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23.1 A Vision of Future Medicine

Mankind is nearing the end of a historic journey. The 19th century saw the estab-
lishment of what we think of today as scientific medicine. But human health is
fundamentally biological, and biology is fundamentally molecular. As a result,
throughout the 20th century scientific medicine began its transformation from a
merely rational basis to a fully molecular basis. First, antibiotics that interfered
with pathogens at the molecular level were introduced. Next, the ongoing revolu-
tions in genomics, proteomics and bioinformatics (Baxevanis and Ouellette 1998)
began to provide detailed and precise knowledge of the workings of the human
body at the molecular level. Our understanding of life advanced from organs,
to tissues, to cells, and finally to molecules. By the end of the 20th century
the entire human genome was finally mapped, inferentially incorporating a com-
plete catalog of all human proteins, lipids, carbohydrates, nucleoproteins and other
biomolecules.

By the early 21st century, this deep molecular familiarity with the human body,
along with continuing nanotechnological engineering advances, has set the stage for
a shift from present-day molecular scientific medicine in which fundamental new
discoveries are constantly being made, to a future molecular technologic medicine
in which the molecular basis of life, by then well-known, is manipulated to produce
specific desired results. The comprehensive knowledge of human molecular struc-
ture so painstakingly acquired during the previous century will be extended and
employed in this century to design medically-active microscopic machines. These
machines, rather than being tasked primarily with voyages of pure discovery, will
instead most often be sent on missions of cellular inspection, repair and reconstruc-
tion. The principal focus will shift from medical science to medical engineering.
Nanomedicine (Freitas 1999, 2003) will involve designing and building a vast prolif-
eration of incredibly efficacious molecular devices, and then deploying these devices
in patients to establish and maintain a continuous state of human healthiness.

“Physicians aim to make tissues healthy,” wrote one early pioneer (Drexler 1986)
in medical nanorobotics, “but with drugs and surgery they can only encourage
tissues to repair themselves. Molecular machines will allow more direct repairs,
bringing a new era in medicine. Systems based on nanomachines will generally be
more compact and capable than those found in nature. Natural systems show us
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only lower bounds to the possible, in cell repair as in everything else. By work-
ing along molecule by molecule and structure by structure, repair machines will
be able to repair whole cells. By working along cell by cell and tissue by tissue,
they (aided by larger devices, where need be) will be able to repair whole organs.
By working through a [patient], organ by organ, they will restore health. Because
molecular machines will be able to build molecules and cells from scratch, they
will be able to repair even cells damaged to the point of complete inactivity. Thus,
cell repair machines will bring a fundamental breakthrough: they will free medicine
from reliance on self-repair as the only path to healing.”

23.2 Nanotechnology, Nanomedicine and Medical Nanorobotics

The only important difference between the carbon atoms in a plain lump of coal and
the carbon atoms in a stunning crystal of diamond is their molecular arrangement,
relative to each other. Future technology currently envisioned will allow us to rear-
range atoms the way we want them, consistent with natural laws, thus permitting the
manufacture of artificial objects of surpassing beauty and strength that are far more
valuable than bulk diamonds. This is the essence of nanotechnology: the control
of the composition and structure of matter at the atomic level. The prefix “nano-”
refers to the scale of these constructions. A nanometer is one-billionth of a meter,
the width of about 5 carbon atoms nestled side by side.

Nanotechnology involves the engineering of molecularly precise structures
and, ultimately, molecular machines. BCC Research (McWilliams, 2006) esti-
mates the global market for nanotools and nanodevices was $1.3B in 2005 and
$1.5B in 2006, projected to reach $8.6B by 2011 and rapidly gaining on the
slower-growing nanomaterials market which is estimated at $8.1B (2005), $9.0B
(2006) and $16.6B (2011). As distinct from nanoscale materials and today’s
simple nanotools and nanodevices having nanoscale features, molecular nanotech-
nology encompasses the concept of engineering functional mechanical systems
at the molecular scale – that is, machines at the molecular scale designed and
built to atomic precision. Molecular manufacturing (Section 23.4) would make
use of positionally-controlled mechanosynthesis (mechanically-mediated chem-
istry) guided by molecular machine systems to build complex products, including
additional nanomachines.

Nanomedicine (Freitas 1999, 2003) is the application of nanotechnology to
medicine: the preservation and improvement of human health, using molecular tools
and molecular knowledge of the human body. Nanomedicine encompasses at least
three types of molecularly precise structures (Freitas 2005a): nonbiological nano-
materials, biotechnology materials and engineered organisms, and nonbiological
devices including diamondoid nanorobotics. In the near term, the molecular tools
of nanomedicine will include biologically active nanomaterials and nanoparticles
having well-defined nanoscale features. In the mid-term (5–10 years), knowledge
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gained from genomics and proteomics will make possible new treatments tailored
to specific individuals, new drugs targeting pathogens whose genomes have been
decoded, and stem cell treatments. Genetic therapies, tissue engineering, and many
other offshoots of biotechnology will become more common in therapeutic med-
ical practice. We also may see biological robots derived from bacteria or other
motile cells that have had their genomes re-engineered and re-programmed, along
with artificial organic devices that incorporate biological motors or self-assembled
DNA-based structures for a variety of useful medical purposes.

In the farther term (2020s and beyond), the first fruits of medical nanorobotics –
the most powerful of the three classes of nanomedicine technology, though clinically
the most distant and still mostly theoretical today – should begin to appear in the
medical field. Nanotechnologists will learn how to build nanoscale molecular parts
like gears, bearings, and ratchets. Each nanopart may comprise a few thousand pre-
cisely placed atoms. These mechanical nanoparts will then be assembled into larger
working machines such as nanosensors, nanomanipulators, nanopumps, nanocom-
puters, and even complete nanorobots which may be micron-scale or larger. The
presence of onboard computers is essential because in vivo medical nanorobots will
be called upon to perform numerous complex behaviors which must be conditionally
executed on at least a semiautonomous basis, guided by receipt of local sensor data
and constrained by preprogrammed settings, activity scripts, and event clocking, and
further limited by a variety of simultaneously executing real-time control protocols
and by external instructions sent into the body by the physician during the course
of treatment. With medical nanorobots in hand, doctors should be able to quickly
cure most diseases that hobble and kill people today, rapidly repair most physical
injuries our bodies can suffer, and significantly extend the human healthspan.

The early genesis of the concept of medical nanorobotics sprang from the vision-
ary idea that tiny nanomachines could be designed, manufactured, and introduced
into the human body to perform cellular repairs at the molecular level. Although the
medical application of nanotechnology was later championed in the popular writ-
ings of Drexler (Drexler 1986; Drexler et al. 1991) in the 1980s and 1990s and in the
technical writings of Freitas (Freitas 1999, 2003) in the 1990s and 2000s, the first
scientist to voice the possibility was the late Nobel physicist Richard P. Feynman,
who worked on the Manhattan Project at Los Alamos during World War II and later
taught at CalTech for most of his professorial career.

In his prescient 1959 talk “There’s Plenty of Room at the Bottom,” Feynman
proposed employing machine tools to make smaller machine tools, these to be used
in turn to make still smaller machine tools, and so on all the way down to the atomic
level (Feynman 1960). He prophetically concluded that this is “a development which
I think cannot be avoided.” After discussing his ideas with a colleague, Feynman
offered the first known proposal for a medical nanorobotic procedure of any kind –
in this instance, to cure heart disease: “A friend of mine (Albert R. Hibbs) suggests a
very interesting possibility for relatively small machines. He says that, although it is
a very wild idea, it would be interesting in surgery if you could swallow the surgeon.
You put the mechanical surgeon inside the blood vessel and it goes into the heart
and looks around. (Of course the information has to be fed out.) It finds out which
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valve is the faulty one and takes a little knife and slices it out. Other small machines
might be permanently incorporated in the body to assist some inadequately func-
tioning organ.” Later in his historic 1959 lecture, Feynman urges us to consider the
possibility, in connection with microscopic biological cells, “that we can manufac-
ture an object that maneuvers at that level!” The field had progressed far enough
by 2007, half a century after Feynman’s speculations, to allow Martin Moskovits,
Professor of Chemistry and Dean of Physical Science at UC Santa Barbara, to write
(Moskovits 2007) that “the notion of an ultra-small robot that can, for example, nav-
igate the bloodstream performing microsurgery or activating neurons so as to restore
muscular activity, is not an unreasonable goal, and one that may be realized in the
near future.”

23.3 Fundamentals of Medical Nanorobotics

Many skeptical questions arise when one first encounters the idea of micron-scale
nanorobots constructed of nanoscale components, operating inside the human body.
At the most fundamental level, technical questions about the influence of quantum
effects on molecular structures, friction and wear among nanomechanical compo-
nents, radiation damage, other failure mechanisms, the influence of thermal noise
on reliability, and the effects of Brownian bombardment on nanomachines have
all been extensively discussed and resolved in the literature (Drexler 1992; Freitas
1999a). Molecular motors consisting of just 50–100 atoms have been demonstrated
experimentally (e.g., see Section 23.3.2). Published discussions of technical issues
of specific relevance to medical nanorobots include proposed methods for recog-
nizing, sorting and pumping individual molecules (Drexler 1992a; Freitas 1999b),
and theoretical designs for mechanical nanorobot sensors (Freitas 1999c), flexible
hull surfaces (Freitas 1999d), power sources (Freitas 1999e), communications sys-
tems (Freitas 1999f), navigation systems (Freitas 1999g), manipulator mechanisms
(Freitas 1999h), mobility mechanisms for travel through bloodstream, tissues and
cells (Freitas 1999i), onboard clocks (Freitas 1999j), and nanocomputers (Drexler
1992b; Freitas 1999k), along with the full panoply of nanorobot biocompatibility
issues (Freitas 2003) (see also Section 23.5).

The idea of placing semi-autonomous self-powered nanorobots inside of us
might seem a bit odd, but the human body already teems with similar natural nan-
odevices. For instance, more than 40 trillion single-celled microbes swim through
our colon, outnumbering our tissue cells almost ten to one (Freitas 1999m). Many
bacteria move by whipping around a tiny tail, or flagellum, that is driven by a
30-nanometer biological ionic nanomotor powered by pH differences between the
inside and the outside of the bacterial cell. Our bodies also maintain a population
of more than a trillion motile biological nanodevices called fibroblasts and white
cells such as neutrophils and lymphocytes, each measuring perhaps 10 microns
in size (Freitas 1999m). These beneficial natural nanorobots are constantly crawl-
ing around inside us, repairing damaged tissues, attacking invading microbes, and
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gathering up foreign particles and transporting them to various organs for disposal
from the body (Freitas 2003a).

The greatest power of nanomedicine will begin to emerge in a decade or two as
we learn to design and construct complete artificial nanorobots using nanometer-
scale parts and subsystems such as diamondoid bearings and gears (Section 23.3.1),
nanomotors and pumps (Section 23.3.2), nanomanipulators (Section 23.3.3),
nanosensors (Section 23.3.4), and nanocomputers (Section 23.3.5).

23.3.1 Nanobearings and Nanogears

In order to establish the foundations for molecular manufacturing and medical
nanorobotics, it is first necessary to create and to analyze possible designs for
nanoscale mechanical parts that could, in principle, be manufactured. Because these
components cannot yet be physically built in 2009, such designs cannot be subjected
to rigorous experimental testing and validation. Designers are forced instead to rely
upon ab initio structural analysis and computer studies including molecular dynam-
ics simulations. “Our ability to model molecular machines (systems and devices) of
specific kinds, designed in part for ease of modeling, has far outrun our ability to
make them,” notes K. Eric Drexler (Drexler 1992). “Design calculations and com-
putational experiments enable the theoretical studies of these devices, independent
of the technologies needed to implement them.”

Molecular bearings are perhaps the most convenient class of components to
design because their structure and operation is fairly straightforward. One of the
simplest classical examples is Drexler’s early overlap-repulsion bearing design
(Drexler 1992f), shown with end views and exploded views in Fig. 23.1 using
both ball-and-stick and space-filling representations. This bearing has exactly 206
atoms including carbon, silicon, oxygen and hydrogen, and is comprised of a small
shaft that rotates within a ring sleeve measuring 2.2 nm in diameter. The atoms
of the shaft are arranged in a 6-fold symmetry, while the ring has 14-fold symme-
try, a combination that provides low energy barriers to shaft rotation. Figure 23.2
shows an exploded view of a 2808-atom strained-shell sleeve bearing designed
by Drexler and Merkle (Drexler 1992f) using molecular mechanics force fields to
ensure that bond lengths, bond angles, van der Waals distances, and strain ener-
gies are reasonable. This 4.8-nm diameter bearing features an interlocking-groove
interface which derives from a modified diamond (100) surface. Ridges on the shaft
interlock with ridges on the sleeve, making a very stiff structure. Attempts to bob
the shaft up or down, or rock it from side to side, or displace it in any direc-
tion (except axial rotation, wherein displacement is extremely smooth) encounter
a very strong resistance (Drexler 1995). Whether these bearings would have to be
assembled in unitary fashion, or instead could be assembled by inserting one part
into the other without damaging either part, had not been extensively studied or
modeled by 2009. There is some experimental evidence that these bearings, if and
when they can be built, should work as expected: In 2000, John Cumings and Alex
Zettl at U.C. Berkeley demonstrated experimentally that nested carbon nanotubes
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Fig. 23.1 End views and exploded views of a 206-atom overlap-repulsion bearing (Drexler 1992f).
Image courtesy of K. Eric Drexler. ©1992 by John Wiley & Sons, Inc. Used with permission
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Fig. 23.2 Exploded view of
a 2808-atom strained-shell
sleeve bearing (Drexler
1992f). Image courtesy of
K. Eric Drexler. ©1992 by
John Wiley & Sons, Inc. Used
with permission

do indeed make exceptionally low-friction nanobearings (Cumings and Zettl
2000).

Molecular gears are another convenient component system for molecular man-
ufacturing design-ahead. For example, in the 1990s Drexler and Merkle (Drexler
1992g) designed a 3557-atom planetary gear, shown in side, end, and exploded
views in Fig. 23.3. The entire assembly has twelve moving parts and is 4.3 nm in
diameter and 4.4 nm in length, with a molecular weight of 51,009.844 daltons and a
molecular volume of 33.458 nm3. An animation of the computer simulation shows
the central shaft rotating rapidly and the peripheral output shaft rotating slowly as
intended. The small planetary gears rotate around the central shaft, and they are
surrounded by a ring gear that holds the planets in place and ensures that all of the
components move in the proper fashion. The ring gear is a strained silicon shell with
sulfur atom termination; the sun gear is a structure related to an oxygen-terminated
diamond (100) surface; the planet gears resemble multiple hexasterane structures
with oxygen rather than CH2 bridges between the parallel rings; and the planet car-
rier is adapted from a Lomer dislocation (Lomer 1951) array created by R. Merkle
and L. Balasubramaniam, and linked to the planet gears using C–C bonded bearings.
View (c) retains the elastic deformations that are hidden in (a) – the gears are bowed.
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Fig. 23.3 End-, side-, and exploded-view of a 3557-atom planetary gear (Drexler 1992g). Image
courtesy of K. Eric Drexler. ©1992 by John Wiley & Sons, Inc. Used with permission

In the macroscale world, planetary gears are used in automobiles and other machines
where it is necessary to transform the speeds of rotating shafts.

Goddard and colleagues at CalTech (Goddard 1995; Cagin et al. 1998) performed
a rotational impulse dynamics study of this “first-generation” planetary gear. At
the normal operational rotation rates for which the component was designed (e.g.,
<1 GHz for <10 m/sec interfacial velocities), the gear worked as intended and did
not overheat (Goddard 1995). However, when the gear was driven to ~100 GHz, sig-
nificant instabilities appeared although the device still did not self-destruct (Goddard
1995). One run at ~80 GHz showed excess kinetic energy causing gear temperature
to oscillate up to 450 K above baseline (Cagin et al. 1998). One animation of the
simulation shows that the ring gear wiggles violently because it is rather thin. In an
actual nanorobot incorporating numerous mechanical components of this type, the
ring gear would be part of a larger wall that would hold it solidly in place and would
eliminate these convulsive motions which, in any case, are seen in the simulation
only at unrealistically high operating frequencies.
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23.3.2 Nanomotors, Nanopumps, and Power Sources

Nanorobots need motors to provide motion, pumps to move materials, and power
sources to drive mechanical activities. One important class of theoretical nanode-
vice that has been designed is a gas-powered molecular motor or pump (Drexler
and Merkle 1996). The pump and chamber wall segment shown in Fig. 23.4 contain
6165 atoms with a molecular weight of 88,190.813 daltons and a molecular vol-
ume of 63.984 nm3. The device could serve either as a pump for neon gas atoms
or (if run backwards) as a motor to convert neon gas pressure into rotary power.
The helical rotor has a grooved cylindrical bearing surface at each end, supporting
a screw-threaded cylindrical segment in the middle. In operation, rotation of the
shaft moves a helical groove past longitudinal grooves inside the pump housing.
There is room enough for small gas molecules only where facing grooves cross, and
these crossing points move from one side to the other as the shaft turns, moving the
neon atoms along. Goddard (Cagin et al. 1998) reported that preliminary molecu-
lar dynamics simulations of the device showed that it could indeed function as a
pump, although “structural deformations of the rotor can cause instabilities at low
and high rotational frequencies. The forced translations show that at very low per-
pendicular forces due to pump action, the total energy rises significantly and again
the structure deforms.” The neon motor/pump is not very energy-efficient, but fur-
ther refinement or extension of this crude design is clearly warranted. Almost all
such design research in diamondoid nanorobotics is restricted to theory and com-
puter simulation. This allows the design and testing of large structures or complete
nanomachines and the compilation of growing libraries of molecular designs.

Although the neon pump cannot yet be built, proof-of-principle motors for
nanoscale machines have already received a great deal of experimental attention

Fig. 23.4 Side views of a 6165-atom neon gas pump/motor (Drexler and Merkle, 1996).
© Institute for Molecular Manufacturing (www.imm.org). Used with permission
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including the 78-atom chemically-powered rotating nanomotor synthesized in 1999
by Kelly (Kelly et al. 1999), a chemically-powered rotaxane-based linear motor
exerting ~100 pN of force with a 1.9 nm throw and a ~250 sec contraction cycle
by Stoddart’s group (Huang et al. 2003), a UV-driven catenane-based ring motor by
Wong and Leigh (Leigh et al. 2003), an artificial 58-atom motor molecule that spins
when illuminated by solar energy by Feringa (Koumura et al. 1999), and a great
variety of additional synthetic molecular motor motifs as excellently reviewed by
Browne and Feringa (Browne and Feringa 2006) and by Kay et al. (Kay et al. 2007).
Zettl’s group at U.C. Berkeley has experimentally demonstrated an essentially fric-
tionless bearing made from two co-rotating nested nanotubes (Cumings and Zettl
2000), which can also serve as a mechanical spring because the inner nanotube
“piston” feels a restoring force as it is extracted from the outer nanotube “jacket”.
Zettl’s group then fabricated a nanomotor mounted on two of these nanotube bear-
ings, demonstrating the first electrically powered nanoscale motor (Fennimore et al.
2003).

In 2005, Tour’s group at Rice University reported (Shirai et al. 2005) construct-
ing a tiny molecular “nanocar” measuring 3–4 nm across that consists of a chassis,
two freely rotating axles made of well-defined rodlike acetylenic structures with a
pivoting suspension, and wheels made of C60 buckyball (or, later, spherical carbo-
rane) molecules that can turn independently because the bond between them and the
axle is freely rotatable (Fig. 23.5). Placed on a warmed gold surface held at 170◦C,
the nanocar spontaneously rolls on all four wheels, but only along its long axis in a
direction perpendicular to its axles (a symmetrical three-wheeled variant just spins
in place). When pulled with an STM tip, the nanocar cannot be towed sideways –
the wheels dig in, rather than rolling. A larger, more functionalized version of the
nanocar might carry other molecules along and dump them at will. Indeed, the Rice
team (Shirai et al. 2006) has reportedly “followed up the nanocar work by design-
ing a [motorized] light-driven nanocar and a nanotruck that’s capable of carrying a
payload” (Shirai et al. 2005).

Nanorobots working inside the body could most conveniently be powered by
ambient glucose and oxygen found in the blood and tissues, which could be

Fig. 23.5 Tour molecular nanocar (Shirai et al. 2005, 2006). Left: Original nanocar is depicted on
gold surface. Middle: Two motorized nanocars are shown on a gold surface; each nanocar consists
of a rigid chassis and four alkyne axles that spin freely and swivel independently of one another,
with wheels made of p-carborane (spherical molecules of carbon, hydrogen and boron). Right:
The nanocar’s light-powered motor is attached mid-chassis; when struck by light, it rotates in one
direction, pushing the car along like a paddlewheel. Used with permission.
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converted to mechanical energy using a nanoengine (Freitas 1999aq) or to elec-
trical energy using a nanoscale fuel cell (Freitas 1999ar). The first glucose-oxygen
fuel cell was demonstrated experimentally by Nishizawa’s group (Satoa et al. 2005)
in 2005, who used a Vitamin K3-immobilized polymer with glucose dehydrogenase
on one side as the anode and a polydimethylsiloxane-coated Pt cathode to yield an
open circuit voltage of 0.62 volts and a maximum power density of 14.5 μW/cm2

at 0.36 volts in an air-saturated phosphate buffered saline solution (pH 7.0) at 37◦C
containing 0.5 mM NADH and 10 mM glucose.

Another well-known proposal is for medical nanorobotic devices to receive
all power (and some control) signals acoustically (Freitas 1999n; Drexler 1992c).
Externally generated ultrasonic pressure waves would travel through the aqueous
in vivo environment to the medical nanodevice, whereupon a piston on the device
is driven back and forth in a well-defined manner, mechanically passing energy
and information simultaneously into the device. Although an acoustically-actuated
nanoscale piston has not yet been demonstrated experimentally, we know that pres-
sure applied, then released, on carbon nanotubes causes fully reversible compression
(Chesnokov et al. 1999), and experiments have shown very low frictional resis-
tance between nested nanotubes that are externally forced in and out like pistons
(Cumings and Zettl 2000). Masako Yudasaka, who studies C60 molecules trapped
inside carbon nanotubes or “peapods” at NEC (Nippon Electric Corp.), expects
that “the buckyball can act like a piston” (Schewe et al. 2001). In 2007, a proto-
type nanometer-scale generator that produces continuous direct-current electricity
by harvesting mechanical energy from ultrasonic acoustic waves in the environment
was demonstrated by Wang et al. (Wang et al. 2007).

Yet another important nanorobot component is the molecular sorting rotor
(Freitas 1999o; Drexler 1992a) (see also Fig. 23.6a), which would provide an active
means for pumping, say, individual gas molecules into, and out of, pressurized
onboard microtanks, one molecule at a time. Sorting pumps are typically envi-
sioned as ~1000 nm3-size devices that can transfer ~106 molecules/sec and would
be embedded in the hull of the nanorobot. Each pump employs reversible artificial
binding sites (Freitas 1999p) mounted on a rotating structure that cycles between
the interior and exterior of the nanorobot, allowing transport of a specific molecule
even against concentration gradients up to ~20,000 atm. Sorting rotors are concep-
tually similar to the biological transporter pumps (Freitas 1999as) which are found
in nature for conveying numerous ions (Gouaux and Mackinnon 2005), amino acids,
sugars (Olson and Pessin 1996), and other small biomolecules (Sharom 1997) across
cell membranes. The molecular structures of natural enzymatic binding sites for
small molecules like oxygen, carbon dioxide, nitrogen, water and glucose have been
known since the 1990s, and the design (Kapyla et al. 2007), simulation (Rohs et al.
2005), and fabrication (Bracci et al. 2002; Subat et al. 2004; Franke et al. 2007)
of artificial binding sites for more complex molecules is an active field of research.
Sequential cascades of sorting rotors (Fig. 23.6b) (Drexler 1992d; Freitas 1999o)
could achieve high fidelity purification and a contaminant fraction of <10-15 for
transporting small molecules of common types.
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Fig. 23.6 (a) Individual sorting rotor and (b) a sorting rotor cascade, redrawn from Drexler (1992)

23.3.3 Nanomanipulators

Nanorobots require manipulators to perform grasping and manipulation tasks, and
also to provide device mobility. One well-known telescoping nanomanipulator
design (Fig. 23.7) features a central telescoping joint whose extension and retraction
is controlled by a 1.5-nm diameter drive shaft (Drexler 1992e). The rapid rota-
tion of this drive shaft (up to ~1 m/sec tangential velocity) forces a transmission
gear to quickly execute a known number of turns, causing the telescoping joint to
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Fig. 23.7 Telescoping nanomanipulator design (Drexler 1992e). Image courtesy of K. Eric
Drexler. ©1992 by John Wiley & Sons, Inc. Used with permission

slowly unscrew or screw in the axial direction, thus lengthening or contracting the
manipulator. These shafts can be made to turn through a known number of rotations
between locked states giving odometer-like control of manipulator joint rotations.
Additionally, two pairs of canted rotary joints – one pair between the telescoping
section and the base, the other pair between the telescoping section and the working
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tip – are controlled by toroidal worm drives. These joints enable a wide variety
of complex angular motions and give full 6-DOF (degrees of freedom) access to
the work envelope. The manipulator is approximately cylindrical in shape with
an outside diameter of ~35 nm and an extensible length from 90 nm to 100 nm
measured from top of base to working tip. The mechanism includes a hollow cir-
cular channel 7 nm in diameter to allow tool tips and materials to be moved from
below the manipulator through the base up to the working tip. At the tip, a slightly
larger region is reserved for a mechanism to allow positioning and locking of tool
tips. This ~10-19 kg manipulator would be constructed of ~4 × 106 atoms exclud-
ing the base and external power and control structures, and is hermetically sealed
to maintain a controlled internal environment while allowing leakproof operation
in vivo.

Experimentally, a DNA-based robot arm has been inserted into a 2D array
substrate by Seeman’s group (Ding and Seeman 2006), and this simple rotary
mechanism was then verified by atomic force microscopy to be a fully functional
nanomechanical device.

23.3.4 Nanosensors

Medical nanorobots will need to acquire information from their environment to
properly execute their assigned tasks. Such acquisition can be achieved using
onboard nanoscale sensors, or nanosensors, of various types which are currently
the subject of much experimental research (Nagahara et al. 2008). More advanced
nanosensors to be used in medical nanorobots will allow monitoring environmental
states including internal nanorobot states and local and global somatic states inside
the human body. Theoretical designs for advanced nanosensors to detect chemi-
cal substances (Freitas 1999q), displacement and motion (Freitas 1999r), force and
mass (Freitas 1999s), and acoustic (Freitas 1999t), thermal (Freitas 1999u), and
electromagnetic (Freitas 1999v) stimuli have been described elsewhere.

For instance, medical nanorobots which employ onboard tankage will need
various nanosensors to acquire external data essential in regulating gas loading
and unloading operations, tank volume management, and other special protocols.
Sorting rotors (Section 23.3.2) can be used to construct quantitative concentration
sensors for any molecular species desired. One simple two-chamber design (Freitas
1999cj) uses an input sorting rotor running at 1% normal speed synchronized with a
counting rotor (linked by rods and ratchets to the computer) to assay the number of
molecules of the desired type that are present in a known volume of fluid. At typi-
cal blood concentrations, this sensor, which measures 45 × 45 × 10 nm comprising
~500,000 atoms (~10−20 kg), should count, for example, ~100,000 molecules/sec of
glucose, ~30,000 molecules/sec of arterial or venous CO2, or ~2000 molecules/sec
of arterial or venous O2. It is also convenient to include internal pressure sensors to
monitor O2 and CO2 gas tank loading, ullage (container fullness) sensors for ballast
and glucose fuel tanks, and internal/external temperature sensors to help monitor
and regulate total system energy output.
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As another example of nanosensors, the attending physician could broadcast sig-
nals to nanorobotic systems deployed inside the human body most conveniently
using modulated compressive pressure pulses received by mechanical transducers
embedded in the surface of the nanorobot. Converting a pattern of pressure fluctua-
tions into mechanical motions that can serve as input to a mechanical nanocomputer
(Section 23.3.5) requires transducers that function as pressure-driven actuators
(Drexler 1992c; Freitas 1999t, ck). Broadcast mechanisms similar to medical pulse-
echo diagnostic ultrasound systems can transmit data into the body acoustically
at ~10 MHz (~107 bits/sec) using peak-to-trough 10-atm pressure pulses that can
be received onboard the nanorobot by nanosensors ~(21 nm)3 in size comprising
~105 atoms. Such signals attenuate only ~10% per 1 cm of travel (Drexler 1992c),
so whole-body broadcasts should be feasible even in emergency field situations.
Pressure transducers will consume minimal power because the input signal drives
the motion.

23.3.5 Nanocomputers

Many important medical nanorobotic tasks will require computation (Freitas 1999k)
during the acquisition and processing of sensor data, the control of tools, manipu-
lators, and motility systems, the execution of navigation and communication tasks,
and during the coordination of collective activities with neighboring nanorobots,
and also to allow a physician to properly monitor and control the work done by
nanorobots. Ex vivo computation has few theoretical limits, but computation by in
vivo nanorobots will be subject to a number of constraints such as physical size,
power consumption, onboard memory and processing speed.

The memory required onboard a medical nanorobot will be strongly mission
dependent. Simple missions involving basic process control with limited motility
may require no more than ~105-106 bits of memory, comparable to an old Apple II
computer (including RAM plus floppy disk drive). At the other extreme, a complex
cell repair mission might require the onboard storage of the equivalent of a sub-
stantial fraction of the patient’s genetic code, representing perhaps 109–1010 bits of
memory which would be in the same range as the 1985 Cray-2 (2 × 1010 bits) or
the 1989 Cray-3 (6 × 108 bits) supercomputers. Computational speed will also be
strongly mission dependent. Simple process control systems in basic factory settings
may only require speeds as slow as 104 bit/sec. At the other extreme, a processing
speed of 109 bits/sec allows a ~109 bit genome-sized information store to be pro-
cessed in ~1 sec, about the same as the small-molecule diffusion time across an
average 20-micron wide cell.

Perhaps the best-characterized (though not yet built) mechanical nanocomputer
is Drexler’s rod logic design (Drexler 1992b). In this theoretical design, one sliding
rod with a knob (Fig. 23.8a) intersects a second knobbed sliding rod at right angles
to the first. Depending upon the position of the first rod, the second may be free
to move, or unable to move. This simple blocking interaction serves as the basis
for logical operations. One implementation of a nanomechanical Boolean NAND
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Fig. 23.8 (a) hydrocarbon logic rod, (b) hydrocarbon bearing, and (c) hydrocarbon universal joint
(Nanofactory Collaboration 2007a)
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“interlock” gate uses clock-driven input and output logic rods 1 nm wide which
interact via knobs that prevent or enable motion, all encased in a housing, allowing
~16 nm3/interlock. (Any logic function, no matter how complicated, can be built
from NAND or NOR gates alone.) Similarly, a thermodynamically efficient class
of register capable of mechanical data storage would use rods ~1 nm in width with
0.1-nanosec switching speeds, allowing ~40 nm3/register. The benchmark mechan-
ical nanocomputer design fits inside a 400 nm cube, consumes ~60 nW of power,
and has 106 interlock gates, 105 logic rods, 104 registers, and an energy-buffering
flywheel. Power dissipation is ~2 × 104 operations/sec-pW with a processing
speed of ~109 operations/sec (~1 gigaflop), similar to a typical desktop PC
in 2007.

Biocomputers (Freitas 1999ai; Guet et al. 2002; Yokobayashi et al. 2002; Basu
et al. 2004, 2005) and both electronic (Heath 2000; Tseng and Ellenbogen 2001;
Das et al. 2005) and mechanical (Blick et al. 2007) nanocomputers are active areas
of current research and development. There has been progress toward nanotube- and
nanorod-based molecular electronics (Collins et al. 2001; Reed and Lee 2003) and
nanoscale-structured quantum computers (Stegner et al. 2006), possibly using dia-
mond lattice (Dutt et al. 2007). A 160-kilobit memory device smaller than a white
blood cell was fabricated by Stoddart’s group in 2007 (Green et al. 2007) by lay-
ing down a series of perpendicular crossing nanowires with 400 bottom wires and
400 crossing top wires. (Sitting at each intersection of the tic-tac-toe structure and
serving as the storage element were approximately 300 bistable rotaxane molecules
that could be switched between two different states, and each junction of a crossbar
could be addressed individually by controlling the voltages applied to the appro-
priate top and bottom crossing wires, forming a bit at each nanowire crossing.) A
simple DNA-based molecular machine capable of translating “coded” information
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from one DNA strand to another, another basic nanocomputational activity, was
demonstrated experimentally in 2007 by Seeman’s group (Garibotti et al. 2007).

23.4 Manufacturing Medical Nanorobots

The development pathway for diamondoid medical nanorobots will be long and
arduous. First, theoretical scaling studies (Freitas 1998, 2000a, b, 2005b, 2006a,
2007; Freitas and Phoenix 2002) are used to assess basic concept feasibility. These
initial studies must then be followed by more detailed computational simulations of
specific nanorobot components and assemblies, and ultimately full systems simu-
lations, all thoroughly integrated with additional simulations of massively parallel
manufacturing processes from start to finish consistent with a design-for-assembly
engineering philosophy. Once nanofactories implementing molecular manufactur-
ing capabilities become available, experimental efforts may progress from fabrica-
tion of components (from small-molecule or atomic precursors) and testing, to the
assembly of components into nanomechanical devices and nanomachine systems,
and finally to prototypes and mass manufacture of medical nanorobots, ultimately
leading to clinical trials. By 2009 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) (see
also Section “Endoscopic Nanosurgery and Surgical Nanorobots”) but progress
on nanoscale-component microscopic nanorobots today is largely at the concept
feasibility and preliminary design stages and will remain so until experimental-
ists develop the capabilities required for molecular manufacturing, as reviewed
below.

23.4.1 Positional Assembly and Molecular Manufacturing

Complex medical nanorobots probably cannot be manufactured using the conven-
tional techniques of self-assembly. As noted in the final report (Committee 2006) of
the 2006 Congressionally-mandated review of the U.S. National Nanotechnology
Initiative by the National Research Council (NRC) of the National Academies and
the National Materials Advisory Board (NMAB): “For the manufacture of more
sophisticated materials 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.”

The opposite of self-assembly processes is 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
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quality and should enable rapid prototyping 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 2007a)
starting to be seriously investigated experimentally 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 ribosomes, which position-
ally assemble proteins in living cells by following a sequence of digitally encoded
instructions (even though ribosomes themselves are self-assembled). Lacking this
positional fabrication of proteins controlled by DNA-based software, large, com-
plex, digitally-specified organisms would probably not be possible and biology as
we know it would not exist.

The most important materials for positional assembly may be the rigid cova-
lent or “diamondoid” solids, since these could potentially be used to build the
most reliable and complex nanoscale machinery. Preliminary theoretical studies
have suggested great promise for these materials in molecular manufacturing. The
NMAB/NRC Review Committee recommended (Committee 2006) that experimen-
tal work aimed at establishing the technical feasibility of positional molecular
manufacturing should be pursued and supported: “Experimentation leading to
demonstrations supplying ground truth for abstract models is appropriate to better
characterize the potential 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 molecu-
lar structure by positional assembly (Freitas 2005c). This will involve picking and
placing molecular parts one by one, moving them along controlled trajectories much
like the robot arms that manufacture cars on automobile assembly lines. The proce-
dure is then repeated over and over with all the different parts until the final product,
such as a medical nanorobot, is fully assembled using, say, a desktop nanofactory
(see Fig. 23.17).

23.4.2 Diamond Mechanosynthesis (DMS)

Theorists believe that the most reliable and durable medical nanorobots will be built
using diamondoid materials. What is diamondoid? First and foremost, diamondoid
materials include pure diamond, the crystalline allotrope of carbon. Among other
exceptional properties, diamond 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 properties, and possesses a
dense three-dimensional network of bonds. Examples of such materials are carbon
nanotubes and fullerenes, several strong covalent ceramics such as silicon carbide,
silicon nitride, and boron nitride, and a few very stiff ionic ceramics such as sapphire
(monocrystalline aluminum oxide) that can be covalently bonded to pure covalent
structures such as diamond. Of course, large pure crystals of diamond are brittle
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and easily fractured. The intricate molecular structure of a diamondoid nanofactory
macroscale product will more closely resemble a complex composite material, not
a brittle solid crystal. Such products, and the nanofactories that build them, should
be extremely durable in normal use.

Mechanosynthesis, involving molecular positional fabrication, is the formation
of covalent chemical bonds using precisely applied mechanical forces to build,
for example, diamondoid structures. Mechanosynthesis employs chemical reac-
tions driven by the mechanically precise placement of extremely reactive chemical
species in an ultra-high vacuum environment. Mechanosynthesis may be automated
via computer control, enabling programmable molecular positional fabrication.
Molecularly precise fabrication involves holding feedstock atoms or molecules, and
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 pro-
cess, a mechanosynthetic tool is brought up to the surface 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. 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. Note that the transfer atoms are under positional
control at all times to prevent unwanted side reactions from occurring. Side reac-
tions are also prevented using proper reaction design so that the reaction energetics
help us avoid undesired pathological intermediate structures.

The positional assembly of diamondoid structures, some almost atom by atom,
using molecular feedstock has been examined theoretically (Drexler 1992h; Merkle
1997; Merkle and Freitas 2003; Mann et al. 2004; Allis and Drexler 2005; Freitas
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 diamond mechanosynthesis
(DMS). DMS is the controlled addition of individual carbon atoms, carbon dimers
(C2), single methyl (CH3) or like groups to the growth surface of a diamond crys-
tal lattice workpiece in a vacuum manufacturing environment. Covalent chemical
bonds are formed one by one as the result of positionally constrained mechan-
ical forces applied at the tip of a scanning probe microscope (SPM) apparatus.
Programmed sequences of carbon dimer placement on growing diamond surfaces
in vacuo appear feasible in theory (Peng et al. 2006; Freitas and Merkle 2008),
as illustrated by the hypothetical DCB6Ge tooltip which is shown depositing two
carbon atoms on a diamond surface in Fig. 23.9.

The first experimental proof that individual atoms could be manipulated was
obtained by IBM scientists in 1989 when they used a scanning tunneling micro-
scope to precisely position 35 xenon atoms on a nickel surface to spell out the
corporate logo “IBM” (Fig. 23.10). However, this feat did not involve the forma-
tion of covalent chemical bonds. One important step toward the practical realization
of DMS was achieved in 1999 by Ho and Lee (Lee and Ho 1999), who achieved 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 an SPM. The first experimental demonstration of true mechanosyn-
thesis, establishing covalent bonds using purely mechanical forces – albeit on silicon
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Fig. 23.9 DCB6Ge tooltip shown depositing two carbon atoms on a diamond surface
(Nanofactory Collaboration 2007a)
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Fig. 23.10 IBM logo spelled
out using 35 xenon atoms
arranged on a nickel surface
by an STM (courtesy of IBM
Research Division)
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atoms, not carbon atoms – was reported in 2003 by Oyabu and colleagues (Oyabu
et al. 2003) in the Custance group. In this landmark experiment, the researchers ver-
tically manipulated single silicon atoms from the Si(111)–(7×7) surface, using a
low-temperature near-contact atomic force microscope to demonstrate (1) removal
of a selected silicon 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.

Following prior theoretical proposals (Freitas 2005d; Freitas and Merkle 2008)
for experimental investigations, participants in the Nanofactory Collaboration
(Nanofactory Collaboration 2007a) are now planning work designed to achieve
DMS with carbon and hydrogen atoms using an SPM apparatus (Section 23.4.4).

23.4.3 Designing a Minimal Toolset for DMS

It is already possible to synthesize bulk diamond today. In a process somewhat rem-
iniscent of spray painting, layer after layer of diamond can be built up by holding
a cloud of reactive hydrogen atoms and hydrocarbon molecules over a deposition
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 depo-
sition or CVD – conditions can be created that favor the growth of diamond on the
surface. But randomly bombarding a surface with reactive molecules does not offer
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fine control over the growth process and lacks atomic-level positional control. To
achieve molecularly precise fabrication, the first challenge is to make sure that all
chemical reactions will occur at precisely specified places on the surface. 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
reactions, it also renders the entire surface inert, making it difficult to add carbon
(or anything else) to it.

To overcome these problems, we’re trying to use a set of molecular-scale tools
that would, in a series of well-defined steps, prepare the surface and create hydro-
carbon structures on a layer of diamond, atom by atom and molecule by molecule. A
mechanosynthetic tool typically has two principal components – 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 chemical reactions are forced to occur. The
much larger handle structure is big enough to be grasped and positionally manip-
ulated using an SPM or similar macroscale instrumentality. At least three types of
basic mechanosynthetic tools (Fig. 23.11) have already received considerable theo-
retical (and some experimental) study and are likely 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 one
or two specific adjacent spots on the diamond surface, leaving behind one or
two reactive dangling bonds or a penetrable C=C double bond. 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 (Fig. 23.11a).
The tool’s unreactive region serves as a handle or handle attachment point. The

Fig. 23.11 Examples of three basic mechanosynthetic tooltypes that are required to build molecu-
larly precise diamond via positional control (black = C atoms, grey = Ge atoms, white = H atoms)
(Freitas and Merkle 2008)
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tool would be held by a molecular positional device, initially perhaps a scan-
ning probe microscope tip but ultimately a molecular robotic arm, and moved
directly over particular hydrogen atoms on the surface. One suitable molecule
for a hydrogen abstraction tool is the acetylene or “ethynyl” radical, comprised
of two carbon atoms triply bonded together. One carbon of the two serves as the
handle connection, and would bond to a nanoscale positioning tool through a
much larger handle structure perhaps consisting of a lattice of adamantane cages
as shown in Fig. 23.12. The other carbon of the two has a dangling bond where
a hydrogen atom would normally be present in a molecule of ordinary acetylene
(C2H2). The working environment around the tool would be inert (e.g., vacuum
or a noble gas such as neon).

(2) Hydrogen Donation Tools. After a molecularly precise structure has been
fabricated by a succession of hydrogen abstractions and carbon depositions,
the fabricated structure must be hydrogen-terminated to prevent additional
unplanned reactions. While the hydrogen abstraction tool is intended to make
an inert structure reactive by creating a dangling bond, the hydrogen donation
tool (Temelso et al. 2007) does the opposite. It makes a reactive structure inert
by terminating a dangling bond. Such a tool would be used to stabilize reactive
surfaces and help prevent the surface atoms from rearranging in unexpected
and undesired ways. The key requirement for a hydrogen donation tool is that it
include 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 (Fig. 23.11b) should be effective.

Fig. 23.12 Recyclable DCB6Ge tooltip with crossbar handle motif (Peng et al. 2006)
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(3) Carbon Placement Tools. After the abstraction tool has created adjacent reac-
tive spots by selectively removing hydrogen atoms from the diamond surface
but before the surface is re-terminated by hydrogen, carbon placement tools
may be used to deposit carbon atoms at the desired reactive surface sites. In this
way a diamond structure would be built on the surface, molecule by molecule,
according to plan. The first complete tool ever proposed for this carbon depo-
sition function is the “DCB6Ge” dimer placement tool (Merkle and Freitas
2003) – in this example, a carbon (C2) dimer having two carbon atoms con-
nected by a triple bond with each carbon in the dimer connected to a larger
unreactive handle structure through two germanium atoms (Fig. 23.11c). This
dimer placement tool, also held by a molecular positional device, is brought
close to the reactive spots along a particular trajectory, causing the two dangling
surface bonds to react with the ends of the carbon dimer. The dimer place-
ment tool would then withdraw, breaking the relatively weaker bonds between
it and the C2 dimer and transferring the carbon dimer from the tool to the
surface, as illustrated in Fig. 23.9. A positionally controlled dimer could be
bonded at many different sites on a growing diamondoid workpiece, in prin-
ciple allowing the construction of a wide variety of useful nanopart shapes.
As of 2009, the DCB6Ge dimer placement tool remains the most intensively
studied 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 computation
invested thus far in its analysis, and it remains the only DMS tooltip motif
that has been successfully simulated and validated for its intended function
on a full 200-atom diamond surface model (Peng et al. 2006). Other proposed
dimer (and related carbon transfer) tooltip motifs (Drexler 1992h; Merkle 1997;
Merkle and Freitas 2003; Allis and Drexler 2005; Freitas et al. 2007; Freitas
and Merkle 2008) have received less extensive study but are also expected to
perform well.

In 2007, Freitas and Merkle (Freitas and Merkle 2008) completed a three-year
project to computationally analyze a comprehensive set of DMS reactions and
an associated minimal set of tooltips that could be used to build basic diamond,
graphene (e.g., carbon nanotubes), and all of the tools themselves including all nec-
essary tool recharging reactions. The research defined 65 DMS reaction sequences
incorporating 328 reaction 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 to 13 reaction steps (typically 4) with 0–10 possible patho-
logical side reactions or rearrangements (typically 3) reported per reaction step.) For
the first time, this toolset provides clear developmental targets for a comprehensive
near-term DMS implementation program (Nanofactory Collaboration 2007a).
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23.4.4 Building the First Mechanosynthetic Tools

The first practical proposal for building a DMS tool experimentally was published
by Freitas in 2005 and was 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. The workability
of the proposed process has already received valuable criticism from the scientific
community and may be sufficiently viable to serve as a vital stepping-stone to more
sophisticated DMS approaches.

An even simpler practical proposal for building DMS tools experimentally, also
using only experimental methods available today, was published in 2008 by Freitas
and Merkle as part of their minimal toolset work (Freitas and Merkle 2008) (see
also Section 23.4.3). Processes are identified for the experimental fabrication of
a hydrogen abstraction tool, a hydrogen donation tool, and two alternative car-
bon placement tools (other than DCB6Ge), and these processes and tools are part
of the second mechanosynthesis patent ever filed and the first to be filed by the
Nanofactory Collaboration (Nanofactory Collaboration 2007a). At this writing,
Collaboration participants are undertaking preparatory steps (including equipment
assessment and securing of funding) leading to direct experimental tests of these
proposals.

Other practical proposals for building the first DMS tooltips, using existing
technology, are eagerly sought by the Nanofactory Collaboration.

23.4.5 Next Generation Tools and Components

After the ability to fabricate the first primitive DMS tooltips has been demon-
strated experimentally and repeatable sub-Angstrom positional placement accuracy
for SPM tips has been developed, then-existing primitive tooltips could be manip-
ulated to build the next generation of more precise, more easily rechargeable, and
generally much improved mechanosynthetic tools. These more capable tools may
include more stable handles of standardized dimensions, such as the rechargeable
DCB6Ge dimer placement tool with the more reliable crossbar design (Peng et al.
2006) shown in Fig. 23.12, or tools with more complex handles incorporating mov-
ing components (Fig. 23.13). The end result of this iterative development process
will be a mature set of efficient, positionally controlled mechanosynthetic tools that
can reliably build molecularly precise diamondoid structures – including more DMS
tools.

These more sophisticated tools also will be designed to allow building more
complex components such as the all-hydrocarbon diamond logic rod (Fig. 23.8a),
hydrocarbon bearing (Fig. 23.8b) and diamond universal joint (Fig. 23.8c), and
related devices already described in Section 23.3. Once mechanosynthetic tooltips
are developed for additional element types, a still wider variety of nanomachines
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Fig. 23.13 Mechanosynthetic tooltip incorporating moving components (courtesy of Damian
Allis). Used with permission
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can be fabricated incorporating atoms other than hydrogen, carbon and germanium
(e.g., silicon, oxygen, and sulfur). Examples of these diamondoid nanomachines
include the speed reduction gear (Fig. 23.14a), in which the train of gears reduces
the speed from the high-speed one on the left to the half-speed one on the right, and
the differential gear (Fig. 23.14b) that smoothly converts mechanical rotation in one
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Fig. 23.14 (a) speed reduction gear, above left; (b) interior workings of differential gear, above
right; (c) worm drive, below (black = silicon, white = hydrogen, light grey = sulfur, dark grey =
oxygen). Images courtesy of Nanorex, used with permission
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direction into mechanical rotation in the opposite direction. The largest molecular
machine model that had been simulated as of 2009 using molecular dynamics was
the worm drive assembly (Fig. 23.14c), consisting of 11 separate components and
over 25,000 atoms; the two tubular worm gears progress in opposite directions, con-
verting rotary into linear motion. Note that the magnitude of quantum effects is only
~10% of the classical (nonquantum) magnitudes for ~1 nm objects at 300 K, and
even less significant for larger objects (Drexler 1992j).

Using computer-automated tooltips performing positionally-controlled DMS in
lengthy programmed sequences of reaction steps, we should be able to fabricate
simple diamondoid nanomechanical parts such as bearings, gears, struts, springs,
logic rods and casings to atomic precision. Early tools would progress from single
DMS tools manipulated by SPM-like mechanisms, to more complex multitip tools
and jigs which the simple tools could initially fabricate, one at a time. In a factory
production line (Fig. 23.15), individual DMS tooltips can be affixed to rigid mov-
ing support structures and guided through repeated contact events with workpieces,
recharging stations, and other similarly-affixed apposable tooltips. These “molec-
ular mills” could then perform repetitive fabrication steps using simple, efficient
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Fig. 23.15 Fabrication of nanoparts using DMS tooltips affixed to rigid moving support struc-
tures and guided through repeated contact events with workpieces under computer control in a
nanofactory production line (courtesy of John Burch). Used with permission
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mechanisms. Such mills can, in principle, be operated at high speeds – with position-
ally constrained mechanosynthetic encounters possibly occurring at up to megahertz
frequencies.

The Nanofactory Collaboration has identified a large number of technical chal-
lenges (Nanofactory Collaboration 2007b) that must be solved before we can
progress to building the kinds of complex nanoscale machinery described above.
Among the theoretical and design challenges are: (1) nanopart gripper design,
(2) nanopart manipulator actuator design, (3) design and simulation of nanopart
feedstock presentation systems, (4) design and simulation of workpiece release sur-
faces, (5) design and simulation of nanopart assembly sequences, and (6) atomic
rearrangements in juxtaposed nanoparts. Some experimental challenges include:
(1) development of SPM technology to enable nanopart assembly work, (2) fab-
rication and testing of workpiece release surfaces, and (3) experimental proof-of-
principle and early positional assembly demonstration benchmarks.

23.4.6 Strategies for Molecular Manufacturing

The ultimate goal of molecular nanotechnology is to develop a manufacturing tech-
nology able to inexpensively manufacture most arrangements of atoms that can be
specified in molecular detail – including complex arrangements involving millions
or billions of atoms per product object, as in the hypothesized medical nanorobots.
This will provide the ultimate manufacturing technology in terms of precision, flex-
ibility, and low cost. But to be practical, molecular manufacturing must also be able
to assemble very large numbers of identical medical nanorobots very quickly. Two
central technical objectives thus form the core of our current strategy for diamon-
doid molecular manufacturing: (1) programmable positional assembly including
fabrication of diamondoid structures using molecular feedstock, as discussed above,
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and (2) massive parallelization of all fabrication and assembly processes, briefly
described below.

Molecular manufacturing systems capable of massively parallel fabrication
(Freitas and Merkle 2004a) might employ, at the lowest level, large arrays of DMS-
enabled scanning probe tips all building similar diamondoid product structures
in unison. Analogous approaches are found in present-day larger-scale systems.
For example, simple mechanical ciliary arrays consisting of 10,000 indepen-
dent microactuators on a 1 cm2 chip have been made at the Cornell National
Nanofabrication Laboratory for microscale parts transport applications, and simi-
larly at IBM for mechanical data storage applications (Vettiger et al. 2002). Active
probe arrays of 10,000 independently-actuated microscope tips have been devel-
oped by Mirkin’s group at Northwestern University for dip-pen nanolithography
(Bullen et al. 2002) using DNA-based “ink”. Almost any desired 2D shape can
be drawn using 10 tips in concert. Another microcantilever array manufactured by
Protiveris Corp. has millions of interdigitated cantilevers on a single chip (Protiveris,
2003). Martel’s group has investigated using fleets of independently mobile wire-
less instrumented microrobot manipulators called NanoWalkers to collectively form
a nanofactory system that might be used for positional manufacturing operations
(Martel and Hunter 2002).

Zyvex Corp. (www.zyvex.com) of Richardson TX received a $25 million, five-
year, National Institute of Standards and Technology (NIST) contract to develop
prototype microscale assemblers using microelectromechanical systems (Freitas
and Merkle 2004d).

Eventually this research can lead to the design of production lines in a nanofac-
tory, both for diamondoid mechanosynthesis and for component assembly opera-
tions. Ultimately, medical nanorobots will be manufactured in desktop nanofactories
efficiently designed for this purpose. The nanofactory system will include a progres-
sion of fabrication and assembly mechanisms at several different physical scales
(Fig. 23.16). At the smallest scale, molecular mills will manipulate individual
molecules to fabricate successively larger submicron-scale building blocks. These
are passed to larger block assemblers that assemble still larger microblocks, which
are themselves passed to even larger product assemblers that put together the final
product. The microblocks are placed in a specific pattern and sequence following
construction blueprints created using a modern “design for assembly” philosophy.
As plane after plane is completed, the product extrudes outward through the surface
of the nanofactory output platform (Fig. 23.17).

23.4.7 R&D Timeline, Costs, and Market Value
of Medical Nanorobots

The Nanofactory Collaboration (Nanofactory Collaboration 2007a) is establish-
ing a combined experimental and theoretical program to explore the feasibility
of nanoscale positional manufacturing techniques, starting with the positionally
controlled mechanosynthesis of diamondoid structures using simple molecular
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Fig. 23.16 Assembly of nanoparts into larger components and product structures using mechan-
ical manipulators at various size scales on interconnected production lines inside a diamondoid
nanofactory (courtesy of John Burch). Used with permission
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Fig. 23.17 Diamondoid desktop nanofactory (courtesy of John Burch). Used with permission
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feedstock and progressing to the ultimate goal of a desktop nanofactory appliance
able to manufacture macroscale quantities of molecularly precise product objects
according to digitally-defined blueprints. The Collaboration was initiated by Freitas
and Merkle in 2001 and has led to continuing efforts involving direct collabora-
tions among 23 researchers and others, including 17 PhD’s or PhD candidates, at 9
organizations in 4 countries – the U.S., U.K., Russia, and Belgium – as of 2009.

What will it cost to develop a nanofactory? Let’s assume research funds are spent
in a completely focused manner toward the goal of a primitive diamondoid nanofac-
tory that could assemble rigid diamondoid structures involving carbon, hydrogen,
and perhaps a few other elements. In this case, we estimate that an ideal research
effort paced to make optimum use of available computational, experimental, and
human resources would probably run at a $1–5 M/yr level for the first 5 years of
the program, ramp up to $20–50 M/yr for the next 6 years, then finish off at a
~$100 M/yr rate culminating in a simple working desktop nanofactory appliance in
year 16 of a ~$900 M effort. Of course the bulk of this work, after the initial 5 year
period, would be performed by people, companies, and university groups recruited
from outside the Nanofactory Collaboration. The key early milestone is to demon-
strate positionally-controlled carbon placement on a diamond surface by the end of
the initial 5 year period. We believe that successful completion of this key exper-
imental milestone would make it easier to recruit significant additional financial
and human resources to undertake the more costly later phases of the nanofactory
development work.

Some additional costs would also be required to design, build, test, and obtain
FDA approval for the many specific classes of nanorobots to be employed in various
therapeutic medical applications (Sections 23.6 and 23.7). Medical nanorobots will
certainly be among the first consumer products to be made by nanofactories because:
(1) even relatively small (milligram/gram) quantities of medical nanorobots could
be incredibly useful; (2) nanorobots can save lives and extend the human healthspan,
thus will be in high demand once available; (3) manufacturers of such high value
products (or of the nanofactories, depending on the economic model) can command
a high price from healthcare providers, which means nanorobots should be worth
building early, even though early-arriving nanomedical products are likely to be
more expensive (in $/kg) than later-arriving products; and (4) the ability to extract,
re-use and recycle nanorobots may allow the cost per treatment to the individual
patient to be held lower than might be expected, with treatment costs also declining
rapidly over time.

Is it worth spending billions of dollars to develop and begin deploying medical
nanorobots? The billion-dollar R&D expense should be compared to the cost of
doing nothing. Every year humanity suffers the death of ~55 million people, of
which about 94% or 52 million of these deaths were not directly caused by human
action – that is, not accidents, suicides, homicides or war – and thus all, in principle,
are directly preventable by future nanomedical interventions (Section 23.6). We can
crudely calculate the annual opportunity cost of a failure to intervene, as follows.

According to the Lasker Foundation (Lasker Foundation 2000), a dozen or so
studies since the mid-1970s have found the value for human life is in the range



U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

F

1396

1397

1398

1399

1400

1401

1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

1416

1417

1418

1419

1420

1421

1422

1423

1424

1425

1426

1427

1428

1429

1430

1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

716 R.A. Freitas Jr.

of $3 to $7 million constant dollars, using many different methodologies. More
recently, data from Murphy and Topel (Murphy and Topel 1999) at the University
of Chicago, updated to Year 2000 dollars, show the value of human life at every age
for white males (Fig. 23.18). It recognizes that fewer years remain to us at older
ages. The chart in Fig. 23.19 gives an estimate of the number of people that died in
the United States in the Year 2000, in each age cohort, year by year, again for white
males. This estimate is computed by multiplying the estimated U.S. population of
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Fig. 23.18 U.S. Value of Human Life, by Age, for White Males in the Year 2000 (modified from
Murphy and Topel 1999))
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while males (by age group, 0–110 years) (Day 1993) by the death rate by age for
U.S. white males (ages 0–80 from Census Bureau (Census Bureau, 2001a), ages
81–110 estimated from Vaupel (Vaupel et al. 1998)). If we multiply the death rate
at each age, from the chart in Fig. 23.19, by the dollar value at each age, from the
previous chart in Fig. 23.18, we get the economic loss at each calendar age, due
to human death. The sum of these economic losses divided by the total number of
deaths gives the average economic value of a human life lost, across all the ages
of a natural lifespan. The result is an average value of about $2.05 million dollars
for each (white male) human life lost, with similar conclusions for either gender
and for other races. If we assume that the population age structure, the age-specific
mortality, and the value of human life is the same worldwide as in the United States,
then the worldwide medically-preventable death toll of 52 million people in the
Year 2000 represents an economic loss of about $104 trillion dollars per year, or
~$140T/year in 2007 dollars.

For comparison, taking Federal Reserve figures for the total tangible net wealth
of the United States ($80.3T), which includes all household and business finan-
cial assets, all real estate, and all consumer durables, net of debt for 2007 (Federal
Reserve System 2007), and applying the ratio (~29.4%, circa Year 2000) of U.S.
GDP ($9.9T) (Census Bureau 2001b) to world GDP ($33.2T) (Department of
Energy 1999) gives us a crude estimate of total global tangible net worth of $269
trillion dollars for the Year 2007. Thus every year, nanomedically preventable
deaths deplete human capital by an amount exceeding half of the entire tangi-
ble wealth of the world. This ongoing annual capital loss is many of orders of
magnitude greater than the entire likely multi-decade R&D expense of developing
medical nanorobotics, whose deployment could spare us this great loss of human
capital.

23.5 Medical Nanorobot Biocompatibility

The safety, effectiveness, and utility of medical nanorobotic devices will critically
depend upon their biocompatibility with human organs, tissues, cells, and biochem-
ical systems. An entire technical book published in 2003 (Nanomedicine, Vol. IIA
(Freitas 2003)) describes the many biocompatibility issues surrounding the use
of diamond-based nanorobots inside the human body, and broadens the definition
of nanomedical biocompatibility to include all of the mechanical, physiological,
immunological, cytological, and biochemical responses of the human body to the
introduction of artificial medical nanodevices (Table 23.1). A large part of this work
is an examination of the classical biocompatibility challenges including issues such
as immune system reactions (Section 23.5.1), complement activation, inflammation
(Section 23.5.2), thrombogenesis, and carcinogenesis that might be caused by med-
ical nanorobots. But this study of classical challenges suggested a number of new
biocompatibility issues that must also be addressed in medical nanorobotics includ-
ing, most importantly, the areas of mechanocompatibility, particle biodynamics and
distribution, and phagocyte avoidance protocols (Section 23.5.3). Readers interested



U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

F

1486

1487

1488

1489

1490

1491

1492

1493

1494

1495

1496

1497

1498

1499

1500

1501

1502

1503

1504

1505

1506

1507

1508

1509

1510

1511

1512

1513

1514

1515

1516

1517

1518

1519

1520

1521

1522

1523

1524

1525

1526

1527

1528

1529

1530

718 R.A. Freitas Jr.

Table 23.1 Issues in nanorobot biocompatibility

Classical nanorobot biocompatibility
issues New nanorobot biocompatibility issues

• Adhesive Interactions with
Nanorobot Surfaces

• Nanorobot Immunoreactivity
• Complement Activation
• Immunosuppression, Tolerization,

and Camouflage
• Immune Privilege and Immune

Evasion
• General and Nonspecific

Inflammation
• Coagulation and Thrombogenicity
• Allergic and Other Sensitivity

Reactions
• Sternutogenesis, Nauseogenesis

and Emetogenesis
• Nanoid Shock
• Nanopyrexia
• Nanorobot Mutagenicity and

Carcinogenicity
• Protein Adsorption on Diamondoid

Surfaces
• Cell Response to Diamondoid

Surfaces
• Chemical Stability and Corrosion

Degradation Effects
• Nanorobot Hemolysis,

Thrombocytolysis, and
Leukocytolysis

• Geometrical Trapping of Bloodborne Medical
Nanorobots

• Phagocytosis of Bloodborne Microparticles
• Particle Clearance from Tissues or Lymphatics
• Phagocyte Avoidance and Escape
• Nanorobotic Thermocompatibility and

Electrocompatibility
• Biofouling of Medical Nanorobots
• Biocompatibility of Nanorobot Effluents and

Leachates
• Biocompatibility of Nanorobot Fragments

in vivo
• Nanorobot Mechanocompatibility
• Mechanical Peristaltogenesis and

Mucosacompatibility
• Nanorobotic Mechanical Vasculopathies
• Mechanocompatibility with Extracellular Matrix

and Tissue Cells
• Mechanocompatibility with Nontissue Cells
• Cytomembrane and Intracellular

Mechanocompatibility
• Disruption of Molecular Motors and

Vesicular Transport
• Mechanical Disruption of Intracellular

Microzones
• Mechanically-Induced Proteolysis, Apoptosis, or

Prionosis

in biocompatibility issues not covered below can find a more comprehensive list of
topics in the book Nanomedicine, Vol. IIA (Freitas 2003).

23.5.1 Immune System Reactions

Whether the human immune system can recognize medical nanorobots may depend
largely upon the composition of the nanorobot exterior surfaces. Pure diamond is
generally considered nonimmunogenic – e.g., chemical vapor deposition (CVD)
diamond coatings for artificial joints are considered to have “low immunoreactiv-
ity”, and as of 2009 there were no reports in the literature of antibodies having
been raised to diamond. However, concerted experimental searches for antibodies
to diamondoid materials have yet to be undertaken, and experimental failures rarely
find their way into the literature. It is conceivable that different antibodies may rec-
ognize distinct faces of a crystal (possibly including diamond or sapphire crystal
faces exposed at the surfaces of medical nanorobots) in an interaction similar to that
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of antibodies for repetitive epitopes present on protein surfaces – for instance, one
monoclonal antibody (MAb) to 1,4-dinitrobenzene crystals was shown to specif-
ically interact with the molecularly flat, aromatic, and polar (101) face of these
crystals, but not with other faces of the same crystal (Kessler et al. 1999). Another
concern is that antibodies may be raised against binding sites that are positioned
on the nanorobot exterior, e.g., sorting rotor pockets (Freitas 1999o) which may be
similar to traditional bioreceptors, and that these antibodies could then act as antag-
onists (Fauque et al. 1985; Wright et al. 2000) for such sites, since MAbs specific to
biological binding sites are well known.

If antibodies to nanorobot exteriors are found to exist in the natural human anti-
body specificity repertoire, then to avoid immune recognition many techniques of
immune evasion (Freitas 2003b) may be borrowed from biology, for example:

(1) Camouflage. Coat the nanorobot with a layer of “self” proteins and carbohydrate
moieties resembling fibroblast, platelet, or even RBC (red blood cell) plasma
membrane.

(2) Chemical Inhibition. Nanorobots may slowly secrete chemical substances into
the perirobotic environment to make it difficult for Ig molecules to adhere to an
otherwise immunogenic nanorobot surface.

(3) Decoys. Release a cloud of soluble nanorobot-epitope antigens in the vicinity
of the nanorobot (though this method has limited utility because sending out
decoys will only expand the number of attacking elements to overwhelm the
decoys).

(4) Active Neutralization. Equip the nanorobot with molecular sorting rotors
designed with binding sites similar or identical to the nanorobot epitopes that
raised the target antibodies.

(5) Tolerization. Using only traditional methods, nanorobots introduced into a new-
born may train the neonatal immune system to regard these foreign materials as
“native,” thus eliminating nanorobot-active antibodies via natural clonal dele-
tion. However, it now appears possible to tolerize an adult to any antigen by
regenerating the adult’s thymus (the source of the newborn effect) and plac-
ing the antigen into the thymus where self-reactive clones are then deleted or
anergized (Fahy 2003, 2007, 2010; Aspinall 2010).

(6) Clonal Deletion. Once the paratopes of antibodies that bind nanorobots are
known, immunotoxin molecules can be engineered that display those paratopes,
and upon injection into the patient, these targeted immunotoxins would bind to
all T cell receptors that display this paratope, killing the nanorobot-sensitive
T cells.

23.5.2 Inflammation

Could medical nanorobots trigger general inflammation in the human body? One
early experiment (Royer et al. 1982) to determine the inflammatory effects of var-
ious implant substances placed subdermally into rat paws found that an injection
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of 2–10 mg/cm3 (10- to 20-micron particles at 105–106 particles/cm3) of natu-
ral diamond powder suspension caused a slight increase in volume of the treated
paw relative to the control paw. However, the edematous effect subsided after
30–60 minutes at both concentrations of injected diamond powder that were tried,
so this swelling could have been wholly caused by mechanical trauma of the injec-
tion and not the diamond powder. Another experiment (Delongeas et al. 1984) at
the same laboratory found that intraarticulate injection of diamond powder was not
phlogistic (i.e., no erythematous or edematous changes) in rabbit bone joints and
produced no inflammation. Diamond particles are traditionally regarded as biologi-
cally inert and noninflammatory for neutrophils (Tse and Phelps 1970; Higson and
Jones 1984; Hedenborg and Klockars 1989; Aspenberg et al. 1996) and are typically
used as experimental null controls (Delongeas et al. 1984).

Since the general inflammatory reaction is chemically mediated, it should also be
possible to employ nanorobot surface-deployed molecular sorting rotors to selec-
tively absorb kinins or other soluble activation factors such as HMGB1 (High
Mobility Group Box Protein 1) (Scaffidi et al. 2002), thus short-circuiting the
inflammatory process. Active semaphores consisting of bound proteases such as
gelatinase A could be deployed at the nanorobot surface to cleave and degrade
monocyte chemoattractant molecules (McQuibban et al. 2000) or other chemokines,
suppressing the cellular inflammatory response. Conversely, key inflammatory
inhibitors could be locally released by nanorobots. For instance, Hageman factor
contact activation inhibitors such as the 22.5-kD endothelial cell-secreted protein
HMG-I (Donaldson et al. 1998), surface-immobilized unfractionated heparin (Elgue
et al. 1993), and C1 inhibitor (Cameron et al. 1989) would probably require lower
release dosages than for aspirin or steroids, and therapeutic blockade of factor XII
activation has been demonstrated (Fuhrer et al. 1990). As yet another example,
platelet activating factor (PAF) is a cytokine mediator of immediate hypersensi-
tivity which produces inflammation. PAF is produced by many different kinds of
stimulated cells such as basophils, endothelial cells, macrophages, monocytes, and
neutrophils. It is 100–10,000 times more vasoactive than histamine and aggre-
gates platelets at concentrations as low as 0.01 pmol/cm3 (Mayes 1993). Various
PAF antagonists and inhibitors are known (Freitas 2003c) – and these or related
inhibitory molecules, if released or surface-displayed by medical nanorobots, may
be useful in circumventing a general inflammatory response.

23.5.3 Phagocytosis

Invading microbes that readily attract phagocytes and are easily ingested and killed
are generally unsuccessful as parasites. In contrast, most bacteria that are successful
as parasites interfere to some extent with the activities of phagocytes or find some
way to avoid their attention (Todar 2003). Bacterial pathogens have devised numer-
ous diverse strategies to avoid phagocytic engulfment and killing. These strategies
are mostly aimed at blocking one or more of the steps in phagocytosis, thereby
halting the process (Todar 2003).
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Similarly, phagocytic cells presented with any significant concentration of medi-
cal nanorobots may attempt to internalize these nanorobots. Virtually every medical
nanorobot placed inside the human body will physically encounter phagocytic
cells many times during its mission. Thus all nanorobots that are of a size capa-
ble of ingestion by phagocytic cells must incorporate physical mechanisms and
operational protocols for avoiding and escaping from phagocytes (Freitas 2003d).
Engulfment may require from many seconds to many minutes to go to completion
(Freitas 2003e), depending upon the size of the particle to be internalized, so med-
ical nanorobots should have plenty of time to detect, and to actively prevent, this
process. Detection by a medical nanorobot that it is being engulfed by a phagocyte
may be accomplished using (1) hull-mounted chemotactic sensor pads equipped
with artificial binding sites that are specific to phagocyte coat molecules, (2) contin-
uous monitoring of the flow rates of nanorobot nutrient ingestion or waste ejection
mechanisms (e.g., blocked glucose or O2 import), (3) acoustic techniques (Freitas
1999w), (4) direct measurement of mechanical forces on the hull, or (5) various
other means.

The basic anti-phagocyte strategy is first to avoid phagocytic contact (Freitas
2003f), recognition (Freitas 2003g), or binding and activation (Freitas 2003h), and
secondly, if this fails, then to inhibit phagocytic engulfment (Freitas 2003i) or
enclosure and scission (Freitas 2003j) of the phagosome. If trapped, the medical
nanorobot can induce exocytosis of the phagosomal vacuole in which it is lodged
(Freitas 2003k) or inhibit both phagolysosomal fusion (Freitas 2003m) and phago-
some metabolism (Freitas 2003n). In rare circumstances, it may be necessary to
kill the phagocyte (Freitas 2003o) or to blockade the entire phagocytic system
(Freitas 2003p). Of course, the most direct approach for a fully-functional medi-
cal nanorobot is to employ its motility mechanisms to locomote out of, or away
from, the phagocytic cell that is attempting to engulf it. This may involve reverse
cytopenetration (Freitas 1999x), which must be done cautiously (e.g., the rapid
exit of nonenveloped viruses from cells can be cytotoxic (Oh 1985)). It is possible
that frustrated phagocytosis may induce a localized compensatory granulomatous
reaction. Medical nanorobots therefore may also need to employ simple but active
defensive strategies to forestall granuloma formation (Freitas 2003q).

23.6 Control of Human Morbidity using Medical Nanorobots

Morbidity is the state of being unhealthy, sick, diseased, possessing genetic or
anatomic pathologies or injuries, or experiencing physiological malfunctions, and
also generally refers to conditions that are potentially medically treatable. Here
we’ll examine how human morbidity can be controlled and prevented by employing
medical nanorobots to cure disease, reverse trauma, and repair individual cells. The
descriptions of nanorobots suggested for each treatment are representative of the
powerful new capabilities that are expected to be available some decades hence, but
we do not provide an exhaustive summary of all devices that may be needed during
each treatment as that would be beyond the scope of this chapter.
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23.6.1 Advantages of Medical Nanorobots

Although biotechnology makes possible a greatly increased range and efficacy of
treatment options compared to traditional approaches, with medical nanorobotics
the range, efficacy, comfort and speed of possible medical treatments further
expands enormously. Medical nanorobotics will be essential whenever the damage
to the human body is extremely subtle, highly selective, or time-critical (as in head
traumas, burns, or fast-spreading diseases), or when the damage is very massive,
overwhelming the body’s natural defenses and repair mechanisms – pathological
conditions from which it is often difficult or impossible to recover at all using current
or easily foreseeable biotechnological techniques.

While it is true that many classes of medical problems may be at least par-
tially resolved using existing treatment alternatives, it is also true that as the chosen
medical technology becomes more precise, active, and controllable, the range of
options broadens and the quality of the options improves. Thus the question is not
whether medical nanorobotics is absolutely required to accomplish a given medi-
cal objective. In many cases, it is not – though of course there are some things that
only biotechnology and nanotechnology can do, and some other things that only
nanotechnology can do. Rather, the important question is which approach offers
a superior outcome for a given medical problem, using any reasonable metric of
treatment efficacy. For virtually every class of medical challenge, a mature medi-
cal nanorobotics offers a wider and more effective range of treatment options than
any other solution. A few of the most important advantages of medical nanorobotics
over present-day and future biotechnology-based medical and surgical approaches
include (Freitas 1999ct):

1. Speed of Treatment. Doctors may be surprised by the incredible quickness of
nanorobotic action when compared to methods relying on self-repair. We expect
that mechanical nanorobotic therapeutic systems can reach their targets up to
~1,000 times faster, all else equal, and treatments which require ~105 sec (~days)
for biological systems to complete may require only ~102 sec (~minutes) using
nanorobotic systems (Freitas 2005b).

2. Control of Treatment. Present-day biotechnological entities are not pro-
grammable and cannot easily be switched on and off conditionally (while
following complex multidecision trees) during task execution. Even assuming
that a digital biocomputer (Freitas 1999ai; Guet et al. 2002; Yokobayashi et al.
2002; Basu et al. 2004, 2005) could be installed in, for example, a fibroblast, and
that appropriate effector mechanisms could be attached, such a biorobotic sys-
tem would necessarily have slower clock cycles (Basu et al. 2004), less capacious
memory per unit volume, and longer data access times, implying less diversity
of action, poorer control, and less complex executable programs than would be
available in diamondoid nanocomputer-controlled nanorobotic systems (Section
23.3.5). The mechanical or electronic nanocomputer approach (Freitas 1999k)
emphasizes precise control of action (Freitas 2009), including control of physi-
cal placement, timing, strength, structure, and interactions with other (especially
biological) entities.
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3. Verification of Treatment. Nanorobotic-enabled endoscopic nanosurgery
(Section “Endoscopic Nanosurgery and Surgical Nanorobots”) will include com-
prehensive sensory feedback enabling full VR telepresence permitting real-time
surgery into cellular and subcellular tissue volumes. Using a variety of com-
munication modalities (Freitas 1999f), nanorobots will be able to report back
to the attending physician, with digital precision and ~MHz bandwidth (Freitas
1999ah), a summary of diagnostically- or therapeutically-relevant data describ-
ing exactly what was found prior to treatment, what was done during treatment,
and what problems were encountered after treatment, in every cell or tissue
visited and treated by the nanorobot. A comparable biological-based approach
relying primarily upon chemical messaging must necessarily be slow and have
only limited signaling capacity and bandwidth.

4. Minimal Side Effects. Almost all drugs have significant side effects, such as con-
ventional cancer chemotherapy which causes hair loss and vomiting, although
computer-designed drugs can have higher specificity and fewer side effects
than earlier drugs. Carefully tailored cancer vaccines under development start-
ing in the late 1990s were expected unavoidably to affect some healthy cells.
Even well-targeted drugs are distributed to unintended tissues and organs in low
concentrations (Davis 1996), although some bacteria can target a few organs
fairly reliably without being able to distinguish individual cells. By contrast,
mechanical nanorobots may be targeted with virtually 100% accuracy to spe-
cific organs, tissues, or even individual cellular addresses within the human body
(Freitas 1999g, 2006a). Such nanorobots should have few if any side effects, and
will remain safe even in large dosages because their actions can be digitally
self-regulated using rigorous control protocols (Freitas 2009) that affirmatively
prohibit device activation unless all necessary preconditions have been met, and
remain continuously satisfied. More than a decade ago, Fahy (1993) observed
that these possibilities could transform “drugs” into “programmable machines
with a range of sensory, decision-making, and effector capabilities [that] might
avoid side effects and allergic reactions...attaining almost complete specificity
of action. . .. Designed smart pharmaceuticals might activate themselves only
when, where, and if needed.” Additionally, nanorobots may be programmed to
harmlessly remove themselves from the site of action, or conveniently excrete
themselves from the body, after a treatment is completed. By contrast, spent
biorobotic elements containing ingested foreign materials may have more lim-
ited post-treatment mobility, thus lingering at the worksite causing inflammation
when naturally degraded in situ or removed. (It might be possible to design arti-
ficial eukaryotic biorobots having an apoptotic pathway (Freitas 1999ag) that
could be activated to permit clean and natural self-destruction, but any indi-
gestible foreign material that had been endocytosed by the biorobot could still
cause inflammation in surrounding tissues when released).

5. Faster and More Precise Diagnosis. The analytic function of medical diagno-
sis requires rapid communication between the injected devices and the attending
physician. If limited to chemical messaging, biotechnology-based devices such
as biorobots will require minutes or hours to complete each diagnostic loop.
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Nanomachines, with their more diverse set of input-output mechanisms, will be
able to outmessage complete results (both aggregated and individual outliers) of
in vivo reconnaissance or testing to the physician, literally in seconds (Freitas
1999f). Such nanomachines could also run more complex tests of greater variety
in far less time. Nanomechanical nanoinstrumentation will make comprehen-
sive rapid cell mapping and cell interaction analysis possible. For example, new
instances of novel bacterial resistance could be assayed at the molecular level
in real time, allowing new treatment agents to be quickly composed using an
FDA-approved formulary, then manufactured and immediately deployed on the
spot.

6. More Sensitive Response Threshold for High-Speed Action. Unlike natural sys-
tems, an entire population of nanorobotic devices could be triggered globally
by just a single local detection of the target antigen or pathogen. The natu-
ral immune system takes >105 sec to become fully engaged after exposure to
a systemic pathogen or other antigen-presenting intruder. A biotechnologically
enhanced immune system that could employ the fastest natural unit replication
time (~103 sec for some bacteria) would thus require at least ~104 sec for full
deployment post-exposure. By contrast, an artificial nanorobotic immune system
(Freitas 2005b) could probably be fully engaged (though not finished) in at most
two blood circulation times, or ~102 sec.

7. More Reliable Operation. Individual engineered macrophages would almost
certainly operate less reliably than individual mechanical nanorobots. For exam-
ple, many pathogens, such as Listeria monocytogenes and Trypanosoma cruzi,
are known to be able to escape from phagocytic vacuoles into the cytoplasm
(Stenger et al. 1998). While biotech drugs or cell manufactured proteins could
be developed to prevent this (e.g., cold therapy drugs are entry-point block-
ers), nanorobotic trapping mechanisms could be more secure (Freitas 1999y,
2005b). Proteins assembled by natural ribosomes typically incorporate one error
per ~104 amino acids placed; current gene and protein synthesizing machines
utilizing biotechnological processes have similar error rates. A molecular nan-
otechnology approach should decrease these error rates by at least a millionfold
(Drexler 1992i). Nanomechanical systems will also incorporate onboard sensors
to determine if and when a particular task needs to be done, or when a task
has been completed. Finally, and perhaps most importantly, it is highly unlikely
that natural microorganisms will be able to infiltrate rigid watertight diamondoid
nanorobots or to co-opt their functions. By contrast, a biotech-based biorobot
more readily could be diverted or defeated by microbes that would piggyback
on its metabolism, interfere with its normal workings, or even incorporate the
device wholesale into their own structures, causing the engineered biomachine
to perform some new or different – and possibly pathological – function that
was not originally intended. There are many examples of such co-option in nat-
ural biological systems, including the protozoan mixotrichs found in the termite
gut that have assimilated bacteria into their bodies for use as motive engines
(Cleveland and Grimstone 1964; Tamm 1982), and the nudibranch mollusks
(marine snails without shells) that steal nematocysts (stinging cells) away from
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coelenterates such as jellyfish (i.e. a Portuguese man-of-war) and incorporate
the stingers as defensive armaments in their own skins (Thompson and Bennett
1969) – a process which Vogel (Vogel 1998) calls “stealing loaded guns from
the army.”

8. Nonbiodegradable Treatment Agents. Diagnostic and therapeutic agents con-
structed of biomaterials generally are biodegradable in vivo, although there is
a major branch of pharmacology devoted to designing drugs that are moderately
non-biodegradable – e.g., anti-sense DNA analogs with unusual backbone link-
ages and peptide nucleic acids (PNAs) are difficult to break down. An engineered
fibroblast may not stimulate an immune response when transplanted into a for-
eign host, but its biomolecules are subject to chemical attack in vivo by free
radicals, acids, and enzymes. Even “mirror” biomolecules or “Doppelganger
proteins” comprised exclusively of unnatural D-amino acids have a lifetime
of only ~5 days inside the human body (Robson 1998). In contrast, suitably
designed nanorobotic agents constructed of nonbiological materials will not
be biodegradable. Nonbiological diamondoid materials are highly resistant to
chemical breakdown or leukocytic degradation in vivo, and pathogenic biolog-
ical entities cannot easily evolve useful attack strategies against these materials
(Freitas 1999z). This means that medical nanorobots could be recovered intact
from the patient and recycled, reducing life-cycle energy consumption and
treatment costs.

9. Superior Materials. Typical biological materials have tensile failure strengths in
the 106–107 N/m2 range, with the strongest biological materials such as wet com-
pact bone having a failure strength of ~108 N/m2, all of which compare poorly
to ~109 N/m2 for good steel, ~1010 N/m2 for sapphire, and ~1011 N/m2 for
diamond and carbon fullerenes (Freitas 1999aa), again showing a 103–105 fold
strength advantage for mechanical systems that use nonbiological, and especially
diamondoid, materials. Nonbiological materials can be much stiffer, permitting
the application of higher forces with greater precision of movement, and they
also tend to remain more stable over a larger range of relevant conditions includ-
ing temperature, pressure, salinity and pH. Proteins are heat sensitive in part
because much of the functionality of their structure derives from the noncovalent
bonds involved in folding, which are broken more easily at higher tempera-
tures. In diamond, sapphire, and many other rigid materials, structural shape
is covalently fixed, hence is far more temperature-stable. Most proteins also
tend to become dysfunctional at cryogenic temperatures, unlike diamond-based
mechanical structures (Freitas 1999ab), so diamondoid nanorobots could more
easily be used to repair frozen cells and tissues. Biomaterials are not ruled out
for all nanomechanical systems, but they represent only a small subset of the
full range of materials that can be employed in nanorobots. Nanorobotic systems
may take advantage of a wider variety of atom types and molecular structures
in their design and construction, making possible novel functional forms that
might be difficult to implement in a purely biological-based system (e.g., steam
engines (Freitas 1999ac) or nuclear power (Freitas 1999ad)). As another exam-
ple, an application requiring the most effective bulk thermal conduction possible
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should use diamond, the best conductor available, not some biomaterial having
inferior thermal performance.

23.6.2 Curing Disease

Nanorobots should be able to cure most common diseases in a manner more akin to
the directness and immediacy of surgery, fixing a given problem in minutes or hours,
than to current treatment regimens for treating most disease conditions which typi-
cally involve (a) the injection or ingestion of slow-acting medications of relatively
poor efficacy, (b) dietary and lifestyle changes, (c) psychological factors, and so
forth, often taking weeks, months, or even years to provide what is sometimes only
an incomplete cure. We focus here on the disease conditions that presently pose the
greatest risk of death, most of which are, not surprisingly, presently associated with
aging and include microbial infections (Section 23.6.2.1), cancer (Section 23.6.2.2),
heart disease (Section 23.6.2.3), stroke (Section 23.6.2.4), and hormonal, metabolic
and genetic disease (Section 23.6.2.5).

Bear in mind that each of the nanorobotic treatment devices described below has
been subjected to a rigorous design and scaling study, most of which have been pub-
lished in peer reviewed journals. Thus the proposed nanomachines are not cartoons
or simplistic speculations but rather are genuine engineering constructs believed
to be thoroughly feasible and likely to function as described once they (or similar
devices) can be manufactured (Section 23.4).

23.6.2.1 Bacterial, Viral, and Other Parasitic Infection

Perhaps the most widely recognized form of disease is when the human body is
under attack by invading viruses, bacteria, protozoa, or other microscopic parasites.
One general class of medical nanorobot will serve as the first-line nanomedical
treatment for pathogen-related disease. Called a “microbivore” (Fig. 23.20), this
artificial nanorobotic white cell substitute, made of diamond and sapphire, would
seek out and harmlessly digest unwanted bloodborne pathogens (Freitas 2005b).
One main task of natural white cells is to phagocytose and kill microbial invaders
in the bloodstream. Microbivore nanorobots would also perform the equivalent of
phagocytosis and microbial killing, but would operate much faster, more reliably,
and under human control.

The baseline microbivore is designed as an oblate spheroidal nanomedical device
measuring 3.4 microns in diameter along its major axis and 2.0 microns in diameter
along its minor axis, consisting of 610 billion precisely arranged structural atoms
in a gross geometric volume of 12.1 micron3 and a dry mass of 12.2 picograms.
This size helps to ensure that the nanorobot can safely pass through even the
narrowest of human capillaries and other tight spots in the spleen (e.g., the interen-
dothelial splenofenestral slits (Freitas 2003r)) and elsewhere in the human body
(Freitas 2003s). The microbivore has a mouth with an irising door, called the inges-
tion port, where microbes are fed in to be digested, which is large enough to
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Fig. 23.20 An artificial white cell – the microbivore (Freitas 2005a). Designer Robert
A. Freitas Jr., additional design Forrest Bishop. ©2001 Zyvex Corp. Used with permission

This
figure
will be
printed
in b/w

internalize a single microbe from virtually any major bacteremic species in a single
gulp. The microbivore also has a rear end, or exhaust port, where the completely
digested remains of the pathogen are harmlessly expelled from the device. The rear
door opens between the main body of the microbivore and a tail-cone structure.
According to this author’s scaling study (Freitas 2005b), the device may consume
up to 200 pW of continuous power (using bloodstream glucose and oxygen for
energy) while completely digesting trapped microbes at a maximum throughput of
2 micron3 of organic material per 30-second cycle. This “digest and discharge” pro-
tocol (Freitas 1999aj) is conceptually similar to the internalization and digestion
process practiced by natural phagocytes, except that the artificial process should be
much faster and cleaner. For example, it is well-known that macrophages release
biologically active compounds during bacteriophagy (Fincher et al. 1996), whereas
well-designed microbivores need only release biologically inactive effluent.

The first task for the bloodborne microbivore is to reliably acquire a pathogen
to be digested. If the correct bacterium bumps into the nanorobot surface, reversible
species-specific binding sites on the microbivore hull can recognize and weakly bind
to the bacterium. A set of 9 distinct antigenic markers should be specific enough
(Freitas 1999ak), since all 9 must register a positive binding event to confirm that
a targeted microbe has been caught. There are 20,000 copies of these 9-marker
receptor sets, distributed in 275 disk-shaped regions across the microbivore surface.
Inside each receptor ring are more rotors to absorb ambient glucose and oxygen
from the bloodstream to provide nanorobot power. At the center of each 150-nm
diameter receptor disk is a grapple silo. Once a bacterium has been captured by
the reversible receptors, telescoping robotic grapples (Freitas 1999am) rise up out
of the microbivore surface and attach to the trapped bacterium, establishing secure
anchorage to the microbe’s cell wall, capsid, or plasma membrane (Fig. 23.21). The
microbivore grapple arms are about 100 nm long and have various rotating and tele-
scoping joints that allow them to change their position, angle, and length. After
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A B DC

Fig. 23.21 Telescoping grapple manipulators for the microbivore (Freitas 2005a) help to capture
and manipulate target pathogens into the interior of the device for digestion, and to assist in device
mobility; (a) fully extended grapple, (b) grapple work envelope, (c) top view of grapple in silo
with iris cover mechanism retracted, (d) grapple footpad covered by protective cowling. Images
© 2001 Forrest Bishop, used with permission
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rising out of its silo, a grapple arm could execute complex twisting motions, and
adjacent grapple arms can physically reach each other, allowing them to hand off
bound objects as small as a virus particle. Grapple handoff motions could transport
a large rod-shaped bacterium from its original capture site forward to the inges-
tion port at the front of the device. The captive organism would be rotated into the
proper orientation as it approaches the open microbivore mouth, where the pathogen
is internalized into a 2 micron3 morcellation chamber under continuous control of
mouth grapples and an internal mooring mechanism.

There are two concentric cylinders inside the microbivore. The bacterium will
be minced into nanoscale pieces in the morcellation chamber (Freitas 1999an), the
smaller inner cylinder, then the remains are pistoned into a separate 2 micron3

digestion chamber, a larger outer cylinder. In a preprogrammed sequence, ~40 dif-
ferent engineered digestive enzymes will be successively injected and extracted
six times during a single digestion cycle, progressively reducing the morcellate
to monoresidue amino acids, mononucleotides, glycerol, free fatty acids and sim-
ple sugars, using an appropriate array of molecular sorting rotors. These basic
molecules are then harmlessly discharged back into the bloodstream through the
exhaust port at the rear of the device, completing the 30-second digestion cycle.
When treatment is finished, the doctor may transmit an ultrasound signal to tell the
circulating microbivores that their work is done. The nanorobots then exit the body
through the kidneys and are excreted with the urine in due course (Weatherbee and
Freitas 2010).

A human neutrophil, the most common type of leukocyte or white cell, can cap-
ture and engulf a microbe in a minute or less, but complete digestion and excretion
of the organism’s remains can take an hour or longer. Our natural white cells – even
when aided by antibiotics – can sometimes take weeks or months to completely clear
bacteria from the bloodstream. By comparison, a single terabot (1012-nanorobot)
dose of microbivores should be able to fully eliminate bloodborne pathogens in just
minutes, or hours in the case of locally dense infections. This is accomplished with-
out increasing the risk of sepsis or septic shock because all bacterial components
(including all cell-wall lipopolysaccharide) will be internalized and fully digested
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into harmless nonantigenic molecules prior to discharge from the device. And no
matter that a bacterium has acquired multiple drug resistance to antibiotics or to any
other traditional treatment – the microbivore will eat it anyway. Microbivores would
be up to ~1000 times faster-acting than antibiotic-based cures which often need
weeks or months to work. The nanorobots would digest ~100 times more microbial
material than an equal volume of natural white cells could digest in any given time
period, and would have far greater maximum lifetime capacity for phagocytosis than
natural white blood cells.

Besides intravenous bacterial, viral, fungal, and parasitic scavenging, microbi-
vores or related devices could also be used to help clear respiratory or cerebrospinal
bacterial infections, or infections in other nonsanguinous fluid spaces such as
pleural (Strange and Sahn 1999), synovial (Perez 1999), or urinary fluids. They
could eliminate bacterial toxemias; eradicate viral, fungal, and parasitic infec-
tions; patrol tissues to remove pathological substances and organisms; disinfect
surfaces, foodstuffs, or organic samples; and even help clean up biohazards and
toxic chemicals.

Slightly modified microbivores are envisioned (Freitas 2005b) that could attack
biofilms (Costerton et al. 1999) or small tumor masses (Section 23.6.2.2). A tar-
geted cell-rich surface would be detected via receptor binding, then grapple arms
would rotate the entire nanorobot perpendicular to the stationary biofilm. After
positioning the nanorobot’s mouth over the film and establishing watertight con-
tact via lipophilic semaphores (Freitas 1999cu), operation of the vacuum piston
draws biofilm contents into the morcellation chamber and the regular digestion cycle
begins. The geometry of the nanorobot mouth can be altered (e.g., to square or
hexagonal cross-section) to allow closer packing of a sufficient number of adjacent
microbivores to avoid significant leakage of cell contents as the biofilm or tumor is
planarly digested.

Bloodborne microbivores alone are not a complete solution to microbial dis-
ease – pathogens also accumulate in reservoirs inside organs, tissues, and even
cells, and thus would need to be extirpated by more sophisticated tissue-mobile
(Freitas 1999at) and even cytopenetrating (Freitas 1999x) microbivores. Similarly,
viruses can insert alien genetic sequences into native DNA that must be rooted out
using chromallocyte-class devices (Section 23.6.4.3), and so forth. But microbivore-
class devices will be the foundation of our future first-line treatment against
microbiological pathogens.

23.6.2.2 Cancer

A cell that has lost its normal control mechanisms and thus exhibits unregulated
growth is called a cancer. Cancer cells can arise from normal cells in any tissue or
organ, and during this process their genetic material undergoes change. As these
cells grow and multiply, they form a mass of cancerous tissue that invades adjacent
tissues and can metastasize around the body. Near-term alternatives to traditional
chemotherapy (that kills not just cancer cells but healthy cells as well and causes
fatigue, hair loss, nausea, depression, and other side effects) are being developed
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such as angiogenesis inhibitors (Bergers et al. 1999), autologous vaccines (Berd
et al. 1998), and WILT (Section 23.7.1.7).

The healthy human body can use phagocytosis to dispose of many isolated cancer
cells (Shankaran et al. 2001; Dunn et al. 2002; Street et al. 2004; Swann and Smyth
2007) before they can replicate and become established as a growing tumor – which
happens more frequently in people with abnormally functioning immune systems
(e.g., patients with autoimmune disease or on immunosuppressive drugs) – though
some cancers can evade immune system surveillance even when that system is func-
tioning normally. No such evasion is possible, however, if we use microbivore-class
nanodevices, some with enhanced tissue mobility, that could patrol the bloodstream
or body tissues, seeking out the clear antigenic signature of cancerous cells or
tumors (see below) and then digesting these cancers into harmless effluvia, leaving
healthy cells untouched. For example, active microbivores crowding on the exterior
surface of a tumor mass could each excavate and digest the tumor mass beneath it at
~1 micron/min, requiring ~1 hour for ~4000 devices to digest a 100 micron diameter
tumor mass or ~400,000 devices and ~10 hours for a 1 mm diameter tumor. Larger
tumors could be infiltrated by tissue-mobile microbivores along numerous parallel
strata or more tortuous vascular paths and then be rapidly consumed from multiple
foci, from the inside out.

A more organized treatment protocol would begin with a comprehensive whole-
body mapping of all tissue-borne cancer cells and tumors based on detection of
specific biomarkers (Box 23.1) or other thermographic (Freitas 1999av) or chemo-
graphic (Freitas 1999aw) techniques. A trillion-nanorobot survey fleet that spends
100 seconds examining the chemical surface signatures of the plasma membranes
of all ~10 trillion tissue cells in the body (Freitas 1999m) nominally would require
~1000 sec to complete the survey. Each device could reach the vicinity of most
organs and tissues in the body in about one circulation time or ~60 sec, and could
then reach most cells which lie well within ~40 microns (~2 cell widths) of a cap-
illary exit point within ~40 sec even traveling at a very slow ~1 micron/sec through
the tissues (comparable to leukocyte and fibroblast speeds (Freitas 1999au)). Adding
this travel time increases survey time to ~1520 seconds for infusion, travel to 10
adjacent target cells, examination of target cells, and return to the bloodstream, so
we should perhaps allow ~1 hour for the entire mapping process (Freitas 2007)
which must also include ingress and egress of nanorobots from the body.

Once the locations of all cancerous cells in the body have been mapped, tissue-
mobile microbivores can employ precise in vivo positional navigation (Freitas
1999cj) to return to the address of each isolated cancer cell or small cancer cell
aggregate and destroy them. Tumor masses larger than 0.1–1 mm in diameter may
be more practical to remove via endoscopic nanosurgery (Section “Endoscopic
Nanosurgery and Surgical Nanorobots”) in which a specialized nanomechani-
cal probe instrument such as a nanosyringoscope (Section “Nanosyringoscopy”)
(whose intelligent tip is mobile and guided by continuous sensor readings to detect
the perimeter of the cancerous region) would be inserted into the diseased tissue
which is then excised and either digested or vacuumed out in a few minutes, much
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like fatty deposits during present-day atherectomies (Mureebe and McKinsey 2006),
malignant tumors during endoscopic tumor microdebridement (Simoni et al. 2003),
or less-precise laser-based tumor debulking procedures (Paleri et al. 2005). In princi-
ple, cell repair nanorobots called chromallocytes (Section 23.6.4.3) that are capable
of in situ chromosome replacement therapy could be used to effect a complete
genetic cure of diseased cancer cells, but this is not practical for large tumors (treat-
ment time too long, cell population too protean) and because most tumors consist of
surplus tissue that is more convenient to excise than to repair.

Box 23.1 Biochemical markers for cancer cell mapping

Cancer cells may display below-normal concentrations of β4 integrins and
above-normal concentrations of β1 integrins, survivin, sialidase-sensitive can-
cer mucins, and leptin receptors such as galectin-3 (Dowling et al. 2007).
Other cancer cell biomarkers are GM2 ganglioside, a glycolipid present on
the surface of ~95% of melanoma cells with the carbohydrate portion of the
molecule conveniently jutting out on the extracellular side of the melanoma
cell membrane, and fucosyl GM1, which is only detected on small cell
lung cancers (Zhang et al. 1997). GM2 and another ganglioside, GD2, are
expressed on the surface of several types of cancer cells involved in small-
cell lung, colon, and gastric cancer, sarcoma, lymphoma, and neuroblastoma
(Zhang et al. 1997). Recognition of surface GM2 is the basis of anticancer
vaccines currently under development (Livingston 1998; Knutson 2002).
The membranes of cancer cells in gastrointestinal stromal tumors express
CD117 (aka. Kit) 95% of the time, heavy caldesmon (80%) and CD34 (70%)
(Miettinen and Lasota 2006). Other cancer cell membrane biomarkers include
ERBB2 oncoprotein (aka. p185) in breast cancer (Wu 2002), DDR1 and
CLDN3 in epithelial ovarian cancer (Heinzelmann-Schwarz et al. 2004), the
cell surface glycoprotein CD147 (aka. emmprin) on the surface of malig-
nant tumor cells (Yan et al. 2005), and the transmembrane protein EDFR
in various human carcinomas (Normanno et al. 2006). Helpfully, expres-
sion of some cancer cell surface biomarkers is differentially related to tumor
stage (Roemer et al. 2004) – for example, MMP-26 and TIMP-4 are strongly
expressed in high-grade prostatic intraepithelial neoplasia but their expression
significantly declines as the cancer progresses to invasive adenocarcinoma in
human prostate (Lee et al. 2006). Many tumor-associated antigens are already
known (Malyankar 2007) and the search for new membrane-bound (Liang
et al. 2006, Alvarez-Chaver et al. 2007) and other (Zhang et al. 2007; Feng
et al. 2007) cancer cell biomarkers is very active.
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23.6.2.3 Heart and Vascular Disease

Perhaps the most common form of heart disease – and the leading cause of ill-
ness and death in most Western countries – is atherosclerosis, a condition in which
the endothelial cell-lined artery wall becomes thicker and less elastic due to the
presence of fatty-material-accumulating white cells under the inner lining of the
arterial wall, creating a deposit called an atheroma. As the atheromas grow, the arte-
rial lumens narrow. In time, the atheromas may collect calcium deposits, become
brittle, and rupture, spilling their fatty contents and triggering the formation of a
blood clot. The clot can further narrow or even occlude the artery, possibly lead-
ing to heart attack, or it may detach and float downstream, producing a vascular
embolism.

By the era of nanomedicine in the 2020s and beyond, the incidence of heart dis-
ease in Western countries may be somewhat diminished compared to today because
atherosclerosis is already partially reversible by controlling blood lipids (Wissler
and Vesselinovitch 1990; Schell and Myers 1997; Grobbee and Bots 2004; Tardif
et al. 2006), and future nanorobotic control of gene expression (Section 23.6.4.4)
or stem cell treatments as already demonstrated in rodents (Lu et al. 2007) may
prove even more effective as preventive measures. However, the regression of
atherosclerotic plaque is generally accompanied by a decrease in total vessel size
without an increase in luminal dimensions (Tardif et al. 2006), so restoring original
luminal dimensions will likely still require a capability for direct vascular remod-
eling. Prevention is also likely to be underutilized by asymptomatic hyperlipidemic
patients in wealthy countries, and may not be sufficiently available to less affluent
patients or to patients in nonindustrialized countries.

The “vasculocyte” (Fig. 23.22) may be the nanorobotic treatment of choice
for the limited vascular repair of primarily intimal arteriosclerotic lesions prior
to complete arterial occlusion (Freitas 1996a). The device is designed as a squat,
hexagonal-shaped nanorobot with rounded corners, measuring 2.7 microns across
and 1 micron tall, that walks the inside surface of blood vessels atop telescoping

Fig. 23.22 The vasculocyte
(Freitas 1996), nanorobotic
treatment of choice for
repairing atherosclerotic
lesions on the vascular
surface of arteries (courtesy
of Forrest Bishop. Used with
permission)
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appendages arranged on its underbelly. Its 400-billion atom structure would weigh
about 8 picograms. The machine is scaled so that its longest cross-body diagonal
(Freitas 1999ax) is shorter than 4 microns, the diameter of the narrowest capillaries
in the human body (Freitas 1999ay). The slightly-curved topmost surface will be
almost completely tiled with 174,000 molecular sorting rotors (Section 23.3.2) to
allow rapid exchange of specific molecules between the interior of the nanorobot
and the patient’s bloodstream.

On its six side walls the vasculocyte will be enveloped by an extensible “bumper”
surface (Freitas 1999az) which cycles between 100 and 300 nm of thickness as
internally-stored piston-pumped ballast fluid inflates and deflates the surface about
once every second (Freitas 1999ba). This cycling will allow a nanorobot situated
on an arterial wall to continuously adjust its girth by up to 15% to match the regu-
lar distensions of arterial wall circumference that occur during each systolic pulse
of the heart (Freitas 1999bb), thus maintaining watertight contact with similarly-
cycling neighboring devices all of which are stationkeeping over a particular section
of vascular tissue.

On its bottom face, the vasculocyte will have 625 stubby telescoping appendages
(Section 23.3.3), each capable of 1 cm/sec movements. Limbs are similar to those
in the microbivore and are spaced out along a regular grid about 100 nm apart, with
only 10% of them used at any one time both to preserve tenfold redundancy and
to avoid any possibility of leg-leg collisions. Each leg walks on a “footpad” tool
tip (Freitas 1999bc) that is 10 nm in diameter. Acting like a snowshoe, the footpad
will distribute leg motion forces widely enough to avoid disrupting cell membranes
(Freitas 1999bd).

Many different tool tips (Freitas 1999be) might be deployed up through the inte-
rior hollows of the 625 nanorobotic limbs. Appendages on the underbelly may
be used as manipulator arms for blood clot and foam cell disassembly, endothe-
lial cell herding, adhesive glycoprotein removal, and so forth. Syringe tips will
allow suction or drug injection by penetrating the 10-nm thick cellular membranes
over which the device is walking. Other specialized tips will be used for bulk tis-
sue disposal (a rotating cutting annulus), molecular absorption (using binding sites
keyed to the molecules that make up plaque), cell peeling (specialized grippers),
and as sensors for biomarker detection, chemotactic mapping, and other physical
measurements.

After injection, the vasculocytes will circulate freely in the patient’s bloodstream
for a few minutes, finally dropping out onto a capillary wall and beginning to crawl
upstream (or downstream, if in the pulmonary bed) along the vessel surface. Each
device moves past the precapillary sphincters, through the metarterioles to the wide
end of the terminal arterioles, then up the terminal arterial branches (150 microns
in diameter) and into the arteries, where it joins up with others, forming into trav-
eling circumferential scanning rings consisting of millions of individual nanorobots
walking side by side. Eventually these traveling bands (Lapidus and Schiller 1978)
will enter the 25,000-micron diameter aorta, leading, ultimately, to the heart. Upon
reaching the heart uneventfully, each device would release its grip on the arte-
rial wall and return to the bloodstream, allowing removal from the body either by
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nanapheresis centrifugation (Freitas 1999bm) or by excretion through the kidneys
(Weatherbee and Freitas 2010). Creeping along the arterial tree at a fairly modest
speed of 100 microns/sec (Freitas 1999bf), a vasculocyte ring could travel the 70 cm
mean distance from capillaries to heart in about 2 hours if uninterrupted.

However, if disease is present the nanorobots will detect sclerotic tissue based
on surface plaque temperature heterogeneity (Stefanadis et al. 1999), directly sam-
pled tissue biomarkers (Schönbeck and Libby 2001; Lipinski et al. 2004; Koenig
and Khuseyinova 2007), observation of ultrastructural alterations in endothelial cell
morphology (Walski et al. 2002), thinning of endothelial glycocalyx (Gouverneur
et al. 2006) or other evidence of endothelial dysfunction (Hadi et al. 2005), and cir-
cumferential vasculometric variations. Upon such detection, enough vasculocytes
would collect over the affected area to entirely cover the lesion. The nanorobots
aggregate into a watertight arterial “bandage” by locking themselves together side
by side through their inflatable bumpers, then establish mutual communications
links (Freitas 1999bg) and anchor themselves securely to the underlying tissue to
begin repair operations which may be externally supervised and directed by the
physician in real time.

The total computational power inherent in each bandage would be fairly impres-
sive: a 1 cm2 patch of linked vasculocytes each running a tenfold-redundant
1 MB/sec nanocomputer having 5 MB of memory represents a 10-million nanorobot
parallel computer with 100 terabit/sec processing capacity (crudely equivalent to the
human brain) with 50 terabits of memory. Within each bandage, nanorobots would
complete all repairs within 24 hours or less, faster than hemangioblast precursor
cells derived from human stem cells that show robust reparative function of damaged
rat/mouse vasculature in 24–48 hours (Lu et al. 2007). Repairs would occur in eight
sequenced mission steps including: (1) reconnoiter, (2) clean the site, (3) strip the
existing endothelial layer, (4) rebuild endothelial cell population, (5) remove lesions,
(6) halt aberrant vascular muscle cell growth, (7) rebuild basement structure, and
(8) reposition endothelial cells. A 1 cm3 injection of 70 billion vasculocytes would
be a large enough treatment dosage to entirely coat 50% of the entire human arte-
rial luminal surface with these active, healing nanorobots. Supplemental endothelial
cells may be manufactured exogenously (Section “Tissue Printers, Cell Mills and
Organ Mills”) and transported to active repair sites as required.

If complete arterial occlusion has occurred, the patient may require emer-
gency endoscopic nanosurgery (Section “Endoscopic Nanosurgery and Surgical
Nanorobots”), analogous to mechanical thrombectomy (Kasirajan et al. 2001) today,
to quickly clear the obstruction, plus a local injection of respirocytes (Section
23.6.3.1) to reduce ischemic damage to the affected tissues; or, alternatively, a
population of burrowing tissue-mobile microbivore-class devices could rapidly
digest the embolus (Section 23.6.2.4). Nanorobotic devices can also be used to treat
non-atheroma lesions of the vasculature, such as those caused by viral invaders that
attack and damage the vascular endothelium (Sahni 2007), e.g., in viral hemorrhagic
fevers (Marty et al. 2006).
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23.6.2.4 Stroke and Cerebrovascular Disease

Strokes are the most common cause of disabling neurologic damage in the industri-
alized countries. In an ischemic stroke, a large fatty deposit (atheroma) can develop
in a carotid artery, greatly reducing its blood flow feeding the brain. If fatty material
breaks off from the carotid artery wall it can travel with the blood and become stuck
in a smaller brain artery, blocking it completely. Also, a clot formed in the heart or
on one of its valves can break loose, travel up through the arteries to the brain, and
lodge there. When blood flow to the brain is disrupted, brain cells can die or become
damaged from lack of oxygen. If the blood supply is not restored within a few hours,
brain tissue dies, resulting in stroke. Insufficient blood supply to parts of the brain
for brief periods causes transient ischemic attacks (TIAs), temporary disturbances in
brain function, and brain cells can also be damaged if bleeding occurs in or around
the brain, producing various cerebrovascular disorders. In a future nanomedical era
the incidence of this form of disease should be somewhat reduced, but prevention
may not be universally practiced or available for all patients.

Nanorobotic treatments might be applied as follows. First, in the case of par-
tial occlusions of the carotid or lesser cranial arteries that are not immediately
life threatening, vasculocytes (Section 23.6.2.3) could be employed to clear par-
tial obstructions, repair the vascular walls, and to enlarge the vessel lumen to
its normal diameter in a treatment lasting perhaps several hours. Second, in the
case of small solid emboli blocking capillaries or small metarterioles, burrowing
tissue-mobile microbivore-class devices could digest the obstructions in minutes
(e.g., 8 minutes to clear an 8 micron diameter capillary, digesting an embolus at
the ~1 micron/min rate; Section 23.6.2.2) with respirocytes added to the thera-
peutic cocktail to help maintain oxygenation of the affected tissues via diffusion
from devices passing through adjacent capillaries. Finally, endoscopic nanosurgery
(Section “Endoscopic Nanosurgery and Surgical Nanorobots”) could be used to
quickly clear a life-threatening total occlusion on an emergency basis, and intracra-
nial hemorrhages may be dealt with using a combination of endoscopic nanosurgery
(Section “Endoscopic Nanosurgery and Surgical Nanorobots”), vascular gates
(Section “Vascular Gates”) and clottocytes (Section 23.6.3.3).

23.6.2.5 Hormonal, Metabolic and Genetic Disease

Diabetes mellitus is a hormonal disorder that is the tenth leading cause of death in
the United States and the leading cause of blindness with complications including
kidney and nerve damage, cataracts, impairment of skin health and white cell func-
tion, and cardiovascular damage. In Type I diabetes, >90% of the insulin producing
beta cells in the pancreas have been destroyed by the immune system, requiring
regular insulin injections; in Type II, the pancreas continues to manufacture insulin
but the body develops resistance to its effects, creating a relative insulin defi-
ciency. Both forms have a genetic component. By the 2020s and beyond, as in the
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cases of heart disease (Section 23.6.2.3) and stroke (Section 23.6.2.4) conventional
biotechnology-based cures for diabetes may exist. The immune disorder that causes
type I diabetes might be eliminated by proper immunoengineering, perhaps using
techniques that have already proven successful in animals, and the changes in gene
expression with aging that give rise to type II diabetes occur not in the pancreas but
in the tissues that normally use insulin but stop doing so with aging, and this may
also be prevented.

Even if these methods prove unsuccessful or have drawbacks (e.g., side effects,
excessive treatment time), in the era of medical nanorobotics cell repair devices
called chromallocytes (Section 23.6.4.3) could permanently correct any genetic sus-
ceptibilities at their source, e.g., by rebuilding any missing pancreatic beta cells via
genomic replacement in existing cells, creating healthy new beta cells that can be
made more resistant to autoimmune destruction by editing out pancreatic antigens
resembling those of the pancreas-destroying virus to which the immune system
is responding, thus curing diabetes. Microbivore-class devices could also delete
immune cells that recognize the self-antigens. Additional cell repair nanorobots
could be used to correct aberrant or unreliable gene expression (Section 23.6.4.4)
in tissue cells to eliminate any lingering insulin resistance effects. As a tempo-
rary stopgap measure, pharmacyte-class nanorobots (Section 23.6.3.2) or artificial
implanted nanorobotic organs will comprehensively control serum levels of any
small molecule such as insulin on a real time basis. Other endocrine disorders
such as hypopituitarism, hyperthyroidism, and adrenal malfunction, metabolic dis-
eases such as obesity, hyperlipidemia, and Tay-Sachs, and any of the thousands of
known genetic diseases similarly could be permanently cured using chromallocytes
(Section 23.6.4.3).

Another metabolic condition known as glycation, which may accumulate even
when glucose levels are held in the normal range because glucose is chemically reac-
tive and can combine with myelin and other biological components over time, may
cause autoimmune conditions and other problems such as increased tissue stiffness.
Unless the body already has adequate endogenous defenses against this problem
that are not normally marshaled – not currently known one way or the other – gly-
cation would eventually become serious enough to require attention. Nanorobotic
deglycation of cell surfaces is briefly discussed in Section 23.7.1.2.

23.6.3 Reversing Trauma

Trauma is a physical injury or wound caused by external force or violence to the
human body. In the United States, trauma is the leading cause of death between the
ages of 1 and 38 years. The principal sources of trauma are motor vehicle accidents,
suicide, homicide, falls, burns, and drowning, with most deaths occurring within the
first several hours after the event. However, nanomedical interventions should be
able to correct a great deal of the damage resulting from such events.

In this short Chapter we can only briefly summarize a few representative
nanorobotic responses to some familiar situations involving traumatic injury,
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including suffocation and drowning (Section 23.6.3.1), poisoning (Section
23.6.3.2), hemostasis (Section 23.6.3.3), wound healing (Section 23.6.3.4), and
internal injury requiring surgery (Section 23.6.3.5).

23.6.3.1 Suffocation and Drowning

The principal effect of a suffocation or drowning trauma is hypoxemic damage
to tissues and organs. The first theoretical design study of a medical nanorobot
ever published in a peer-reviewed medical journal (in 1998) described an artifi-
cial mechanical red blood cell or “respirocyte” (Freitas 1998) to be made of 18
billion precisely arranged atoms (Fig. 23.23) – a bloodborne spherical 1-micron
diamondoid 1000-atmosphere pressure vessel (Freitas 1999bh) with active pump-
ing (Freitas 1999o) powered by endogenous serum glucose (Freitas 1999bi), able
to deliver 236 times more oxygen to the tissues per unit volume than natural
red cells and to manage acidity caused by carbonic acid formation, controlled by
gas concentration sensors (Freitas 1999bj) and an onboard nanocomputer (Drexler
1992b; Freitas 1999k). The basic operation of respirocytes will be straightforward.
These nanorobots, still entirely theoretical, would mimic the action of the natural
hemoglobin-filled red blood cells, while operating at 1000 atm vs. only 0.1–0.5 atm
equivalent for natural Hb. In the tissues, oxygen will be pumped out of the device by
the sorting rotors on one side. Carbon dioxide will be pumped into the device by the
sorting rotors on the other side, one molecule at a time. Half a minute later, when
the respirocyte reaches the patient’s lungs in the normal course of the circulation
of the blood, these same rotors may reverse their direction of rotation, recharging
the device with fresh oxygen and dumping the stored CO2, which diffuses into the

Fig. 23.23 The respirocyte (Freitas 1998), an artificial mechanical red cell. Designer Robert
A. Freitas Jr. ©1999 Forrest Bishop. Used with permission
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lungs and can then be exhaled by the patient. Each rotor requires little power, only
~0.03 pW to pump ~106 molecules/sec in continuous operation.

In the exemplar respirocyte design (Freitas 1998), onboard pressure tanks can
hold up to 3 billion oxygen (O2) and carbon dioxide (CO2) molecules. Molecular
sorting rotors (Section 23.3.2) are arranged on the surface to load and unload gases
from the pressurized tanks. Tens of thousands of these individual pumps cover a
large fraction of the hull surface of the respirocyte. Molecules of oxygen or carbon
dioxide may drift into their respective binding sites on the exterior rotor surface
and be carried into the respirocyte interior as the rotor turns in its casing. The sort-
ing rotor array is organized into 12 identical pumping stations laid out around the
equator of the respirocyte, with oxygen rotors on the left, carbon dioxide rotors
on the right, and water rotors in the middle of each station. Temperature (Freitas
1999u) and concentration (Freitas 1999q) sensors tell the devices when to release
or pick up gases. Each pumping station will have special pressure sensors (Freitas
1999t) to receive ultrasonic acoustic messages (Freitas 1999bk) so the physician
can (a) tell the devices to turn on or off, or (b) change the operating parameters of
the devices, while the nanorobots are inside a patient. The onboard nanocomputer
enables complex device behaviors also remotely reprogrammable by the physician
via externally applied ultrasound acoustic signals. Internal power will be transmit-
ted mechanically or hydraulically using an appropriate working fluid, and can be
distributed as required using rods and gear trains (Freitas 1999ao) or using pipes
and mechanically operated valves, controlled by the nanocomputer. There is also a
large internal void surrounding the nanocomputer which can be a vacuum, or can be
filled with or emptied of water. This will allow the device to control its buoyancy
very precisely and provides a crude but simple method for removing respirocytes
from the body using a blood centrifuge, a future procedure now called nanapheresis
(Freitas 1999bm).

A 5 cc therapeutic dose of 50% respirocyte saline suspension containing 5 tril-
lion nanorobots would exactly replace the gas carrying capacity of the patient’s
entire 5.4 l of blood. If up to 1 l of respirocyte suspension can safely be added to
the human bloodstream (Freitas 2003t), this could keep a patient’s tissues safely
oxygenated for up to 4 hours even if a heart attack caused the heart to stop beat-
ing, or if there was a complete absence of respiration or no external availability
of oxygen. Primary medical applications of respirocytes would include emergency
revival of victims of carbon monoxide suffocation at the scene of a fire, rescue of
drowning victims, and transfusable preoxygenated blood substitution – respirocytes
could serve as “instant blood” at an accident scene with no need for blood typ-
ing, and, thanks to the dramatically higher gas-transport efficiency of respirocytes
over natural red cells, a mere 1 cm3 infusion of the devices would provide the
oxygen-carrying ability of a full liter of ordinary blood. Larger doses of respiro-
cytes could also: (1) be used as a temporary treatment for anemia and various lung
and perinatal/neonatal disorders, (2) enhance tumor therapies and diagnostics and
improve outcomes for cardiovascular, neurovascular, or other surgical procedures,
(3) help prevent asphyxia and permit artificial breathing (e.g., underwater, high
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altitude, etc.), and (4) have many additional applications in sports, veterinary
medicine, military science, and space exploration.

23.6.3.2 Poisoning

Poisoning is the harmful effect that occurs when toxic substances are ingested,
inhaled, or come into contact with the skin. To deliver antidote or to clear such
substances from the bloodstream in the era of nanorobotic medicine, a modified
respirocyte-class device called a “pharmacyte” (Freitas 2006a) could be used. The
pharmacyte was originally designed as an ideal drug delivery vehicle with near-
perfect targeting capability (Section 23.6.1(4)). In that capacity, the device would be
targetable not just to specific tissues or organs, but to individual cellular addresses
within a tissue or organ. Alternatively, it could be targetable to all individual cells
within a given tissue or organ that possessed a particular characteristic (e.g., all
cells showing evidence of a particular poison). It would be biocompatible and vir-
tually 100% reliable, with all drug molecules being delivered only to the desired
target cells and none being delivered elsewhere so that unwanted side effects are
eliminated. (Sensors on the surface of the nanorobot would recognize the unique
biochemical signature of specific vascular and cellular addresses (Freitas 1999ak),
simultaneously testing encountered biological surfaces for a sufficiently reliable
combination (at least 5–10 in number) of positive-pass and negative-pass molec-
ular markers to ensure virtually 100% targeting accuracy.) It would remain under
the continuous post-administration supervisory control of the supervising physi-
cian – even after the nanorobots had been injected into the body, the doctor would
still be able to activate or inactivate them remotely, or alter their mode of action or
operational parameters. Once treatment was completed, all of the devices could be
removed intact from the body.

The exemplar 1–2 μm diameter pharmacyte would be capable of carrying up
to ~1 μm3 of pharmaceutical payload stored in onboard tanks that are mechan-
ically offloaded using molecular sorting pumps (Section 23.3.2) mounted in the
hull, operated under the proximate control of an onboard computer. Depending
on mission requirements, the payload alternatively could be discharged into the
proximate extracellular fluid (Freitas 1999bn) or delivered directly into the cytosol
using a transmembrane injector mechanism (Freitas 1999bo, bp, bj, 2003u). If
needed for a particular application, deployable mechanical cilia (Freitas 1999ae)
and other locomotive systems (Freitas 1999i) could be added to the pharmacyte
to permit transvascular (Freitas 1999bq) and transcellular (Freitas 1999x) mobility,
thus allowing delivery of pharmaceutical molecules to specific cellular and even
intracellular addresses.

Because sorting pumps can be operated reversibly, pharmacytes could just as
easily be used to selectively extract specific molecules from targeted locations as
well as deposit them. Thus in the case of poison control, these nanorobots might
act in reverse to retrieve a specific chemical substance from the body, just as they
can be used for targeted delivery of an antidote. Whole-body clearance rates for
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systemic poisons can be quite rapid. For example, a population of 1012 bloodborne
pharmacytes having aggregate storage volume ~6 cm3 could reduce serum alco-
hol from 0.2% in a seriously intoxicated 70 kg patient to 0.005% in ~1 second by
prompt onboard sequestration, followed by catabolization of the entire inventory in
~10 minutes within a ~200 watt systemic caloric budget for waste heat production.
Of course, continuing outflows from ethanol-soaked body tissues into the blood-
stream and other factors complicate the process, e.g., such extremely rapid reduction
of blood alcohol levels could be counterproductive because it might produce osmotic
brain swelling in which water enters the brain (which still contains more alcohol
than the blood) faster than alcohol can leave the brain.

23.6.3.3 Hemostasis

A major form of trauma occurs when the skin and underlying tissues are lacerated by
violence, causing bleeding from broken capillaries or somewhat larger blood ves-
sels. Total natural bleeding time, as experimentally measured from initial time of
injury to cessation of blood flow, may range from 2–5 minutes (Kumar et al. 1978)
up to 9–10 minutes (Hertzendorf et al. 1987; Lind 1995) if even small doses of anti-
coagulant aspirin are present (Ardekian et al. 2000), with 2–8 minutes being typical
in clinical practice. Hemostasis is also a major challenge during surgery, as up to
50% of surgical time can be spent packing wounds to reduce or control bleeding
and there are few effective methods to stop it without causing secondary damage.
Modern surgical fibrin sealants (e.g., Crosseal, American Red Cross) composed of
human clottable proteins and human thrombin can reduce mean hemostasis time to
282 seconds in clinical settings (Schwartz et al. 2004), and there is one report of
a laboratory demonstration of artificial hemostasis in 15 seconds for multiple tis-
sues and wound types in animal models using synthetic self-assembling peptides
(Ellis-Behnke et al. 2007).

A medical nanorobot theoretical design study (Freitas 2000a) has described an
artificial mechanical platelet or “clottocyte” that would allow complete hemostasis
in ~1 second, even in moderately large wounds. This response time is on the order of
100–1000 times faster than the natural hemostatic system and 10–100 times faster
than the best current artificial agents.

The baseline clottocyte is conceived as a serum oxyglucose-powered spherical
nanorobot ~2 microns in diameter (~4 micron3 volume) containing a fiber mesh
that is compactly folded onboard. Upon command from its control computer, the
device promptly unfurls its mesh packet (Fig. 23.24) in the immediate vicinity of
an injured blood vessel – following, say, a cut through the skin. Soluble thin films
coating certain parts of the mesh would dissolve upon contact with plasma water,
revealing sticky sections (e.g., complementary to blood group antigens unique to
red cell surfaces (Freitas 1999br)) in desired patterns. To stop flow, the net must be
well anchored to avoid being swept along with the trapped red cells. A cut blood
vessel has exposed collagen to which platelets normally adhere – the clottocyte
netting may recognize collagen or even intact endothelial cells (or the junctions
between endothelial cells) to provide the needed anchoring function. Blood cells
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Fig. 23.24 The clottocyte (Freitas 2000a), an artificial mechanical platelet, rapidly unfurls its
netting at the wound site, halting bleeding in ~1 second. Designer Robert A. Freitas Jr. © 2008
Robert A. Freitas Jr. (www.rfreitas.com). All Rights Reserved. Used with permission
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are immediately trapped in the overlapping artificial nettings released by multiple
neighboring activated clottocytes, and bleeding halts at once. The required blood
concentration nbot of clottocyte nanorobots required to stop capillary flow at veloc-
ity vcap ~1 mm/sec (Freitas 1999bs) in a response time tstop = 1 sec, assuming
noverlap = 2 fully overlapped nets each of area Anet = 0.1 mm2, is nbot ~noverlap /
(Anet tstop vcap) = 20 mm-3, or just ~110 million clottocytes in the entire 5.4-l human
body blood volume possessing ~11 m2 of total deployable mesh surface. This would
be a total dose of ~0.4 mm3 of clottocytes, producing a negligible serum nanocrit
(nanorobot/blood volume ratio) (Freitas 1999bt) of ~0.00001%.

Clottocytes may perform a clotting function that is equivalent in its essentials to
that performed by biological platelets – possibly including the release of vasoactive
mediators, clotting factor cascade activators, etc. if needed – but at only ~0.01% of
the bloodstream concentration of those cells. Hence clottocytes would be ~10,000
times more effective as clotting agents than an equal volume of natural platelets.
While 1–300 platelets might be broken and still be insufficient to initiate a self-
perpetuating clotting cascade, even a single clottocyte, upon reliably detecting a
blood vessel break, could rapidly communicate this fact to its neighboring devices,
immediately triggering a progressive controlled mesh-release cascade. Of course,
onboard computerized control systems must ensure extremely safe and reliable
operation (Freitas 2009).

23.6.3.4 Wound Healing

Once bleeding is stopped, the wound must be closed. Natural processes that rely
solely upon wound self-repair often take months for completion and can leave
unsightly, dense, shiny white fibrous scars – skin never heals into a condition that
is “as good as new,” and healed tissue is typically 15–20% weaker than the original
tissue. There are a few notable counterexamples. Among mammals, the MRL/MpJ
mouse displays accelerated healing and tissue regeneration with an extraordinary
capacity to scarlessly heal ear-punch and other surgical wounds. Excision ear-punch
wounds 2 mm wide close via regeneration after 30 days (Clark et al. 1998) with
full re-epithelialization in just 5 days followed by blastema-like formation, dermal
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extension, blood vessel formation, chondrogenesis, folliculogenesis, and skeletal
muscle and fat differentiation (Rajnoch et al. 2003); another MRL mouse study
(Leferovich et al. 2001) found that even a severe cardiac wound healed in 60 days
with reduced scarring and with full restoration of normal myocardium and function.

The goal in medical nanorobotics is to provide an equally effective alternative to
wound healing that can work >1000 fold faster than the natural process, e.g., in min-
utes or hours. No comprehensive nanorobot design study has yet been published but
a theoretical scaling study (Freitas 1996b) concentrating on nanomechanical activity
requirements for minor dermal excision wound repair describes the dermal zipper
or “zippocyte” as a roughly cubical nanorobotic device measuring 40 × 40 × 30
microns in size. This study concludes that multipurpose nanorobotic manipulators
1-micron in length would cover five of the six faces of the device, forming a dense
coating of ~7000 nanomechanical cilia of similar number density as might be found
on the outer surface of a microbivore (Section 23.6.2.1) or the underside of a vas-
culocyte (Section 23.6.2.3). These utility appendages would serve many ancillary
functions including sensing/mapping, wound debridement, individual locomotion,
stationkeeping (by handholding with neighboring nanorobots), volume management
of the collective, and binding to tissue walls. Actual repair work would be performed
by larger manipulators on the sixth face located on the underbelly of each zippocyte,
using derivatives of cell milling and tissue repair methods described elsewhere
(Section “Tissue Printers, Cell Mills and Organ Mills”). The entire wound repair
sequence, as seen from the viewpoint of a working dermal nanorobot, would occur
in twelve sequenced mission steps including: (1) activation, (2) entry, (3) immobi-
lization and anti-inflammation, (4) scan surface, (5) debridement, (6) muscle repair,
(7) areolar (loose connective) tissue repair, (8) fatty tissue repair, (9) dermis repair,
(10) germinative layer restoration, (11) corneum repair, and (12) exit and shutdown.

23.6.3.5 Internal Injury and Nanosurgery

Internal injuries are more serious and may include internal bleeding, crushed or
damaged organs, electrical or burn injuries, and other serious physical traumas. This
area of emergency medicine will demand some of the most sophisticated medical
nanorobots available, with large numbers of devices of many different nanorobot
types acting in concert under the most difficult conditions. In most cases some form
of surgical intervention will be required, using nanorobotic surgical tools such as
those described below.

Vascular Gates

Still only conceptual, the vascular gate (Freitas 2003r) will be a basic nanorobotic
tool analogous to hemostats to allow surgeons to rapidly enable or disable free flow
through whole sections of the vascular tree ranging from individual capillaries to
entire capillary beds, all the way up to larger vessels the size of major arteries or
veins. The most direct application in emergency medicine would be to allow the
surgeon to quickly but reversibly seal off the open ends of hundreds or thousands of
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broken blood vessels simultaneously, to immediately stanch massive blood losses at
the outset of trauma surgery and to provide reversible wide-area hemostasis in the
surgical region by temporarily blockading all vessels. More complex vascular gates
could also act as real-time content filters to choose which population of bloodborne
objects can pass through any targeted section of the vasculature. For example, red
cells could be allowed to pass but not platelets, or the gate might pass all formed
blood elements but no nanorobots (or vice versa), or all fluids but no solid objects.
Content filtration could be sensor-, time-, event-, or command-driven. In other non-
emergency applications, gate nanorobots could be employed as intelligent embolic
particles that would be directed to a specific organ or tumor within an organ, then
triggered to halt flow in blood vessels supporting these structures for the purpose of
selectively blocking organ perfusion or clogging tumor inputs.

The simplest gating nanorobots can be externally administered onto or into a
wound area by the emergency surgeon; bloodborne ones not involved in emergency
wound management can be internally administered like free-floating clottocytes
(Section 23.6.3.3) or vasculomobile vasculocytes (Section 23.6.2.3). In wound sce-
narios the nanorobots can recognize cuts using chemotactic sensor pads (Freitas
1999cv) to detect the telltale molecular signatures of broken blood vessels much
as occurs naturally by platelets (Cruz et al. 2005) and circulating vascular progen-
itor cells (Sata 2003), including but not limited to detection of exposed collagen
(Cruz et al. 2005; O’Connor et al. 2006; Ichikawa et al. 2007) or elastin (Hinek
1997; Keane et al. 2007) from ruptured intima or media, or smooth muscle actin
(Rishikof et al. 2006) and other molecular markers expressed on injured endothe-
lial and smooth muscle cells (Takeuchi et al. 2007). Vessel recognition may be
assisted by rapid advance nanoscopic mapping of the wound area with nanorobots
subsequently proceeding to their assigned stations via informed cartotaxis (Freitas
1999cw). Once having arrived on site, internally administered gating nanorobots
can use circumferential intraluminal pressure fit, analogous to the vasculoid design
(Freitas and Phoenix 2002), to establish a leakproof seal that should easily withstand
1–2 atm exceeding the requisite maximum physiological backpressure. Externally
administered nanorobots can employ a similar approach to apply anchoring pressure
rings inside the undamaged section of a leaking vessel that lies nearest to the vessel’s
damaged terminus. Either process may be assisted by lipophilic semaphores (Freitas
1999cu) deployed on the nanorobot hull to help maintain noncovalently-bonded
reversible leakproof seals to the plasma membranes of remaining undamaged
endothelium or to subendothelial basement membrane.

A nanorobotic vascular gate installed across a large 6-mm diameter artery
could be established using a sheet of ~107 micron-sized nanorobots each having
a (~2 micron)2 patrol area within the array, with each device stationkeeping in
its patrol area by handholding with neighboring nanorobots (Section 23.6.3.4) and
analogously as has been described elsewhere for “utility fog” (Hall 1993, 1996)
(Fig. 23.25). A positive-pass gate might use contact sensor data to recognize imping-
ing particulate matter that the physician desired to pass through, whereupon the gate
would temporarily open wide enough to allow the desired particle to pass through,
then quickly close again. A negative pass gate would normally allow everything
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Fig. 23.25 A number of
utility fog (Hall 1993)
nanorobots hold hands with
their neighbors, forming a
strong, reconfigurable
smart-matter array. Image
© 1999, courtesy of J. Storrs
Hall

This
figure
will be
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in b/w

to pass unless sensors detected an undesired particle, whereupon the gate would
forcibly eject it and close up until the undesired particle had diffused away via
osmotic dilution in the pulsed flow. If the vascular gate aggregate consists of vascu-
lomobile nanorobots, then at mission’s end the aggregate can disassemble itself and
“walk away” much like vasculocytes (Section 23.6.2.3), then similarly be removed
from the body.

Primitive but less effective analogs to vascular gates that are already in
widespread surgical use include the inferior vena cava filter (Imberti et al. 2006;
Dentali et al. 2006; Giannoudis et al. 2007; Patel and Patel 2007) for the preven-
tion of pulmonary embolism as an alternative to anticoagulant therapy in high-risk
patients (~100,000 cases annually in the U.S.), expandable net filters that are
deployed while emplacing carotid artery stents in stroke patients (Henry et al. 2007),
and the use of protective internal carotid artery flow reversal (Pipinos et al. 2006)
during carotid angioplasty and stenting.

Tissue Printers, Cell Mills and Organ Mills

How can we restore severely injured organs that are too damaged to repair, or replace
large chunks of missing tissue that has been excised from the body in a deep avul-
sive trauma? One answer is to manufacture new tissue from scratch (Mironov et al.
2003; Jakab et al. 2004). Tissue and organ printing is a very active area in biomedical
research today (Box 23.2). With nanorobotic controlled precision and a massively
parallel tip array, a future nanosurgical tissue printer might be used to squirt tis-
sue matrix scaffold and tissue cells directly and accurately into a large immobilized
wound, rebuilding missing tissues in situ. A sheet of finished tissue ~1 mm thick
could be laid down every minute assuming a ~1 Hz scan rate and deposition layers
one cell thick (~20 microns). Filling a 10 cm deep excision wound with fresh tis-
sue would then require ~1.4 hours in an immobilized but stabilized patient. But
MHC-compatible generic cells would have to be engineered for this purpose to
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avoid the need for immunosuppressive drugs. Alternatively, homologous cells of
the patient’s own type could be manufactured, using nanorobotic “organ mills” that
will also allow surgeons to manufacture whole new fully-homologous organs, and
then implant them, during the surgery.

Box 23.2 Tissue and organ printing

Boland’s group at Clemson University has taken the first primitive steps
towards 3D printing of complex tissues (Boland et al. 2006) and ultimately
entire organs (Mironov et al. 2003). In one experiment (Xu et al. 2005),
Boland’s team used a modified Hewlett Packard 550C computer printer to
print Chinese Hamster Ovary (CHO) and embryonic motoneuron cells into a
pre-defined pattern using an “ink” of cells suspended in phosphate buffered
saline solution. After deposition onto several “bio-papers” made from soy
agar and collagen gel, the printed cells exhibited a healthy morphology
with less than 8% cell lysis observed. In another experiment by the same
group (Xu et al. 2006), complex cellular patterns and structures were created
by automated and direct inkjet printing of primary embryonic hippocam-
pal and cortical neurons – which maintained basic cellular properties and
functions, including normal, healthy neuronal phenotypes and electrophys-
iological characteristics, after being printed through thermal inkjet nozzles.
3D cellular structures also were created by layering sheets of neural cells on
each other (in a layer-by-layer process) by alternate inkjet printing of NT2
cells and fibrin gels (Xu et al. 2006). Cellular attachment and proliferation
have been demonstrably controlled by precise, automated deposition of col-
lagen (a biologically active protein) to create viable cellular patterns with
350-micron resolution (Roth et al. 2004). Boland defines his ultimate objec-
tive of “organ printing” as computer-aided, jet-based 3D tissue-engineering
of living human organs involving three sequential steps: pre-processing or
development of “blueprints” for organs, processing or actual organ printing,
and postprocessing or organ conditioning and accelerated organ matura-
tion (Mironov et al. 2003). Another group has printed rectangular tissue
blocks of several hundred microns in thickness and tubular structures sev-
eral millimeters in height (Jakab et al. 2006). Private companies are getting
involved too: Therics (http://www.therics.com) is solid-printing resorbable
implantable bone scaffolds that are already in use by surgeons, and Sciperio
(http://www.sciperio.com) is developing an in vivo “Biological Architectural
Tool” by which “clinicians and tissue engineers will be able to survey,
diagnose, and construct new tissues via endoscopically manipulated vision,
nonthermal tissue removal, and a direct-write tissue deposition apparatus.”

In our vision of future nanomedicine, a desktop-type apparatus would accept
as input the patient’s DNA sequence, then manufacture large complex biological
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structures in a convergent assembly type process (Freitas and Merkle 2004b), as
described in the following conceptual scenario.

The first module would synthesize copies of the patient’s own homologous pro-
teins and other relevant biomolecules, working from the patient’s genome; as a proof
of concept, functional copies of the human red cell anion exchanger, a proteina-
ceous transmembrane pump, have been self-assembled from sets of three, four or
five complementary fragment “nanoparts” that were separately cloned in Xenopus
oocytes (Groves et al. 1998). This process would include the manufacture of many
duplicate copies of the patient’s own DNA suitably methylated to match the expres-
sion pattern (e.g., the “methylome,” “transcriptome,” etc.) of the particular cells and
organ being constructed, as described elsewhere in a lengthy technical paper (Freitas
2007). These fabricated biocomponents would then be fed to a second module
which may positionally assemble them into bulk quantities of artificially fabricated
organelles, membranes, vesicles, granules, and other key intracellular structures.
Many such structures will self-assemble robustly (Marrink et al. 2001). As an exper-
imental example of this, Golgi stacks (an important intracellular organelle) have
been reassembled from isolated Golgi components including random assortments
of vesicles, tubules, and cisternal remnants (Rabouille et al. 1995).

These mass-produced intracellular structures then serve as feedstock to the third
production module, called a “cell mill,” wherein these subcellular structures and
materials would be assembled into complete cells of the requisite types, along with
any extracellular matrix materials that might be required. This might be done using
manufacturing systems analogous to 3D printing (Box 23.2). As long ago as 1970,
an Amoeba proteus single-cell organism was reassembled from its major subcellular
components – nucleus, cytoplasm, and cell membrane – taken from three different
cells (Jeon et al. 1970), demonstrating the physical possibility of manually assem-
bling living cells from more primitive parts. Others (Morowitz 1974) later reported
that “cell fractions from four different animals can be injected into the eviscerated
ghost of a fifth amoeba, and a living functioning organism results.” Mammalian cells
have also been assembled from separate nuclear and cytoplasmic parts (Veomett
and Prescott 1976) and intracellular organelles have been individually manipulated
both directly (Weber and Greulich 1992; Felgner et al. 1998; Bayoudh et al. 2001;
Sacconi et al. 2005b) and nanosurgically (Section 23.6.4.2). Early cell assembly
production systems might initially make partial use of more traditional biotechnolo-
gies such as cloning, stem cells, tissue engineering, animal cell reactors (Bliem et al.
1991; Nelson and Geyer 1991), transdifferentiation (Collas and Håkelien 2003) and
nuclear reprogramming (Tada 2006).

In the fourth module, the manufactured cells are fed into a “tissue mill,” which
would mechanically assemble the cells into viable biological tissues using, again,
positionally-controlled methods analogous to 3D printing (Box 23.2). 3D rapid pro-
totyping has already created collagen scaffolds that can viably host human heart
cells, the first step toward assembling an artificial heart valve (Taylor et al. 2006).
Cells have also been manually assembled into larger artificial 3D structures such
as chains, rings, and a pyramid-like tetrahedron using optical tweezers (Holmlin
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et al. 2000), a potentially automatable process in which different cell types could be
linked together one at a time in precisely the order and the positions necessary to
assemble new tissues and organs.

Finally, the manufactured tissues would be fed to the last module, the “organ
mill,” that assembles the tissues into working biological organs that could be sur-
gically implanted (Section “Endoscopic Nanosurgery and Surgical Nanorobots”).
Crude estimates suggest that throughput rates of materials in such nanorobotic-
based assembly modules could be on the order of minutes, with an organ-build
time on the order of a few hours. This is at least several orders of magnitude faster
than growing organs from tissue-engineered organoids (Poznansky et al. 2000; Saito
et al. 2006; McGuigan and Sefton 2006) or via homologous organ cloning (Wood
and Prior 2001; Cui 2005) in a biotech reactor apparatus. This is also fast enough
to fall within the time range of oxygenation and pH buffering provided by respiro-
cytes, which could be supplied to the nascent vascular system as it is assembled
along with local nutrients. Making organs under conditions of mild hypothermia
would also reduce their metabolic demands until perfusion can be instituted, and, if
need be, the growing organ could be perfused from time to time during the assembly
process to keep the cells within the construct in good condition.

Endoscopic Nanosurgery and Surgical Nanorobots

From the hand saws of the 19th century to the powered drills and ultrasharp diamond
cutting blades of the mid 20th century, surgical tools by the end of the last century
had progressed to the concept of minimally invasive surgery (MIS). Rather than
carving a giant 12 inch incision in a patient’s abdomen and undertaking a marathon
operation, the MIS surgeon could now open a few transcutaneous centimeter-sized
holes, poke several rigid endoscopic tubes through the holes, then insert minia-
turized surgical cutting, suturing, and visualization tools through the tubes, thus
reducing both surgical intrusiveness and patient recovery time. Flexible catheters
were also introduced that could be threaded through the largest blood vessels to
install stents and to remove vascular blockages or arterial wall plaques (e.g., via
mechanical debridement, laser ablation, or ultrasonic ablation).

In the first few decades of the 21st century, surgical endoscopes and catheters will
become even smaller but also smarter, with sensors (temperature, pressure, chem-
ical, mechanical, shear force, force feedback, etc.) and even computers installed
initially near the tips but eventually along their entire working lengths. These
devices will possess complex robotic manipulators at their business end, with the
surgeon having the ability to change out multiple toolheads or inject nanoliter quan-
tities of drugs in situ. Manipulators and sensors will become more numerous on
each instrument, more densely packed and more information intensive. The earli-
est steps down this pathway involving microrobotics (Menciassi et al. 2007) are
illustrated by the great variety of MEMS (microelectromechanical systems) -based
miniaturized surgical tools (Salzberg et al. 2002) already coming into use. Examples
include the “data knife” scalpel produced by Verimetra, Inc. (www.verimetra.com)
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which incorporates pressure and strain sensors with cautery and ultrasonic cutting
edges (Kristo et al. 2003), the MicroSyringe and Micro-Infusion Catheter systems
of Mercator MedSystems (www.mercatormed.com) for site-specific perivascular
injection, and the MEMS-based wireless implantable blood pressure biosensor from
CardioMEMS (www.cardiomems.com) (Chaer et al. 2006).

Paralleling these developments is the emergence of “robotic surgery” and
telesurgery systems that soon will include force reflection to allow the surgeon to
feel what he’s doing and thus achieve much better results (Rizun et al. 2006). With
microscale sensors he can touch the patient with tiny micron-sized hands, feel-
ing the smallest bumps and adhesions in the tissue he’s working on. Telesurgery,
telemedicine, microsurgical telemanipulator systems (Li et al. 2000; Knight et al.
2005; Katz et al. 2006) and even conventional laparoscopy are getting practition-
ers used to the idea of operating through a machine or computer interface, rather
than traditional procedures involving more direct physical contact with the patient.
This process of learning how to act through a machine intermediary will continue
to progress, and eventually the surgeon will become comfortable using surgical
robots that accept higher-level commands. For instance, simple autonomous action
sequences such as surgical knot tying have already been demonstrated experimen-
tally by surgical robots (Bauernschmitt et al. 2005). As the next developmental step,
rather than repeatedly directing the manipulators to thread a suture at various sites,
the surgeon may simply indicate the positions in the tissue where he wants a series
of suture loops placed using guidance virtual fixtures (Kapoor et al. 2005) and
the machine will then automatically go through the motions of placing all those
sutures while he watches, without the surgeon having to actively direct each suture
placement site. This capability for semi-autonomous robotic surgery (Rizun et al.
2004) is foreshadowed by present-day “offline robots” or “fixed path robots” which
perform subtasks that are completely automated with pre-programmed motion plan-
ning based on pre-operative imaging studies where precise movements within set
confines are carried out (Sim et al. 2006).

Another outcome of the growing machine intermediation is that the surgeon will
gain the ability to easily control many more than one active surgical instrument or
surgical task at a time (Zhijiang et al. 2005). For example, after he has ordered the
suturing device to put a series of sutures along one line, while waiting for that task
to finish he can direct another surgical tool to do something else somewhere else, or
he can go check some sensor readings, or he can palpate a section of nearby tissue
to test its strength, and so forth. This multitasking will speed the surgical process
and increase the number of in vivo interventive foci to which the individual surgeon
can simultaneously attend inside his patient. Immersive virtual reality interfaces
will further extend the surgeon’s ability to maintain proper control of a growing
number of tools simultaneously, improve his efficiency and confidence in the multi-
tasking situation, and generally allow him to work faster and safer while doing more.
Collaborative robotic surgeries (Hanly et al. 2006) will also become more common-
place. In sum, the current trends in surgery are generally these: the tools will get
smaller and more complex, and the surgeon will be working increasingly through a
computerized intermediary in a rich sensory and control environment, while relying



U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

F

2881

2882

2883

2884

2885

2886

2887

2888

2889

2890

2891

2892

2893

2894

2895

2896

2897

2898

2899

2900

2901

2902

2903

2904

2905

2906

2907

2908

2909

2910

2911

2912

2913

2914

2915

2916

2917

2918

2919

2920

2921

2922

2923

2924

2925

23 Comprehensive Nanorobotic Control of Human Morbidity and Aging 749

increasingly on the mechanized intermediary to carry out preprogrammed micro-
tasks (enabling the surgeon to concentrate on the big picture and to guide the general
course of the procedure) while being freed to multitask with an increasing number
of tools and collaborators.

As the era of surgical nanorobotics arrives, these trends will accelerate and
progress still further. Today’s smallest millimeter diameter flexible catheters will
shrink to 1–10 micron diameter bundles that can be steered (Glozman and Shoham
2006) through the tiniest blood vessels (including capillaries) or could even be
inserted directly through the skin into organs without pain (Wang et al. 2005)
or discomfort. Nanorobotic mechanisms embedded in the external surfaces of a
nanocatheter or nanosyringe (Section “Nanosyringoscopy”) will assist in actively
propelling the telescoping apparatus gently through the tissues (Freitas 1999at),
sampling the chemical environment (e.g., concentrations of oxygen, glucose, hor-
mones, cytokines) along the way (Freitas 1999c), and providing a torrent of
mechanical and optical sensory feedback along with precision positional metrology
to allow the surgeon to know exactly where his tools are at all times, and also where
his “virtual presence” is in relation to his targets. Internal hollow spaces inside the
nanocatheter can be used to transport tools, sensors, fluids, drugs, or debridement
detritus between patient and physician. The tip of the nanocatheter or nanosy-
ringoscope may include a working head with thousands or millions of independent
manipulators and sensors branching outward from the central trunk on retractile
stalks, from which data can be encoded in real time and passed to external com-
puters along an optical data bus located inside each nanocatheter. The endoscopic
nanosurgeon’s ability to multitask may extend to thousands of nanocatheters and
millions or billions of simultaneously occurring mechanical and chemical processes
during a single surgical procedure.

Populations of individual surgical nanorobots also could be introduced into the
body through the vascular system or from the ends of catheters into various ves-
sels and other cavities in the human body. Surgical microrobotics is already a
thriving field of experimental research (Box 23.3). A future surgical nanorobot, pro-
grammed or guided by a human surgeon, would act as a semi-autonomous on-site
surgeon inside the human body. Such devices could perform various functions such
as searching for pathology and then diagnosing and correcting lesions by nanoma-
nipulation, coordinated by an on-board computer while maintaining contact with
the supervising surgeon via coded ultrasound signals.

Nanosyringoscopy

A common requirement for trauma treatment is foreign object removal. Carefully
poking a needle-like 100-micron diameter nanosensor-tipped self-steering “nanosy-
ringoscope” quickly through all intervening soft tissues to the immediate vicinity of
a foreign object should cause minimal permanent damage, much like bloodless and
painless microneedles (Cormier et al. 2004; Flemming et al. 2005; Coulman et al.
2006; Nordquist et al. 2007). After penetration, ~1010 micron3/sec of nanorobots
flowing at 1 m/sec through the tube (typical syringe rate) could surround a cubic
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1 cm3 target object to a coating thickness of 100 microns in ~10 seconds. The
coating nanorobots would then dig out 1 micron wide grooves at a volumetric
excavation rate of 1% nanorobot volume per second to partition the 1 cm3 object
into 106 100-micron microcubes in ~300 seconds, after which the foreign object
microcubes are transported out of the patient in single file at 1 m/sec through
the nanosyringoscope in ~100 seconds, followed by the exiting nanorobots taking
~10 seconds, completing a ~7 minute object-removal nanosyringotomy procedure
through a ~100-micron diameter hole.

Box 23.3 Experimental surgical microrobotics

There have already been early attempts to build less sophisticated stand-alone
microrobots for near-term in vivo surgical use. For example, Ishiyama et al.
(Ishiyama et al. 2002) at Tohoku University developed tiny magnetically-
driven spinning screws intended to swim along veins and carry drugs to
infected tissues or even to burrow into tumors and kill them with heat. Martel’s
group at the NanoRobotics Laboratory of Ecole Polytechnique in Montreal
has used variable MRI magnetic fields to generate forces on an untethered
microrobot containing ferromagnetic particles, developing sufficient propul-
sive power to direct the small device through the human body (Mathieu et al.
2005). In 2007 they reported injecting, guiding via computer control, and
propelling at 10 cm/sec a prototype untethered microdevice (a ferromagnetic
1.5- millimeter-diameter sphere) within the carotid artery of a living animal
placed inside a clinical magnetic resonance imaging (MRI) system (Martel
et al. 2007) – the first time such in vivo mobility has been demonstrated.
Nelson’s team at the Swiss Federal Institute of Technology in Zurich has
pursued a similar approach, in 2005 reporting (Yesin et al. 2005) the fabri-
cation of a microscopic robot small enough (~200 μm) to be injected into
the body through a syringe and which they hope might someday be used
to perform minimally invasive eye surgery. Nelson’s simple microrobot has
successfully maneuvered through a watery maze using external energy from
magnetic fields, with different frequencies able to vibrate different mechan-
ical parts on the device to maintain selective control of different functions.
Sitti’s group at Carnegie Mellon’s NanoRobotics Laboratory is develop-
ing (Behkam and Sitti 2007) a <100-micron swimming microrobot using
biomimetic flagellar motors borrowed from S. marcescens bacteria “having
the capability to swim to inaccessible areas in the human body and perform
complicated user directed tasks.” Friend’s group in the Micro/Nanophysics
Research Laboratory at Monash University in Australia is designing a 250-
micron microrobot (Cole 2007) to perform minimally invasive microsurgeries
in parts of the body outside the reach of existing catheter technology – such
as delivering a payload of expandable glue to the site of a damaged cranial
artery, a procedure typically fraught with risk because posterior human brain
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arteries lay behind a complicated set of bends at the base of the skull beyond
the reach of all but the most flexible catheters. Friend’s completed device,
expected by 2009, will be inserted and extracted using a syringe and is driven
by an artificial flagellar piezoelectric micromotor.

Tactile (Ku et al. 2003; Winter and Bouzit 2007), haptic (McColl et al. 2006)
and other sensory feedback will allow emergency practitioners to steer the nanosy-
ringoscope into a patient to remove a foreign object (Feichtinger et al. 2007), then
to withdraw bloodlessly from the body. The nanosurgeon may control the proce-
dure via hand-guided interfaces similar to various medical exoskeletal appliances
(Fleischer et al. 2006; Cavallaro et al. 2006; Gordon and Ferris 2007), instrumented
gloves (Castro and Cliquet 1997; Yun et al. 1997) and hand-held surgical robots
(Tonet et al. 2006) that have been under development for several decades.

The nanosyringoscope could also rapidly and painlessly import macroscale
quantities of cells to any location inside the body (Section 23.7.1.4).

23.6.4 Cell Repair

In suggesting the novel possibility of individual cell repair, Drexler (1986) drew
inspiration from the cell’s eye view to explain how medical nanorobotics could bring
a fundamental breakthrough in medicine: “Surgeons have advanced from stitch-
ing wounds and amputating limbs to repairing hearts and reattaching limbs. Using
microscopes and fine tools, they join delicate blood vessels and nerves. Yet even the
best microsurgeon cannot cut and stitch finer tissue structures. Modern scalpels and
sutures are simply too coarse for repairing capillaries, cells, and molecules. Consider
‘delicate’ surgery from a cell’s perspective. A huge blade sweeps down, chopping
blindly past and through the molecular machinery of a crowd of cells, slaughter-
ing thousands. Later, a great obelisk plunges through the divided crowd, dragging a
cable as wide as a freight train behind it to rope the crowd together again. From a
cell’s perspective, even the most delicate surgery, performed with exquisite knives
and great skill, is still a butcher job. Only the ability of cells to abandon their dead,
regroup, and multiply makes healing possible. Drug molecules are simple molecular
devices [that] affect tissues at the molecular level, but they are too simple to sense,
plan, and act. Molecular machines directed by nanocomputers will offer physicians
another choice. They will combine sensors, programs, and molecular tools to form
systems able to examine and repair the ultimate components of individual cells.
They will bring surgical control to the molecular domain.”

23.6.4.1 Mechanisms of Natural Cell Repair

Many so-called natural “cell repair” mechanisms are actually tissue repair mecha-
nisms, some of which act by replacing, not repairing, existing cells. For instance,
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there are stem cells that can transform into other needed (differentiated) cell types
at a site where a cell of the needed type has apoptosed or been phagocytosed and
reabsorbed, in which case the stem cells are effectuating a fairly direct form of
“repair by replacement” (Ahn et al. 2004; Ye et al. 2006; Gersh and Simari 2006;
Reinders et al. 2006). Stem cells can also fuse with somatic cells and alter them
(Padron Velazquez 2006). Other “cell repair” mechanisms include chondroblasts or
fibroblasts that rebuild connective tissue by extruding collagen fibers and other ECM
components, and oligodendrocyte progenitor cells that extracellularly remyelinate
CNS cells that have been demyelinated by exposure to toxic chemicals (Armstrong
et al. 2006) or viral infection (Frost et al. 2003).

As another example, injured or apoptosed cells can be replaced by new cells
produced by the replication and division of neighboring cells of the same cytotype,
as occurs in, for example, epithelial “cell repair” (actually tissue regeneration) of
the gastrointestinal, kidney, lung, liver, skin, prostate and muscle tissues (Nony and
Schnellmann 2003; Kawashima et al. 2006; Pogach et al. 2007). The predominant
mode of “repair” in biology is probably turnover, a fairly robust process in which
everything from molecules to whole cells is replaced with new molecules or new
cells, with the old being discarded and not repaired. Most damaged molecules other
than DNA are simply degraded and replaced, and all mRNAs and their precursors
are degraded after limited use whether damaged or not. Typical protein turnover
half-life is ~200,000 sec (Alberts et al. 1989; Becker and Deamer 1991), membrane
phospholipid half-life averages ~10,000 sec (Becker and Deamer 1991) but plasma
membrane turnover rate is ~1800 sec for macrophage (Lehrer and Ganz 1995) and
~5400 sec for fibroblast (Murray et al. 1993). Glycocalyx turnover in rat uterine
epithelial cells is ~430,000 sec (Jones and Murphy 1994), and enterocyte glycoca-
lyx is renewed in 14,000–22,000 sec as vesicles with adhered bacteria are expelled
into the lumen of small and large intestine (Kilhamn 2003). Cell turnover rates
are equally impressive. Neutrophil lifespan is ~11,000 sec in blood and ~260,000
sec in tissue (Black 1999); blood platelet lifespan is ~860,000 sec (Stein and Evatt
1992). Some mucosal surfaces may replace their entire luminal cell population every
~105 sec (~1 day): Cell turnover time is ~86,000 sec in gastric body, ~200,000 sec
for duodenal epithelium, ~240,000 sec for ileal epithelium, and ~400,000 sec for
gastric fundus (Peacock 1984). At the other extreme is the lens of the eye, where
the rate of cell turnover and repair is very low (McNulty et al. 2004) and the lens
crystalline is never subject to turnover or remodeling once formed (Lynnerup et al.
2008), and tooth enamel, dentine, and cementum (other biological structures that
are preserved essentially without turnover; Boyde et al. 2006; Ubelaker et al. 2006).

There are at least six examples of true “cell repair” mechanisms. Most notable
is eukaryotic DNA repair including excision repair (base excision repair and
nucleotide excision repair), mismatch repair, repair of double-strand breaks, and
cross-link repair (Sharova 2005). These repair processes boost the fidelity of DNA
replication to error rates of ~10-11.

Second, there is also a limited form of protein repair in which misfolding errors
are corrected after protein synthesis or in response to pathological states, medi-
ated by molecular chaperones (Craig et al. 2003) or heat shock proteins (Chow and
Brown 2007).
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Third, there is autophagy in which the stressed cell digests some of its own dam-
aged components (e.g., long-lived proteins, cytomembranes and organelles) and
then replaces these missing components with newly constructed ones (Bergamini
et al. 2004; Malorni et al. 2007) – an activity whose failure appears linked to the pro-
cess of aging (Bergamini et al. 2004; Bergamini 2006; Kaushik and Cuervo 2006;
Donati 2006). This is replacement at the subcellular level but repair at the cellular
level.

Fourth, there is cell membrane self-repair in which torn plasma membrane reseals
with little loss of intracellular contents (Steinhardt et al. 1994; Bi et al. 1995). One
or more internal membrane compartments accumulate at the disruption site and fuse
there with the plasma membrane, resulting in the local addition of membrane to the
surface of the mechanically wounded cell (Miyake and McNeil 1995) and activating
repair-related gene expression inside the cell (Ellis et al. 2001). Plasma membrane
disruptions are resealed by changes in the cellular cytoskeleton (partial disassembly)
(Xie and Barrett 1991) and by an active molecular mechanism thought to be com-
posed of, in part, kinesin, CaM kinase, snap-25, and synaptobrevin (Miyake and
McNeil 1995), with vesicles of a variety of sizes rapidly (in seconds) accumulating
in large numbers within the cytoplasm surrounding the disruption site, inducing a
local exocytosis (Miyake and McNeil 1995). Intracellularly, torn Golgi membrane
readily reconstitutes itself from a vesiculated state (Kano et al. 2000) and the nuclear
membrane is reversibly disassembled and reassembled (a form of “repair”) during
mitosis (Georgatos and Theodoropoulos 1999).

Fifth, some limited forms of cytoskeletal self-repair exist, most notably the
coordinated remodeling of plasma membrane-associated (cortical) cytoskeleton
self-repair (Bement et al. 2007), autocatalytic microfilament actin polymerization
(Pantaloni et al. 2001), and recovery from mechanical disruption of cross-bridged
intermediate filament networks (Wagner et al. 2007).

Sixth, there is the lysosomal system (Walkley 2007) for recycling all major
classes of biological macromolecules, with soluble products of this digestion able
to cross the membrane, exit the organelle, and enter the cytosol for recycling into
the cellular metabolism, and there is the proteasome/ubiquitin system (Wolf and
Hilt 2004) for similarly recycling damaged proteins – both of which effect “repair
by replacement” since the whole macromolecule is discarded and a new one is
synthesized in its place.

Medical nanorobotics will make possible comprehensive true cell repair, includ-
ing, most importantly, those repairs that the cell cannot make for itself when it is
relying solely on natural self-repair processes.

23.6.4.2 Cell Nanosurgery

The earliest forms of cellular nanosurgery are already being explored today. Atomic
force microscopes (AFMs) have been used to observe the movement of filaments
beneath the plasma membrane of living eukaryotic (Parpura et al. 1993) and bac-
terial (Méndez-Vilas et al. 2006) cells. Microrobotic systems are being developed
for single cell nanoscale probing, injection, imaging and surgery (Li and Xi 2004),
and the differing effects of intracellular surgical nanoneedles having cylindrical or
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conical tips (Obataya et al. 2005), or DNA-functionalized tips (Han et al. 2005),
have been explored experimentally. Optical tweezers and vortex traps (Jeffries
et al. 2007) permit noncontact immobilization and manipulation of individual
cells.

Basic individual cell manipulation is fairly commonplace in the laboratory. For
more than four decades microbiologists have used nuclear transplantation (Gurdon
2006; Meissner and Jaenisch 2006) techniques to routinely extract or insert an
entire nucleus into an enucleated cell using micropipettes without compromising
cell viability. Direct microsurgical extraction of chromosomes from nuclei has been
practiced since the 1970s (Korf and Diacumakos 1978, 1980; Frey et al. 1982;
Maniotis et al. 1997), and microinjection of new DNA directly into the cell nuclei
using a micropipette (pronuclear microinjection) is a common biotechnology pro-
cedure (Wall 2001) easily survived by the cell, though such injected DNA often
eventually exits the nucleus (Shimizu et al. 2005). DNA microinjection into pronu-
clei of zygotes from various farm animal species has been practiced commercially
since 1985 but has shown poor efficiency and involves a random integration process
which may cause mosaicism, insertional mutations and varying expression due to
position effects (Wolf et al. 2000).

Nanosurgery has been performed on individual whole cells by several means. For
example, a rapidly vibrating (100 Hz) micropipette with a <1 micron tip diameter
has been used to completely slice off dendrites from single neurons without damag-
ing cell viability (Kirson and Yaari 2000), and individual cut nerve cells have been
rejoined by microsuturing or fibrin glue welding (Zhang et al. 1998). Axotomy of
roundworm neurons was performed by femtosecond laser (femtolaser) surgery, after
which the axons functionally regenerated (Yanik et al. 2004). A femtolaser acts like
a pair of “nano-scissors” by vaporizing tissue locally while leaving adjacent tissue
unharmed. Femtolaser surgery has also performed localized nanosurgical ablation of
focal adhesions adjoining live mammalian epithelial cells (Kohli et al. 2005). AFMs
have dissected bacterial cell walls in situ in aqueous solution, with 26 nm thick
twisted strands revealed inside the cell wall after mechanically peeling back large
patches of the outer cell wall (Firtel et al. 2004). Maniotis et al. (Maniotis et al.
1997) has mechanically spooled and extracted chromatin from a nucleus, observ-
ing that “pulling a single nucleolus or chromosome out from interphase or mitotic
cells resulted in sequential removal of the remaining nucleoli and chromosomes,
interconnected by a continuous elastic thread.”

Nanosurgery has also been reported on subcellular and even nanoscale structures
deep inside individual living cells without killing them. For instance, femtolaser
surgery has performed: (1) microtubule dissection inside live cells (Sacconi et al.
2005a, Colombelli et al. 2005, 2007), (2) severing a single microtubule without dis-
rupting the neighboring microtubules less than 1 micron away (Heisterkamp et al.
2005), (3) altering depolymerization rate of cut microtubules by varying laser pulse
duration (Wakida et al. 2007), (4) selective removal of sub-micron regions of the
cytoskeleton and individual mitochondria without altering neighboring structures
(Shen et al. 2005), (5) noninvasive intratissue nanodissection of plant cell walls
and selective destruction of intracellular single plastids or selected parts of them
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(Tirlapur and Konig 2002), and even (6) the nanosurgery of individual chromosomes
(selectively knocking out genomic nanometer-sized regions within the nucleus of
living Chinese hamster ovary cells) without perturbing the outer cell membrane
(Konig et al. 1999). Zettl’s group has demonstrated a nanoinjector consisting of
an AFM-tip-attached carbon nanotube that can release injected quantum dots into
cell cytosol, with which they plan to carry out organelle-specific nanoinjections
(Chen et al. 2007). Gordon’s group at the University of Manitoba has proposed
magnetically-controlled “cytobots” and “karyobots” for performing wireless intra-
cellular and intranuclear surgery. Future diamondoid medical nanorobots equipped
with operating instruments and mobility will be able to perform precise and refined
intracellular, intra-organelle, and nanometer-scale nanosurgical procedures which
are well beyond current capabilities.

23.6.4.3 Chromosome Replacement Therapy

The chromallocyte (Freitas 2007) is a hypothetical mobile cell-repair nanorobot
whose primary purpose will be to perform chromosome replacement therapy (CRT).
In CRT, the entire chromatin content of the nucleus in a living cell will be extracted
and promptly replaced with a new set of prefabricated chromosomes that have been
artificially manufactured as defect-free copies of the originals.

The chromallocyte (Fig. 23.26) will be capable of limited vascular surface
travel into the capillary bed of the targeted tissue or organ, followed by diapedesis
(exiting a blood vessel into the tissues) (Freitas 1999bq), histonatation (locomo-
tion through tissues) (Freitas 1999at), cytopenetration (entry into the cell interior)
(Freitas 1999x), and complete chromatin replacement in the nucleus of the target
cell. The CRT mission ends with a return to the vasculature and subsequent extrac-
tion of the nanodevice from the body at the original infusion site. This ~3 hour
chromosome replacement process is expected to involve a 26-step sequence of dis-
tinct semi-autonomous sensor-driven activities, which are described at length in
a comprehensive published technical paper on the subject (Freitas 2007) and in

Fig. 23.26 Artist’s conceptions of the basic chromallocyte (Freitas 2007) design: devices walking
along luminal wall of blood vessel (left); schematic of telescoping funnel assembly and proboscis
operation (right). Image © 2006 Stimulacra LLC (www.stimulacra.net) and Robert A. Freitas Jr.
(www.rfreitas.com)
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more detail below, and include: (1) injection, (2) extravasation, (3) ECM immigra-
tion, (4) cytopenetration, (5) inhibition of mechanotransduction (to avoid nanorobot
mechanical actions triggering unwanted cell responses), (6) nuclear localization, (7)
nucleopenetration, (8) blockade of apoptosis (to prevent misinterpretation of CRT
processes as damage demanding cell suicide), (9) arrest of DNA repair (to prevent
misinterpretation of CRT processes as damage demanding repair), (10) block-
ade of inflammatory signals, (11) deactivation of transcription, (12) detachment
of chromatin from inner nuclear wall lamins (cortex proteins), (13) extension of
the “Proboscis”, (14) rotation of the Proboscis, (15) deployment of the chromoso-
mal collection funnel, (16) digestion of stray chromatin, (17) dispensation of new
chromatin, (18) decondensation of the new chromatin, (19) re-anchoring of the dis-
pensed chromatin to inner nuclear wall lamins, (20) reactivation of transcription,
(21) reactivation of DNA repair and other DNA-related maintenance and usage pro-
cesses, (22) nuclear emigration, (23) cellular emigration, (24) ECM emigration, (25)
return to original point of entry into the body, and (26) removal from the body.
Treatment of an entire large human organ such as a liver, involving simultaneous
CRT on all 250 billion hepatic tissue cells, might require the localized infusion of
a ~1 terabot (1012 devices) or ~69 cm3 chromallocyte dose in a 1-liter (7% v/v
nanorobots) saline suspension during a ~7 hour course of therapy. This nanodevice
population draws 100–200 watts which lies within estimated nanorobot thermo-
genic limits consistent with maintenance of constant body temperature (Freitas
1999 cm).

Replacement chromosomes would be manufactured in a desktop ex vivo chro-
mosome sequencing and manufacturing facility, then loaded into the nanorobots for
delivery to specific targeted cells during CRT. The new DNA is manufactured to
incorporate proper methylation for the target cell type and other post-translational
modifications constituting the “histone code” used by the cell to encrypt various
chromatin conformations and gene expression states (Villar-Garea and Imhof 2006).
A single fully-loaded lozenge-shaped 69 micron3 chromallocyte will measure 4.18
microns and 3.28 microns along cross-sectional diameters and 5.05 microns in
length, typically consuming 50–200 pW of power in normal operation and a maxi-
mum of 1000 pW in bursts during outmessaging, the most energy-intensive task.
Onboard power can be provided acoustically from the outside in an operating-
table scenario in which the patient is well-coupled to a medically-safe 1000 W/m2

0.5 MHz ultrasound transverse-plane-wave transmitter throughout the procedure
(Freitas 1999n) – the American Institute of Ultrasound in Medicine (AIUM) deems
10,000-sec exposures to 1000 W/m2 ultrasound to be safe (Freitas 1999n). The
chromallocyte design includes an extensible primary manipulator 4 microns long
and 0.55 microns in diameter called the Proboscis that is used to spool up chro-
matin strands via slow rotation when inserted into the cell nucleus. After spooling,
a segmented funnel assembly is extended around the spooled bolus of DNA, fully
enclosing and sequestering the old genetic material. The new genetic material can
then be discharged into the nucleus through the center of the Proboscis by pistoning
from internal storage vaults, while the old chromatin that is sequestered inside the
sealed leakproof funnel assembly is forced into the storage vaults as space is vacated



U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

F

3241

3242

3243

3244

3245

3246

3247

3248

3249

3250

3251

3252

3253

3254

3255

3256

3257

3258

3259

3260

3261

3262

3263

3264

3265

3266

3267

3268

3269

3270

3271

3272

3273

3274

3275

3276

3277

3278

3279

3280

3281

3282

3283

3284

3285

23 Comprehensive Nanorobotic Control of Human Morbidity and Aging 757

by the new chromatin that is simultaneously being pumped out. The chromallocyte
will employ a mobility system similar to the microbivore grapple system, possibly
including a solvation wave drive (Freitas 1999bx) to help ensure smooth passage
through cell plasma and nuclear membranes.

Modified procedures are proposed in the full technical description published
elsewhere (Freitas 2007) for special cases including (1) proliferating, pathological,
multinucleate, and karyolobate cells, (2) cells in locations where access is difficult
such as brain, bone, or mobile cells, and (3) cells expressing genetic mosaicism,
and also for alternative missions including (1) partial- or single-chromosome
replacement, (2) single-cell and whole-body CRT, and (3) mitochondrial DNA
replacement.

23.6.4.4 Modifying Cellular Controls and Cycles

Another important function of cell repair nanorobots (among those specialized for
the task) would be the alteration of cellular control and metabolic cycle parameters.
For example, the standard cell cycle for proliferating cells includes four rigidly-
controlled and sequentially-executed phases, namely: entry G1 phase (cell expands
in size), S phase (DNA synthesis), G2 phase (resting), and final brief M phase (mito-
sis or cell division, only ~4% of total cycle duration), with nonreplicating cells
said to be in the quiescent G0 phase. Section 23.6.1 of the chromallocyte paper
(Freitas 2007) reviews how a cell repair nanorobot might take complete control of
a cell’s mitotic cycle (Guardavaccaro and Pagano 2006), giving cell repair devices
the ability to exercise nominal control over cell growth. Combined with control of
cell development by changing the pattern of gene expression using CRT (Section
23.6.4.3), this provides a very general ability to replace cells. One clinical impli-
cation, for example, is that after a heart attack when scar tissue has replaced dead
muscle, cell repair machines could stimulate unscarred regions of the heart to grow
fresh muscle by resetting cellular control mechanisms, allowing the physician to
guide the in situ self-healing of the heart.

The control of gene expression (e.g., via control of transcription factors, micro-
RNAs, shRNAs, etc.) is paramount in the control of the cell. Important classes of
cellular control modification – some having temporary, some having permanent,
effects – might include direct intervention in protein synthesis (e.g., examining and
editing extant mRNA tapes found in the cytosol, or fabricating and releasing supple-
mental natural or synthetic mRNA sequences, thus altering the rate of translation of
specific protein sequences by the natural cellular machinery (Grudzien et al. 2004));
sequestration of key tRNA populations to sensitively influence the rate of protein
synthesis (Delgado-Olivares et al. 2006); sequestration, augmentation, or chemi-
cal modification of key cell signaling molecules or ions to modulate internal signal
pathways; artificial ubiquitination or de-ubiquitination (Johnston et al. 1999), or
editing nuclear (Johnson et al. 2004) and cytoplasmic (Gomord et al. 1997) compart-
ment localization sequences, on cytosolic proteins to assert control over trafficking;
direct alteration of internal mitochondrial chemistry or internal lysosomal pH lev-
els; artificially regulating normal cell functions including metabolism and secretion;
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or cytocarriage (Freitas 1999ce) by nanorobotic “pilots” inside fibroblasts to direct
the deposition and placement of collagen fibers by these mobile cells to rebuild
extracellular matrix. Cellular controls and cycles could also be modified at their
most upstream source by directly altering transcription (synthesis of RNA on a DNA
template) in the nucleus, possibly by editing promoter sequences (Wray et al. 2003)
in new replacement DNA that is installed by chromallocytes (Section 23.6.4.3), or
by using sorting rotors to release or sequester inhibitors or transcription factors,
since promoter activity is usually controlled by transcription factors that bind to the
promoters or by inhibitors that inactivate the transcription factors.

23.6.4.5 Clearing Cytoplasm of Extraneous Materials and Devices

Cell repair nanorobots could restore and maintain cellular health by removing extra-
neous materials from the cytosol and other intracellular compartments. Perhaps
the best-known example of such extraneous material is the insoluble age-pigment
lysosomal granules called “lipofuscin” that collect in many of our cells, the accu-
mulation starting as early in life as 11 years old and rising with age (Terman and
Brunk 1998), activity level (Basson et al. 1982) and caloric intake (Moore et al.
1995), and varying with cell type (Brunk et al. 1992; Harman 1989). Clumps of
these yellow-brown autofluorescent granules – typically 1–3 microns in diameter –
may occupy up to 10% of the volume of heart muscle cells (Strehler et al. 1959),
and from 20% of brainstem neuron volume at age 20 to as much as 50% of cell vol-
ume by age 90 (West 1979). Lipofuscin concentrations as high as 75% have been
reported in Purkinje neurons of rats subjected to protein malnutrition (James and
Sharma 1995). Elevated concentrations in heart cells appear not to increase the risk
of heart attack (Strehler et al. 1959; Roffe 1998), nor to accelerate cellular aging
processes in heart muscle or liver tissues (Blackett and Hall 1981), and brain cell
lipofuscin is not associated with mental (West 1979; Drach et al. 1994) or motor
(McHolm et al. 1984) abnormalities or other detrimental cellular function (Davies
et al. 1983). However, hereditary ceroid lipofuscinosis (Shotelersuk and Gahl 1998)
or neuronal ceroid-lipofuscinosis (NCL) diseases (Kida et al. 2001) can lead to
premature death, though ceroid appears to be pathological only in neurons (Kida
et al. 2001) or when loaded into human fibroblasts (Terman et al. 1999). There is
also evidence that A2E, a hydrophobic fluorophore component of retinal pigment
epithelial lipofuscin-like material, may contribute to age-related macular degenera-
tion (De and Sakmar 2002). Lipofuscin is an indigestible lipid peroxidation product
that cannot normally be excreted or metabolized by the cell, but which cytopene-
trating microbivores that had entered the cell could readily detect and harmlessly
digest – as the existence of various artificial lipofuscinolytic drugs (Totaro et al.
1985; James et al. 1992) and naturally occurring lipofuscinolytic bacteria (de Grey
et al. 2005) attests is possible.

Other similarly inert intracellular pigments are known (Powell et al. 1996),
along with a number of pathological intracellular storage diseases [e.g., of ER
(Kim and Arvan 1998) and lysosomes (Winchester et al. 2000), etc.], includ-
ing Fabrey’s, Gaucher’s, mannosidosis, Niemann-Pick (Simons and Gruenberg
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2000), Tay-Sachs, Lewy bodies (Kosaka 2000) in Hallervorden-Spatz disease, and
Hirano bodies (Yagishita et al. 1979). Neurofibrillary tangles (Mattson 2004) are
pathological material found in neurons and are associated with Alzheimer’s disease.
Accumulation of lysosomal deposits of oxidized low-density lipoproteins or choles-
terol crystals (Tangirala et al. 1994) in macrophage foam cells may contribute to
atherosclerosis. Intracellular crystalloid bodies have been observed in the skeletal
muscle cells of patients with hypothyroid myopathy (Ho 1987) and noninert amy-
loid deposits average ~12% of pancreatic islet cell volume in patients with maturity
onset diabetes (Westermark and Wilander 1978). (See Section 23.7.1.1 for more
on amyloidosis.) Excessive intracellular crystallization of drug molecules can lead
to acute renal failure (Farge et al. 1986) and intracellular crystals have been found
inside chondrocytes in certain crystal deposition diseases (Dijkgraaf et al. 1995).
Other intracellular crystal deposition diseases are known such as mitochondrial
crystalline inclusions (Farrants et al. 1988) and intermembrane inclusion bodies
(O’Gorman et al. 1997), polyglucosan bodies (Matsumuro et al. 1993), and Fardeau-
Engel bodies (Vital et al. 2002) that are involved in peripheral neuropathies. Several
types of inorganic particles are highly toxic to phagocytes: just 0.05 μg of silica
per 106 macrophages (Bateman et al. 1982), or 0.002% of cell volume assuming
1166 micron3 per rat alveolar macrophage, is cytotoxic. Finally, heavy metals,
radioactive ions, and metabolic poisons can also kill cells. All of these molecules,
particles and deposits could either be digested to harmless effluents in situ by
cytopenetrating microbivores (Section 23.6.2.1), or loaded into the large onboard
storage tanks of chromallocyte-class nanorobots (Section 23.6.4.3) and transported
intact out of the patient’s body for external disposal.

Cell repair nanorobots may also remove extraneous nanodevices from the intra-
cellular spaces. The most common of such devices would be natural biological
nanomachines. For example, prions are the only known infectious intracellular
pathogens that are devoid of nucleic acid (Prusiner 2001), and similarly viroids
(Flores 2001) and viroid-like RNAs are intracellular pathogens lacking protein –
and both are beyond the ability of current medicine to remove from infected cells
(although antimisfolding agents to combat protein misfolding disorders like prions
are under active study (Estrada et al. 2006)). Other biota that may live inside of cells
include a variety of endosymbionts (Corsaro et al. 1999), viruses, and certain other
entities involved in disease-associated emperipolesis (Freitas 2003y). In human
cells, the tuberculosis bacterium enters the alveolar macrophage which transports
the intruder into the blood, the lymphatic system, and elsewhere. Other intracel-
lular microorganisms such as Listeria (~0.25 micron3) and Shigella (~2 micron3),
once free in the cytoplasm, propel through the cytosol via continuous cytoskeleton-
linked actin polymerization (Freitas 1999bz); macrophages infected with Listeria
have been observed with ~2% of their volume co-opted by the microbes (~100
organisms) (Decatur and Portnoy 2000). Some motile intracellular parasites such
as Tyzzer (Fujiwara et al. 1981) may cause disarrangement and depopulation of host
cell organelles by the movement of their peritrichous (covering entire surface) flag-
ella. Other motile intracellular parasites such as the spotted fever-group Rickettsiae
(Hackstadt 1996) spread rapidly from cell to cell by actin-based movement but do



U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

F

3376

3377

3378

3379

3380

3381

3382

3383

3384

3385

3386

3387

3388

3389

3390

3391

3392

3393

3394

3395

3396

3397

3398

3399

3400

3401

3402

3403

3404

3405

3406

3407

3408

3409

3410

3411

3412

3413

3414

3415

3416

3417

3418

3419

3420

760 R.A. Freitas Jr.

not cause lysis of the host cell. Typhus-group rickettsiae (Hackstadt 1996) multi-
ply in host cells to great numbers, though without profound damage until cell lysis
finally occurs. Harmful pathogens such as malarial schizonts of Plasmodium falci-
parum may multiply to 50–70% of erythrocyte cytoplasmic volume before the red
cell bursts, and other intracellular parasites have been observed at similar cytoplas-
mic volumetric fractions (Heydorn and Mehlhorn 1987; Abd-Al-Aal et al. 2000).
Microbivore-class devices could remove all of these from intracellular spaces.

Beyond microbiological intruders, in a future era foreign nanorobots might be
placed in a victim’s body surreptitiously for unwanted or even malicious purposes.
Chromallocyte-class personal cytosecurity nanorobots could be deployed having
the ability to scavenge intracellular foreign nanodevices and either disable them
in situ or transport them harmlessly out of the body, or to perform related sentinel
or cytodefensive functions.

23.6.4.6 Organelle Testing, Replacement, or Repair

Another general class of cell repair machine would undertake the direct census
and testing of intracellular organelle number and function, followed by appropri-
ate corrective actions including the internal modification and repair or wholesale
replacement of malfunctioning organelles. Excessive populations or damaged intra-
cellular organelles could be removed using a cytopenetrating microbivore-class
device; insufficient populations or volume of organelles can be addressed using a
larger chromallocyte-class “delivery truck” type device (Section 23.6.4.3) to import
supplemental organelles manufactured externally (Section “Tissue Printers, Cell
Mills and Organ Mills”).

Given the many thousands of unique biochemicals normally present within the
cell, all having complex interactions, considerable R&D effort will be required
to define the optimal testing regime for each organelle and is beyond the scope
of this Chapter. However, simple tests are readily imagined as diagnostic indica-
tors of correct organelle function. Cytosolic ATP concentrations, when combined
with sensor readings for glucose and activity level indicators, can be diagnostic of
proper metabolic function in the mitochondrial population. Organelle membrane
breach (Freitas 2003z) is another concern – detection of free digestive enzymes in
the cytosol may reveal a lysosomal or peroxisomal membrane breach, or the sim-
ilar presence of cytochrome c may indicate mitochondrial wall breach. Neurons
could be checked for proper ionic balance, ribosomes or mitochondria could be
counted and inspected, and even vesicles, granules and vacuoles could be inven-
toried and sampled if deemed necessary or useful. A nonexhaustive list of general
diagnostic mission classes (Freitas 1999ca) might include: (1) organelle counting,
dimensional measuring, and general cytocartography (albeit somewhat ephemeral);
(2) circumorganelle chemical assay; (3) organelle-specific surface membrane anal-
ysis or intracytoplasmic chemical assay; (4) dynamic functional or structural testing
of cellular components; and (5) sampling, diagnosis, chemoinjection, replacement
or repair operations to be performed upon an individual organelle or cytocomponent
in a specific cell. Organelles could also be checked for organelle-specific storage dis-
eases (Section 23.6.4.5) or for organelle-specific endosymbiont infestations such as
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mitochondrial mitophages (Sassera et al. 2006), and any unwanted foreign matter
would be removed by cell repair nanorobots (Section 23.6.4.5).

The cell nucleus is the largest and most important intracellular organelle.
Besides performing CRT (Section 23.6.4.3) on intranuclear genetic material, other
activities that a cell repair machine might perform without entering the nucleus
(Freitas 1999cb) could include: (1) physical mapping and compositional analysis
of the nuclear envelope; (2) monitoring of nuclear pore traffic; (3) near-complete
regulation of nuclear pore traffic using multiple manipulators or other devices;
(4) monitoring, initiating, or modifying cytoskeletally-mediated mechanical signal
transduction into the nuclear interior; and (5) injection of enzymes, RNA or DNA
fragments, or other bioactive materials through nuclear pores using hollow nanoin-
jectors. The nucleus could also be checked for the presence of nucleus-specific
intranuclear microbial parasites analogous to the tachyzoites of Toxoplasma gondii
in mouse (which may enter the nucleus using its apical secretory organelle called the
rhoptry) (Barbosa et al. 2005), Nucleospora salmonis (an intranuclear microsporid-
ian parasite of marine and freshwater fish) (El Alaoui et al. 2006), the merogonic
and gamogonic stages of Eimeria parasites in the goose (Pecka 1993), and MVM
parvovirus (Cohen et al. 2006) – all of which could readily be detected and removed
by medical nanorobots designed specifically for this task.

Cell membrane is a related compartment that suffers various molecular derange-
ments that could be detected by medical nanorobots. For example, improper
function of transmembrane glucose transporters could be detected by measuring
interior glucose levels and comparing them to extracellular levels. Chemical testing
could reveal toxins or poisons in cell receptors and transport channels, and related
tests could be devised for other transmembrane pumps (e.g., the lack of pumps
can be associated with disease (Chambers et al. 1999)), or to detect surface gly-
cation (Section 23.7.1.2), and so forth. Upon detecting these conditions, nanorobots
could appropriately edit or replace cell membrane components to repair all identified
defects.

23.6.4.7 Cytostructural Testing, Replacement, or Repair

Besides testing for proper function, cell repair nanorobots could also examine cells
for proper structure. For example, from outside the cell neural dendrites and other
structural extensions could be checked for acceptable gross dimensions and appro-
priate connectivity (Freitas 1999co), adequate physical strength (Freitas 1999bd)
and general health. Muscular dystrophy may be caused by disorganization of links
between the intracellular cytoskeleton (e.g., dystrophin) and the ECM (Cohn and
Campbell 2000), and the disruption of proper adhesive interactions with neighbor-
ing cells can lead to fatal defects in extracellular tissue architecture (Hagios et al.
1998). The cell plasma membrane and underlying cell cortex could be checked for
mechanical integrity, and also to make sure that the correct surface receptors are
in place and of the correct types and numbers (Freitas 1999cn). Cell membranes
are ordinarily self-sealing after a puncture wound (Section 23.6.4.1), but a severely
damaged membrane might need to be quickly patched using lipophilic materials
dispensed from a repair nanorobot.
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The cytoskeleton is normally self-repairing in a healthy cell – a fact that will
help to allow nanorobots to transit the intracellular space without causing lasting
damage. But some cells may experience “cytoskeletal disease” (Box 23.4) requiring
nanorobotic repair. Direct nanorobotic intervention to repair these broken or inad-
equate cytoskeletal elements should be possible in all cases. However, the defect
often will be widespread and caused by an underlying genetic (Section 23.6.4.3)
or metabolic (Sections 23.6.2.5 and 23.6.4.4) pathology which should be directly
corrected by the nanorobots, permanently curing the causative disease and allowing
natural self-repair processes to resume their normal functions.

Box 23.4 Disorders of cytoskeletal architecture

Disorganization of the cytoskeletal architecture has been associated with dis-
eases as diverse as heart failure (Hein et al. 2000; Lemler et al. 2000),
rotavirus infection (Brunet et al. 2000), sickle cell anemia (Kuczera 1996),
lissencephaly (Sapir et al. 1997), and Alzheimer’s disease (Lee 1995), and
a “collapse transition” of neurofilament sidearm domains may contribute to
amyotrophic lateral sclerosis (ALS) and Parkinson’s disease (Kumar et al.
2002). Cytoskeletal diseases most notably involve transmembrane linkage dis-
ruptions. For instance, breakage of major cytoskeletal attachments between
the plasma membrane and peripheral myofibers in cardiac myocytes pre-
disposes the cell to further mechanical damage from cell swelling or from
ischemic contracture (Sage and Jennings 1988). Elliptocytosis (Liu et al.
1990) and other inherited hemolytic disorders (Delaunay 1995) are caused
by disorganization of the subsurface spectrin-actin cell cortex in the ery-
throcyte (Zhang et al. 2001). Deeper inside the cell, perturbations in the
architecture of the intermediate filament cytoskeleton in keratinocytes and in
neurons can lead to degenerative diseases of the skin, muscle cells, and ner-
vous system (Fuchs 1996). Tissues lacking intermediate filaments fall apart,
are mechanically unstable, and cannot resist physical stress, which leads to
cell degeneration (Galou et al. 1997). Perinuclear clumping of fragmented ker-
atin intermediate filaments accompanies many keratin disorders of skin, hair,
and nails (Sprecher et al. 2001). Impairment of normal axonal cytoskeletal
organization in Charcot-Marie-Tooth disease results in distal axonal degener-
ation and fiber loss (Sahenk et al. 1999). A variety of human disorders are also
associated with dysfunction of cytoskeleton-based molecular motors, includ-
ing, for example: (1) the motor-based diseases involving defective cellular
myosin motors (Keats and Corey 1999), e.g., implicated in Griscelli syndrome
(Westbroek et al. 2001), hearing loss (Avraham 2002), hypertrophic car-
diomyopathy (Rayment et al. 1995), and other myosin myopathies (Seidman
and Seidman 2001); (2) spindle assembly- and function-related diseases
(Mountain and Compton 2000) or kinesin- and dynein-related motor molecule
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diseases, e.g., implicated (Schliwa and Woehlke 2003) in Charcot-Marie-
Tooth disease type 2A (Zhao et al. 2001), Kartagener syndrome (Marszalek
et al. 1999) or primary ciliary dyskinesia (Olbrich et al. 2002), lissencephaly
(Vallee et al. 2001), polycystic kidney disease (Qin et al. 2001), and retinitis
pigmentosa (Williams 2002); and (3) other avenues for cellular malfunction
(Schliwa and Woehlke 2003; Fischer 2000; Reilein et al. 2001; Schliwa 2003).

23.6.4.8 Intracellular Environmental Maintenance

Cell repair machines could also test, analyze, and restore a pathological cytoplas-
mic environment that has gotten too far from homeostatic equilibrium. This could
be as simple as detecting and removing pathological proteins (or other damaged or
unwanted biomolecules) from the cytosol, or it could involve actively manipulating
intracellular pH, temperature, ionic balance, or metabolic inputs and byproduct con-
centrations. A nanorobot could straddle the plasma membrane of the cell, acting as
a temporary artificial membrane transporter to pump out excess sodium, calcium,
drug molecules, toxins, CO2 and other waste products, or to pump in supplemen-
tal ions, O2/glucose, or other nutrient molecules that are in short supply. These
applications might require a pharmacyte-, microbivore-, or chromallocyte-class
nanodevice, depending on circumstances.

As a simple example of the tremendous power of nanorobots to regulate the
intracellular chemical environment, consider the Ca++ ion which serves as an
intracellular mediator in a wide variety of cell responses including secretion,
cell proliferation, neurotransmission, cellular metabolism (when complexed to
calmodulin), and participates in signal cascade events that are regulated by calcium-
calmodulin-dependent protein kinases and adenylate cyclases. The concentration
of free Ca++ in the extracellular fluid or in the cell’s internal calcium sequester-
ing compartment (which is loaded with a binding protein called calsequestrin) is
~10-3 ions/nm3. However, in the cytosol, free Ca++ concentration varies from 6 ×
10-8 ions/nm3 for a resting cell up to 3 × 10-6 ions/nm3 when the cell is activated by
an extracellular signal; cytosolic levels >10-5 ions/nm3 may be toxic (Alberts et al.
1989), e.g., via apoptosis (Freitas 1999ag, cc).

To transmit an artificial Ca++ activation signal into a typical 20 micron cuboidal
tissue cell in ~1 millisec, a single nanorobot stationed in the cytoplasm must
promptly raise the cytosolic ion count from 480,000 Ca++ ions to 24 million
Ca++ ions, a transfer rate of ~2.4 × 1010 ions/sec which may be accomplished using
~24,000 molecular sorting rotors (Freitas 1999o) operated in reverse, requiring a
total nanorobot emission surface area of ~2.4 micron2. Or, more compactly, pressur-
ized venting or multiple ion diffusion nozzles may be employed (Freitas 1999 cd).
Onboard storage volume of ~0.1 micron3 can hold ~2 billion calcium atoms, enough
to transmit ~100 artificial Ca++ signals into the cell (e.g., from CaCl2) even assum-
ing no ion recycling. In addition to the amplitude modulation (AM) of Ca++ signals
noted above, De Koninck and Schulman (de Koninck and Schulman 1998) have
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discovered a mechanism (CaM kinase II) that transduces frequency-modulated (FM)
Ca++ intracellular signals in the range of 0.1–10 Hz. Fine tuning of the kinase’s
activity by both AM and FM signals (either of which should be readily detected
or generated by in cyto nanorobots) may occur as the molecule participates in the
control of diverse cellular activities.

Similarly, high cytoplasmic calcium levels can destroy mitochondria by open-
ing the mitochondrial “megapore” and activating destructive proteases (Dong et al.
2006), and elevated calcium levels are also expected under conditions of hypoxia,
ischemia, and prolonged cold storage during cryopreservation. In such cases, the
nanorobot described above can equally effectively extract excess calcium from the
cytoplasm – dropping Ca++ cytosolic levels from a toxic 10-5 ions/nm3 (~3 × 106

ions/cytosol) to a modest 10-7 ions/nm3 resting-cell level (~3 × 104 ions/cytosol) in
~30 millisec, given a diffusion-limited ion current to the sorting rotor binding sites
of ~108 ions/sec at 10-5 ions/nm3 falling to ~106 ions/sec at 10-7 ions/nm3 (Freitas
1999cp). The nanorobot can perform ~1000 such extractions before it must empty
its tanks extracellularly.

23.7 Control of Human Senescence using Medical Nanorobots

Senescence is the process of growing old. Over the next few decades, it seems likely
that a variety of purely biotechnological solutions to many of the major types of
age-related damage will be found and will enter general therapeutic practice, for
example, by following the illustrative SENS program (Section 23.7.1) developed by
biogerontologist Aubrey de Grey, or by following other approaches (e.g., Fahy et al.
2010). De Grey’s guarded expectation (de Grey 2005a) is that “all the major types of
damage will be reversed, but only partly so. In several cases this incompleteness is
because the category of damage in question is heterogeneous, consisting of a spec-
trum of variations on a theme, some of which are harder to repair than others. In the
short term it’s enough to repair only the easiest variants and thereby reduce the total
damage load a fair amount, but in the longer term the harder variants will accumulate
to levels that are problematic even if we’re fixing the easy variants really thoroughly.
Hence, we will have to improve these therapies over time in order to repair ever-
trickier variants of these types of damage. I predict that nanotechnological solutions
will eventually play a major role in these rejuvenation therapies.”

In my view, nanotechnology will play a pivotal role in the solution to the problem
of human aging. It is true that purely biotechnological solutions to many, if not
most, of the major classes of age-related damage may be found, and even reach the
clinic, by the 2020s. However, we have no guarantee that biotechnology will find
solutions to all the major classes of age-related damage, especially in this timeframe.
If treatments for any one of the numerous major sources of aging are not found,
we will continue to age – albeit at a slower rate – and possibly with little or no
substantial increase in the average human lifespan.

Medical nanorobotics, on the other hand, can undoubtedly offer convenient solu-
tions to all known causes of age-related damage (Section 23.7.1) and other aspects
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of human senescence (Section 23.7.2), and most likely can also successfully address
any new causes of senescence that remain undiscovered today. Medical nanorobotics
is the ultimate “big hammer” in the anti-aging toolkit. Its development – as fast as
humanly possible – is our insurance policy against the risk of a failure of biotech-
nology to provide a comprehensive solution to the problem of aging. Additionally,
nanorobotic medicine, once developed, may offer superior treatments for aging,
compared to the methods of biotechnology, as measured by a multitude of compar-
ative performance metrics (Section 23.6.1). Finally, if we agree that a 16-year R&D
effort costing a total of ~$1B launched today could result in a working nanofac-
tory able to build medical nanorobots by the 2020s (Section 23.4.7), then it seems
likely that by the late 2020s or early 2030s these powerful medical instrumentalities
would begin to enter widespread clinical use, marking the beginning of the almost
certain end to human aging (Section 23.7.1) while also providing cures for most
other morbid afflictions (Section 23.6) of the human body.

23.7.1 Nanomedically Engineered Negligible Senescence (NENS)

According to Aubrey de Grey, SENS (Strategies for Engineered Negligible
Senescence) (de Grey et al. 2002; de Grey 2006a, 2007a; de Grey and Rae 2007;
Methuselah Foundation 2007) is a panel of proposed interventions in mammalian
aging that “may be sufficiently feasible, comprehensive, and amenable to subse-
quent incremental refinement that it could prevent death from old age (at any age)
within a time frame of decades.” As explained in the foundational SENS paper (de
Grey et al. 2002): “Aging is a three-stage process: metabolism, damage, and pathol-
ogy. The biochemical processes that sustain life generate toxins as an intrinsic side
effect. These toxins cause damage, of which a small proportion cannot be removed
by any endogenous repair process and thus accumulates. This accumulating damage
ultimately drives age-related degeneration. Interventions can be designed at all three
stages. However, intervention in metabolism can only modestly postpone pathol-
ogy, because production of toxins is so intrinsic a property of metabolic processes
that greatly reducing that production would entail fundamental redesign of those
processes. Similarly, intervention in pathology is a losing battle if the damage that
drives it is accumulating unabated. By contrast, intervention to remove the accu-
mulating damage would sever the link between metabolism and pathology, and so
has the potential to postpone aging indefinitely. The term ‘negligible senescence’
(Finch 1990) was coined to denote the absence of a statistically detectable increase
with organismal age in a species’ mortality rate.”

Seven major categories of such accumulative age-related damage have thus
far been identified and targeted for anti-aging treatment within SENS. These
include: removing extracellular aggregates (Section 23.7.1.1), removing extracel-
lular crosslinks (Section 23.7.1.2), eliminating toxic death-resistant cells (Section
23.7.1.3), restoring essential lost or atrophied cells (Section 23.7.1.4), removing
intracellular aggregates (Section 23.7.1.5), replacing mutant mitochondria (Section
23.7.1.6), and correcting nuclear mutations and epimutations (Section 23.7.1.7). As
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late as 2007 the prospective SENS treatment protocols (de Grey 2007a; de Grey
and Rae 2007; Methuselah Foundation 2007) still lacked any serious discussion of
future contributions from nanotechnology, an unfortunate omission which is cor-
rected here by adding nanomedicine (medical nanorobotics) to SENS, obtaining
“NENS”.

23.7.1.1 Removing Extracellular Aggregates

Extracellular aggregates are biomaterials that have accumulated and aggregated into
deposits outside of the cell. These biomaterials are biochemical byproducts with
no useful physiological or structural function that have proven resistant to natural
biological degradation and disposal. Two primary examples are relevant to the SENS
agenda (de Grey 2003, 2006b).

First, there is the acellular lipid core of mature atherosclerotic plaques – which
macrophages attempt to consume, but then die when they become full of the inert
indigestible material, adding their necrotic mass to the growing plaques. One pro-
posed SENS solution is to administer a bone marrow transplant of new bone marrow
stem cells (cells that produce macrophages) that have been genetically repro-
grammed to encode a new artificial macrophage phenotype that incorporates more
robust intracellular degradation machinery. The resulting enhanced macrophages
could then completely digest the resistant plaque material in the normal manner,
though the full course of treatment would require months to run to completion
and would likely yield only incomplete genetic substitution of stem cell genomes.
Using NENS, vasculocytes (Section 23.6.2.3) would completely remove plaque
deposits in less than a day, providing immediate vascular clearance and healing the
vascular walls. For protection against future plaque development, chromallocytes
(Section 23.6.4.3) could be targeted to the entire population of bone marrow stem
cells to install the proposed more-robust macrophage phenotype using chromosome
replacement therapy, in a thorough treatment also lasting less than a day.

Second, there are amyloid plaques that form as globules of indigestible mate-
rial in small amounts in normal brain tissue but in large amounts in the brain of
an Alzheimer’s disease patient (Finder and Glockshuber 2007). Similar aggregates
form in other tissues during aging and age-related diseases, such as the islet amyloid
(Hull et al. 2004) in type 2 diabetes that crowds out the insulin-producing pan-
creatic beta cells, and in immunoglobulin amyloid (Solomon et al. 2003). Senile
Systemic Amyloidosis or SSA (Tanskanen et al. 2006), caused by protein aggrega-
tion and precipitation in cells throughout the body, is apparently (Primmer 2006)
a leading killer of people who live to the age of 110 and above (supercentenar-
ians). One proposed SENS solution being pursued by Elan Pharmaceuticals to
combat brain plaque is vaccination to stimulate the immune system (specifically,
microglia) to engulf the plaque material, which would then be combined with the
enhanced macrophages as previously described – although anti-amyloid immuniza-
tion has not had great success experimentally (Schenk 2002; Patton et al. 2006). In
NENS, amyloid binding sites could be installed on the external recognition mod-
ules of tissue-mobile microbivore-class scavenging nanorobots (Section 23.6.2.1),
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allowing them to quickly seek, bind, ingest, and fully digest existing plaques
throughout the relevant tissues, in the manner of artificial mechanical macrophages.
Chromallocytes could again be targeted to phagocyte progenitor cells to install the
more robust macrophage phenotype to provide continuing protection against future
plaque development.

Among the most promising investigational anti-amyloid therapies for
Alzheimer’s disease (Aisen 2005) is another potential SENS treatment for brain
amyloid using anti-amyloid plaque peptides – one 5-residue peptide has already
shown the ability, in lab rats, to prevent the formation of the abnormal protein
plaques blamed for Alzheimer’s and to break up plaques already formed (Soto et al.
1998), and to increase neuronal survival while decreasing brain inflammation in
a transgenic mouse model (Permanne et al. 2002). However, a major challenge to
the use of peptides as drugs in neurological diseases is their rapid metabolism by
proteolytic enzymes and their poor blood-brain barrier (BBB) permeability (Adessi
et al. 2003). In a NENS treatment model, a mobile pharmacyte-class nanorobot
(Section 23.6.3.2) could steer itself through the BBB (Freitas 2003aa); release an
appropriate engineered peptide antimisfolding agent (Estrada et al. 2006) in the
immediate vicinity of encountered plaques so as to maintain a sufficiently high local
concentration (Section 23.6.4.8) despite degradation; re-acquire the agents or their
degradation products after the plaque dissolves; then exit the brain via the same
entry route. Tissue-mobile microbivore-class devices could also be used to fully
digest the plaques if it is deemed acceptable to ignore possible resultant localized
deficits of normal soluble unaggregated amyloid-beta peptides. Nanorobots operat-
ing in the brain must be designed to accommodate the tight packing of axons and
dendrites found there (Section 23.7.2(5)(a)).

23.7.1.2 Removing Extracellular Crosslinks

While intracellular proteins are regularly recycled to keep them in a generally
undamaged state, many extracellular proteins are laid down early in life and are
never, or only rarely, recycled. These long-lived proteins (mainly collagen and
elastin) usually serve passive structural functions in the extracellular matrix and
give tissue its elasticity (e.g., artery wall), transparency (e.g., eye lens), or high ten-
sile strength (e.g., ligaments). Occasional chemical reactions with other molecules
in the extracellular space may little affect these functions, but over time cumulative
reactions can lead to random chemical bonding (crosslinks) between two nearby
long-lived proteins that were previously unbonded and thus able to slide across or
along each other (Methuselah Foundation 2007). Such crosslinking in artery walls
makes them more rigid and contributes to high blood pressure.

In the SENS strategy (de Grey 2003, 2006b), it is theoretically possible to iden-
tify chemicals that can selectively dissociate crosslink bonds without breaking any
other bonds, because many crosslink bonds have unusual chemical structures not
found in proteins or other natural biomolecules. Some of these crosslink bonds may
be unstable enough to be readily breakable by drugs, such as alagebrium chloride
(aka. PMTC, ALT-711) which appeared to break one subset of glucose crosslinks
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(sugar-derived alpha-diketone bridges) in clinical trials (Bakris et al. 2004), but
other crosslink bonds (e.g., acid-labile glucosepane (Lederer and Bühler 1999) and
K2P (Cheng et al. 2004), and the highly stable pentosidine (Sell et al. 1991)) are
probably too stable to be breakable by simple catalysis. SENS research proposals
include: (1) finding new or synthetic deglycating enzymes that can couple the link-
breakage to the hydrolysis of ATP to ADP (the most common power source inside
cells), requiring the enzyme to shuttle back and forth across the cell membrane to
acquire fresh ATP for each link-breakage cycle as there is very little ATP in the
extracellular matrix; (2) engineering single-use link-breaking molecules analogous
in action to the DNA repair protein MGMT which reacts with a stable molecule
(DNA) but thereby inactivates itself (by transferring methyl and alkyl lesions from
the O6 position of guanine on damaged DNA to a cysteine in its own structure
(Pieper 1997)); or (3) increasing the rate of natural ECM turnover, taking care to
avoid “dire side-effects such as hemorrhage from leaky blood vessels as collagen
molecules are removed and replaced” (Furber 2006).

The NENS strategy proceeds similarly but more safely, using nanorobots as the
delivery vehicle for the link-breaking molecules. In the first scenario, a population
of ~1012 (1 terabot) mobile pharmacytes would transverse the extracellular matrix
in a grid pattern, releasing synthetic single-use deglycating enzymes (perhaps teth-
ered (Craig et al. 2003; Holmbeck et al. 2004) to energy molecules, e.g., ATP) into
the ECM to digest cross-linkages, then retrieving dispensed molecules before the
nanorobot moves out of diffusive range. As an example, human skin and glomerular
basement membrane (GBM) collagen has ~0.2 glucosepane (MW ~500 gm/mole)
crosslinks per 100,000 kD strand of collagen in normally crosslinked aging tis-
sue (Sell et al. 2005), indicating ~2 × 1018 glucosepane crosslinks in the entire
human body which will require a very modest whole-body treatment chemical scis-
sion energy of ~0.2 joule per each ATP-ADP conversion event (~0.5 eV) required
to energize cleavage of individual crosslink bonds. Each nanorobot would contain
~2 × 106 enzyme molecules in a ~1 micron3 onboard tank and would travel at
~3 micron/sec through ECM, releasing and retrieving enzymes in a ~10 micron wide
diffusion cloud over a ~100 sec mission duration, with 10 successive terabot waves
able to process all ~32,000 cm3 of ECM tissue in the reference 70 kg adult male
body in a total treatment time of ~1000 sec. Only 1 of every 10 enzymes released
and retrieved are discharged by performing a crosslink bond scission; the rest are
recovered unused. This treatment would likely be complete because full saturation
of the targeted tissue volume can probably be achieved via diffusion, though some
enzyme molecules may exit the diffusion cloud and become lost – lost molecules
that must produce no side effects elsewhere or must be safely degradable via natural
processes. In the second scenario, assuming ~1019 collagen fibers in all ECM and
allowing ~10 sec for a nanorobot to find and examine each fiber (thus removing one
crosslink every ~50 sec), then ~1014 nanorobots (~0.3% by volume of ECM tissue)
using manipulators with enzymatic end-effectors could patrol ECM tissues, seek-
ing out unwanted crosslink bonds and clipping them off, processing ~1 cm3/min
of crosslinked tissue and finishing the entire body in ~22 days. Enzymatically
active components remain tethered and cannot be lost, reducing side effects to
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near-zero, but there may be some tight spaces that cannot easily be reached by the
manipulator arms, possibly yielding an incomplete treatment. Further study is
needed to determine the optimal combination of these two strategies.

23.7.1.3 Eliminating Toxic Death-Resistant Cells

A third source of age-related damage occurs from the accumulation of unwanted
death-resistant cells that secrete substances toxic to other cells. These toxic cells are
of several types: (1) fat cells (i.e., visceral adipocytes, which promote insulin resis-
tance and lead to type 2 diabetes), (2) senescent cells (which accumulate in joint
cartilage, skin, white blood cells, and atherosclerotic plaques, cannot divide when
they should, and secrete abnormal amounts of certain proteins), (3) memory cyto-
toxic T cells (which can become too numerous, crowding out other immune cells
from the useful immunological space, and which frequently become dysfunctional),
(4) immune cells that have come to be hostile to endogenous antigens (autoimmune
T and B cells), and (5) certain other types of immune cells which seem to become
dysfunctional during aging (e.g., inability to divide, or immunosenescence) (de Grey
2006b; Methuselah Foundation 2007; Aspinall 2010).

There are several SENS strategies for reducing the number of senescent cells in
a tissue: (1) conventional surgery, such as liposuction, wherein excess visceral fat
tissue is simply cut out (e.g., eliminating pathology in diabetic rats (Barzilai et al.
1999)); (2) targeted apoptosis or cell suicide (Freitas 1999ag), in which only the
chosen cells are induced to kill themselves in an orderly and non-necrotic manner
(e.g., via immunotherapy in which immune cells would be sensitized to a diagnos-
tic protein that is highly expressed only in the targeted cell type, or via somatic
gene therapy (Campisi 2003) that would insert a suicide gene encoding a highly
toxic protein controlled by a promoter that is activated only by the highly expressed
diagnostic protein); and (3) de-senescing senescent cells by reversing the senescent
phenotype (Beauséjour et al. 2003).

In NENS, tissue-mobile microbivore-class nanorobots (Section 23.6.2.1) would
quickly and completely remove all unwanted cells, wherever located in the body,
either by digesting them into harmless byproducts in situ or by sequestering their
contents and transporting the compacted biomaterial out of the body for external dis-
posal. Toxic cells could also be de-senesced using chromallocytes to wholly replace
their nuclear genome with newly manufactured chromosomes (Section 23.6.4.3);
alternatively, all DNA could be extracted from each toxic cell and the genome-
free cell could then be flagged for natural macrophage removal (Freitas 1999cq)
following the “neuter and release” protocol (Freitas 1999cr).

23.7.1.4 Restoring Essential Lost or Atrophied Cells

Cell depletion is another major source of age related damage (Methuselah
Foundation 2007) that involves cell loss without equivalent replacement, most com-
monly in the heart, the brain, and in muscles. Missing cells leave gaps in tissues
which may be filled by: (1) enlargement of adjacent similar cells (e.g., heart),
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(2) invasion by dissimilar cells or fibrous acellular material (e.g., heart, brain), or
(3) general tissue shrinkage (e.g., muscle).

Three SENS strategies to reverse cell depletion have been proposed (Methuselah
Foundation 2007). The first two methods involve the natural stimulation of cell divi-
sion by exercise (difficult in some muscles) or the injection of growth factors to
artificially stimulate cell growth (Chen et al. 1995). Both methods may be of limited
utility for normal dividing cells which may be robustly preprogrammed to avoid
dividing excessively as a defense against cancer, but should be of greater utility
in the case of stem cells, given that, for instance, marrow cells from older mice
readily repopulate the irradiation-depleted marrow of young mice at least five times
sequentially (Harrison and Astle, 1982) supporting the hypothesis that stem cells do
not age, or age only very slowly. The third strategy would employ stem cell ther-
apy to introduce new whole cells that have been engineered into a state where they
will divide to fix the tissue even if cells already present in the body aren’t doing so
(Armstrong and Svendsen 2000).

The NENS approach starts with the manufacture of any needed replacement
whole living cells, either very quickly with ideal quality control using external
clinical cell mills (Section “Tissue Printers, Cell Mills and Organ Mills”) or sev-
eral orders of magnitude slower with inferior quality control using some variant
of conventional mammalian cell reactors (Nelson and Geyer 1991). These replace-
ment cells may include manufactured pluripotent stem cells. Nanosurgery is then
employed to deliver the new cells to the repair site to assist the activities of vasculo-
cytes (Section 23.6.2.3) and related nanorobots capable of controlled cell herding in
vascular, ECM, or other cell-depleted tissue spaces. For example, a 1 cm3 volume
of 125 million 20-micron tissue cells, arranged in planar 10-cell slabs moving per-
pendicular to the slab plane through a tube, could be imported at ~1 m/sec through
a 10-cm long nanosyringoscope (Section “Nanosyringoscopy”) with a 100 micron
inside diameter (possibly coated with mechanical cilia to facilitate efficient trans-
port) to virtually anywhere inside the human body in ~250 sec (~4 min). A modest-
sized array of 1000 safe and painless microneedles (Cormier et al. 2004; Flemming
et al. 2005; Coulman et al. 2006; Nordquist et al. 2007) having a total ~10 mm2

penetration cross-section for the array could transport ~1500 cm3 of cells – the
volume of the human liver, one of our largest organs – into the body during a
~6 minute transfer. A second nanosyringoscope can export a matching volume
of body fluid or comminuted pathological tissue to precisely maintain conser-
vation of volume/mass, if necessary. Arrival of conventionally vein-infused self-
targeting stem cells at their designated destinations will take many orders of
magnitude longer, and will not be 100% reliable and complete, as compared to
nanosyringoscopy.

23.7.1.5 Removing Intracellular Aggregates

Intracellular aggregates are highly heterogeneous lipid and protein biomaterials
that have accumulated and aggregated into clumps inside of the cell (Methuselah
Foundation 2007). These biomaterials are normal intracellular molecules that have
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become chemically modified so that they no longer work and are resistant to the nor-
mal processes of degradation. Intracellular aggregates most commonly accumulate
inside lysosomes, organelles that contain the most powerful degradation machinery
in the cell. But if the lysosomes become congested and engorged, the cell will stop
working properly – crudely analogous to a house whose toilets have all backed up.
Cells in the heart and in the back of the eye, motor neurons and some other nerve
cells, and white blood cells trapped within the artery wall appear most suscepti-
ble – intracellular aggregates have been associated with atherosclerosis (Brown et al.
2000) (the formation of plaques in the artery wall, which eventually occlude the ves-
sel or calve material, causing heart attacks or strokes) and appear to be a contributing
factor in several types of neurodegeneration (where the aggregates accumulate else-
where than in the lysosome) and in macular degeneration (Reinboth et al. 1997) (the
main cause of blindness in the old).

The proposed SENS strategy (de Grey et al. 2005; Methuselah Foundation 2007;
de Grey 2006c) is to give all cells extra enzymes (such as microbial hydrolases
found in natural soil bacteria and fungi) that can degrade the relevant biomaterial,
or other accessory microbial proteins such as transporters to restore lysosomal acid-
ity. The lack of such exogenous enzymes can be regarded as a genetic deficiency
that results in pathological intracellular storage disease (Section 23.6.4.5), so the
SENS treatment would be analogous to replacing a natural lysosomal enzyme for
which patients are congenitally deficient as in enzyme replacement therapies (ERT).
The ERT treatment can be directed to all cells as a complete whole-body gene
therapy, or it can be directed only to modified stem cells via a bone marrow trans-
plant that produces enhanced macrophages (Section 23.7.1.1), a stopgap approach
that still allows the intracellular storage disease to progress to full senescence in
somatic cells which are then removed and successfully digested by the enhanced
macrophages. Possible difficulties with both approaches include: (1) inactivity or
toxicity of microbial genes introduced into mammalian cells, (2) rapid degradation
of the new microbial enzymes by lysosomal proteases whose normal function is to
destroy other proteins, (3) immune rejection of microbial enzymes or proteins when
cells expressing or containing them are attacked by lymphocytes, and (4) the inabil-
ity of therapeutic enzymes in ERT to cross the blood-brain barrier in patients with
cerebral neuropathies; though it is believed that further research can overcome all
these problems (de Grey et al. 2005).

The proposed NENS strategy is twofold. First, storage-diseased lysosomes and
other non-lysosomal intracellular aggregates could either be digested to harmless
effluents in situ by cytopenetrating microbivores (Section 23.6.2.1) or by appropri-
ate digestive enzymes temporarily injected into organelles, or could be loaded into
onboard storage tanks of chromallocyte-class nanorobots and transported intact out
of the patient’s body for external disposal. This method could also effectuate cell-
by-cell transplants of healthy lysosomes. Second, chromallocytes (Section 23.6.4.3)
could install revised genomes in every cell in the human body, with the new chromo-
somes expressing the novel microbial-derived lysogenic enzymes and other requisite
exogenous accessory proteins borrowed from the SENS program, assuming future
research can validate the use of these or similar proteins.
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23.7.1.6 Replacing Mutant Mitochondria

Mitochondria are the principal source of chemical energy in the cell, metaboliz-
ing oxygen and nutrients to carbon dioxide and water, producing energy-charged
molecules of ATP that provide power for many important intracellular biochemical
processes. Unlike other organelles, mitochondria have their own DNA that is sus-
ceptible to mutation, causing the mutated mitochondrion to malfunction leading to
respiration-driven (i.e., oxidative damage-mediated) aging (Harman 1972; de Grey
1999, 2005b).

The principal SENS stopgap strategy (Methuselah Foundation 2007; de Grey
2000, 2005c) depends on the fact that of the ~1000 proteins present in the mito-
chondrion, only 13 (totaling under 4000 amino acids) are encoded by its own DNA.
All the rest are encoded in the cell’s nuclear DNA and are manufactured in the
cytosol, then transported through the mitochondrial membrane wall by a compli-
cated apparatus called the TIM/TOM complex (Rehling et al. 2001). By adding the
genes encoding the unique 13 mitochondrial proteins to the better-protected nuclear
chromosome content (Zullo et al. 2005), these proteins are anticipated to be pro-
duced when the mitochondria fail to do so and will be made to be imported through
the organelle wall (Gearing and Nagley 1986), thus maintaining adequate energy-
producing function even in mutated organelles. Nondividing cells such as muscle
fibers and neurons accumulate mutant mitochondria most severely, so these cells
most urgently need gene therapy to insert the supplementary genes. This is only a
stopgap strategy because the mitochondria are not really “cured” of their pathol-
ogy: new untreated cell pathologies hypothetically could appear if (1) the mutated
mitochondrial DNA is left in place and the mutated DNA eventually comes to pro-
duce not just dysfunctional but actually harmful proteins (Baracca et al. 2007), or
(2) the mutated mitochondrial DNA involves a dosage-sensitive gene with the dis-
ease phenotype resulting from multiple copies of a normal gene (Murakami et al.
1996). Other stopgap SENS strategies, also not amounting to complete or permanent
cures, have been proposed, such as the injection of an antilipolytic agent to stimulate
macroautophagy (the cell repair mechanism responsible for the disposal of excess
or altered mitochondria under the inhibitory control of nutrition and insulin) in a
presumably small number of the most severely injured mitochondria (Donati et al.
2006).

There are many possible NENS strategies for dealing with mutant mitochon-
dria. First, chromallocytes (Section 23.6.4.3) could deliver into the nucleus of each
cell in the human body a new set of manufactured chromosomes that incorporate
genes encoding the 13 unique mitochondrial proteins, thus comprehensively effec-
tuating the (incomplete) SENS proposal in a ~7 hour therapy for a single large
organ such as liver or up to ~53 hours for a continuously-performed whole-body
CRT procedure (Freitas 2007). Second, chromallocytes could employ a revised CRT
treatment in which mitochondrial DNA is removed from each intracellular organelle
in each cell and replaced with corrected versions of mtDNA (Freitas 2007), a more
time-consuming approach. Third, replacement whole mitochondria containing non-
mutated DNA could be manufactured in external clinical cell mills (Section “Tissue
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Printers, Cell Mills and Organ Mills”), then delivered into the cytoplasmic com-
partment of target cells by chromallocyte-class nanorobots. Short-lifetime marker
molecules (Freitas 2007) would distinguish new mitochondria from old, facilitat-
ing subsequent deportation of the old from the cell using exiting (now-empty)
nanorobots, leaving behind only the new and also ensuring the removal of any
mitophages (Sassera et al. 2006) that might be present, effectuating an all-cell mito-
chondrial transplant operation. Finally, replacement mitochondria re-engineered to
contain no endogenous DNA could be installed in all cells by chromallocytes, after
other chromallocytes have replaced nuclear DNA with new DNA containing the
missing mitochondrial DNA, a treatment that would constitute a complete and per-
manent cure for inside-mitochondrion mutation. (Nuclear mutations continue to
occur, and it has been claimed by some (Hayashi et al. 1994) that the mutation rate
of genes encoding mitochondrial proteins might be higher in the nucleus than in the
mitochondria, in which case the aforementioned strategy would be a way of greatly
delaying but not permanently curing the problem of mitochondrial mutation.)

23.7.1.7 Correcting Cancer, Nuclear Mutations and Epimutations

Despite a sophisticated DNA self-repair system, chromosomes in the cell nucleus
slowly acquire two types of irreversible age-related damage. First, there can be
mutations, which are changes to the DNA sequence. Second, there can be epimu-
tations, which are changes to the chemical decorations of the DNA molecule (e.g.,
DNA methylation) or to the histone modifications, that control DNA’s propensity to
be decoded into proteins, collectively representing the “epigenetic state” of the cell.
(In a given patient, different cell types have the same DNA sequence but different
epigenetic states.) When DNA damage of these types leads to uncontrolled rapid
cell replication, the result is rapid tumor growth, aka. cancer (Section 23.6.2.2), and
other loss of gene function unrelated to cancer can also occur. DNA damage and
mutation may also be a significant cause of cell toxicity (Section 23.7.1.3) and cell
depletion (Section 23.7.1.4) because cells can either commit suicide or go into a
senescent non-dividing state as a pre-emptive response to DNA damage that stops it
from developing into cancer (Methuselah Foundation 2007).

Traditional biotechnology knows no easy way to correct in situ large numbers
of randomly occurring mutations or epimutations in the DNA of large numbers
of randomly chosen cells. Consequently the SENS approach uses a stopgap strat-
egy directed only at cancer (which is proposed to be the principal negative impact
of mutated nuclear DNA on health and aging (de Grey 2007b)) via “Whole-body
Interdiction of Lengthening of Telomeres” or WILT (de Grey et al. 2004; de Grey
2005d, 2010).

Here’s how the SENS program of WILT would work. Telomerase (Autexier and
Lue 2006) is a mainly nucleus-resident enzyme that acts to increase the length of
telomeres, the endcaps of chromosomes, but is not normally expressed in most
cells. Telomeres normally shorten at each cell division (accelerating after age 50
(Guan et al. 2007)), eventually resulting, after enough divisions, in chromosome
dysfunction and cell senescence, a natural defense to runaway cancer. Cancer cells
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activate telomerase expression which removes this natural defense. WILT would
forcibly reimpose the natural defense against cancer by totally eliminating the
genes for telomerase and ALT (an alternative non-telomerase system for length-
ening telomeres (Bryan et al. 1997)) from all cells that are able to divide. WILT
would provide a permanent genetic alteration – not just a temporary improvement
using drug-mediated telomerase inhibition as is currently being widely investigated
(Cunningham et al. 2006) – by using gene deletion performed by comprehensive
gene therapy (de Grey et al. 2002). WILT will require: (1) highly accurate gene
targeting to delete the telomerase genes in tissues that don’t rely on stem cells;
(2) repopulating stem cells in the blood, gut, skin and any other tissues in which
the stem cells divide a lot, with therapeutic infusions about once a decade (based
on the apparent duration of the telomere reserve of neonatal stem cells judging
(Methuselah Foundation 2007) from the age of onset of dyskeratosis congenita, a
disease associated with inadequate telomere maintenance); and (3) growing engi-
neered replacement stem cells whose telomeres have been restored in the laboratory,
but which have no telomerase or ALT genes of their own. Also, cells already present
in the body either must be destroyed without killing the engineered cells (in the
case of stem cells for rapidly renewing tissues like the blood) or must have their
telomerase and ALT genes deleted in situ (in the case of division-competent but
normally quiescent cells, e.g., liver, glia) (Methuselah Foundation 2007). All this
seems possible but represents a rather aggressive research agenda.

In NENS, chromallocytes (Section 23.6.4.3) could easily implement WILT, but
why bother with a stopgap approach when nanorobots can fully address all nuclear
mutations and epimutations, as well as cancer? Of course, cells can easily be killed
by chromallocytes that extract nuclear DNA without replacing it (Freitas 1999cr),
or by using cytocidal devices dramatically simpler than chromallocytes. But the
optimal NENS solution to nuclear mutation and epimutation is to employ chroma-
llocytes performing chromosome replacement therapy or CRT (Section 23.6.4.3)
to replace all of the randomly damaged chromosomes with completely undamaged
newly manufactured chromosome sets (Freitas 2007), in all cells of the body. As
another benefit, CRT will automatically repair any somatic mutations in tumor-
suppression genes, thus reinvigorating other components of the body’s natural
defenses against cancer – a repair that is wholly impractical using conventional
biotechnology. As yet another benefit, the installed new chromosome sets can
be manufactured with their telomeres re-extended to full neonatal reserve length,
essentially “rolling back the clock” to birth on chromosome age and effectively
implementing comprehensive cellular genetic rejuvenation (Section 23.7.2).

Because biology is highly complicated, the earliest implementations of
nanorobotic CRT (perhaps in the 2030s) need not depend on knowing which DNA
sequences and epigenetic states are “correct” (in the ideal functional sense), but
merely on knowing which ones appear “normal” for a particular patient, with chro-
mallocytes then reinstalling whatever is normal for each cell type. Normal can
be measured by widespread sampling of DNA in the patient’s native cells and
statistically averaging out the observed random variations (Freitas 2007). In later
implementations of CRT, we will know enough about the ideal epigenetic state of
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all cell types to be able to implement it just as precisely as we will be able to edit
native DNA sequences or delete foreign sequences, using the same nanorobots.

23.7.2 Nanorobot-Mediated Rejuvenation

SENS or other fundamental approaches to the biology of aging, and more pow-
erfully nanomedical implementations thereof, will give physicians the tools to
eliminate all age-related damage (Section 23.7.1), and medical nanorobotics will
provide comprehensive treatments for all common causes of human morbidity
(Section 23.6). In many cases, a one-shot restoration of cells to their pristine
undamaged state can re-establish the ability of those cells to maintain molecular
homeostasis (Wiley 2005) and to resume normal self-healing activities in response
to future cell damage that may occur. But there will still remain a residuum of ongo-
ing cell damage that cells, tissues, and organs cannot heal on their own unless they
are given novel capabilities for self-repair, or are given new engineered biochemical
pathways that avoid creating the damage. perhaps by augmenting and reprogram-
ming the human genome. Until and unless we implement these augmentations,
injuries that the body is incapable of repairing on its own will resume their natu-
ral rate of accumulation, allowing natural aging to reappear. Periodic rejuvenative
treatments will therefore be required to reverse this accumulating new damage to
the body.

Important components of such periodic rejuvenative treatments may include,
among other things:

(1) All-Cell Genetic Renatalization. Over time, new mutations and epimutations in
the nuclear genome will continue to recur, and telomeres will resume growing
shorter as cells continue normal division. Chromallocytes (Section 23.6.4.3)
would deliver to all cells new mutation-free chromosome sets, thus periodically
“rolling back the clock” to zero chromosome age (while leaving developmental
controls in adult mode) and effectively implementing comprehensive genetic
cellular rejuvenation (Section 23.7.1.7). The new error-free chromosome sets
will be manufactured with their telomeres re-extended to full neonatal reserve
length.

(2) Whole-Body Cytological Maintenance. Like an old house or car, cells and their
immediate environs will need periodic maintenance to keep them in show-
room condition. Primarily this would involve a NENS (Section 23.7.1) sweep
of every cell in the body, eliminating intracellular aggregates and extracellu-
lar aggregates and crosslinks, and removing or replacing cells within tissues or
organelles within cells as required to maintain optimal tissue and organ health.
It would also include repairing errant or missing intercellular connections and
other malformations of the extracellular matrix other than simple crosslinking,
a category of tissue damage largely ignored by SENS, using a combination
of fibroblast cytocarriage to lay down fresh fiber (Section 23.6.4.4) and surgi-
cal nanorobots (Section “Endoscopic Nanosurgery and Surgical Nanorobots”)
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with capabilities similar to dermal zippers (Section 23.6.3.3) to rebuild and
reconstruct the ECM as needed. This kind of ECM damage may occur dur-
ing scarring, burning or freezing injuries, which also may pull cells out of
their proper positions thus requiring mechanical repositioning. Cell membranes
could be edited to remove unwanted foreign molecules or mechanisms, and
poisonous chemicals and heavy metals can be extracted. In this manner, cells
and the matrix surrounding them could be restored to their ideal youthful
state, effectively implementing comprehensive structural and functional cellular
rejuvenation.

(3) Whole-Body Anatomical Maintenance. Patient anatomy could be mapped and
recorded down to the cellular level, then compared to the ideal state desired
by the patient (in consultation with his physician), then brought into compli-
ance with the patient’s wishes by the addition or removal of specific cells,
tissue masses, or even organs via nanosurgery (Section 23.6.3.5). Many age-
related cosmetically undesired changes in human appearance are completely
non-pathological and reflect only an extension of normal cell growth processes
that could be nanorobotically blocked or reversed, e.g., by cell removal (Section
23.7.1.3). Examples of such changes include the enlarged noses and ears in
older people that arise from slow growth that proceeded unimpaired from birth
until old age. Changes in chin prominence and other remodeling of the skull
probably fall into the same category. Pathological anatomical damage must also
be repaired. Physical trauma is an obvious source of new anatomical damage
that could be repaired via medical nanorobotics (Section 23.6.3), and foreign-
body granulomas, wherever situated, should also be excised. Comprehensive
inspection and reconditioning of the human vascular tree by vasculocytes
(Section 23.6.2.3) might be an important part of a periodic rejuvenation reg-
imen, virtually eliminating all possibility of cardiovascular disease and brain
damage due to stroke. Another age-related pathology of the ECM occurs when
aging fibroblasts begin producing collagenase instead of collagen (Quan et al.
2006), tearing down the ECM and causing, for example, faces to wrinkle, sag,
and become softer (because the ground substance that holds the face together
is being torn apart), not stiffer as would be expected if facial aging was due to
crosslinking. Rejuvenating an old face might therefore require in situ redepo-
sition of collagen and elastin fibers unless this is found to occur automatically
after aging fibroblasts have been removed (Section 23.7.1.3), new fibroblasts are
installed (Section 23.7.1.4), and chromallocytes have reset the telomere lengths
(Section 23.7.2(1)) of dermal cells and fibroblast precursor cells (Friedenstein
et al. 1976).

(4) Systemic Deparasitization. Analogously to computer systems, human patients
should be periodically “debugged” of unwanted parasitic entities present within
the body. Parasitic entities may be present at all different levels of biological
organization. At the molecular level, parasitic molecules such as prions and
viroids should be eliminated (Section 23.6.4.5). At the genetic level, recent or
ancient retroviral insertions into our DNA should be edited out using chromallo-
cytes (Section 23.6.4.3), except for those known to have some beneficial effect
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because we’ve adapted to their presence. We should also periodically clean out
“transposable elements” or transposons (including retrotransposons) or “jump-
ing genes” that may contribute to aging by inserting into the middle of other
genes and deactivating them. Cancer cells, cancer cell microaggregates, and
cancerous tumors are parasitic at the cellular level, and could be detected by
periodic scans, and then excised (Section 23.6.2.2). A great variety of microbi-
ological parasitic entities should be deleted from the body, most notably acute
viral and bacterial infections (Section 23.6.2.1) but also including granuloma-
encased tuberculosis bacteria and other latent biotic reservoirs such as those
that produce periodic outbreaks of herpes, shingles, etc. later in life, and any
nanorobotic intruders (Section 23.6.4.5). Nonsymptomatic infestations of com-
mensal, amensal, or other endoparasites including protozoa and worms may
also be removed using medical nanorobots.

(5) Neural Restoration. Adult neurons generally do not reproduce and cannot
replace themselves once destroyed. Early workers in the 1950s (Brody 1955)
attempted the first assessment of the long-term rate of natural attrition of brain
cells. Losses ranged from none at all to very many in various parts of the organ,
but the brainwide average loss was ~100,000 neurons per day, a rate consistent
with loss of all brain cells (in some parts of the organ) over a period of about
250–350 years. More recent work (Lopez et al. 1997) has confirmed a similar
~3%/decade cell loss rate in some areas of the brain. A sufficient loss of neural
connectivity or infrastructure from this source, or from physical brain trauma,
would constitute effective creeping brain death. Several possible approaches to
neural restoration have been identified.

(a) Prevent or delay random cell death within the neuronal network by using
nanogerolytic treatments on individual cells, keeping each cell healthy and
avoiding DNA mutations and microdeletions (Kamnasaran et al. 2003) via
nanorobot-mediated CRT (Section 23.6.4.3). Note that the brain contains only
5% extracellular space and consists for the most part of densely-packed axons
and dendrites with virtually no gaps between them, so neuron-targeted motile
chromallocytes will often transit plasma membranes between neighboring cells
rather than intercellular spaces. Because cell bodies containing the nucleus may
be relatively far apart, these specialized nanorobots must be engineered either
to migrate inside the larger-diameter axons without ruining neural function or
external to the axons without disturbing the local ionic environment. This may
require active nanorobotic monitoring and localized remediation of the ECM
chemical environment (analogous to Section 23.6.4.8) during nanorobot loco-
motion, given that the minimal extracellular space in the brain controls the
concentrations of extracellular ions that cross and re-enter the cell membrane
during and after action potentials.
To effectuate neuronal CRT, one approach might be to block apoptosis to allow
more time for DNA repair, then to osmotically expand the extracellular space
on a local basis to allow relatively large nanorobotic devices to migrate wher-
ever they need to go. Considerable expansion may be tolerable: Smith’s classic



U
N

C
O

R
R

E
C

TE
D

 P
R

O
O

F

4186

4187

4188

4189

4190

4191

4192

4193

4194

4195

4196

4197

4198

4199

4200

4201

4202

4203

4204

4205

4206

4207

4208

4209

4210

4211

4212

4213

4214

4215

4216

4217

4218

4219

4220

4221

4222

4223

4224

4225

4226

4227

4228

4229

4230

778 R.A. Freitas Jr.

hamster freezing experiments (Smith et al. 1954; Lovelock and Smith 1956;
Smith 1965) showed that >60% of the water in the brain can be converted into
extracellular ice without apparent brain damage, a distortion far in excess of
what would be needed for nanorobot traffic. Recent unpublished observations
by G. Fahy (personal communication, 2008) at 21st Century Medicine show
that when ice forms in the brain even at low temperatures in the presence of
cryoprotectants, neurons and nerve processes are neatly packaged and are not
torn apart, supporting the idea that the extracellular space can be significantly
locally expanded without lasting harm. The migration of newly-generated neu-
rons through the brain provides additional evidence that the organ can tolerate
significant local distortion of the extracellular space. For example, neurogene-
sis in the hippocampus is followed by neurons or their precursors migrating out
of the hippocampus over large distances to other parts of the brain (Ehninger
and Kempermann 2008), a mechanical process that is normal and apparently
well tolerated, and microglial cells (the immune system phagocytes in the brain)
have been observed (via two-photon imaging of mammalian neocortex) to have
extremely motile processes and protrusions (Nimmerjahn et al. 2005).

(b) Offset brain cell losses by inducing compensatory regeneration and reproduc-
tion of existing neurons as in situ replacements, i.e., by stimulating endogenous
neurogenesis (Tatebayashi et al. 2003). Successful neuron re-growth in response
to growth factors, with associated cognitive benefits, has been reported in rats
(Chen et al. 1995), and self-assembling peptide nanofiber scaffolds can create
a permissive environment for axons to regenerate through the site of an acute
injury and also to knit the brain tissue together, as demonstrated by the return
of lost vision in one animal model (Ellis-Behnke et al. 2007).

(c) Replace dysfunctional neurons by infusing stem cells, allowing normal
memory-reinforcing cognitive processes to provide continuous network retrain-
ing. Ex vivo-cultured neural stem cells have been induced to differentiate and
replace lost neurons after injection into the brain (Armstrong and Svendsen
2000) and dead neurons can be replaced by introducing stem or precursor cells
that differentiate appropriately (Sugaya and Brannen 2001), but patterned neu-
ronal networks, once thoroughly disrupted to the point of serious information
loss, cannot be restored by stem cells or any other means as per SENS.

(d) Rebuild neural tissue using a combination of tissue mills (Section “Tissue
Printers, Cell Mills and Organ Mills”) and nanosurgery (Section “Endoscopic
Nanosurgery and Surgical Nanorobots”) following blueprints assembled from a
complete brain state map acquired via comprehensive in vivo nanorobotic brain
scans (Fig. 23.27). Maps of neural networks and neuron activity states could be
produced by nanorobots positioned outside each neuron (Freitas 1999cf), after
they have passed into the brain through the BBB (Freitas 2003aa), using tactile
topographic scanning (Freitas 1999co) to infer connectivity along with non-
invasive neuroelectric measurements (Freitas 1999cf) including, if necessary,
direct synaptic monitoring and recording (Freitas 1999cs). The key challenge
in making such scans feasible is obtaining the necessary bandwidth inside the
body, which should be available using an in vivo optical fiber network (Freitas
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Fig. 23.27 Artist’s
conception of a neuron
inspection nanorobot; image
courtesy of Philippe van
Nedervelde, © 2005
E-spaces.com. Used with
permission

This
figure
will be
printed
in b/w

1999cg) distributed via nanocatheters (Section “Endoscopic Nanosurgery and
Surgical Nanorobots”). Such a network could handle 1018 bits/sec of data traf-
fic, capacious enough for real-time brain-state monitoring. The fiber network
would have a 30 cm3 volume and generate 4–6 watts of waste heat, both small
enough for safe installation in a 1400 cm3 25-watt human brain. Signals travel
at most a few meters at nearly the speed of light, so transit time from signal
origination at neuron sites inside the brain to the external computer system
mediating the scanning process are ~0.00001 millisec which is considerably less
than the minimum ~5 millisec neuron discharge cycle time. Neuron-monitoring
chemical sensors (Freitas 1999ci) located on average ~2 microns apart can
capture relevant chemical events occurring within a ~5 millisec time window,
the approximate diffusion time (Freitas 1999ch) for, say, a small neuropeptide
across a 2-micron distance. Thus human brain state monitoring can probably be
“instantaneous”, at least on the timescale of human neural response, in the sense
of “nothing of significance was missed.”

(e) Avoid plethomnesia. One theoretical additional health risk at very advanced cal-
endar ages is that the total data storage capacity of the brain might eventually be
reached. At this point, either no new memories could be stored or old memories
would have to be overwritten and thus destroyed, giving rise to a hypothetical
mental pathology involving forgetfulness most properly termed “plethomnesia”
(from Gr. plethos (fullness, too full) + mnasthai (to remember, memory)). The
data storage capacity of the human brain has been estimated using structural cri-
teria to range from 1013–1015 bits assuming ~1 bit per synapse (Cherniak 1990,
Tipler 1994), or using functional criteria as 2.2 × 1018 bits for the informa-
tion contained in a normal lifetime of experience (brain inputs) (Schwartz 1990;
Tipler 1994; Baldi 2001) to ~1020 bits based on the accumulated total of all neu-
ral impulses conducted within the brain during a normal lifetime (von Neumann
1958). Given that experimental studies suggest a normal-lifetime limit for con-
sciously recoverable data of only ~200 megabytes (~1.6 × 109 bits) (Landauer
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1986), it appears that the human brain may have significant amounts of untapped
reserve memory capacity. However, should plethomnesia occur it might most
effectively be cured by employing nanomedicine via cognitive neural prosthetic
implants (Berger and Glanzman 2005; Pesaran et al. 2006; Schwartz et al.
2006) linked through nanotechnology-based neural interfaces (Patolsky et al.
2006; Mazzatenta et al. 2007) to nanotechnology-based high-density read/write
memory caches (Green et al. 2007; Blick et al. 2007), e.g., “brain chips”.

Using perhaps annual nanorobot-mediated rejuvenative treatments such as the
above, along with some occasional major repairs, it seems likely that all natural
accumulative damage to the human body could be identified and eliminated on a
regular basis. The net effect of these interventions will be the continuing arrest of
all biological aging, along with the reduction of current biological age to whatever
age-specific phenotype is deemed cosmetically desirable by the patient, severing
forever the link between calendar time and biological health and appearance.

23.7.3 Maximum Human Healthspan and the Hazard Function

If all age-related causes of death and ill-health could be eliminated by medical
nanorobotics and if the remaining non-medical causes of death are distributed ran-
domly across all calendar ages, this gives a constant rate of death Rmort during any
increment of time. The number of survivors N(t) at time t, starting from an initial
population Npop at time t = 0, is estimated, using the standard exponential for-
mula for an interval-constant decay rate, as N(t) = Npop exp(-Rmort t). The median
healthspan Thalf is then given by a simple half-life formula (which is generally appli-
cable to any process having a constant event rate): Thalf ~ln(2) / Rmort, where Rmort
is the cumulative death rate from all sources, in deaths/person-year. In this case,
Rmort is the sum of five principal components:

(1) the fatal accident rate, including motor vehicle (presently 44% of the total) and
all other causes (3.62 × 10−4 yr−1 for 1998 in the U.S. (Census Bureau 2001c));

(2) the suicide rate (1.13 × 10−4 yr−1 for 1998 in the U.S. (Census Bureau 2001c));
(3) the homicide rate (6.8 × 10−5 yr−1 for 1998 in the U.S. (Census Bureau

2001c));
(4) the combatant war casualty rate, deaths only, as a fraction of the general popula-

tion (~3.2 × 10−5 yr−1 for all U.S. wars in the last 100 years, relative to average
(~200 million) U.S population level during that period (Almanac 1994)); and

(5) the legal execution rate (2.27 × 10−7 yr−1 for 1998 in the U.S. (Death Penalty
Information Center 1998)).

Summing these five items gives Rmort ~5.75 × 10−4 yr−1, yielding a median
healthspan of Thalf ~1200 years. This is consistent with an independent estimate of
Thalf,10 ~5300 years based upon the actuarial death rate of children in the 10-year-old
cohort (Rmort,10 = 1.3 × 10-4 yr−1 in 1998 in U.S. (Census Bureau 2001a)), whose
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death rate is the lowest for any age cohort and for whom the almost exclusive cause
of death is accidents. (The death rates for children aged 1–15 is less than Rmort (that
is, <5.75 × 10−4 yr−1) (Census Bureau 2001a).) Note that in this model, Thalf is
the estimated median lifespan in a healthy non-aging state, with no part of that life
spent in an infirm senescent state, hence the estimate reflects the anticipated length
of healthy years, or healthspan, and not mere lifespan which today may include 25%
or more time spent in a morbid condition.

It is worth pointing out (Freitas 2002) that the advances in medicine over the last
two centuries have already effectively achieved a disease-related-mortality free con-
dition for a few age cohorts of the human population in industrialized countries –
our youngest children. Medical technology has had its greatest impact to date in pre-
venting infant mortality, especially between the ages of 1 and 4. In the year 1865,
a young child in this age cohort had a 6.86% probability of dying in the next year
(Census Bureau 1989a), but by 1998 the probability of dying in the next year for
these children had been slashed from 6.86 to 0.0345% (Census Bureau 2001a), a
phenomenal 200-fold reduction. If we could keep our bodies in the same healthy
condition that existed when we were young, we should have a median healthspan
approaching Thalf,10 ~5300 years as noted above. (This assumes the accident risks
are roughly the same for adults (who drive cars, operate heavy machinery, etc.) as
for children (who don’t), which may seem improbable but is nonetheless approx-
imately true: U.S. accident deaths for 1998 as a fraction of all deaths in each age
cohort were 37% at 1–4 years, 42% at 5–14 years, 44% at 15–24 years, and 28% at
25–34 years (Census Bureau, 2001d).) Death would usually come from some form
of non-medical accident, which is the leading cause of death up to the age range of
35–44 years (Census Bureau, 2001d). When future nanorobotic medicine is avail-
able as envisioned here, we shall extend this disease-related-mortality free condition
to all age cohorts, not just to the children, and thus give all of us the potential to
achieve Thalf,10 ~5300 healthy years, or more.

The maximum likely healthspan in a world subject only to age-unrelated deaths
can be estimated from the aforementioned exponential formula by taking Npop
~6 billion, the current world population, and N(t) = 1, indicating the last survivor
of this population, and a constant Rmort = 5.75 × 10-4 yr-1 as before, yielding t =
Tmax ~39,200 years, the maximum healthspan of the last random survivor from this
cohort.

These projected healthspans seem incredibly long by current standards. Even
so, it is safe to predict that people will desire more and will seek to reduce Rmort
still further. The simplest way to reduce nonmedical hazards is to attack the largest
source of them – the accident rate – by employing nanotechnology to create a safer
and more hazard-free living environment. Motorized vehicles of all kinds (land,
sea, air, and space) can be made more crash resistant, new forms of “airbags” can
be designed to allow survival of high-speed impact forces from any direction, and
the fallibility of human operators could be eliminated by switching to automated
aircraft, cars, trucks, trains and ships. Buildings (including houses) can incorpo-
rate active safety devices. Extremely fine-grained simulations of the physical world
could provide more accurate risk-prediction models, allowing potential dangers
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to be anticipated and avoided in advance. Implanted in vivo nanorobotic systems
equivalent to respirocytes and clottocytes could greatly reduce accidental deaths
from drowning and bleeding. Other basic augmentations to the human body could
improve its durability and reduce its accident-proneness, including modifications
to the human genome to engineer improved metabolism or increased intelligence,
perhaps combined with more intrusive nanorobotic implants such as whole-body
vascular replacement systems (Freitas and Phoenix 2002). Both homicide (inversely
correlated with wealth and education) and suicide rates should fall as the spread of
molecular manufacturing increases material prosperity (Freitas 2006b) and expands
the diversity of life choices. These factors, along with greater access to knowledge,
should also help to decrease the incidence of war.

The maximum speed at which Rmort, also known as the “hazard function,” can
be reduced is presently unknown but a conservative lower limit may be crudely
estimated as follows. From 1933 (the first year reliable data became available) to
1998, annual accident rates fell by 50% from 71.9 per 105 (Census Bureau 1989b)
to 36.2 (Census Bureau 2001c), suicide rates fell by 29% from 15.9 per 105 (Census
Bureau 1989c) to 11.3 (Census Bureau 2001c), homicide rates fell by 30% from 9.7
per 105 (Census Bureau 1989c) to 6.8 (Census Bureau 2001c), and legal executions
fell by 82% from 0.127 per 105 (Census Bureau 1989d) to 0.023 (Death Penalty
Information Center 1998), a 65-year net decline of �Rmort = -0.863%/yr in Rmort,
from 1.01 × 10-3 yr-1 in 1933 to 5.75 × 10-4 yr-1 in 1998. Substituting R(t) = Rmort
(1–�Rmort)(t-1998) for Rmort in our exponential formula to most simply represent this
observed nonmedical death rate decline, Thalf would rise from 1200 years in 1998
to 1300 years by 2009, 1500 years by 2029, and 2000 years by 2070. These figures
appear conservative because if we can make our living environment as safe for adults
as it currently is for our 10-year-olds, then Thalf should more closely approximate
Thalf,10 ~5300 years, not 1300 years, for adults, in the present epoch.

23.8 Summary and Conclusions

This chapter has argued, I hope persuasively, that diamondoid medical nanorobotics
can almost certainly achieve comprehensive control of human morbidity and aging.
To the more limited extent that biotech-based instrumentalities can accomplish
similar ends, nanorobot performance and safety will likely prove superior in
comparison.

Some have averred that medical nanorobotics sounds like an “argument for
infinity” because it appears to skeptical eyes to be a panacea that can do and
cure anything. No such claim is advanced here or by any serious proponent of
advanced nanomedicine. Nanorobots, no matter how capable, must always have
very well-defined physical limitations. They are limited by mobility constraints,
by the availability of energy, by mechanical and geometric constraints, by diffu-
sion limits and biocompatibility requirements, and by numerous other constraints
(Freitas 1999, 2003). Nanorobots cannot act instantly – they take time to effect their
cure.
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But because they will be constructed of superior building materials of surpass-
ing strength and stiffness, diamondoid nanorobots will operate several orders of
magnitude faster than analogous machinery built from biomaterials, and will be
able to apply forces several orders of magnitude larger than those which may
be applied by comparable biological- or biotech-based systems. Nanorobots will
avoid almost all proximate side effects because they can operate under precise
sensor-driven digital control, not drift aimlessly on the stochastic currents of the
human body like nanoparticles and drug molecules. Nanorobots can be more reli-
able because they can report back to the physician what they are doing, both while
they are doing it and after they’ve finished. They are safer because, unlike com-
monplace biotechnology-based approaches, a diamondoid nanomachine cannot be
co-opted for hostile use by rapidly mutating microbes. And diamondoid nanorobots
could incorporate biomaterials or biological components whenever necessary (e.g.,
in the design of exterior biocompatible coatings (Freitas 2003ab)), so hybrid bio-
diamondoid nanorobots can assimilate any performance advantages of biotech as a
subset of medical nanorobotics design.

Future clinical nanorobotic therapies will typically involve the administration of
a cocktail of multiple nanorobot types, some performing the primary mission and
others serving in a support role. After treatment is completed the nanorobots may be
removed from the body, allowing human nature to resume its erratic but endlessly
fascinating journey into the future.
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