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The operation of a haptic device interfaced with a scanning tunneling microscope (STM) is pre-
sented here. The user moves the STM tip in three dimensions by means of a stylus attached to the
haptic instrument. The tunneling current measured by the STM is converted to a vertical force, ap-
plied to the stylus and felt by the user, with the user being incorporated into the feedback loop
that controls the tip-surface distance. A haptic-STM interface of this nature allows the user to feel
atomic features on the surface and facilitates the tactile manipulation of the adsorbate/substrate sys-
tem. The operation of this device is demonstrated via the room temperature STM imaging of C60

molecules adsorbed on an Au(111) surface in ultra-high vacuum. © 2011 American Institute of
Physics. [doi:10.1063/1.3600572]

I. INTRODUCTION

Since its invention the scanning tunneling microscope
(STM) (Ref. 1) has proven to be a powerful instrument, allow-
ing researchers in a variety of scientific disciplines to study
surfaces with atomic resolution. The high resolution images
that can be achieved by an STM are due to the close proxim-
ity of the probe to the surface and the highly localized nature
of the electron tunneling phenomena. By using an appropri-
ate feedback circuit, which measures the electron tunneling
while controlling the distance of the probe to the surface, to-
pographic images can be obtained by recording the tip-height
and rastering over the surface. This principle of operation has
been extended to allow spectroscopic and manipulation stud-
ies to be performed. In order to simplify the operation of an
STM, tasks such as approaching the tip, topographic imaging,
manipulation, and spectroscopy are automated. For example,
electronic and digital signal processors perform the tasks of
feedback control and simple tip movement, while computer
software controls data acquisition. Automation makes the in-
strument easier to use, reducing the level of user interaction to
the choice of scanning parameters and analysis of the images
obtained. However, it also distances the user from the instru-
ment and therefore reduces the degree of control the user has
over executing fundamental low-level operations.

Rather than relying solely on the visual perception of the
user to control the instrument, we can take advantage of the
user’s tactile perception by allowing the user to experience
forces which provide an instantaneous response to changes in
the state of the system under study. The forces experienced
by the user may be manifested as a macroscopic movement in
the three-dimensional (3D) space where the user is situated.
A haptic instrument, such as the one described in this article,
can provide this functionality by applying a force to a stylus
held by the user, in response to the movements that the user

a)Author to whom correspondence should be addressed. Electronic mail:
luis.perdigao@nottingham.ac.uk. Tel.: +44 115 8568823. Fax: +44 115 951
5180.

applies to the microscope probe. Connecting a haptic device
to an STM may improve perception and assist the user with
the probing and manipulation of the adsorbate/substrate sys-
tem being studied. Conceptually, the movement of the haptic
stylus is translated to a physical (and scaled) movement of the
STM probe in real-time. Depending on the strength of the in-
teraction between the probe and the surface, the haptic device
is programmed to respond by applying a force proportional
and opposite to the distance between the probe and the sur-
face. This principle of operation is illustrated in Fig. 1.

II. REVIEW

Several examples of a haptic device being coupled to a
scanning probe microscope (SPM) can be found in the litera-
ture. Tan et al.2 provides a good review of several past efforts,
most involving atomic force microscopes (AFM). In haptic
devices with more than one degree of freedom, control of
the scanning probe on the X-Y plane has been successfully
achieved by several groups by simply translating and scaling
X-Y coordinates. Implementation of the translation of the Z
(tip-surface distance coordinate) motion between the haptic
device and the STM, and corresponding vertical forces ap-
plied to the haptic device vary between systems. The opera-
tional concept of a haptic device connected to an SPM was
first shown in a drawing by Hollis et al.3 In the operation of
the magic wrist, the Z position is compared with the micro-
scope tip position and a vertical force is applied by the haptic
device (the magic wrist) in order to “force” the user’s hand
to follow the probe height motion. The nanoManipulator4 al-
lows the user to control the position of the probe when used
in free motion mode, the force applied to the stylus is calcu-
lated by using the data acquired by the AFM to construct an
imaginary hard surface, with the applied force being propor-
tional to the proximity of the haptic tip to this virtual surface.
In an older version of the nanoManipulator,5 the force felt
by the user is linearly proportional to the difference between
the haptic Z position and the actual microscope probe vertical
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FIG. 1. (Color online) Principle of operation for the haptic-STM interface.
User controlled movement of the haptic stylus is translated to STM-tip move-
ments in all axis. The vertical force felt in the haptic device is a function of
the tunnel current (Itunn) measured in the STM. The electronic feedback loop
is broken and user becomes part of the loop.

position converted to haptic coordinates, identical to the op-
eration of the magic wrist discussed above. Sitti et al.6 used a
one degree-of-freedom haptic device, where the Z probe posi-
tion is controlled using a proportional-integral (PI) controller
that tracks the haptic position, and the force-feedback felt in
the haptic device is converted from the AFM-probe measured
force using a proportional-differential (PD) controller, and ad-
justed to the applied user force. Teleoperation of an AFM has
also been utilised by Iwata et al.7 to perform manipulation
and ultrasonic cutting, where the force-feedback applied in
the haptic device is adjusted to follow the probe position. Dur-
ing manipulation the force applied by the user is converted to
a new setpoint for the atomic force probe. There are also ex-
amples where a haptic device is used to provide the user with
extra information about surface properties (such as softness
and adhesion) which are otherwise difficult to show visually.
Technically this is not teleoperation but is augmented reality,
since the forces are computed from a created 3D environment
based on the microscope measurements.8, 9 A recent attempt
to teleoperate an STM in a similar way to that described here
was shown by Tan et al.;2 however, they were limited by the
speed of bidirectional data communication between the com-
puter and the STM, which prevented efficient incorporation of
a human “user” into the feedback loop. Fortunately, this issue
has been resolved in the haptic-STM interface presented be-
low. Finally, Jobin et al.10 successfully demonstrated the op-
eration of an AFM in closed-loop operation controlled with
a haptic device in performing manipulation of carbon nan-
otubes and silica beads.

III. THE HAPTIC-STM INTERFACE

The haptic device used in the experiments reported here
is a Phantom Omni model (Sensable Technologies). The de-
vice is supplied with bundled drivers and an application pro-
gramming interface (API) for C/C++ computing language
(called OpenHaptics Toolkit 2.0), with examples provided.
Access to the SPM software code (NOTTSPM – originally
written in Visual Basic language) is required to include haptic
functionality. An ActiveX control was developed that inter-
faces with the haptic device through methods and properties
(Fig. 2). The X, Y, and Z positions of the haptic device are

FIG. 2. (Color online) Diagram demonstrating the implementation of the
haptic-STM interface. The scanning probe microscopy software is used to
interface the STM with the haptic device. Positions of the haptic stylus and
forces to be applied are sent to the haptic device through an ActiveX con-
trol running a separate software thread. STM positions set by the software
and measured tunnel current are passed through the digital signal processor
(DSP), running with open feedback loop, and through the amplifiers.

read as object properties, and the forces applied along the
three axes are set using an object method. The control can
run the high priority thread, called scheduler, provided by the
API. Scheduler uses a callback function within the control that
updates position and forces values at ∼1 kHz rate, which is
essential for smooth operation of the device. The force value
sent to the haptic device in each cycle of the thread leads to
a small “kick,” or impulse, being applied to the servomotor
of the haptic device, with the intensity proportional to the
supplied force value. It is important that these impulses are
passed at a high and constant rate (at least 1 kHz) so that
the user feels a smooth continuous force, therefore haptic
force is a term that corresponds to a physical force only when
the cyclic thread (scheduler) is used.

It is assumed that the values of the haptic force deter-
mined by the SPM software can vary considerably over short
periods of time, which could lead to unwanted vibrations
when the user operates the device. For this reason, a smooth-
ing routine was implemented within the ActiveX control that
simply limits the rate of change of force value applied to
the device between each cycle. This routine is optional and
can be adjusted before operating the device. An additional
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complication was encountered when the haptic device was
used to scan over rough surfaces, with rapid changes in Z-
force leading to sudden undesired movement in the X or Y
axis of the haptic stylus. To reduce this effect an adjustable
friction response was implemented where a small force, pro-
portional and in the opposite direction to the change in X and
Y positions between cycles, is applied. This friction parame-
ter can be adjusted for each axis individually, although in the
experiments discussed here it was only applied to the X-Y
plane.

The original SPM software used to control the STM was
extended to include a user-friendly graphical user interface
(GUI) to facilitate the operation of the haptic device. After
working with the STM in conventional mode and acquiring
several images the user chooses when to initiate the hap-
tic device by clicking a button which brings up a new win-
dow/dialog with options and parameters for the haptic-STM
(options are available for interaction type, feedback or touch,
and constants of interaction). The last scanned image (un-
processed) is displayed, providing the user with a point of
reference for the surface under study. After setting the pa-
rameters (or retaining the default values), the user needs to
press the “space” key to pass control to the haptic device. The
haptic-STM operation only starts when the user presses a but-
ton on the stylus which associates the current position of the
stylus with the current position of the STM tip. Immediately
after haptic-STM operation has commenced the conventional
STM feedback routine in the digital signal processor (DSP)
(Ref. 11) is disabled and the DSP switches to a transparent
mode of operation where it runs a loop that simply passes
the tunnel current values from the STM to the SPM software
and the X, Y, and Z haptic-positions are passed from the SPM
software to the STM at high rate. In the SPM software a cycle
starts that follows the following steps: (i) read haptic stylus
position; (ii) read tunnel current from DSP/STM, calculate z-
force and send to haptic device; (iii) set new STM-tip posi-
tion based on the haptic stylus position; (iv) display and save
data. The operational steps are illustrated in Fig. 2, with ar-
rows indicating the flow of tunneling current information and
probe/stylus positions.The user stops the haptic-STM opera-
tion by pressing the “space” key or clicking stop button in
the GUI. About 417 data points per second are acquired dur-
ing the haptic-STM operation, without interrupting the haptic
control which is running simultaneously in a separate high
priority thread in the computer.

The tunnel current (Itunn) measured is translated to a ver-
tical force applied to the haptic stylus in one of two selectable
ways. In touch mode the haptic force (Fh) is given by

Fh = ktouch × Itunn, (1)

and in feedback mode, the force is calculated using the
formula

Fh = k f eeback × log(Itunn/Iset ), (2)

where Iset is the setpoint current used during imaging, ktouch

and kfeedback are constants of proportionality that can be set
within the program. In touch mode the user “feels” a vir-
tual surface where the stylus is subjected to an upward force
when the stylus is moved down, the strength of the force is

dependent on the magnitude of the measured feedback cur-
rent. In feedback mode the haptic stylus “feels” like it is con-
strained to an imaginary surface corresponding to the surface
topography of a constant current STM image.

The calibration between the movement of the haptic sty-
lus and the STM tip position is performed automatically
within the SPM software code. The X-Y coordinates are trans-
lated such that the current STM scan dimension (defined in
the control panel) is set to a defined haptic range of coor-
dinates. During haptic-STM operation the path of the tip is
projected onto a copy of the previously obtained STM im-
age. Regarding the Z-axis, the values for the maximum and
minimum height in the last image are associated to a defined
Z-axis movement range for the haptic stylus, but this calibra-
tion can be changed manually.

IV. EXPERIMENTAL METHODS

The STM experiments were performed under ultra-high
vacuum conditions (base pressure ∼10−11 Torr). An Au(111)
on mica (Agilent) sample was cleaned by argon sputtering
(750 eV, Isample = 1.4 μA, PAr = 5.2 × 10−6 Torr, 40 min)
and subsequent annealing at ∼400 ◦C for ∼1 h. The cleanli-
ness and characteristic 22 × √

3 reconstruction (double zig-
zag pattern) was confirmed with STM.12 C60 was sublimated
from a Knudsen cell at 415 ◦C.

V. RESULTS AND DISCUSSION

The STM images of the Au(111) surface acquired after
the submonolayer deposition of C60 show that the molecules
form small islands which nucleate at step edges, consistent
with previous studies.13, 14 A region of the surface contain-
ing a step edge decorated with C60 was chosen for the op-
eration of the haptic-STM in feedback mode (STM images
shown in Fig. 3). The faint double lines perpendicular to
the step edge are characteristic of the herringbone 22 × √

3
reconstruction.12 During haptic operation, the STM tip fol-
lowed the path of the haptic stylus as controlled by the user.
In order to assist the user, the path is displayed in real-time
during operation by overlaying the tip trajectory on the last
image obtained. The path is drawn in grayscale with white
corresponding to higher haptic stylus height (or tip height),
in analogy with the color scale of the original image. The
path of the tip during haptic operation (∼12 s) is shown in
Fig. 3(a), with the trajectory followed illustrated by an ar-
rowed line in Fig. 3(b). It is clear from the trajectory that
the user has felt the height increase associated with the C60

molecules attached to the step edges. Figure 3(c) shows a plot
of the haptic Z position as a function of time while the sty-
lus was moved along the trajectory. The predicted tip-height
for the tip following the same path, over the same region of
the surface, in constant-current feedback conditions (without
the haptic device) is also plotted in Fig. 3(c). There is a good
match between the haptic Z and the predicted Z positions,
indicating that the user’s hand, holding the stylus, followed
the surface as if the tip was in current feedback mode. The
first peak observed in the haptic trace matches with a step-
edge feature, with the slight mismatch attributed to thermal
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FIG. 3. (Color online) An example of the haptic-STM operating in feed-
back mode using Z conversion 0.271 Å/cm (STM scale / haptic scale) and
force response constant set to 0.3. (a) and (b) are STM images of the surface
(230 × 230 Å2, −1.8 V, 0.03 nA) with the superimposed trajectory of the
STM tip controlled by the haptic device. The grayscale trajectory in (a) rep-
resents the Z position, with white and dark corresponding to higher and lower
tip-surface distances. In (b) the image is plane-corrected and the trajectory is
represented with an arrowed line indicating the direction taken. (c) shows
plots of the height and force applied data acquired during the haptic-STM
operation. In (c), top graph, the Haptic Z line is the height of the STM tip
as controlled by the haptic device and the Predicted Z line is the calculated
tip height along the same trajectory if the feedback loop was on (constant
current mode without haptic operation) as obtained from the last STM image
obtained. In (c), bottom graph, are the measured tunnel current and the verti-
cal force applied (see Eq. (2)) to the haptic device during operation, with the
arrows pointing to their associated scalebar.

drift. The next peak in the tunnel current trace is a transition
from a high terrace to a low terrace (with C60 adsorbed at
the step edge) and is clearly identical to the path followed
by user/haptic stylus. The last feature observed is the transi-
tion from a low terrace to a high terrace via a step edge (with
no adsorbed C60) where, as expected, the change in height
is smaller than for the situation with adsorbed C60. However,
the response of the haptic Z appears to be slower than that of
the predicted Z response. The lower plot in Fig. 3(c) shows
the measured tunneling current (Itunn) and the force applied
to the haptic device (calculated from Itunn). Surface features
which give rise to an increase in Itunn are generally accom-
panied by a large upward force applied to the haptic device,
which is expected, in order to try to maintain the feedback
condition. Descending topographic features result in Itunn mo-
mentarily being lower than Iset (horizontal line), resulting in a
downward haptic force being applied.

FIG. 4. (Color online) An example of haptic-STM manipulation. (a) is an
STM image obtained (500 × 500 Å, −1.8 V, 0.03 nA) before manipulation
with the manipulation trajectory overlaid in color, which represents the tun-
nel current or haptic force intensity (see scale bar). Also indicated are the
initial and final positions of the scanning probe. The black arrows indicate
features on the surface which are present before and after manipulation. The
image shows a C60 close-packed island nucleated on a step edge of Au(111)
reconstructed surface. The trajectory passes over the C60 island, where the
probe is pressed against the surface using the haptic interface, and dragged to
a clear Au(111) region. The haptic-STM was set to touch mode, with ktouch

= 2.0. (b) is the STM image taken after the haptic manipulation, with the
black arrows pointing to the same features as the arrows in (a), and the white
arrows labeled as M1 and M2 highlighting changes to the surface, the frag-
mentation of the C60 island and the appearance of a cluster on the previously
clean surface.

It is clear from the plots that stability of the human-in-
the-loop control is not an issue in this experiment. The cor-
rect choice of operational parameters prevents issues relating
to tip-surface contact. In particular, the C60 height is ∼7 Å
which is significantly higher than that of the Au steps (step
height = 2.35 Å), therefore moving the tip over such fea-
tures could potentially lead to sudden changes in tunnel cur-
rent and consequently a rapid change in the applied haptic
forces. A user could conceivably have difficultly following
these rapid changes, but such a situation can be prevented by
making slow stylus movements and by the implementation of
smoothing techniques as discussed earlier. Although in some
regions Itunn > Iset, this may reduce the tip-surface distance by
1–4 Å, which is unlikely to cause tip or surface damage.

Figure 4 shows an example of a manipulation experiment
performed with the haptic device in touch mode. The color
scale of the trajectory represents the tunneling current, or
force applied by the haptic device. Manipulation occurs when
the user presses the haptic stylus towards the surface. This
is clearly highlighted by the color on the trajectory plot of the
tip. The trajectory shows that the haptic stylus is pressed down
over a C60 island and dragged to a clean Au(111) region. The
STM image taken after the manipulation in Fig. 4(b) shows
that a portion of the C60 island has been removed. Additional
features are present on the surface after the manipulation, as
indicated with white arrows M1 and M2, at the edge of the C60

island and on the Au surface, near where the manipulation tra-
jectory ended. The image after the manipulation suggests that
the STM tip has removed C60 molecules from the intended re-
gion. Under the conditions used, the fragmentation of the C60

island is likely to be caused by tip manipulation, however the
appearance of a C60 cluster not attached to a step edge (M2) is
only possible at room temperature if an “anchor” exists. This
C60 cluster is located over a elbow point of the zigzag herring-
bone reconstruction of the Au(111) surface, which is known
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to be a preferred adsorption site for metals deposited on this
surface.15–17 The appearance of bright features located at sev-
eral of these elbow points in Fig. 4(b) also suggests that ad-
ditional particles have been adsorbed. The small corrugation
of these spots suggests that they are unlikely to be isolated
C60 molecules but it is possible that this is atomic tungsten
removed from the tip, during the manipulation process, and
has become adsorbed to the Au surface. We therefore propose
that the C60 cluster highlighted is attached to a tungsten parti-
cle situated at an elbow point.

VI. CONCLUSION

We have described a haptic interface for the operating
of a scanning tunneling microscope operating in ultra-high
vacuum conditions. The results presented here demonstrate
the capabilities of the system, allowing manual control of
the scanning probe and molecular manipulation with simul-
taneous sensory feedback, thus providing tactile access to the
nanoscale environment. Such a system demonstrates an al-
ternative method for operating a scanning probe microscope,
highlighting potential applications relating to the manipula-
tion and assembly of devices. Additionally, the implementa-
tion interface presented here offers the possibility of being be
integrated in other scientific instruments and with the advan-
tage of improving accessibility.
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