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Abstract

The technologies that are needed for the atomically precise fabrica-
tion of diamondoid nanorobots in macroscale quantities at low cost
require the development of a new nanoscale manufacturing technol-
ogy called positional diamondoid molecular manufacturing, enabling
diamondoid nanofactories that can build nanorobots. Achieving this
new technology will require the significant further development of
four closely related technical capabilities: (1) diamond mechanosyn-
thesis� (2) programmable positional assembly� (3) massively parallel
positional assembly� and (4) nanomechanical design. The Nanofac-
tory Collaboration is coordinating a combined experimental and the-
oretical effort involving direct collaboration among dozens of re-
searchers at multiple institutions in four countries to explore the fea-
sibility of positionally controlled mechanosynthesis of diamondoid
structures using simple molecular feedstocks, which is the first step
along a direct pathway to developing working nanofactories that can
fabricate diamondoid medical nanorobots.

KEY WORDS—DMS, mechanosynthesis, nanofactory, nano-
medicine, nanorobot, nanorobotics

1. Introduction

The greatest power of nanomedicine (Freitas 1999, 2003) will
emerge, perhaps starting in the 2020s, when we can design and
construct complete artificial nanorobots using rigid diamon-
doid nanometer-scale parts such as molecular gears and bear-
ings (Drexler 1992). These medical nanorobots will possess
a full panoply of autonomous subsystems including onboard
sensors, motors, manipulators, power supplies, and molecular
computers. However, getting all these nanoscale components
to spontaneously self-assemble in the right sequence will prove

The International Journal of Robotics Research
Vol. 28, No. 4, April 2009, pp. 548–557
DOI: 10.1177/0278364908100501
c� The Author(s), 2009. Reprints and permissions:
http://www.sagepub.co.uk/journalsPermissions.nav
Figures 1–3 appear in color online: http://ijr.sagepub.com

increasingly difficult as machine structures become more in-
tricate. Making complex nanorobotic mechanical systems re-
quires new manufacturing techniques that can build a molec-
ular structure by what is called positional assembly. This will
involve picking and placing molecular parts one by one, and
moving them along controlled trajectories much like the robot
arms that manufacture cars on automobile assembly lines. The
procedure will then be repeated until the final product, such
as a medical nanorobot, is fully assembled inside a desktop
nanofactory (Drexler 1992� Freitas and Merkle 2004�Nanofac-
tory Collaboration 2007).

2. Nanorobotic Treatments for Most Human
Diseases

The ability to build complex diamondoid medical nanorobots
(Freitas 1998, 2000a, 2005a, 2006, 2007) to molecular preci-
sion, and then to build them cheaply enough in sufficiently
large numbers to be useful therapeutically, will revolution-
ize the practice of medicine (Freitas 2008) and surgery (Fre-
itas 2005b). The first theoretical design study of a complete
medical nanorobot ever published in a peer-reviewed jour-
nal described a hypothetical artificial mechanical red blood
cell or “respirocyte” made of 18 billion precisely arranged
structural atoms (Freitas 1998). The respirocyte would be a
bloodborne spherical 1 �m diamondoid 1,000 atm vessel with
reversible molecule-selective surface pumps powered by en-
dogenous serum glucose. This nanorobot would deliver 236
times more oxygen to body tissues per unit volume than nat-
ural red cells and would manage carbonic acidity, controlled
by gas concentration sensors and an onboard nanocomputer.
A 5 cm3 therapeutic dose of 50% respirocyte saline suspen-
sion containing 5 trillion nanorobots could exactly replace the
gas carrying capacity of the patient’s entire 5.4 l of blood. Of
course, nanorobots, no matter how capable, always have very
well-defined physical limitations. In general, they are limited
by mobility constraints, by the availability of energy, by me-
chanical and geometric constraints, by diffusion limits and bio-
compatibility requirements, and by numerous other constraints
(Freitas 1999, 2003). Nanorobots cannot act instantly – they
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take time to affect their cure. Biocompatibility issues related
to diamondoid medical nanorobots have been examined else-
where at length (Freitas 2003).

Nanorobotic artificial phagocytes called “microbivores”
could patrol the bloodstream, seeking out and digesting un-
wanted pathogens including bacteria, viruses, or fungi (Fre-
itas 2005a). Microbivores would achieve complete clearance
of even the most severe septicemic infections in hours or
less. This is far better than the weeks or months needed for
antibiotic-assisted natural phagocytic defenses. The nanoro-
bots do not increase the risk of sepsis or septic shock because
the pathogens are completely digested into harmless sugars,
amino acids and the like, which are the only effluents from
the nanorobot. Similar nanorobots can digest cancer cells and
vascular blockages that produce heart disease and stroke.

Even more powerful applications – most importantly, in-
volving cellular replacement or in situ repair of individual
cells – are possible with medical nanorobotics. For example,
most diseases involve a molecular malfunction at the cellular
level, and cell function is significantly controlled by gene ex-
pression of proteins. As a result, many disease processes are
driven either by defective chromosomes or by defective gene
expression. So in many cases it may be most efficient to ex-
tract the existing chromosomes from a diseased cell and in-
sert fresh new ones in their place. This cell repair procedure
is called “chromosome replacement therapy” (Freitas 2007).
During this future procedure, the replacement chromosomes
first would be manufactured to order, outside of the body, in
a clinical benchtop production device that includes a molec-
ular assembly line. The patient’s individual genome is used
as the blueprint. If the patient wants, acquired or inherited
defective genes could be replaced with non-defective base-
pair sequences during the chromosome manufacturing process,
thus permanently eliminating any genetic disease. Nanorobots
called chromallocytes (Freitas 2007), each carrying a single
copy of the revised chromosomes, would be injected into the
body and travel to the target tissue cells (Figure 1). Follow-
ing powered cytopenetration and intracellular transit to the nu-
cleus (Freitas 1999), the chromallocytes would remove the ex-
isting chromosomes and then install the properly methylated
replacement chromosomes in every tissue cell of the body (re-
quiring a total dose of several trillion nanorobots), then exit
the cell and its embedding tissue, re-enter the bloodstream, and
finally eliminate themselves from the body either through the
kidneys or via intravenous collection ports (coincident, most
likely, with the original injection mechanism).

The development pathway for diamondoid medical nanoro-
bots will be long and arduous. Firstly, theoretical scaling
studies (Freitas 1998, 2000a,b, 2005a, 2006, 2007� Freitas
and Phoenix 2002) are used to assess basic concept feasibil-
ity. These initial studies must then be followed by more de-
tailed computational simulations of specific nanorobot com-
ponents and assemblies, and ultimately full systems simula-
tions, all thoroughly integrated with additional simulations

of massively parallel manufacturing processes from start to
finish consistent with a design-for-assembly engineering phi-
losophy. Once nanofactories implementing molecular manu-
facturing capabilities become available, experimental efforts
may progress from fabrication of components (using small-
molecule or atomic precursors) and testing, to the assembly
of components into nanomechanical devices and nanomachine
systems, and finally to prototypes and the mass manufac-
ture of medical nanorobots, ultimately leading to clinical tri-
als. By 2007 there was some limited experimental work with
microscale-component microscopic microrobots (Ishiyama et
al. 2002� Chrusch et al. 2002� Mathieu et al. 2005� Yesin et
al. 2005�Monash University 2006), but progress on nanoscale-
component microscopic nanorobots today is largely at the con-
cept feasibility and preliminary design stages and will remain
so until experimentalists develop the capabilities required for
diamondoid molecular manufacturing, as reviewed below.

Of all possible materials that might be used to build med-
ical nanorobots – including borrowed biological components,
dendrimers, polymers, and various linked or tethered nanopar-
ticles – diamondoid (Section 4.1) is the best possible material
for constructing rigid molecular machine systems exhibiting
reliable repeatable mechanical operations because of its spe-
cial properties including extraordinary strength, stiffness, and
chemical stability.

3. Positional Diamondoid Molecular
Manufacturing

Complex molecular machine systems, including microscale
robotic mechanisms comprised of thousands or millions of
nanoscale mechanical components such as gears, motors, and
computer elements, probably cannot be manufactured using
the conventional techniques of self-assembly. As noted in the
final report (Committee NNI 2006) of the 2006 Congression-
ally mandated review of the U.S. National Nanotechnology
Initiative by the National Research Council (NRC) of the Na-
tional Academies and the National Materials Advisory Board
(NMAB): “For the manufacture of more sophisticated materi-
als and devices, including complex objects produced in large
quantities, it is unlikely that simple self-assembly processes
will yield the desired results. The reason is that the probability
of an error occurring at some point in the process will increase
with the complexity of the system and the number of parts that
must interoperate.” Error detection and correction requires a
minimum level of complexity that cannot easily be achieved
via thermodynamically driven self-assembly processes.

The opposite of self-assembly processes are positionally
controlled processes, in which the positions and trajectories of
all components of intermediate and final product objects are
controlled at every moment during fabrication and assembly.
Positional processes should allow more complex products to
be built with high quality and should enable rapid prototyping
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Fig. 1. (a) Artist’s conceptions of the basic chromallocyte (Freitas 2007) design. Devices walk along the luminal wall of the blood
vessel using an array of cilia-like mechanical manipulator arms (not shown in the illustration) that emerge from silos embedded in
the nanorobot hull. (b) Artist’s conceptions of the basic chromallocyte (Freitas 2007) design. Schematic of nanorobot operation in
which a large central manipulator (the proboscis) extends from the nanorobot core and spools existing nuclear DNA into a bolus
which is then surrounded and enclosed by a telescoping funnel assembly. Images c� 2006 Stimulacra LLC (www.stimulacra.net)
and Robert A. Freitas Jr. (www.rfreitas.com). All Rights Reserved.

during product development. Positional assembly is the norm
in conventional macroscale manufacturing (e.g., cars, appli-
ances, houses) but is only recently (Kenny 2007� Nanofactory
Collaboration 2007) starting to be seriously investigated exper-
imentally for nanoscale manufacturing. Of course, we already

know that positional fabrication will work in the nanoscale
realm. This is demonstrated in the biological world by ribo-
somes, which positionally assemble proteins in living cells by
following a sequence of digitally encoded instructions (even
though ribosomes themselves are self-assembled). Lacking
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Fig. 2. DCB6Ge dimer placement tool shown depositing two carbon atoms on a diamond surface (Nanofactory Collaboration
2007) c� 2004 Robert A. Freitas Jr. All Rights Reserved.

this positional fabrication of proteins controlled by DNA-
based software, large, complex, digitally specified organisms
would probably not be possible and biology as we know it
would not exist. Guided self-assembly – a hybrid approach
combining self-assembly and positional assembly – is also be-
ing investigated experimentally (Cohen et al. 2007� Lee et al.
2007).

The most important materials for positional assembly may
be the rigid covalent or “diamondoid” solids, since these could
potentially be used to build the most reliable and complex
nanoscale machinery. Preliminary theoretical studies have sug-
gested great promise for these materials in molecular man-
ufacturing. The NMAB/NRC Review Committee (Commit-
tee NNI 2006) recommended that experimental work aimed
at establishing the technical feasibility of positional molecu-
lar manufacturing should be pursued and supported: “Exper-
imentation leading to demonstrations supplying ground truth
for abstract models is appropriate to better characterize the po-
tential for use of bottom-up or molecular manufacturing sys-
tems that utilize processes more complex than self-assembly.”
Making complex nanorobotic systems requires manufacturing
techniques that can build a molecular structure by positional
assembly (Freitas 2005c). This will involve picking and plac-
ing molecular parts one by one, moving them along controlled
trajectories much like the robot arms that manufacture cars
on automobile assembly lines. The procedure is then repeated
over and over with all the different parts until the final prod-
uct, such as a medical nanorobot, is fully assembled inside a
desktop nanofactory.

The technologies that are needed for the atomically precise
fabrication of diamondoid nanorobots in macroscale quanti-
ties at low cost require the development of a new nanoscale

manufacturing technology called positional diamondoid mole-
cular manufacturing, which will enable diamondoid nanofac-
tories. Achieving this new technology over the next one to
three decades will require the significant further develop-
ment of four closely related technical capabilities: diamon-
doid mechanosynthesis (DMS) (Section 4), programmable po-
sitional assembly (Section 5), massively parallel positional as-
sembly (Section 6), and nanomechanical design (Section 7).

4. Diamondoid Mechanosynthesis

Mechanosynthesis, or molecular positional fabrication, is the
formation of covalent chemical bonds using precisely ap-
plied mechanical forces to build atomically precise structures.
Mechanosynthesis will be most efficient when automated via
computer control, enabling programmable molecular posi-
tional fabrication of nanostructures of significant size. Mole-
cularly precise fabrication involves holding feedstock atoms
or molecules, and separately a growing nanoscale workpiece,
in the proper relative positions and orientations so that when
they touch they will chemically bond in the desired manner. In
this process, a mechanosynthetic tool is brought up to the sur-
face of a workpiece. One or more transfer atoms are added to,
or removed from, the workpiece by the tool. Then the tool is
withdrawn and recharged (Figure 2). This process is repeated
until the workpiece (e.g., a growing nanopart) is completely
fabricated to molecular precision with each atom in exactly
the right place. The transfer atoms are under positional control
at all times to prevent unwanted side reactions from occurring.
Side reactions are also avoided using proper reaction design so
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that the reaction energetics avoid undesired pathological inter-
mediate structures and atomic rearrangements.

The positional assembly of diamondoid structures, some al-
most atom by atom, using molecular feedstock has been ex-
amined theoretically (Drexler 1992�Merkle 1997�Merkle and
Freitas 2003� Mann et al. 2004� Allis and Drexler 2005� Fre-
itas 2005d� Peng et al. 2006� Temelso et al. 2006� Freitas et
al. 2007� Temelso et al. 2007� Freitas and Merkle 2008) via
computational models of DMS. DMS is the controlled addi-
tion of individual carbon atoms, carbon dimers (C2), single
methyl (CH3) or like groups to the growth surface of a dia-
mond crystal lattice workpiece in a vacuum manufacturing en-
vironment. Covalent chemical bonds are formed one by one
as the result of positionally constrained mechanical forces ap-
plied at the tip of a scanning probe microscope (SPM) appa-
ratus, usually resulting in the addition of one or more atoms
having one or more bonds into the workpiece structure. Pro-
grammed sequences of carbon dimer placement on growing
diamond surfaces in vacuo appear feasible in theory (Peng et
al. 2006� Freitas and Merkle 2008).

4.1. Diamondoid Materials

Diamondoid materials include pure diamond, the crystalline
allotrope of carbon. Among other exceptional properties, di-
amond has extreme hardness, high thermal conductivity, low
frictional coefficient, chemical inertness, a wide electronic
bandgap, and is the strongest and stiffest material presently
known at ordinary pressures. Diamondoid materials also may
include any stiff covalent solid that is similar to diamond in
strength, chemical inertness, or other important material prop-
erties, and possesses a dense three-dimensional network of
bonds. Examples of such materials are carbon nanotubes and
fullerenes, atomically precise “doped” diamond, several strong
covalent ceramics such as silicon carbide, silicon nitride, and
boron nitride, and a few very stiff ionic ceramics such as sap-
phire (monocrystalline aluminum oxide) that can be covalently
bonded to pure covalent structures such as diamond. Of course,
pure crystals of diamond are brittle and easily fractured. The
intricate molecular structure of a diamondoid atomically pre-
cise product will more closely resemble a complex compos-
ite material, not a brittle solid crystal. Such products, and
the nanofactory systems that build them, should be extremely
durable in normal use.

4.2. Minimal Toolset for DMS

It is already possible to synthesize bulk diamond today. In
a process somewhat reminiscent of spray painting, layer af-
ter layer of diamond is built up by holding a cloud of reac-
tive hydrogen atoms and hydrocarbon molecules over a depo-
sition surface. When these molecules bump into the surface

they change it by adding, removing, or rearranging atoms. By
carefully controlling the pressure, temperature, and the exact
composition of the gas in this process – called chemical vapor
deposition or CVD – conditions can be created that favor the
growth of diamond on the surface. However, randomly bom-
barding a surface with reactive molecules does not offer fine
control over the growth process. To achieve atomically precise
fabrication, the first challenge is to make sure that all chemical
reactions will occur at precisely specified places on the sur-
face. A second problem is how to make the diamond surface
reactive at the particular spots where we want to add another
atom or molecule. A diamond surface is normally covered with
a layer of hydrogen atoms. Without this layer, the raw diamond
surface would be highly reactive because it would be studded
with unused (or “dangling”) bonds from the topmost plane of
carbon atoms. While hydrogenation prevents unwanted reac-
tions, it also renders the entire surface inert, making it difficult
to add carbon (or anything else) to it.

To overcome these problems, a set of molecular-scale tools
must be developed that would, in a series of well-defined steps,
prepare the surface and create hydrocarbon structures on a
layer of diamond, atom by atom and molecule by molecule. A
mechanosynthetic tool typically will have two principal com-
ponents – a chemically active tooltip and a chemically inert
handle to which the tooltip is covalently bonded. The tooltip is
the part of the tool where site-specific single-molecule chemi-
cal reactions are forced to occur by the application of mechan-
ical energy. The much larger handle structure is big enough
to be grasped and positionally manipulated using an SPM or
similar macroscale instrumentality. At least three types of ba-
sic mechanosynthetic tools (Figure 3) have already received
considerable theoretical (and some related experimental) study
and are likely to be among those required to build molecularly
precise diamond via positional control.

(1) Hydrogen Abstraction Tools. The first step in the
process of mechanosynthetic fabrication of diamond
might be to remove a hydrogen atom from each of two
specific adjacent spots on the diamond surface, leaving
behind two reactive dangling bonds. This could be done
using a hydrogen abstraction tool (Temelso et al. 2006)
that has a high chemical affinity for hydrogen at one
end but is elsewhere inert. The tool’s unreactive region
serves as a handle or handle attachment point. The tool
would be held by a high-precision nanoscale position-
ing device, initially perhaps a SPM tip but ultimately a
molecular robotic arm, and moved directly over partic-
ular hydrogen atoms on the surface. One suitable mole-
cule for a hydrogen abstraction tooltip is the acetylene or
“ethynyl” radical, comprised of two carbon atoms triple
bonded together. One carbon of the two serves as the
handle connection, and would bond to a nanoscale po-
sitioning device through a larger handle structure. The
other carbon of the two has a dangling bond where a hy-
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Fig. 3. Examples of three basic mechanosynthetic tooltypes that are required to build molecularly precise diamonds via positional
control (Freitas and Merkle 2008) c� 2007 Robert A. Freitas Jr. All Rights Reserved.

drogen atom would normally be present in a molecule of
ordinary acetylene (C2H2), which can bond and thereby
abstract a hydrogen atom from a workpiece structure.
The environment around the tool would be inert (e.g., a
vacuum or a noble gas such as neon).

(2) Carbon Placement Tools. After the abstraction tool has
created adjacent reactive spots by selectively remov-
ing hydrogen atoms from the diamond surface, but be-
fore the surface is re-passivated with hydrogen, carbon
placement tools may be used to deposit carbon atoms
at the desired reactive surface sites. In this way a di-
amond structure can be built up on the surface, mole-
cule by molecule, according to plan. The first complete
tool ever proposed for this carbon deposition function
is the DCB6Ge dimer placement tool (Merkle and Fre-
itas 2003) – in this example, a carbon (C2) dimer, hav-
ing two carbon atoms connected by a triple bond with
each carbon in the dimer, is connected to a larger unre-
active handle structure via two germanium atoms. This
dimer placement tool, also held by a nanoscale position-
ing device, is brought close to the reactive spots along
a particular trajectory, causing the two dangling sur-
face bonds to react with the ends of the carbon dimer.
The dimer placement tool would then withdraw, break-
ing the relatively weaker bonds between it and the CC
dimer and transferring the carbon dimer from the tool
to the surface. A positionally controlled dimer could be
bonded at many different sites on a growing diamondoid
workpiece, in principle allowing the construction of a
wide variety of useful nanopart shapes. As of 2007, the
DCB6Ge dimer placement tool remains the most stud-
ied of any mechanosynthetic tooltip to date (Merkle and
Freitas 2003� Mann et al. 2004� Freitas 2005d� Peng et
al. 2006� Freitas et al. 2007� Freitas and Merkle 2008),
having had more than 150,000 CPU hours of compu-
tation invested thus far in its analysis, and it remains
the only tooltip motif that has been successfully simu-
lated and theoretically validated for its intended func-

tion on a full 200 atom diamond surface (Peng et al.
2006). Other proposed dimer (and related carbon trans-
fer) tooltip motifs (Drexler 1992� Merkle 1997� Merkle
and Freitas 2003� Allis and Drexler 2005� Freitas et al.
2007� Freitas and Merkle 2008) have received less in-
tensive study but are also expected to perform well.

(3) Hydrogen Donation Tools. After an atomically pre-
cise structure has been fabricated by a succession of
hydrogen abstractions and carbon depositions, the fab-
ricated structure must be passivated to prevent addi-
tional unplanned reactions. While the hydrogen abstrac-
tion tool is intended to make an inert structure reac-
tive by creating a dangling bond, the hydrogen dona-
tion tool (Temelso et al. 2007) does the opposite. It
makes a reactive structure inert by terminating a dan-
gling bond by adding an H atom. Such a tool would be
used to stabilize reactive surfaces and help prevent the
surface atoms from rearranging in unexpected and un-
desired ways. The key requirement for a hydrogen dona-
tion tool is that it includes a weakly attached hydrogen
atom. Many molecules fit that description, but the bond
between hydrogen and germanium is sufficiently weak
so that a Ge-based hydrogen donation tool should be
effective.

A recently completed three-year study (Freitas and Merkle
2008) representing 102,188 CPU hours of computing time has
computationally analyzed a comprehensive set of DMS re-
actions and an associated minimal set of nine specific DMS
tooltips that could be used to build basic diamond, graphene
(e.g., carbon nanotubes), and all of the tools themselves in-
cluding all necessary tool recharging reactions. The research
defined 65 DMS reaction sequences incorporating 328 reac-
tion steps, with 354 pathological side reactions analyzed and
with 1,321 unique individual DFT-based (Density Functional
Theory) quantum chemistry reaction energies reported. These
mechanosynthetic reaction sequences range in length from 1–
13 reaction steps (typically 4) with 0–10 possible pathological
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side reactions or rearrangements (typically 3) reported per re-
action.

The first practical proposal for building a DMS tool exper-
imentally was published in 2005 and is the subject of the first
mechanosynthesis patent ever filed (Freitas 2005d). According
to this proposal, the manufacture of a complete “DCB6Ge”
positional dimer placement tool would require four distinct
steps: synthesizing a capped tooltip molecule, attaching it to
a deposition surface, attaching a handle to it via CVD, then
separating the tool from the deposition surface. An even sim-
pler practical proposal for building DMS tools experimentally,
also using only experimental methods available today, is be-
ing published in 2007 as part of the aforementioned minimal
toolset work (Freitas and Merkle 2008). Processes are iden-
tified for the experimental fabrication of a hydrogen abstrac-
tion tool, a hydrogen donation tool, and two alternative carbon
placement tools (other than DCB6Ge). These processes and
tools are part of the second mechanosynthesis patent ever filed
and provide clear developmental targets for a comprehensive
near-term DMS implementation program to begin working to-
ward a more mature set of efficient, positionally controlled
mechanosynthetic tools that can reliably build atomically pre-
cise diamondoid structures – including more DMS tools.

4.3. Experimental Successes to Date

The first experimental proof that individual atoms could be
manipulated was obtained by IBM scientists in 1989 when
they used a scanning tunneling microscope to precisely po-
sition 35 xenon atoms on a nickel surface to spell out the
corporate logo “IBM”. However, this feat did not involve the
formation of covalent chemical bonds. One important step to-
ward the practical realization of DMS was achieved in 1999
(Lee and Ho 1999) with the first site-repeatable site-specific
covalent-bonding operation of two diatomic carbon-containing
molecules (CO), one after the other, to the same atom of
iron on a crystal surface, using a SPM. The first experimen-
tal demonstration of true mechanosynthesis, establishing co-
valent bonds using purely mechanical forces – albeit on sili-
con atoms, not carbon atoms – was reported by Oyabu et al.
in 2003. In this landmark experiment, the researchers verti-
cally manipulated single silicon atoms from the Si(111)-(7 �
7) surface, using a low-temperature near-contact atomic-force
microscope to demonstrate: (1) the removal of a selected sili-
con atom from its equilibrium position without perturbing the
(7 � 7) unit cell� and (2) the deposition of a single Si atom on
a created vacancy, both via purely mechanical processes.

5. Programmable Positional Assembly

Molecularly precise nanoparts, once fabricated, must be trans-
ferred from the fabrication site and assembled into molecu-
larly precise complex components containing many nanoparts.

Such components may include gear trains in housings, sen-
sors, motors, manipulator arms, power generators, and com-
puters. These components may then be assembled, for exam-
ple, into a complex molecular machine system that consists
of many components. A complex micrometer-sized medical
nanorobot such as a microbivore (Freitas 2005a), constructed
of such molecularly precise components, may possess many
tens of thousands of individual components, millions of primi-
tive parts, and many billions of atoms in its structure. The con-
ceptual dividing line between fabrication and assembly may
sometimes be blurred because in many cases it might be pos-
sible, even preferable, to fabricate nominally multipart com-
ponents as a single part – allowing, for example, two meshed
gears and their housing to be manufactured as a single sealed
unit.

The process of positional assembly, as with DMS, can be
automated via computer control as has been demonstrated
experimentally in the case of individual atoms in the Au-
tonomous Atom Assembly project sponsored by NIST and
ONR (NIST 2004) and in the case of microscale parts in auto-
mated MEMS assembly (Tsui et al. 2004� Popa and Stephanou
2004). This allows the design of positional assembly stations,
which receive inputs of primitive parts and assemble them in
programmed sequences of steps into finished complex compo-
nents. These components can then be transported to secondary
assembly lines, which use them as inputs to manufacture still
larger and more complex components, or completed systems,
again analogous to automobile assembly lines.

6. Massively Parallel Positional Assembly

To be practical, molecular manufacturing must also be able
to assemble very large numbers of medical nanorobots very
quickly. It is not enough to be able to build just one mole-
cularly precise part, component, or medical nanorobot. For
nanofactories to be economically viable, we must be able to
assemble complex nanostructures in vast numbers – in billions
or trillions of finished units (product objects). Approaches un-
der consideration include using replicative manufacturing sys-
tems or massively parallel fabrication, employing large arrays
of scanning probe tips all building similar diamondoid product
structures in unison, as in nanofactories (Drexler 1992� Freitas
and Merkle 2004� Nanofactory Collaboration 2007).

This will require massively parallel manufacturing systems
with millions of assembly lines operating simultaneously and
in parallel, not just one or a few of them at a time as with the
assembly lines in modern-day car factories. Fortunately, each
nanoassembly production line in a nanofactory can in prin-
ciple be very small. Many millions of them should easily fit
into a very small volume. The massively parallel manufacture
of DMS tools, handles, and related nanoscale fabrication and
assembly equipment will also be required, perhaps involving
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the use of massively parallel manipulator arrays or some other
type of replicative system (Freitas and Merkle 2004).

Reliability is an important design issue. The assembly lines
of massively parallel manufacturing systems might have nu-
merous redundant smaller assembly lines feeding components
into larger assembly lines, so that the failure of any one smaller
line cannot cripple the larger one. Arranging parallel produc-
tion lines for maximum efficiency and reliability to manufac-
ture a wide variety of products (possibly including error detec-
tion, error correction and removal of defective parts) is a major
requirement in nanofactory design.

7. Nanomechanical Design

Computational tools for molecular machine modeling, sim-
ulation, and manufacturing process control must be cre-
ated to enable the development of designs for diamondoid
nanoscale parts, components, and nanorobotic systems. These
designs can then be rigorously tested and refined in simu-
lation before undertaking more expensive experimental ef-
forts to build them. Molecular machine design and simula-
tion software is now available (Sims 2006) and libraries of
predesigned nanoparts are slowly being assembled. More ef-
fort must be devoted to large-scale simulations of complex
nanoscale machine components, design and simulation of as-
sembly sequences and manufacturing process control, and
general nanofactory design and simulation.

8. Nanofactory Collaboration

The NMAB/NRC Review Committee, in their Congression-
ally mandated review (Committee NNI 2006) of the NNI,
called for proponents of “site-specific chemistry for large-
scale manufacturing” to: (1) delineate desirable research di-
rections not already being pursued by the biochemistry com-
munity� (2) define and focus on some basic experimental steps
that are critical to advancing long-term goals� and (3) outline
some “proof-of-principle” studies that, if successful, would
provide knowledge or engineering demonstrations of key prin-
ciples or components with immediate value.

In direct response to these requirements, the Nanofactory
Collaboration (2007) is coordinating a combined experimental
and theoretical effort to explore the feasibility of positionally
controlled mechanosynthesis of diamondoid structures using
simple molecular feedstock. The precursor to the Nanofactory
Collaboration was informally initiated by Robert Freitas and
Ralph Merkle in the Fall of 2000 during their time at Zyvex.
Their continuing efforts, and those of others, have now grown
into direct collaborations among 23 researchers or other par-
ticipants (including 17 holders of PhDs or PhD candidates)
at 10 institutions in four countries (USA, UK, Russia, and

Belgium) as of late 2007. The Collaboration website is at
http://www.MolecularAssembler.com/Nanofactory.

At present, the Collaboration is a loose-knit community of
scientists and others who are working together as time and re-
sources permit in various team efforts with these teams pro-
ducing numerous co-authored publications, although with dis-
parate funding sources not necessarily tied to the Collabo-
ration. While not all participants may currently envision a
nanofactory as the end goal of their present research (or other)
efforts in connection with the Collaboration, many do envi-
sion this, and even those who do not currently envision this
end goal have nonetheless agreed to undertake research in col-
laboration with other participants that we believe will con-
tribute important advances along the pathway to diamondoid
nanofactory development, starting with the direct development
of DMS. While some work has been done on each of the four
primary capabilities thought necessary to design and build a
functioning nanofactory, for now the greatest research atten-
tion is being concentrated on the first key area: proving the
feasibility, both theoretical and experimental, of achieving di-
amond mechanosynthesis. We welcome new participants who
would like to help us address the many remaining technical
challenges (Freitas and Merkle 2007) to the realization of a
working diamondoid nanofactory that would permit the fabri-
cation of medical nanorobots.
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