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Abstract

We designed and evaluated multiagent control for micro-
scopic robots (“nanorobots”) aiding the surgical repair of
damaged nerve cells. This repair operates on both nerves as a
whole, at scales of hundreds of microns, and individual nerve
cell axons, at scales of about a micron. We match the robots
to these sizes using a combination of microelectomechanical
(MEMS) machines for the larger operations and nanorobots
for operations on individual cells. Multiagent control allows
accurate and rapid repair with such robots, with only mod-
est computational and communication requirements for the
nanorobots, a significant benefit due to their physical limita-
tions. Our simulations, using physical parameters dictated by
nerve biology and plausible nanorobotic capabilities, show
how specific control choices lead to trade-offs in clinical out-
come. Beyond the specific example of nerve repair treated
here, multi-scale robots could aid a variety of medical and
biological tasks involving both the large scale of organs or
tissues and the microscopic scale of individual cells.

Introduction

Distributed control of large groups of robots allows rapid
response to each robot’s local environment and overall co-
ordination to accommodate robot failure as well as limited
robot hardware capabilities. These issues are partigularl
relevant for proposed microscopic robots, with severe phys
cal limits on available power, computation, and communica-
tion range. Such nanorobots, with sizes comparable to bac-
teria, could aid disease diagnosis and treatment since thei
size is well-suited for sensing and manipulating individua
cells, and they can be deployed in sufficient numbers to si-
multaneously act on large cell populations (Freitas Jr9199
NIH 2003). Although nanorobot fabrication is beyond cur-
rent technology, the rapid progress in engineering nam®sca
devices (Collier & others 1999; Craighead 2000; Howard
1997; Fritz & others 2000; Weiss & Knight, Jr. 2000;
Benensoret al. 2004) should eventually enable produc-
tion of such machines. Effective use of these robots re-
quires identifying suitable tasks and developing contacls
counting for their physical properties and task environtsen
which differ considerably from those of larger robots. Med-
ical applications provide a rich range of such tasks.
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Many biological processes involve activities at molecular
cell, tissue and organ levels. Robotic interventions irs¢he
processes would ideally be able to sense and act at these dif-
ferent scales. This paper examines a multi-scale robot sce-
nario in the context of nerve cell repair. The physical prepe
ties of the task environment and the use of robots of differen
sizes provide a novel domain for distributed control. In the
following sections, we discuss nerve biology, protocols fo
nanorobot-assisted axon repair, and simulations usingjiphy
cal parameters for mammalian nerves to illustrate nanarobo
performance trade-offs.

Nerve Injury and Axon Biology

The nervous system governs our interaction with the ex-
ternal world and controls our sensory perception, muscle
movement, and innate reflexes. Nerves are highly ramified
throughout the body and trauma frequently results in nerve
damage. Nerves range frofdum to several millimeters

in diameter, are up to a meter long and contain hundreds or
thousands of axons. Axons, the elongated structures from
nerve cell bodies with diameters of a micron or so, transmit
information via electrical impulses. A nerve can contain ax
ons signaling in different directionsensoryaxons convey
environmental input to the brain anabtoraxons send com-
mands from the brain to the muscles. These two axon types,
which tend to be somewhat, but not completely, segregated
within a nerve, differ in diameter, membrane composition,
and microtubule orientation.

Electrophysiological testing is a standard method of con-
firming axon function. A small external stimulation can
trigger electrical conduction in axons and electrophysiol
gists routinely place small recording glass micropipétits
nerve cells without harming the cell. For instance, in reti-
nal neurons, whose axons form the optic nerve, inserting an
electric charge ofnC into an axon initiates a signal (Peter-
man & others 2003). Nanorobots injecting charge into an
axon via small probes are likely to activate signals witlsles
charge due to their direct contact with the axons, i.e.,qisin
currents in the picoampere range.

Axons in a nerve tend to maintain their topographic rela-
tionship, i.e., axons originating from neighboring nereds
tend to remain close together, project to adjacent tardist ce
and serve similar functions. There is some mixing of axons
within a nerve over lengths of centimeters. This mixing, or
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Figure 1: Repair task geometry. Graft nerve (center) replaces

damaged portion of original host nerve (left and right). A MEMS .

device operates on the exposed axons in each junction. The dia- Figure 2:Schematic nanorobot tasks showing cross sections of the
gram is not to scale. Typical graft nerve is 1cm long, wi€dzm 3-dimensional operating environment. Nanorobots, circles; host
diameter. Axon diameter isum, with only a few shown in each ~ axons, gray; graft axons, black: A) move to axons and determine
junction. Junction width i90 — 100pm. Inset: photograph of an  their properties from membrane chemicals, B) map and identify

actual MEMS axon repair device seen from below, abou® in the ends of graft axons, C) move host and graft axons together and
volume. fuse them, D) evaluate conductivity of repaired axon. Steps A and

C show only one junction, and step B shows only the graft nerve.

topographic deviationmakes it difficult to match segments
of an axon from the same cell from just their physical posi- Process fuses the membranes of the host and graft axons
tion in the nerve when the segments are separated by long@nd allows signal propagation between them. The same
distances. Fortunately, axons express membrane chemicalssurgical sequence is then applied to additional host-graft
with functionally closely related axons having similardev ~ @xon pairs. Experimentally, these repair steps have been
els of these molecules. These molecular expression levels achieved in cell culture (Chang, Keller, & Sretavan 2004;
could help identify functionally related axons over macro- Sretavaretal.to appear). Alternatively, the small size of the
scopic distances along a nerve, as required for the repair nanorobots coulq aII_ow them to fuse cell membranes chem-
procedure described below. In this paper, we use “neigh- ically, as occurs in biology (Chen & Olson 2005).
borhood” to mean a group of axons of the same type (i.e., Repair occurs in fluids of physiological osmolarity. The
sensory or motor) that connect to adjacent sites. Deviation temperature is maintained below body temperatur&76€
amount and neighborhood size vary among different nerves. t0 reduce axon metabolism and potentially benefit axon sur-
Although axons can bend without compromising cellu- Vival- For clinical use, a surgery protocol should be able to
lar function, they can be damaged in trauma. Treating such "€Pair the axons in an injured nerve within a few hours.
injury requires restoring the ability of the axons to trans-

mit signals. Effective treatment does not require signals t
travel alongexactlythe same axons as before the injury. In-

Nanorobot-Aided Axon Repair

Although current research aims for complete repair with

stead, signals sent along axons within the same neighbor- only MEMS microdevices, using nanorobots for sensing,

hood will result in functionally acceptable results. Howgv

manipulating, and testing axons could improve outcomes.

axon types are important: sensory signals should not be sentNanorobots are an attractive tool for axon repair since thei

along motor axons or vice versa.

size allows them to interact with and move individual axons.

Much ongoing research attempts to regenerate damagediIn this case, the MEMS device at each junction releases a

axons using pharmacologic means (Schwab 2002; He & Ko-
privica 2004). An alternative paradigm involves direciggur

cal manipulation of damaged axons using microelectrome-
chanical systems (MEMS) devices (Sretawdral. to ap-
pear). This method uses MEMS devices for precise axon
cutting, non-contact electrokinetic axon manipulationd a
axon fusion in a surgery chamber shown in Fig. 1. Re-
pair begins with removal of the damaged region of the host
nerve. A healthy segment from a graft nerve is then brought
in. Axons at the ends of the host and graft nerves are ex-

population of nanorobots. Removing only abaoum of
connective tissue to expose the axons should be sufficient
for the nanorobots, compared with0m needed if MEMS
devices are used alone. Less removal of supportive tissue
should allow better preservation of nerves, and faster-heal
ing as supporting tissue grows back.

We consider nanorobot capabilities well within likely
hardware and medical safety limits (Freitas Jr. 1999).
Thus our control protocols are conservative and a mature
nanorobot technology could likely perform better. The

posed using enzymes that remove nerve connective tissue.nanorobots use chemical sensors, based on specific receptor
A pair of host and graft axon ends is then aligned and ap- in their surface and similar to sensors used by cells to recog
posed to each other for electrofusion by the application of nize each other. Once the robots are within a few microns of
electric fields of 2—8 kV/cm across the membrane. This the axons, they can use such sensors to identify membrane
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chemicals by simply waiting to collide with the cells via
Brownian motion. Such collisions are frequent, giving many
chemical sensing opportunities (Berg 1993). At the relevan
slow speeds, collisions do not damage cells or robots. The
robots must also detect electrical signals in axons.

We require nanorobot communication over abbtm

with other nanorobots, and over somewhat longer distances

with the MEMS device. Ultrasound is a reasonable modality
for this communication, and readily handles the modest bit
rates required for our control protocol. With a known acous-
tic output, measuring the intensity of the received ultuagb
also allows estimating the range of nearby nanorobots.

For actuators, the robots require means of locomotion
such as cilia. Unlike larger robots, nanorobot motion is
dominated by viscosity (Purcell 1977) and has noticeable
Brownian motion: in tim&, measured in seconds, robots are
randomly moved with a root-mean-square displacement of
abouty/t um and change orientation by abdué/# radian.
The robots must inject charge into an axon to trigger elec-
trical conduction, and fuse membranes either electriaally
chemically. Power estimates for nanorobot motion and com-
munication (Freitas Jr. 1999) indicate these activities re
quire aboufl000pW per robot over the duration of the repair.
Nanorobots could get power from the environment (Freitas
Jr. 1999): e.g., glucose and oxygen added to the fluid, at
concentrations similar to that of arterial blood, or ultrasd
from the MEMS device could safely supply this power.

The MEMS devices must transport nanorobots to the

Sensing: ldentifying Axon Properties

The nanorobot attached to an axon tests if it is viable, and
hence worth repairing (for host axons) or useful for repair
(for graft axons). Viable axons can be identified by using the
MEMS device and nanorobots for stimulation and record-
ing, respectively. Macroscopic electrodes from the MEMS
device stimulating the host (or graft) nerve will activate e
ery viable axon within the nerve. Nanorobots attached to
those axons will detect the signal and communicate their
identifiers to the MEMS device. Nanorobots that do not re-
spond are not attached to a viable axon and will not partici-
pate in the repair.

From membrane molecule concentrations, the nanorobot
identifies its axon’s functional type and neighborhood posi
tion. Such sensing could use antibody based detection sys-
tems or the recognition of specific molecules by receptor
proteins integrated into hanorobots.

Using short range communication each robot determines
the identifiers of robots on adjacent axons in the junction
within a specified distancé. This communication consists
of just the robot identifier, and received intensity allovss e
timating the range of the sending robot. As a control de-
sign choice, larger values dfprovide more potential repair
connections but also require more power for communication
and axon motion. Reasonable values will be a few times the
spacing between neighboring axons, i=.,10um. Infor-
mation on axon properties and robot identifiers amount to
a few hundred bits and can be communicated acoustically

junctions, release them among the axons, and retrieve themtg the MEMS device: e.g., in less than a millisecond using

at the end of surgery. In addition, the MEMS devices must
communicate with their nanorobots and be able to interact
mechanically and electrically with the nerve as a whole.
The remainder of this section describes a control protocol
exploiting the capabilities of the different robot sizes.

Deploying Nanorobotsto the Axons
Axons will be distributed throughout the cut cross sectibn o

10MHz ultrasound.

Matching Axon Ends Within the Graft Nerve

The graft nerve is compliant and may twist a bit. To en-
sure correct joining of the two ends of a host axon using
a graft axon segment, the two ends of the same graft axon
must be identified. This identification can again take ad-
vantage of electrical conduction along axons (Fig. 2B)gisin

the nerve. Nanorobots at the junction perimeter need about nanorobots to stimulate one axon at a time. A nanorobot at-

2500s to diffuse50um by Brownian motion, so we use ac-
tive motions toward the axons (Fig. 2A). A plausible speed
of 1000um/s (comparable to the flow speed in small blood
vessels) allows a nanorobot to cover fitgim to axons at
the center of a junction in abodbms, during which time
Brownian motion is insignificant. Using a distribution of
robot speeds, based on the roughly circular junction geome-
try, this active motion places robots throughout the juorcti
They then wait as Brownian motion moves them to nearby
axons to which they then attach. This diffusion requireyonl
a few seconds to move the few microns to a nearby axon.
This deployment protocol does not require robot coordina-
tion, thereby avoiding communication power use. While the

tached to one end of a graft axon can inject sufficient charge
into the axon to induce self-regenerative electrical candu
tion. Among the nanorobots at the other end of the graft
nerve, nanorobots attached to the same axon will detect a
signal. The successive stimulation of individual graft @so
gives a complete mapping of the corresponding ends at the
opposite side of the graft nerve.

Since direct communication between nanorobots on op-
posite sides of the graft nerve is not feasible, we use the
MEMS devices to aid this process. One suitable protocol
has the MEMS device at the left junction go through its table
of identifiers for robots attached to graft axons and seriall
broadcast them. The nanorobot matching the identifier in-

protocol does not guarantee every axon has a robot, with a duces a signal in its axon. Conduction velocity is 1-100 m/s

sufficient number of robots (e.g., 10 times the number of ax-
ons), each axon is likely to have at least one.

After reaching the axons, robots use short-range commu-
nication to check for other robots attached to the same axon.
These robots, each with a unique identifier, select one of
them to serve as the identifier for the axon itself.

so the signal reaches the other end of the graft withims.
The robot on the right end of the stimulated graft axon re-
ceives the signal, and broadcasts its identifier to the MEMS
device at that junction. Waiting, sal)0ms between broad-
casting successive identifiers allows mapping #hel 000
connections through the graft in a few minutes.
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Planning The Repair Sequence described above using electrical conduction to match axon
Finding an appropriate repair sequence from the collected ends in the graft nerve can determine whether the repair of
axon properties is a computational search problem, which @ specific pair of axons is successful (Fig. 2D). The signal
could use computational resources outside the surgical are would be induced on the host axon in one junction and de-
The repairs, i.e., host to graft connections at each junctio  tected on the corresponding host axon in the other junction.
should connect the same type of host axon (e.g., sensory to At the end of the entire repair procedure, the nanorobots

sensory) and maintain axon neighborhoods. The distancesWill be removed by following a signal back to the MEMS

axons need to be moved for fusion should be minimized,
while ensuring many axons can be repaired in a short time.

device. Alternatively, if they have longer-term biocomypat
ibility, they could aid or monitor the healing process with

This step can be biased by the treating physician to spec- additional control protocols.

ify relative importance of the desired criteria. For instan
the search could favor finding a few connections with min-

imal mismatch even at the expense of larger average error,

or not repair axons with a large estimated mismatch, or give
priority to one type of axon, sensory or motor. This com-
putational flexibility and the use of cell-specific inforrioat
collected over macroscopic distances, is a key benefit 6f con
trol protocols involving multi-scale robots for medicine.

With many axons and the mix of somewhat conflicting
repair criteria, a complete search over all possible repair
could be computationally prohibitive. Instead, as an #lus
tration, we consider a rapid greedy search giving priooty t
connections involving the least mismatch according to the
available neighborhood information. To make the repair as-
signments, we start with all axons considered as “unused”
and eliminate from the table any identified as not functional
For each host axoh, consider its nearby unused graft axons
{g1,-...}. Next, at the opposite junction, consider the set of
unused host axonghy, ...} found to be near at least one

Simulated Robot Perfor mance

To quantify the behavior of the MEMS and nanoscale de-
vices, we simulate a typical case of the repair protocols de-
scribed above, in 400pm-diameter nerve containing 1000
axons, each withum diameter. We us#0* nanorobots per
junction, eachl zm in diameter. We suppose the axons are
distributed uniformly through the nerve cross sectionyonl
half are viable, and sensory or motor axons are equally dis-
tributed within the nerve.

The quality of repair outcome depends on how well in-
formation obtained by the nanorobots allows matching up
the ends of the host axons in the two junctions. As the
relevant biological properties of nerves are not yet well-
characterized, we use the following simple models. The first
property is the amount of topographic deviation, i.e., mixi
of axons that started out as neighbors, between the two ends
of the host nerve and in the graft nerve. We model this de-
viation with a parameter. Specifically, for each axon (host

of those graft axons. From among these host axons, selector graft), we assign a random poifit, y) within the nerve

the oneh’ of the same type ak and with the closest posi-
tional identity molecular markers. Then connect these host
axons using one of the available graft axons close to both

cross section to be the location of its left end. We then set
the location of its right end to ber’, v') = (x + dz, y + dy)
where dz and oy are N(0,0) random variables, i.e., nor-

these host axons, and mark this graft and the hosts as usedmally distributed with zero mean and standard deviation

Repeat until all host axons have assigned connections, or no Any global twists in which groups of neighboring axons are
further connections are available. This procedure progluce moved together we suppose are compensated for by overall
a set of proposed connections without backtracking. The re- twists of the graft when it is positioned. Such global ad-

sult is a list of repairs, i.e., host to graft axon connectjon
each junction. The MEMS devices then broadcast the list to
the nanorobots to initiate axon repair.

Moving and Fusing Axons

The robots instructed to join two axons must move them to-
gether and fuse their membranes (Fig. 2C). To guide the mo-
tion direction, acoustic ranging bursts between robotden t
two axons can determine whether they are moving closer.
Since isolated axons are fairly pliable, the fluid viscossty
the main resistance to moving axons. Thu®am length of
axon has about ten times the drag of a sirigis robot. Us-

ing aboutlpW a robot could move such an axon at a speed
of 100um/s, hence positioning the host and graft axons to-
gether within aboub.1s, for repair assignments based on
axons within10um of each other. Thus, even if the mo-
tions were performed serially, the 1000 axon repairs could
be completed in a few minutes.

Evaluating Repair and Nanorobot Retrieval

A key benefit of using nanorobots is the possibility of tegtin
functionality of repaired axons. A procedure similar tottha

justments are well-suited to the larger-scale maniputatio
possible with the MEMS device.

The second property is how well molecules on axon mem-
branes allow matching up axons over centimeter distances
along a nerve. We suppose each axon membrane has a fixed
pattern of positional identity chemicals along its lengthy,,
obtained from chemical gradients during nerve develop-
ment. If these chemical concentrations were distinct ehoug
to identify individual axons, then measuring the concentra
tions on host axons in the two junctions would allow per-
fect matching of the ends of host axons connected to each
other before the damage. Although axons have such molec-
ular positional identifiers, it is not yet known whether they
can identify unique axons. Instead, we suppose the chemi-
cals give some, but not necessarily perfect, informatiaon fo
matching axons. In the simulation, we characterize the-qual
ity of this matching by a paramet&t. Continuing with the
above example of an axon given locatiolis= (z,y) and
H' = («/,y') inthe left and right junctions, let axdnin the
left junction be the best match to axéfi inferred from the
membrane properties. We quantify the quality of this infer-
ence by associating witH’ the difference in physical loca-
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tions between the best inferent@and the actual best match
H in the left junction. As a simple model, we take the dif-
ference in each coordinate of the locations to b€ (@, X)
random variable. A valu& = 0 corresponds to correctly
determining how axons match up from their chemical sig-
nature, whileX considerably larger than the diameter of the
nerve means the molecules give no useful information.

In summary,c characterizes ahysicalproperty, the to-
pographic deviation in a nerve, whibé characterizes the
inference accuracwith which corresponding axons can be
matched up via the chemical markers on their surfaces. Val-
ues ofo and X for nerves are not well characterized at
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present, so we consider a p|ausib|e range of values basedFigure 3: Simulated repair performance vs. the distadeebots

on current biological measurements of nerve structure.

In the simulation, nanorobots move to the axons as de-
scribed above, subject to Brownian motion.  Each robot
determines its axon’s type, functionality and neighborhoo
relationships and identifies robots within a specified dicta
d. Using this information, the simple search described above
produces a repair allocation, i.e., a list of host to grafi-co
nections at each junction. This simulation assumes such re-

pairs are then performed as specified. Repair errors could be

modeled as an additional failure probability.

This simulation, although simplified, allows the com-
parison of various design choices for nanorobots. One
clinically-relevant performance measure is the fractfoof
functional host axon ends that are reconnected through the
graft to host axons of the same type. Another measure is
how well-matched the reconnected axons are. Specifically,
consider a host axon endd in the left junction originally
connected to host axon erd’ in the right junction, but
connected by the repair to axon ehld We define themis-
matchof this repair as the physical distance betwé&Erand
h'. The overall repair mismatch is the average value of the
mismatch for each repaired host axon. A small mismatch

examine for neighbors. The curves show nerves with different to-
pographic deviationso = 2um (solid), o 10pm (dashed),

o = 10pum in host ands> = 2um in graft (gray). Neighborhood
accuracy i = 5um. (left) fraction f of possible repairs made;
(right) mismatch score of the repair. Each point is the average from
10 simulated trials, with error bars for the standard error of the
mean (often smaller than the size of the plotted points). Distances
are in microns.

m smat ch

Figure 4:Average repair mismatch witlh= 10um for o = 2um
(solid), 0 = 10um (dashed) and = 10m for the host an@um

for the graft (gray), as a function &f, the error range for matching
axons. Each point is the average from 10 simulated trials, with
error bars for the standard error of the mean smaller than the plotted

means axons are reconnected to close neighbors. This averpoint sizes. Distances are in microns.

age is only one possible clinically relevant measure: aroth
could be the number of connections made within neighbor-
hoods since those should function about as well as restor-
ing the original connections. The simulation also provides

tween neighboring axons of the same type. The results also
show an engineering consequence of increadingreater

engineering performance measures, such as the average diselistances over which the nanorobots move axons and com-
tance the robots move to reach axons, the distance axons aremunicate requires more power. The simulations show that

moved to contact fusion partners, and the number of bits and

larger topographic deviationsin host and graft nerves lead

distances over which they communicate. These measuresto worse performance. Using graft nerves with inherently

qguantify the required robot capabilities, e.g., power use.
Fig. 3 shows how increasing the distantever which a
nanorobot’s fusion partners are selected repairs moresaxon

low o somewhat improves the outcome.
Fig. 4 illustrates another aspect of performance: the more
accurately robots can infer correct axon match up from

but also increases the mismatch between the repaired andmolecular markers, the smaller the matching error in the

original host axons unless topographic deviation is large.
This gives a clinical trade-off: is it better to have a few ax-
ons reconnected with little or no mismatch, or have more ax-
ons reconnected but with larger errors? This trade-ofearis
because with smalf, connections are only among nearby
functional hosts, so the few connections that can be made
tend to be among hosts with both ends functional allow-
ing for zero-mismatch connections when the neighborhood
information is accurate. With larget, many connections
involve hosts where only one side is functional, hence the
smallest possible mismatch is at least the typical spaang b

repaired connections. Thus the simulation quantifies how
better biological understanding of the positional idgntit
molecules in axon membranes improves repair.

We also considered limited repair resources. For exam-
ple, if the graft is damaged during harvesting, resulting in
fewer viable axons, or the number of functional host axons
is unexpectedly high, there will not be enough graft axons to
connect all the functional hosts. Alternatively, if the rogn
of robots in each junction is not sufficient to ensure most ax-
ons have at least one robot, many functional axons will be,
in effect, invisible to the repair procedure. In either cdke
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mismatch distance is similar to that discussed above, with a
proportionate reduction in the fraction of repaired axons.

This simulation demonstrates the benefit of supplement-
ing the MEMS devices with nanorobots. Without the
nanorobots, or some other means of determining the type,
functionality, and neighborhood information of individua
axons as well as connectivity through the graft, the MEMS
devices would have to select repairs based only on rough
spatial location. With the parameters used here, such se-
lection results in75% of the repairs reconnecting either
nonfunctional axons or sensory to motor host axons. The
MEMS devices acting alone would also require more time
to complete repairs and face possible tangling of axons due
to the required removal of more supporting tissue.

Discussion

This paper describes distributed multi-scale control ke
repair. The simulation outcomes are not sensitive to plau-
sible parameter variation and hence likely give order-of-
magnitude clinically-relevant guidelines for repair tirsued
accuracy. Further tuning of the control protocol requiress b
ter characterizations of biophysical axon properties,cihi
nanorobots as research tools could help determine. An im-
portant extension is evaluating robustness against &asltor
help access the safety of nanorobot use in medicine.

Our study shows microscale physics emphasizes different
control issues than those of larger robots (Requicha 2003).
For instance, perception, using chemical sensors, isitiigor
mically simpler than computer vision or sonar interpretati
used for larger robots. At short distances, Brownian mo-
tion allows rapid random search in the environment without
power use. Instead of path planning and complex team role
negotiation, we need algorithms exploiting microphysis t
coordinate robots and allow for their limitations, e.g., on
power, communication range and computational capacity.
Such algorithms emphasize reactive control (Brooks 1991,
Hasslacher & Tilden 1995) based on patterns of sensory
inputs, and utilizing environmental markers (Holland &
Melhuish 1999). Stochastic analysis of collective behav-
iors (Galstyan, Hogg, & Lerman 2005) from algorithms us-
ing alternate combinations of nanorobot capabilities doul
demonstrate different ways to achieve a given task, thereby
giving useful trade-offs for future hardware development.

Tiny multi-scale robot systems are likely to be useful in
other biological research and medical contexts. Nanorobot
populations can interact individually with many cells, ¥ehi
larger devices provide coordination over longer distances
more power and computational capability, and manipula-
tion of larger biological structures. More generally recon
figurable (Bojinov, Casal, & Hogg 2002; Salemi, Shen, &
Will 2001) and fractally-structured (Moravec 1988) robots
could dynamically adapt to various scales as needed. Possi-
ble applications include vascular microsurgery, endoscop
diagnosis and therapy, as well as cancer detection and treat
ment in vivo. Thus control protocols for multi-scale robots
provide a basis for extending multiagent systems to applica
tions in a variety of medically-relevant microenvironment
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