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Robotic nanomanipulation with a scanning probe microscope in a
networked computing environment
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This article describes the initial phase of the development of a high-level programming system for
robotic manipulation with a scanning probe microscope~SPM!. A SPM server has been developed,
which runs in theWINDOWS environment of the PC that controls the microscope. Client programs
running on Unix work stations or other computers connected to the Internet can send remote
commands to the SPM through the server. The clients can be sophisticated artificial intelligence
programs that reason about robotic tasks and sensory data acquired by the SPM. A first set of
intermediate-level commands has also been developed for sensing and manipulation. The system is
being tested by pushing colloidal gold nanoparticles with dimensions in the order of 15–30 nm on
a mica substrate in noncontact atomic force microscope mode. The test programs image the sample,
search for nanoparticles in the presence of thermal drift, turn feedback on and off for pushing, and
so on. The particles are being moved reliably. ©1997 American Vacuum Society.
@S0734-211X~97!11004-6#

I. INTRODUCTION

The Laboratory for Molecular Robotics at the University
of Southern California is an interdisciplinary research labo-
ratory whose ultimate goals are the development of a high-
level programming system for robotic manipulation with a
scanning probe microscope~SPM!, and its use in challenging
applications such as building nanomachines or DNA ma-
nipulation. Ultimately we expect to be able to process very
high level commands such as ‘‘assemble object X with ob-
ject Y,’’ where X and Y might be, for example, molecules or
nanoparticles. Robotic systems at the nanoscale must, like
their macroscopic brethren, sense, ‘‘think,’’ and act. The
SPM is both a sensor and an actuator. But we must provide it
with the intelligence necessary for reliably executing com-
plex commands. This requires sophisticated artificial intelli-
gence programming and software tools that typically run on
Unix workstations.

Previous research shows that it is possible to position with
SPM atoms, molecules, nanoparticles, and liquid droplets.1–4

The reported approaches exhibit one or more of the follow-
ing characteristics:

~i! Careful selection of substrates and objects to be
moved.

~ii ! Trial-and-error determination of SPM parameters for
imaging and manipulation.

~iii ! Operation in ultrahigh vacuum~UHV! and/or low
temperature.

~iv! Time-consuming user-interactive manipulation.
~v! Custom software developed, typically for an IBM-

compatible PC.

In the macroworld, robots typically are programmed by
technicians or bachelor-level engineers, and execute reliably

and routinely thousands of tasks per day in industrial envi-
ronments. In contrast, nanomanipulation today is more of an
experimentaltour-de-force, accomplished in careful experi-
ments run by Ph.D.-level researchers in a few laboratories,
than a useful technique that can be used routinely for prac-
tical purposes. The work in our laboratory seeks to make
nanomanipulation tasks much easier to program and execute
reliably, so as to transform nanomanipulation into a main-
stream technique, much like its macroscopic counterpart.

Commercially available software for SPMs typically runs
on stand-alone PCs. The growth of the Internet and the dif-
ficulty of co-locating personnel in interdisciplinary research
endeavors~e.g., our own lab is spread across several build-
ings! both point to the need for distributed software systems.
PCs are not the platforms of choice for the development of
intelligent systems in a distributed environment, and research
institutes tend to have a heterogeneous computing environ-
ment, with most of the sophisticated programming being
done in Unix work stations. For these reasons, software that
makes the SPM behave as a network ‘‘peripheral’’ is very
desirable. The SPM becomes thus available to programs run-
ning on any computer in the Internet. This also has the ad-
vantage of making net resources such as printers and mass
storage readily available to SPM users.

Commercial SPM hardware and software are primarily
directed at imaging. However, manipulation and imaging
have different requirements. One can envisage at least two
strategies for developing SPM nanomanipulation facilities.
The first consists of designing and building from scratch a
custom instrument, together with its low-level and high-level
control software for manipulation tasks. This may lead to
optimal results but requires substantial resources in terms of
time, money, and personnel. An attractive alternative, dis-
cussed in this article, starts from commercially available
hardware and low-level control software, and builds higher-
level layers of software upon them.

a!Author to whom correspondence should be addressed; Electronic mail:
requicha@lipari.usc.edu
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The remainder of this article is organized as follows. First
we describe a SPMserverthat provides communication fa-
cilities for using the SPM transparently in a network. Next
we discuss some of the intermediate-level manipulation com-
mands we have developed. Then we present experiments in
nanomanipulation that use our software, and conclude with a
brief assessment of our current manipulation capabilities and
open issues.

II. SPM SERVER

We are using an AutoProbe CP instrument, a commer-
cially available SPM developed by PSI~Park Scientific In-
struments!. The SPM software is a 16-bit application that
runs in IBM-compatible PCs underWINDOWS 3.1 or WIN-

DOWS 95. It includes a modern graphic user interface, through
which a user issues commands. These are translated and sent
to a digital signal processor~DSP! that controls the instru-
ment. More important, PSI also provides an application pro-
gramming interface~API! to its software. This API is meant
to be used by experienced programmers. We think that work-
ing through a commercial API has significant advantages. It
lets a programmer issue low-level commands without having
to get involved in the intricacies of the DSP and real-time
control, which are best left to the manufacturer. It also
greatly facilitates software maintenance, since it relies on the
manufacturer to ensure that new developments in hardware
and low-level software are smoothly incorporated into the
system through the API.

In Unix systems a process running in one machine can
invoke procedures that reside in a different machine through
a remote procedure call~RPC!. Unfortunately RPCs are not
supported in theWINDOWS 3.1or WINDOWS 95environments.
To achieve similar functionality one can use aSPM server
that listens to requests for SPM operations issued by com-
puters in the network, and takes the appropriate actions.
Typical commercial computer communication packages, for
example Sun Microsystems’ PC-NFS, are aimed at building
PC clients, and do not directly support PC servers. Because
powerful tools such assocketlibraries are available, building
a server is not a large task for a computer scientist versed in
distributed systems.~A socket is a programming abstraction
that corresponds to a communication port through which
messages can be sent or received.! Furthermore, commercial
systems normally do not provide access to source code,
which we believe is important for a research group that is
exploring new approaches and techniques that may require
intimate knowledge of the software. For these reasons, we
decided to develop a SPM server, as explained below.

The PC that controls the SPM is connected to our Ether-
net Local Area Network through an Ethernet card. The SPM
server is aWINDOWS application that uses a standard inter-
process communication library called Winsock. The server
opens a socket into the network and listens to requests from
client processes running on other machines. These clients
issue requests by calling a Unix-standard socket library. Both
Winsock and the Unix socket library use the standard
TCP/IP protocols, but they isolate the programmer from the

low-level details of how communications between computers
are achieved. Socket programming is a relatively straightfor-
ward exercise. The clients’ requests are decoded, mapped
into API routines, and appropriate API calls are issued.~Ex-
amples of API calls are given in Sec. III.! The results of API
routine execution are received by the server, encoded for
transmission, and sent back to the requesting process. We
encode the messages in external data representation~XDR!
format, which is ade factostandard introduced by Sun Mi-
crosystems.

We wrote a library of C procedures that mirror those pro-
vided in the SPM’s API, and run on Unix work stations.
These procedures exchange information with the PC through
the network, by using sockets. A client program running in a
Unix work station invokes procedures in this library, and is
unaware of the network communications involved. In es-
sence, the messages sent by a client correspond to API calls,
and the messages it receives correspond to the results re-
turned by the API routines called. More sophisticated capa-
bilities are being built on the client side, on top of the low-
level API, as explained below.

III. MANIPULATION COMMANDS

The graphic user interface supplied by PSI is designed for
imaging and is not suitable for manipulation. But the API has
powerful routines that can be used to build manipulation
commands. An important low-level API procedure serves to
apply ramp~i.e., linearly increasing or decreasing! signals to
SPM input ports. A ramp is specified by a list of triplets
~InitialValue, Slope, Duration!. For example, applying two
ramps with the same slope and duration to thex andy inputs
of the piezoelectric scanner causes a linear motion at 45° to
the x axis, with a speed determined by the slope of the
ramps, and starting at the specified initial point. As a second
example, a step change in a SPM parameter value can be
accomplished by applying two successive ‘‘ramps’’ of zero
~horizontal! slope, starting at appropriate initial values.

By using these ramps it is easy to construct a fundamental
command to move the SPM tip from~x1 , y1) to ~x2 , y2) at
speeds. In turn, this linear motion capability can be used to
traverse more complex trajectories. For example, a circular
trajectory can be followed by decomposing it into linear seg-
ments. More interestingly, imaging scans of arbitrary size
and orientation can also be built up with sequences of linear
motions.

The API also provides procedures for setting SPM param-
eter values, turning feedback on and off, and so on. Two of
the most useful commands we have implemented thus far are
the following:

~1! Move the tip in a straight line from~x1 , y1) to ~x2 , y2) at
speeds, turn thez feedback off at some prescribed point
along the trajectory, and then turn it back on at another
prescribed point. This command is calledPush, since it
is used to push nanoparticles.

~2! Move the tip in straight line from~x1 , y1) to ~x2 , y2) at
speeds and output thez wave form. This is called a
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SingleLineScanand is used to search for particles, as
explained below.

It is important to note that manipulation commands are
issued ininstrumentor robot coordinates, whereas what we
want to accomplish is best expressed insampleor task co-
ordinates. The robot and task coordinate systems do not co-
incide, and their relationship is time-dependent. The major
cause for this discrepancy is thermal drift. Drift in our SPM
is large when the instrument is turned on, but stabilizes at
about 1 Å/s after a couple of hours of operation. In addition,
if we command the tip to move to a point~x, y! along a
straight line, the motion will not be exactly as commanded
due to piezo nonlinearities, creep, and hysteresis. Nonlinear-
ity is compensated to some degree by the manufacturer’s
software, but creep and hysteresis cause significant prob-
lems.

IV. PUSHING EXPERIMENTS

We are testing our manipulation software by pushing col-
loidal gold balls on a mica substrate with the SPM in atomic
force microscope~AFM! mode, in air, at room temperature.
We have thus far tried Au balls with diameters of 27 and 15
nm, with similar results.

The gold colloidal particles are deposited on a mica sub-
strate through a procedure normally used for the preparation
of samples to calibrate AFMs and transmission electron mi-
croscopes~TEMs!.5 The mica surface in water is negatively
charged,6 as are the gold particles.7 A positive coating of the
mica surface with Poly-L-Lysine allows the gold particles to
be adsorbed onto it.8–10

We first attempted to image the Au particles in contact
AFM ~C-AFM! mode, with no success. The tip seems to
disturb the particles significantly. We switched to noncontact
AFM ~NC-AFM! and obtained consistently good images~or
consistently poor images, for bad probes!. We tried to push
the particles by moving the SPM tip approximately across
the particles’ centers in C-AFM mode, but failed. We finally
managed to move the nanoparticles by turning off thez feed-
back in NC-AFM mode, without altering the input vibration
to the cantilever.~We do not know yet whether the vibration
helps or hinders the pushing operation.!

The nanoparticles do not move significantly on their own
at the time and spatial scales of the experiment, and can be
used to establish a task coordinate system. Successive im-

ages of the same sample region differ because of the drift
between the robot and task coordinate systems. For simplic-
ity, let us assume that initially the robot coordinates~x, y!
coincide with the task coordinates~X, Y!. Suppose that we
detect a particle at position~x, y! in an image, and want to
move it in theX direction by a distanceD. The basic strategy
is to move the tip to~x - Dx, y!, whereDx is a small dis-
placement, turn off the feedback, move alongx until x 1 D,
and turn the feedback on. However, we found experimentally
that this often fails, because the robot and task coordinate
systems no longer coincide when the command is executed.

This problem can be tackled by either estimating the new
position of the particle in the robot coordinate system, or by
using updated measurements. We took the latter tack.
Through a sequence of quickSingleLineScancommands we
search for the center of the particle in updated robot coordi-
nates, and use these coordinates toPush. Figure 1 shows on
the left a particle to be moved to the location marked by the
open circle, plus five scan lines used to compute an updated
position for the particle. On the right is thez data obtained by
the five single line scans. Line 3 is closest to the center of the
particle, and selected for the actual motion. Figure 2 shows
on the left single scans along line 3 before and after the
pushing operation. Feedback is turned on and off at the ver-
tical lines. The right image of Figure 2 illustrates the result-
ing configuration after pushing.

We have implemented two versions of our manipulation
software. One version runs only on the PC through a graphic
user interface, and is used primarily to debug code and strat-
egies. A user can pick coordinates with a mouse, draw tra-
jectories graphically, and set points along a trajectory for
turning feedback on and off. The other version does not have
a graphic user interface, and consists of a suite of routines
that can run on remote machines and communicate with the
SPM server.

Figure 3 illustrates a manipulation task accomplished with
the PC version. It took several hours to position the Au balls
to form the ‘‘USC’’ pattern. Clearly, automation is needed if
we are to perform more complex tasks routinely.

The basic algorithm for automating positioning operations
is the following.

~1! Scan the sample to obtain an initial image. Set~x, y!5~X,
Y!, i.e., assume that the robot and task coordinate sys-
tems coincide intially.

FIG. 1. A particle to be moved and five single line scans in the direction of
motion.

FIG. 2. Single line scans through the particle before and after motion~left!
and the resulting particle configuration~right!.
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~2! Extract from the image the coordinates of the centers of
the particles to be moved.

~3! For each of these particles issue a command to move it
in straight line from its current position~X, Y! to the
desired position~X1Dx, Y1Dy! in task coordinates.

~4! To implement a move command for a particle, search for
the new ~x, y! coordinates of its center, by means of
SingleLineScansas explained earlier, and then issue a
Pushcommand in robot coordinates.

This simple algorithm assumes that the drift is a pure
translation. Otherwise we would have to compute a more
complicated relationship between robot and task coordinate
systems. It also assumes that all particles will indeed move to
their programmed positions. We will return to this latter is-
sue in the Sec. V.

V. DISCUSSION

We have shown how to move Au balls on a mica sub-
strate with a SPM in NC-AFM mode by issuing manipula-
tion commands to a SPM server in a networked computer
environment. Our approach uses a commercially available
SPM and a manufacturer-supplied API that hides the com-
plexities of real-time control from a higher-level robot pro-
grammer. We built intermediate-level commands for sensing
and acting on top of this API. We succeed in moving a
desired particle an estimated 80%–90% of the time. How-
ever, there is much we don’t understand yet. Here are some
of the issues we are currently grappling with.

~i! Some particles do not move at all, whereas others
move only in a few specific directions, and require
suitably chosen intermediate points to reach a desired
final position. We do not know why. Particles that are
imaged clearly tend to be easy to move.

~ii ! Particle motions sometimes fall short of the com-
manded distances. With additional sensing and push-
ing the desired positions can still be reached.

~iii ! Can we characterize in a predictive fashion which
particles are movable on which substrates, or do we
have to analyze the situations case by case, possibly
by empirical methods?

~iv! Do the strategies described here extend to smaller di-
mensions, say, to 2 nm particles?

~v! Do they extend to other particle/substrate pairs? If
not, we will not be able to write ‘‘generic’’ pushing
software.

~vi! Can useful devices be built by pushing operations?
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