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Abstract—If the hope for nanotechnology holds true, then we may witness the emergence of new
types of high-throughput factories specially conceived to operate at the nanoscale and referred to as
nanofactories. It is a very difficult task to predict the exact shape and the various components of
such nanofactories. This paper describes a platform that we believe may be the foundation of many
future nanofactories. The platform is based on a fleet of scientific instruments configured as miniature
autonomous robots, each capable of fast operations at the molecular scale. The proposed approach is
briefly compared to other methods and a general description of the final version of such a platform is
also provided.

1. INTRODUCTION

Miniaturization in instrumentation generates considerable interest and is becoming
a major trend for many applications. Miniature laboratories, for instance, are the
latest tools available to scientists aiming at drug discovery based on the knowledge
of the human genome. End-users begin to recognize that the laboratory methods
in use today will not cope in the medium- and long term, and if they are to remain
competitive, other approaches based on miniaturized systems will be necessary [1].
It is now well recognized and established that the use of miniaturized detection
systems, for instance, are the trend for the future of biotechnological applications
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with actual emphasis on applications in genomics, drug discovery and molecular
diagnostics.

A next step beyond those miniaturized systems are nanofactories. By treating
atoms as discrete objects to be assembled onto various building blocks in the form
of molecules and assembling these molecules with precise and highly productive
machines, molecular manufacturing could become a reality. As the properties
of all manufactured products largely depend on the arrangement of their primary
building blocks (the atoms), precise control of the assembly process down to the
molecular level by the use of high-throughput molecular assemblers would result
in a significant improvement of the manufactured products. In principle, the laws
of physics and chemistry permit arranging and rearranging of such basic elements
in a huge number of combinations and permutations, allowing one to create
products with new and enhanced properties. Hence, high-throughput nanofactories,
if flexible enough, could have a major impact in many areas, such as materials
and manufacturing, nanoelectronics, medicine and healthcare, the environment,
energy, chemicals, biotechnology, agriculture and information technology [2]. New
methods to manufacture products and new commercial opportunities will emerge
as new techniques become available. Once the techniques are established, the
requirement for high-throughput automation will become one of the key issues for
the successful implementation of nanofactories [3].

The traditional scientific approach in nanotechnology is primarily based on
modeling, simulation and similar tasks using computers, and on experimentation,
characterization, synthesis, etc., using instruments or tools designed to work
at the nanometer-scale. Although the throughput in computation has increased
following Moore’s law (doubling every 18 months), nano-technologists are still
using tools such as single-tip conventional scanning probe microscopes (SPMs) and
the scanning tunneling microscope (STM) (or the atomic force microscope (AFM))
that has a throughput still comparable to the first STM developed more than 20 years
ago. History tells us that throughput in instrumentation is very often a determining
factor in research and development and for commercial applications as well. For
instance, deoxyribonucleic acid (DNA) sequencing was initially performed by hand.
As scientists began to find new applications for DNA analyses, the demand for
faster and more efficient technology increased. Similarly, it is anticipated that many
tasks targeted at the nanometer range will sooner or later require high throughput
automation. As such, effort in the development of high-throughput platforms is
becoming a critical aspect in the field of nanotechnology. Although such platforms
including nanofactories may take various forms, one platform that we believe may
become a reference model for many future nanofactories is briefly described.

2. MOLECULAR ASSEMBLERS

Molecular assemblers or nanoassemblers will most likely be essential parts of the
nanofactories. Assembling atoms and molecules into functional components can be
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done using a technique called self-assembly [4] where the process of positioning
and arranging atoms or molecules is carried out largely by nature once initiated.
Another approach from a much newer field of research is nanomanipulation or
positional assembly, using controlled positioning of nanoscale objects. Due to the
serial nature of positional assembly, self-assembly appears to be a better approach
for high-throughput nanofactories. On the other hand, positional assembly at the
molecular scale should enable the synthesis of a much wider range of molecular
structures than what is achievable using self-assembly alone. Hence, it is most likely
that many future nanofactories may make use of positional control as a supplement
to the self-assembly process and, hence, throughput of positional control-based
processes is still an important bottleneck to be addressed for future nanofactories.

Two approaches can be considered to improve the throughput of positional
control-based processes. The first approach suggests the use of molecular parts
or molecular building blocks (MBBs) [5] typically made using self-assembly
techniques. Another advantage of using self-assembled MBBs is the extensive set
of existing experimental techniques and self-assembled structures already available.
Larger MBBs should ease the implementation of cost-effective automation of
such molecular assemblers by decreasing the required accuracy in controlled
nanomanipulation and by increasing the throughput at the cost of limiting the
range of molecular structures that can be synthesized. Hence, flexibility through
smaller MBBs could also be a requirement in future nanofactories. To compensate
for the decrease in throughput due to an increase of flexibility through smaller
MBBs, exploitation of parallelism through the use of many positional control-based
nanoassemblers working concurrently is a key element in the development of such
nanofactories.

A broad range of possible tools can be used to work at the nanometer range.
Among them, SPMs, including the AFM and the STM, are presently the most
popular nanoassemblers [6]. Although initially used for imaging purposes, SPMs
can also be used effectively for nanomanipulation and different techniques for
nanomanipulation have already been developed. One of the first demonstrations
of nanomanipulation was done in 1987 at Bell Labs where scientists created
nanometer-scale germanium structures on a germanium surface by raising the
voltage bias of an STM tip [7]. :

3. GENERAL APPROACH

The implementation of high-throughput nanofactories based on nanomanipulation
is a real challenge, since, as mentioned before, building complex structures one
atom, one molecule, or one nanoparticle at a time is very time consuming. A known
approach to resolve the serial nature of SPM-based manipulation is the use of large
arrays of SPMs on a chip [8], but this approach has some serious drawbacks for
many tasks. For instance, performing coordinated assembly tasks where several
tips are controlled from the same source may be very challenging. The tasks
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performed must be relatively simple since these arrays do not typically provide
individual control of each tip. Although very powerful for many applications, such
as new techniques for high-density storage, it lacks the flexibility and control needed
for more complex and precise nanomanipulation tasks. Most nanomanipulation
tasks are very demanding and require a high level of control on each individual
tip. Accurate motion of the STM tip relies on calibration of the actuators, which
are known to suffer from a variety of problems such as creep, hysteresis and
thermal drift of the instrument, which can be quite significant at that scale and
independent real-time compensation for these errors artifacts becomes a critical
issue.

To improve the control and the precision of the SPM, a few efforts are being
made toward the development of nanomanipulators where a conventional single-
tip STM or AFM is connected to a force-feedback system, providing the ability
to the operator to ‘feel’ the nanoscale objects and hence facilitating the control of
more complex tasks at the nanoscale. This approach naturally leads to relatively
low speed operations and hence, it will not answer the need for high throughput.
It becomes obvious that the next step in this approach will be to use the computer
not to mediate the force feedbacks to the operators, but to automate the process
without the user’s intervention. Provided that such automation becomes realizable,
we would have a fully automated and relatively large conventional single-tip
STM platform. To increase throughput, the standard approach would typically
connect these platforms in a daisy-chain fashion with conveyors or laboratory
robots bringing matrices of samples between successive platforms. However, the
unsuitability if this approach for high-throughput operations will appear to be more
and more evident as the density of compounds per surface area increases due to
several factors including, but not limited to, the lack of degrees of freedom of
the nanoassemblers and the transport delay between successive nanomanipulators.
Although using conveyors or laboratory robots to bring matrices of samples to
successive platforms equipped with large arrays of dispensers or tools moving
together may work fine in actual high-throughput applications, such as in the
pharmaceutical industry, the complexity of many tasks at the nanoscale will require
better specifications. These specifications include higher precision, independent
motion and the positioning of each tool with individual control, faster throughput
and more flexibility. Since the time required at each sequential stage in this
pipelined approach is not as predictable at the nanoscale as it is in the macro-
world, slight variations in the execution time at any stages would yield significant
loss in throughput due to waiting delays, especially for relatively complex tasks.
It becomes obvious that reducing the overall size of such SPM-based systems
well below the actual size of conventional nanomanipulators would be a huge
improvement for works targeted at the nanoscale.







