It's & simple idea, but it has such
a large impact.®

For years, fancy bicycles and luxury cars have used
glued-together carbon fibers, called composites, to
trim weight from their frames, Now, manufacturers
are starting to craft huge sections of alrplanes in

A4 A Tk SIEG

EMLARGE
BUILDING BLOCKS
Thin slices of carbon fiber
composite can link
Repther o basld
Bghbwesght Lalties that
oould ane day form the
framework of airplanes
and spececralt.

single swaths of the lightweight materials. Fewer parts means fewer joints,

which tend to b2 heavy and tricky to fix.

So manufacturers want to make even bigger plane pleces. In 2008, Spirit
AeroSystems, a manufacturer that makes parts for Boeing and Alrbus, came bo
MIT materials engineer Kenneth Cheung and his lab leader, Mell Gershenfeld,
with a wild idea: What If they could 3-D print an entire plane in one gigantic

Reversibly Assembled Cellular

Composite Materials
Kenneth C. Cheung”* and Neil Gershenfeld

Center for Bits and Aloms, Massachusetts Institute of Technology, Cambridge, MA 02139, USA.
*Corresponding author. E-mail: kecheung@mit.edu

We introduce composite materials made by reversibly assembling a three-
dimensional lattice of mass-produced carbon fiber reinforced polymer composite
parts with integrated mechanical interlocking connections. The resulting cellular
composite materials can respond as an elastic solid with an extremely large
measured modulus for an ultralight material (12.3 megapascals at a density of 7.2
mg per cubic centimeter). These materials offer a hierarchical decomposition in
modeling, with bulk properties that can be predicted from component
measurements, and deformation modes that can be determined by the placement of
part types. Because site locations are locally constrained, structures can be
produced in a relative assembly process that merges desirable features of fiber
composites, cellular materials, and additive manufacturing.

Carbon-fiber reinforced composite materials can improve efficiency in
engineered systems (for example, awrframes) by reducing structural
weight for given strength and stiffness requirements (), but challenges
with manufacturing and certification have slowed their adoption. High-

The dependence of this scaling per-
formance on geometry 15 seen in non-

stochastic lattice-based matenals that
have nearly ddeal Eecp scaling, with
high coordination numbers (node con-
nectedness) relative to stochastic foams
(13, 16). These structures have been
implemented thus far only in relatively
dense engmneered matenials. For the
ultralight regime [below ten milligrams
per cubic centimeter (7)), the .!';'ﬂcp:
scaling seen in denser stochastic cellu-
lar materials has recently been reported
for electroplated twbular nickel micro-
lattices (17), as well as carbon-based
open-cell stochastic foams, including
carbon microtube acrographite (/4),
and graphene cork (/9). Reversibly
assembled cellular composites extend
stretch-dominated lattice-based materi-
als to the ultralight regime, with three-
dimensional symmetry derived from the
linked geometry. The high performance
characteristics of these new materals

depend on the framework rigidity of the non-stochastic lattice geomeiry
with high coordination number, the slenderness that can be achieved m
buckling-limited fiber composite strut members, and the scaling of the
density cost of reversible mechanical connections,

Sciencexpress/ hitp://'www.sciencemag.org/content/early/recent / 15 August 2013 / Page 1/ 10.1126/science.1 240889
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Discretely assembled mechanical metamaterials

Benjamin Jenett'*, Christopher Cameron’, Filippos Tourlomousis', Alfonso Parra Rubio’,

Megan Ochalek', Neil Gershenfeld'

Mechanical metamaterials offer exotic properties based on local control of cell geometry and their global config-
uration into structures and mechanisms. Historically, these have been made as continuous, monolithic structures
with additive manufacturing, which affords high reselution and throughput, but is inherently limited by process
and machine constraints. To address this issue, we present a construction system for mechanical metamaterials
based on discrete assembly of a finite set of parts, which can be spatially composed for a range of properties such
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asrigidity, compliance, chirality, and auxetic behavior. This system achieves desired continuum properties through
design of the parts such that global behavior is governed by local mechanisms. We describe the design method-
ology, production process, numerical modeling, and experimental characterization of metamaterial behaviors. This
approach benefits from incremental assembly, which eliminates scale limitations, best-practice manufacturing for
reliable, low-cost part production, and interchangeability through a consistent assembly process across part types.

INTRODUCTION
The notion of rationally designing a material from the microscale to
the macroscale has been a long-standing goal with broad engineering
applications. By controlling local cell properties and their global
spatial distribution and arrangement, metamaterials with exotic be-
havior can be achieved. The foundation for mechanical metamaterials
comes from the study of cellular solids { I}, where natural materials,
such as wood and bone (2), or synthetic materials, such as stochastic
foams. are understood as a network of closed or open cells (3). In
the latter case, edges form a network of beams, and on the basis of
the connectivity of these beams and their base material, macroscopic
behaviors can be predicted analytically (4). It was from this insight that
the lield ol architected materials formed, enabling design of periodic
structures with tailorable properties such as improved stiffness over
foams at similar density due to higher degrees of connectivity (3).
Advances in digital fabrication, specitically additive manufac-
turing, have enabled these complex designs to be realized. Seminal
work demonstrated stiff, ultralight lattice materials (6), and has
since been improved, resulting in mechanical metamaterials with
superior stiffness and strength at ultralight densities (7) with multi-
scale hierarchy (8). Benefits of nanoscale features further expand
the exotic property parameter space (%), and architectures featuring
closed-cell plates have shown potential for approaching the theoret-
ical limit for elastic material performance (10). Other designs seek
to use compliance, which can be attained through internal geometric
mechanisms (11) or through base materials capable of large strain
(12). Internal architectures can be designed to transmit or respond
to load in other nonstandard ways. Auxetic metamaterials exhibit
zero or negative Poisson's ratio [ 13). Internal, reentrant architectures
produce contraction perpendicular to compressive loading, and
expansion perpendicular to tensile loading, counter to traditional
continuum material behavior (14). Chiral metamaterials exhibit
handedness based on asymmetric unit cell geometry. These designs
produce out-of-plane deformations, such as twist, in response to
in-plane loading (15).

"Center for Bits and Atoms, Massachusetts Institute of Technology, Cambeidge, MA,
usa.us. Army Research Laboratony, Aberdaeen Proving Grownd, MD, LUSA
*Cosresponding author: Email: bejimitedu

Jlemett et i, Sci Ady. 2020; & : eabcB843 18 November 20000

Nearly all of the aforementioned mechanical metamaterials are
made with some forms of additive manufacturing, most of which
are summarized in [16). These processes vary widely in terms of cost,
precision, throughput, and material compatibility, The lower end of
the cost spectrum, such as fused deposition modeling (FIXM), also
tends to have lower performance. Limits of thermoplastic extrusion
include layer-based anisotropy (17) and errors resulting from build
angles for complex three-dimensional (3D) geometry (18). Higher
performance. and higher cost, processes such as selective laser melt-
ing (SLM) use materials such as stainless steel but require nontrivial
setup for particulate containment and can suffer from laver-based
anisotropy, thermal warping, and geometry irregularity {(19). Some
of the highest perlormance multiscale metal microlattice produc-
tion techniques based on lithographic and plating processes are well
studied and repeatable but are highly specialized and labor, time,
and cost intensive. Polymerization, curing, plating, milling, and etching
can require up to 24 hours from start to finish for sample prepara-
tion (6). Large-area projection microstereolithography (LAPpSL) is
capable of producing lattices with micrometer-scale (107" m) fea-
tures on centimeter-scale (107" m) parts (#) with significantly im-
proved throughput, but extension to macroscale (>1 m) structures
remains out of reach, due to practical limitations in scaling these
processes and their associated machines.

The largest structure that can be printed with any given process
is typically limited by the build volume of the machine. Therefore,
substantial effort is focused on scaling up the machines. Meter-scale
FDM plattorms (20} and larger cementitious deposition machines
{21) have been demonstrated, and coordinated mobile robots are
proposed to achieve arbitrarily large work areas (22). However, there
is a trade-off between precision, scale, and cost. Commercially
available two-photon polymerization machines have resolution on
the order of 1 um (10 ’ m), build size on the order of 100 mm
(10" m), and cost on the order of $10° per machine (23). Macro-
scale FDM machines boast build sizes of 10" m (24) but are unlikely
to have better than millimeter (10" m) resolution. Thus, roughly
the same dynamic range (scale per resolution) is offered, but with
costs approaching $10° per machine, we see a possible superlinear
cost-based scaling of achievable dynamic range. Building large, pre-
cise machines is expensive, and due to the inherent coupling of
machine performance, size, and cost, there are significant challenges

Tof 1
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Fig. 2. Four types of discretely assembled mechanical metamaterials, Loft to right Rigid, compliant, awaetic, and chiral. (A} As-molded face parts, (B) Single voxel,
front view, (0 A 2 % 2 % 2 cube, front view, (D) Single voxel, oblique view. [E) & 2 x 2 x 2 oblique view. 5cale bars, 10mm (A, 25 mm (B and I}, and 50 mm {C and E}.

Photo credit: Benjamin Jenett, MIT.

to the continuum approximation (horizontal line, value for 10 = 10 %
10 determined numerically) of 9, 56, 73, and 89%, respectively. Dis-
crepancy between experimental and numerical results is also calcu-
lated for specimens 1 = 1 to 4 to be 458, 10, 6, and 3%, respectively.
This can be attributed to the ratio of internal to external beams
increasing as voxel count increases (fig. 57). The internal beams,
which are fully constrained and behave as a rigid network, asymp-
totically govern the effective global behavior.

These predicted effective lattice properties aver the range of ef.
fective densities are plotted relative to constituent values in Fig. 3E.
The slope of the curve connecting these points, plotted on a logflog
chart, provides the power scaling value, which is used to analytically
predict lattice behaviors at the macroscopic scale (4). Effective lattice
modulus and density are related to constituent material modulus

b
and density b].'%. 2 [:':;—) . where b is 1 for stretch-dominated lat-
tices and 2 for bending dominated. We find & = 1.01 for our rigid
lattice. This scaling value had been shown previously for the mono-
lithic (additively manufactured) cuboctahedron lattice (28) and for
discretely assembled, vertex-connected octahedra (27), to which we
now add our novel lattice decompaosition. It should be noted that

lenett et ol S¢i, Ady, 2020; & :eabch8d3d 18 Movember 2000

these effective values are from numerical simulations, not experiment,
although we direct the reader to Figs. 312 and 41} for agreement be-
tween experimental and numerical results.

Mext, we compare experimental vield stress results with analytical
predictions oflocal beam failure based on relative density, as a func-
tion of beam thickness t and lattice pitch . Here, we will use exper-
imental data from the 4 x 4 x 4 specimen, as this is closest to
demonstrating continuum behavior (eflective modulus is 89% pre-
dicted continuum value). On the basis of the load at failure and
lattice material and geometry, we can determine a given beam com-
pressive failure load to be around 88 N. We determine the analytical
critical beam load using either the Euler buckling formula or the
Johnson parabola limit, depending on the compression member’s
slenderness ratio (fig. 55). We determine our beam slenderness
ratio to be 29.5, which is over the critical slenderness ratio of 19.7
{see the Supplementary Materials for complete calculation); thus,
we use Fuler buckling formula. Because the as-molded material prop-
erties vary, we determine the critical load to range from 70 10 108 N,
with the mean value of 89 N very closely approximating the experi-
mental value. Thus, there is good correlation between both stiffness
and strength based on the design of our discrete lattice material.
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EINN i
W Hilesy Whikeman, CNN researchers led by NASA has created a flexible wing that morphs as
it flies.

Written by 1) lane wings are traditionally strong, thick and sturdy but a team of

Design
Measu I’iI"I'EI 14 feet or four meters wide, the new Wiﬂg IS constructed from

Ne“T l)lﬂlle “Till(f 1IMOVES lil{e d l)il’(i IFS thousands of units that fit together and function in a similar way to a bird's
> b o wing, says one of the report's authors, NASA research engineer, Nick Cramer.
and could radically change aircraft |
o C "Something like a condor will lock Its joints In while It's cruising, and then it
2 (f. '[Eid]LlS[S} Its wing 1o a more optimal shape for its cruising, and then when It
(168].511 wants 1o do a more aggressive maneuver IU'll unlock its shoulder. That's a

similar response to what we're doing here," he said In a phone interview.

Updated 3rd April 2019

ey
- |

Credit. Ell Gershenteld, NASA Ames Hesearch Center T - - - -
Bt d e kil el il : The wing's assembly is seen under construction, assembled from hundreds of identical subunits.



- ry
L8 "

11§ HONDA

ok




© W W THE CENTER FOR
DEVLCOM mem s a\DATOMS

ARMY RESEARCH
LABORATORY . - . Massachusetts Institute of Technology

Structural Robotics



MIT News

O CAMPUS AND AROUND THE WORLD

| Browse | or |Search ||

%2 FULL SCREEN

sequeance of pholos shows an

1 struciure under co

nage courtesy of Benjami

Assembler robots make large structures from little
pleces

oystems of tiny robots may someday build high-performance structures, from
airplanes to space settlements.

David L. Chandler | MIT News Office -
October 16, 2019 " Press Inquiries

Today's commercial aircraft are typically manufactured in sections, often in ditferent locations
— wings at one factory, fuselage seclions at another, lail components somewhere else — and
then flown to a cenltral plant in huge cargo planes for final assembly.

Papar: "Material-Robol System lor Assembly of
Dizcrete Cellular Structures.®

Video: Multi-Agent Discrete Assembly
But what if the final assembly was the only assembly, with the whole plane built cut of a large _ _
array of tiny identical pieces, all put together by an army of tiny robols? [ 2
Video: Relative robotic assembly
That's the wision that graduate student Benjamin Jenell, working with Professor Neil —i
Gershenfeld in MIT's Center for Bits and Atoms (CBA), has been pursuing as his doctoral NASA ARMADAS
thesis work. I's now reached the point that prototype versions of such robols can assemble _ _
small structures and even work together as a team 1o build up a larger assemblies. [ K]
Mell Gershenleld
The new waork appears in the October issue of the |EEE Robotics and Automation Lelfers, in a =
paper by Jenett, Gershenlald, fellow graduate student Amira Abdel-Rahman, and CBA Beniamin Jenalt
alumnus Kenneth Cheung SM "07, PhD "12, who is now at NASA's Ames Ressarch Center, _ |
where he leads the ARMADAS prolect to design a lunar base that could be built with robotic | o
32
“This paper is a lreal,” says Aaron Becker, an associale professor of electrical and computer Canter for Bits and Atoms
engineening at the University of Houston, who was not associated with this work, “It combines _ _
top-notch mechanical design with jaw-dropping demonstrations, new robotic hardware, anda | 3

simulation suite with over 100,000 elements,” he says. School of Architeciure and Planning

[EEE ROBOTICS AND AUTOMATION LETTERS, PREPRINT VERSION. ACCEPTED JULY, 201% l

Material-Robot System for Assembly of
Discrete Cellular Structures

Benjamin Jenett', Amira Abdel-Rahman', Kenneth Cheung?, and Neil Gershenfeld'

Abstract— We present a material-robot system consisting of
mobile robots which can assemble discrete cellular structures.
We detail the manufacturing of cuboctahedral unit cells, termed
voxels, which passively connect to neighboring wvoxels with
magnets. We then describe “relative™ robots which can locomote
on, transport, and place voxels. These robots are designed
relative to and in coordination with the cellular structure-- the
geometry of the voxel informs the robot’s global geometric
configuration, local mechanisms, and end effectors, and robotic
assembly features are designed into the voxels. We describe
control strategies for determining build sequence, robot path
planning, discrete motion control, and feedback, integrated
within a custom software environment for simulating and
executing single or multi-robot construction. We use this
material-robot system to build several types of structures, such as
1D beams, 2D plates, and 31 enclosures. The robots can navigate
and assemble structures with minimal feedback, relying on voxel-
sized resolution to achieve successful global positioning. We show
multi-robot assembly to increase throughput and expand system
capabhility using a deterministic centralized control strategy.

Index Terms— Assembly: Space Robotics and Automation;
Path Planning for Multiple Mobile Robots or Agents

I. INTRODUCTION

AUTDMATED processes for material deposition and

manipulation are becoming more prevalent in state-of-
the-art production of structural systems. Additive
manufacturing can  produce hierarchical, architected
metamaterials  with  novel properties  unattainable  with
traditional engineering materials [1]. High performance,
continuous fiber composite aircraft components can be made
by automated tape laying, utilizing large gantries, tooling, and
autoclaves [2]. In these examples, high repeatability 1s
achieved with computational control systems and stationary
machines with stiff motion axes. However, the scale of the
built object is limited to a fixed bounding envelope.

Manuscript received: February 24, 2019; Revised May 18, 2019; Accepted
June 15, 2019, This paper was recommended for publication by Editor Dan
Popa upon evaluation of the Associate Editor and Reviewers' comments.
Research supported by NASA STMD Game Changing Development Program
through the Automated Reconfigurable Mission Adaptive Digital Assembly
Systems (ARMADAS) project, NASA  Space Technology Rescarch
Fellowship (NNX14AM40H), and CBA consortia funding.

'B. Jenett and A. Abdel-Rahman, and N, Gershenfeld are with the Center
for Bits and Atoms, Massachusetts Institute of Technology, Cambridge, MA
02139 USA (emails: bej@mit.edu, amira.abdel-rahmani@cha mitedu,
gershizgcba.mit.edu). Corresponding author: bejiamit.edu

K. Cheung is with NASA Ames Rescarch Center, Intelligent Systems
Division (Code TI). Moflett Field, CA 94035 USA (email: kennyienasa.gov)
Diagital Object Identifier (DOI): see top of this page.

Mobile robots promise larger scale construction. Aerial,
wheeled, and ambulatory platforms combine various material
deposition techniques, yet tradeoffs remain between robotic
complexity and the quality of the resulting artifact. Even with
automation, some hmits, such as stochastic errors, are inherent
to the continuous, or monolithic, materials typically used.

An alternative strategy is based on the assembly of discrete,
building-block elements into larger functional structures, using
reversible connections to allow for disassembly and reuse.
Here, the modularity of the structure can inform design of
mobile robots for assembly. By ensuring local robot precision
and reliability, robots can build structures larger and more
precise than themselves. This approach is studied here, for
assembly of a modular, space-filling lattice structure. We
present the resulting material-robot system, control strategies,
experiments to  demonstrate  core functionalities, and
simulations to study system tradeofTs and scaling.
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Figure 1: Mobile robots which assemble a discrete cellular structure. This
pyramid structure consists of 30 cuboctahedral voxels.

1I. BACKGROUND

In this paper, we are motivated by the automated production
of large scale, lightweight, high performance structures, with
applications in aviation and aerospace. Aircraft manufacturing
relies on expensive and precise tooling to produce designs
which stray little from the “tube with wings™ motif, primarily
due to the reliance on legacy as a basis for cost, safety, and
performance risk reduction [3]. Non-standard geometries are
economic non-starters, even with performance gains [4], due
to the cost-sensitive and risk-averse nature of the airline
industry. The ability to produce arbitrary aerostructure
geometries at low-cost can potentially disrupt this trend [5].
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MIT graduate student Will
Langford developed a machine
that's like a cross between a 3-D
printer and the pick-and-place
machines that manufacture
electronic circuits, but that can
produce complete robotic
systems directly from digital
gns. (Video in "Helated”

sidebar below shows the

assembly of a machine from five
standard parts.)

Photo by Will Langford

Tiny motor can “walk” to carry out tasks

Mobile motor could pave the way for robots to assemble complex

structures — including other robots.

David L. Chandler | MIT News Office [ | - N
Prass Intildce PRESS MENTIONS
July 2, 2019 A F |2 _

Years ago, MIT Professor Neil Gershenfeld had an audacious thought.
Struck by the fact that all the world’s living things are built out of
combinations of just 20 amino acids, he wondered: Might it be possible to
create a kit of just 20 fundamental parts that could be used to assemble all
of the different technological products in the world?

Gershenfeld and his students have been making steady progress in that
direction ever since. Their latest achievement, presented this week at an
international robotics conference, consists of a set of five tiny fundamental
parts that can be assembled into a wide variety of functional devices,
including a tiny “walking” motor that can move back and forth across a

surface or turn the gears of a machine.

MIT researchers have created an
ambulatory motor that can “walk” back
and forth or make the gears of another
machine move. “On its own, this little
moving microbe is impressive
enough,” writes Darrell Etherington for
TechCrunch, “but its real potential lies
in what could happen were it to be
assembled with others of its ilk, and
with other building-block robotics
components made up of simple

parts.”



e What are you trying to do? Discrete Integrated
o Direct-write assembly of integrated three-dimensional electronics ] ] )
e How is it done today ... Circuit Electronics
o Separate development of chips, boards, blades, and systems
e ... and what are the limits of current practice?
o Diverging development cost and time, global supply chain
dependency
e What's new in your approach ...
o Cross between pick-and-place and 3D printing, with spatial
programming
e ...and why do you think it will be successful?
o Demonstration of all of the enabling technologies in seed program
e Who cares? If you're successful, what difference will it make?

0(105) reduction in HPC power consumption
Secure and trusted systems from untrusted components
Al software adapting its hardware (and vice versa)
Novel integrated electronic system form factors
Field reconfigurability and reusability
e |What are the risks ...
o Interconnect overheard (vs surface/volume), assembly throughput TN
(vs recursion) G - @MW THE CENTER FOR
e ... and the payoffs? B\ = HBOE B 15 AND ATOMS
o Alternative to existing fab vulnerabilities BB ccacnusets it o Tectmotoo
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The ":nmput.'l.l:-ln" num bers may bt describaed hn'r.ﬂ}' as the real
i bers whiose expressions as A decimal are calenlalle |:|_1.' findte means.
Althongh the subject of this paper s catensibly the computable members. MEMORY DAL
it is almost equally easy to define and investigate computable functions
of an ml:-r.'gr.:.l vanable or a real or mapuhhh‘: variable, ur.-mpulll'll:
|lrl&l:|.1tr|.[l!u. and #@0 forth. The fundamental thlemt invalved are.
hwewer, L sams in each cass, and 1 have chosen the computable numl=ors
for ex plecit treatment as i||.l.rn|l.-ir|g the beast cumbrons technigoe. 1 hops 1 i 1
shortly to give an accoant of the relations of the computable numbers,
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functions, and sn forth o one another. This will includs a development u u u u u u u u .
Uniﬁ Sm- m ﬂm w uf the theory of functions of & real varable expresssd in terms of com- 0000D000D nuuuﬂ 00000040 _l.'lnﬂ cpoooo cocooo
putable numbers.  According to my definition, & number & compatable I ' I l I I I I
if its decimal can be written down by a maching * l
m thﬂ' In §59. 10 T give some arguments with the intention of showing that the :
computable nmumbers inclode all numbers which conld natomlly be uunu unnnuunuuﬂ'ﬂ lﬂpﬂﬂ Eﬂﬂﬂ'ﬂﬂﬂﬂ uuwnunnnn uuﬂuuu
reganded as compautabls. In particular, I show that certain lange classes |-
Umr of metmli. of numbers are computable. They include, for instance, the real parts of T F*
all algebraic numbers, the real parts of tho zeros of the Besse] functions, APE LOGICAL CONTROL ERASER TAPE
the numbers », ¢, ete.  The computable numbsers do not, however, include MOVER AND WRITER MOVER
Mm m Ofw w all definable numbers, and an example is given of a definable number
which is not computable,
Uﬂm ﬂ'f Pmm Although the class of computable numbers is &0 great, and in many
ways similar to the class of real numbers, it is nevertheless enumerable.
In ﬁﬂ | examiine certain arguments which wouold seem to prove the contrary.,
By the correct appication of oné of these arguments, concluskons wre
'Jm aul lm reachid which are superficially similar to those of Godelt. These resulia
8 Oaaled, *Ubser feénial wreenbschielbure Bilee der Principus Mlatheenstwa und ver:
wandter Byseeme, 1%, Mossrabefrs Mash. Fhys., 38 (1931), 173-188
O TE & ArTEaleTO THE CHEMICAL BASIS OF MORPHOGENESIS 60 A. M. TURING ON THE
Theo O == -':-: 3 ¥ Br A. M. TURING, F.R.S. University of Manchester was used and A was about 0-7. In the figure the set of points w‘htrﬂf{.r,y]l 1s positive is shown
AT ( Received ® N Pavised 18 M ' black. The outlines of the black patches are somewhat less irregular than they should be
A — (Received 9 November 1951 —Revised 15 March 1952) due to an inadequacy in the computation procedure.
:: : mﬁﬁ?ﬂ;ﬁ“u I It 1s suggested that a system of chemical substances, called morphogens, reacting together and
S lf R d . A t t Xy 1 RS e J diffusing through a tissue, b adequate to account for the main phenomena of morphogenesis.
e o 6PI'0 uCIHg ll Oma a 9270 .&.% Such a system, although it may originally be quite homogencous, may later develop a pattern
(0.0} F or structure due to an instability of the homogeneous equilibrium, which is triggered off by '
' TH ] random disturbances. Such reaction-diffusion systems are considered in some detail in the case
‘5-13 3j$31¢f,ﬂ,: T J:E? ':.'; of an isolated ring of cells, a mathematically convenient, though biologically unusual system.
CONSTRUCTING ARM The investigation is chiefly concerned with the onset of instability. It is found that there are six

. essentially different forms which this may take. In the most interesting form stationary waves

JOHN VON NEUMANN appear on the ring. [t is suggested that this might account, for instance, for the tentacle patterns
on fHydra and for whorled leaves. A system of reactions and diffusion on a sphere is also con-

CONSTRUCTING sidered. Such a system appears 10 account for gastrulation. Another reaction system in two

di AUTOMATON dimensions gives ri ini f dappling. It is al ed th i
e ItE‘d ﬂm'i cﬂmplemd b}- Arthul— w* B“rks imensions gives rise to patterns reminiscent of dappling. It is also suggested that stationary
The purpose of this paper is to discuss a possible mechanism by which the genes of a zygote .

may determine the anatomical structure of the resulting organism. The theory does not make any

waves in two dimensions could account for the phenomena of phyllotaxis,

(NOT DRAWN TO SCALE) new hypotheses; it merely suggests that certain well-known physical laws are sufficient to account
" ¥ ¥ P for many of the facts, The full understanding of the r uires a good knowledge of mathe-

I 3 ) E paper req R
'I"I HH,IEI"SI.I_}" ﬂf 'IIEIHHI'S I ress matics, some biology, and some elementary chemistry. 5Since readers cannot be expected to be Ficure 2. An mampll: afl a ‘dnpplcﬂ' pattern as resulting from a type (a) mﬂrphﬂgfn system.

. experts in all of these subjects, a number of elementary facts are explained, which can be found in A marker of unit length is shown. See text, §9, 11,
URBANA AND LONDON 1966 text-books, but whose omission would make the paper difficult reading. '
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How To Make
(almost) Anything

9/12: principles and practicas

seclion: compuler-aided design

9M19: uter-controlled cuttin

section: project management

926; electronics produchion

section: fab module intemals

10/03: computer-controlled machining

saction: welding

10/10: Columbus Day

10/17: molding and casting composites
section; vacuum forming, composita processing

saction: electronics design

10/24: embedded programming

section: languages and environments

10/31: 3D scanning and printing

section: real-time scanning

11/07: input devicas

section: circuits

11/14: output devices

11/21: interface and application programming
11/28: mechanical design, machine design

12/05: networki

section: motion

section: MTM

seclion: radios

1212: project develo nt
12M19: final presentations

and communications

Students

Yodahe Alemu
Harrison Allen

Maharshi Bhattacharya

Camron Blackburn
Morgan Blevins
Phil Brooks

Kevin Chen
Chi Po-hao

Lincoln Craven-Brightman

Ishani Desai
Serena Do
haniel El |
Kellie Everett
Hannah Field
Jack Forman
Kevin Frans
Zach Fredin
David Gil
Deborah Go
Marianna Gonzalez
Cynthia Hua
Brian Jordan
Kii Kang
s o
Joonhaeng_ Lee
Kiyeon Lee
Yuxuan Lei
Sam Lincoln
Fangzheng Liu
Chris Lloyd

MAS.863/4.140/6.943
How To Make (almost) Anything

Jeremy Ma
Donagh Mahon
Antonella Masini
Jenny Moralejo

Chloe Nelson-Arzuaga
Chucho Ocampo
Elina Oikonomaki
Bibek Pandit

Alfonso Parra

Eyal Perry

Rima Rebei

Jack Rivera
Benjamin Rodriguez
David Rosenwasser
Premila Rowles
Faruk Sabanovic
Matthew Schrage
Aubrey Simonson
Harshal Singh

Aarti Sunder
Jordan Tappa
Lavender Tessmer

Anna Vasileiou

Alexandra Waller
Xiging Wang
Joao Wilbert
Emma Zhu

Andrew Zuckerman

2019

People

Sections

Architecture shop

CBA shop
EECS shop
Harvard shop

Staff/TAs

Amira Abdel-Rahman
Agnes Fury Cameron
Alan Costa

Lins Derry

John DiFrancesco
Julia Ebert

Sara Falcone

Paloma Gonzalez
Jeremy Guilette

Kevin Guiney
Rob Hart

Sean Hickey
Jackson Howell

Emily Hsu

M.S. Suryateja Jammalama

Ben Jenett

Zain Karsan
Alexandre Kaspar
Dave Lewis

Tom Lutz

Dan Marshall

Molly Mason

Brian Mayton
Nathan Melenbrink

Jen O'Brien
Gerard Patawaran
Anthony Pennes
Diego Pinochet
Brian Plancher
Prakash Prashanth
James Prue

lulian Radu

Jake Read

Daniel Rosenberg
D. Sculley

David Selles

Jung In Seo
Victoria Shen
Andrew Spielberg
Patricia Stathatou
Erik Strand

Nicole Terrein
Lizbeth B. De La Torre
Filippos Tourlomousis
Tomas Vega
Graham Yeager
Ben Yuan

Jiri 2 |



L4

e R 1 e il
lasercutter —_* | || B .% 3 o
\- I =
-. |I s -..' e o |

=
4 ¥

]Ij'

M
4

‘i E2
4 "

—

3D scan and print
: |h‘ .;.

A

Bt

e

p+~r=="1 sewing 7

composites

ek o B 9 4 & B
Iﬁ C R S LS ] g LT S
i R ..:'" |r,'
I-ﬁ-"‘ F .‘."
"ﬁ H'Iﬂi *"‘1| e 1"
e
- ‘,!"If‘:j =
1;‘:‘"‘. .-'.-:!'..i y ﬁ I."'
2 -t Tassitine,
- B3y S . .
L, =|. _ﬁ_; |!"";‘“.‘ir ..I"v - |#‘. -
LTS ST T e
- Ly i N
- -uh-"l’ LI § "j i # .
adis b 3 :£ T e !
Y eyl Yene R
Yies. v e QL= e T
o lr“' h'f‘ - L |v
" T Y -
'll ; -
ey e e
. ™ - -
> o ' ~ i
i g e ey %

About Admissions Hodes Students Content o]

ACADEMY

Learn to Make

(@almost) Anything

Register Today

What is the Fab Fab Academy Join the Fab Academy
Academy Program? Distributed Educational Metwork

Model
The Fab Acadery 15 a fast paced, hands- Fab Academy runs in mwene than 70 Fab
gy Leadning exparsence whene students it affert 3 diskributed eathar ERan Labs, bor more than 250 shudenis per
learn rapid-protelyping by planning distance educational model. students weear e the largest campus of the warld

and exeouling » new project sach wsik, Learn in local workgroups, with peers, Fab Academy Program 14 part af the

fesulting in a persanal patfalio of mntars, and machines, which are then Acadermany, the Acsdemy of Almoat

technical accompleshments. connected globally by content sharing Anythandg.

and wedea Far inkeiradired claddie-.

Lectures

« principles and practices, project management (Jan 27)
< Recitation: Massimo Banzi, Arduino co-founder (Feb 1)
« computer-aided design (Feb 3)
o Recitation: Primavera de Filippi, Berkman Center at Harvard (Feb 8)
« computer-controlled cutting (Feb 10)
o Recitation: Bruce Mau, Massive Change (Feb 15)
+ electronics production (Feb 17)
o Recitation: Eric Pan, Seeed Studio (Feb 22)

« 3D scanning and printing (Feb 24)
o Recitation: Vinay Gupta (Feb 29)

« glectronics design (Mar 2)
o Recitation: Kenny Cheung, How to make almost anything in Space (Mar 7)
« computer-controlled machining (Mar 9)
o Recitation: Silvia Lindtner, Hacked Matter Group (Mar 14)
+ embedded programming (Mar 16)
< Recitation: Nadya Peek, Machines that Make Machines (Mar 21)
« break (Mar 23)
+ mechanical design (Mar 30)
o Recitation: Caleb Harper, Open Agriculture at MIT (Apr 4)
« machine design (Apr 6)
o Recitation: Jessi Baker, Provenance (Apr 11)
* input devices (Apr 13)
o No recitation (Apr 18)

+ molding and casting (Apr 20)
o Recitation: Beno |Juarez, Amazon Floating Fab Lab (Apr 25)

« output devices (Apr 27)

o Recitation (Postponed to May 23): Gian Paolo Bassi, SolidWorks (May 2)
+« composites (May 4)

o Recitation: James Coleman, A. Zahner Company (May 9)
+ networking and communications (May 11)

o Recitation: The State of the Fab Lab Network (May 16)
« interface and application programming (May 18)

o Recitation: Gian Paolo Bassi, SolidWorks (May 23)
« applications and implications (May 25)

o Recitation: Sylvia Martinez, Invent to Learn (May 30)
« invention, intellectual property, and income (Jun 1)

o Recitation: Carl Bass, Autodesk (June &)




<« c o @ & https/fab.city voe @ V7| | Q seard i @

READ AND DOWNLOAD THE MANIFESTO

The Initiative

About

Partner Cities 35 328 06 50 11

YEARS DAYS HOURS MINUTES SECONDS

The Collective

Partner Projects

By 2054 cities will need to produce everything they
consume.

Fab City Summit

Contact

Fab City has been initiated by the Institute
for Advanced Architecture of Catalonia, MIT P A R .I. N E R c I .I.I E s / SIAT E s

Center for Bits and Atoms and the Fab
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Photos: The Six Wonders of Obama’s
‘Maker Faire’ Tour

ARTICLE COMMENTS

BARACK DBAMA MAKER FAIRE WHITE HOUSE

d Email BFrinl m u ﬁ m A A

The White House hosted a Maker Faire on Wednesday, inviting tinkerers, inventors
and entrepreneurs to the nation’s capital on what turned out to be a blazingly hot day.
President Barack Obama toured six outdoor displays, ranging from fuel-efficient cars to
futuristic steel animals. Here are the highlights, based on the White House pool report,
followed by some more photos from Twitter.

1. The Fab Lab



113TH COMNGRESS

15T SESSION
H. R. 1289

IN THE HOUSE OF REPRESEMTATIVES

March 20, 2013

Mr. Foster (for himself, Mr. Hultgren, Mr. Massie, Mr. Van Hollen, Mr. Capuano, Mr. Carney, Mr. Cicilline, Mr.
Connolly, Mr. Danny K. Davis of lllinois, Mr. Loebsack, Ms. McCollum, Mr. Peters of Michigan, Mr. Pocan, Mr. Rush,
Ms. Schakowsky, and Ms. Shea-Porter) introduced the following bill; which was referred to the Committee on the

Judiciary

A EILL [l T |]pﬁ.ﬂ-t_;

el <

To provide a Federal charter to the Fab Foundation for the National Fab Lab Network, a national

network of local digital fabrication facilities providing community access to advanced manufacturing
tools for learning skills, developing inventions, creating businesses, and producing personalized

products.

Section 1. Short title

This Act may be cited as the “ National Fab Lab Network Act of 2013 ™.

Sec. 2. Findings
Congress finds the following:

(1) Scientific discoveries and technical innovations are critical to the economic and national security
of the United States.

(2) Maintaining the leadership of the United States in science, technology, engineering, and
mathematics will require a diverse population with the skills, interest, and access to tools
required to advance these fields.

(3) Just as earlier digital revolutions in communications and computation provided individuals with
the Internet and personal computers, a digital revolution in fabrication will allow anyone to
make almost anything, anywhere.

—

(4) The Center for Bits and Atoms of the Massachusetts Institute of Technology (CBA) has
contributed significantly to the advancement of these goals through its work in creating and
advancing digital fab labs in the United States and abroad.

(5) CBA's fab labs provide a model for a new kind of national laboratory that links local facilities for
advanced manufacturing to expand access and empower communities.

(6) A coordinated national public-private partnership will be the most effective way to accelerate
the provision of this infrastructure for learning skills, developing inventions, creating businesses,
and producing personalized products.

Sec. 3. Establishment of national fab lab network
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(D) lllinois
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113TH CONGRESS

15T SESSION

5. 1705

IN THE SENATE OF THE UNITED STATES

November 14, 2013

Mr. Durbin (for himself, Mrs. Gillibrand, and Mr. Markey) introduced the following bill; which was read twice and
referred to the Committee on the Judiciary

A BILL

To provide a Federal charter for the National Fab Lab Network, a national network of local digital
fabrication facilities providing community access to advanced manufacturing tools for learning skills,
developing inventions, creating businesses, and producing personalized products.

Section 1. Short title

This Act may be cited as the “ National Fab Lab Network Act of 2013 ",
Sec. 2. Findings

Congress finds the following;

(1) Scientific discoveries and technical innovations are critical to the economic and national security
of the United States.

(2) Maintaining the leadership of the United States in science, technology, engineering, and
mathematics will require a diverse population with the skills, interest, and access to tools
required to advance these fields.

(3) Just as earlier digital revolutions in communications and computation provided individuals with
the Internet and personal computers, a digital revolution in fabrication will allow anyone to
make almost anything, anywhere.

(4) Fab labs like the Center for Bits and Atoms at the Massachusetts Institute of Technology provide
a model for a new kind of national laboratory that links local facilities for advanced

manufacturing to expand access and empower communities.

(5) A coordinated national public-private partnership will be the most effective way to accelerate
the provision of this infrastructure for learning skills, developing inventions, creating businesses,

and producing personalized products.

Sec. 3. Establishment of National Fab Lab Network



« 3 C { @ gitab.cbamitedwpub/coronavirusitracking 4 E Make_
— More Maker Faire Shop Make: Projects - Magazine Maker Camp Partner With Us| LOG IM
1 Projects ~ Groups~ More ~ ~  Search or jump to Community

- 3 | Want the full magazine:
T 10:00A EDT Tue April 14 meeting molecular and filter media and swab curved-crease folded SUBSCRIBE TODAY!
B | v CFD modeling  production and testing shields and boxes  Watch our Live Panel With Neil Gershenfeld
o https://vimeo.com/407740690
B + background, process, schedule ACEZ BT M e, RN - = Ab Ollt Fab LabS
n) . F'mj'_?“_s" Intros % . T il f In his 2005 book, Fab, Dr. Neil Gershenfeld predicted a shift from personal computing to personal fabrication
o Jifei: swabs .\ . / and how manufacturing could be decentralized through networks. The Fab Lab Network is an experiment in
14 o http:/foptindustries.com/ . i e - bringing Gershenfeld's vision a reality. Today, with the criisis of COVID-19, fab labs and makerspaces around
» https://drive.google.com/file/d/1jbAFMYRHWXmGSGVAwntyYko g - - = the world are sharing designs that can be replicated in each community because the tools for digital
€ s https://gitlab.cba.mit.edu/alfonso/swab-testing-for-covid-19 : fabrication are widely distributed. We want to hear what Neil thinks of seeing his vision plays such a powerful
o o Avi, Izhar: swabs role in shape the civic response to COVID-19 but quite possibly providing the basis for a broad recovery.

s https://gitlab.cba.mit.edu/pub/coronavirus/nexa3d-swab-design
Lot o Zach

Join Dorothy Jones-Davis of Nation of Makers and Dale Dougherty of Make: Community in an open discussion
with our guest panelist and the maker community.
= HMI remote (live demo)

0 panelists for this event will include:
o iAISESE A P Tt Dr. Neil Gershenfeld of MIT Center for Bit and Atoms
X = https://gitlab.cba.mit.edu/alfonso/covid-isolation-box 5,.;,5",_, | assitar, Executive Director of tha Fab Foundation
= Tim: mask machine Zach Fredin has been working on rapid-prototyping responses
L = https://github.com/tbutters/Pleated-Surgical-Mask-Machine Camron Blackbum has been working on lab measurements of rapid-prototyping responses

Tim Butterworth — Artisans Asylum
Megan J. Smith has been working on the civic response
Danny Beesley — College of Alameda Fab Lab

=

Matt: mask CFD+testing
= https://gitlab.cba.mit.edu/mcarney/maskproject

nanoparticle filter ~ ventilator displays and

MIT initiates mass manufacture of : et UVC sterilization
disposable face shields for Covid-19 r:nedla ehatactericatian

reSponse p team from MIT has designed disposable face shields that
can be mass produced quickly to address hospitals’ needs
March 31, 2020 nationwice.

Pa_ FABxLive- Fab SymposiumeiGlohal Covid Response 0

JU L2 link

- N g TR

2020

Graduate student Zach Fredin operates
the Zund large-format cutter in MIT's
Center for Bit and Atoms. The machine was
used to make prototypes of the face shield.

Image: Center for Bits and Atoms
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GLOBAL RESPONSE TO COVID-19
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THE BIG IDEA

Soon You’ll Be Able to Make Anything. It’l]
Change Politics Forever.

How digital fabrication is revolutionizing everything.
By NEIL GERSHENFELD, ALAN GERSHENFELD and JOEL CUTCHER-GERSHENFELD | April 17, 2018

he divide between those who want o open up and connect with the rest of the world—the globalists—and

those who want to retrench behind barriers—let’s call them the localists—is deepening. There was Remain

vs. Leave in the Brexit debate, then there was Hillary Clinton vs. Donald Trump. Today, the divide is
visible in the battle raging between those who want to make trade agreements and those who want to start trade
wars.

Both sides are fighting over what’s becoming a false dichotomy. Out of sight of these pitched partisan battles, a
future is being invented in which we will no longer have to choose between global connectivity and local self-
sufficiency. It is a future where anybody can make (almost) anything locally, while using knowledge that is shared
globally. This future has important implications for politics today.

The Promise of Self-
Sufficient Production

As global supply chains have revealed their vulnerabilities during the pandemic,
digital fabrication technologies demonstrate a promising way forward.
BY JOEL CUTCHER-GERSHENFELD, ALAN GERSHEMFELD, AMND NEIL GERSHENFELD

twas a marter of life and death. During the
garly onslaught of the COVID-19 pan-
demic, a |IIH|Ii'..I| in Brescia, Italv, was

running oul of ventilator valves, The no

mial suppliers couldn’ meet the rapidly
increasing demand for the parts, which were essen-
tial for keeping patients alive.’ 5o, in a2 moment of
desperation, the hospital reached out to the local
-.4||'|||'|'||||'|i[:. T ||r[|'l. lsinmova, a ¢ CITI PR N
Brescia with rapid prototvping capabilities,
|{-.ﬁ||1.,i.;q_| 143 Ih:_' -._.||| ]: PV g'||I!_'|i||q'|,'|m_|. |1:||I4|
tvped, and then produced hundreds of 3D-printed
valves that proved a good fit for the emergency. The
same company then developed an innovative idea
to transform a snorkeling mask into an emergency
ventilator. since these emergency ventilators were
pesded extensively all over Italy, [sinnova con
nected with the diginal fabrication community o
make the materials availlable 1o the local hospitals,
reported Martina Ferracane, founder of FabLab
Western Sicily. Thousands of adapters were pro-
duced and donated to hospitals across the region. A
distributed ecosystem of digital fabrication facili-
Lies some community-based Rbrication labs,
some commercial — had become an important
part of the local supply chain to provide health care
facilities with personal protective equipment
{FPE}, .‘\.I'l..'lll.' |'I.E|:'E-...'||'|l.:. medical devices,

Al a time when global supply chains and large-
'\-n.-I]I.' T LRSS E::I::'_ Hits I."I.'ill':'_ ||."|l.'.1|.|.'|.! H tl.l!."_ill.'
and vulnerable, the role plaved by digital fabrica
tion technologies and local ecosyvstems gives us a

glimpse into a future in which new forms of
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