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- The development of a new nanoroboficsplafform
based on afleef of scienfifc instruments configured as wireless
minwme robots capable offasf operafionsat the nanoscole in a
cooling chamber has been proposed To cope wifh fhe excessive
hear of the robofs, the heat dissipafion is enhanced byfilling fhe
chamber with cooled Helium. While the high-powered robots
can be mainfained af relafively low operating femperafures,the
infared positioning and communication systems needed lo
coordinate the robots, would wifhoufprotecfion,bepermanently
damaged when exposed IO such low ambient femperafurelevels.
This paper describes fhe design of an infared and
communication unif capable to operate under these excessive
conditions whilefi@lling fhe communication and coordinafion
requirements of such a nonoroboticspla@om.

numbered 1,2, and 3 in Fig 1, must be embedded onto the
32-mm diameter robot.
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Fig.Z.Bottomnew of the NanoWaLkerrobot (6"141)

I. INTRODUCTION

The electronics system, also shown in Fig. 3, provides
the required fimctionality for autonomous and fast
Scanning Tunneling Microscope-based (STM) [5]
operations at the nanoscale.

The concept of nanofactories [I] based on a fleet on
miniature robot8 capable of nanometer-scale operations
have been proposed and described [2,3]. One example of
such a robot is the NanoWaker [4] as depicted in Fig. 1
and in Fig. 2.

Fig.3. Photograph of the elefbnics circuit (outer face show0 only)

Fig.]. Top newoftheNanoWaUterrobot(from[41)

STM has been used not only for imaging but also for
other tasks. Nanomanipulation for instance can be
performed using an STM. In all existing
nanomanipulation systems using STM or other types of
Scanning Probe Microscopes (SPM), teleoperation is used
in most cases. In a teleoperation system, a buman operator

As shown in the Computer-Aided Design (CAD)
models in Fig. 1 and Fig. 2, a fair amount of electronics
including an onboard computer indicated by the parts
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is part of the control-loop and directly performs
nanomanipulation through a Human-Machine Interface
using force-feedbacks 161. Because one of the
main objectives of the proposed nanorobotics platform is
high throughput operations, including a human operator in
the control-loop is obviously not suitable. A suitable but
more ambitious approach is automatic uanomanipulation
based on a task-oriented approach using closed-loop
automatic control. However, the automatic control at the
nanoscale is ,not reliable at the present time .[7].
Nonetheless, with intensive researches, this issue is most
likely to be resolved in a relatively near future. In the
mean time, other tasks .such as high throughput
inspections'at the nanoscale are feasible with the proposed
platform and existing techniques. The other advantages of
relying on a fleet of miniature instrumented robots
compared to a more conventional instrument architecture,
is the added degree of freedom in displacement of the
instruments, an increase in density of instruments per
surface area, the ease of combining several types of
instruments on the same platform, and the flexibility of
adding, removing or replacing instruments without restnrcturingthe whole platfom Furthermore, the approach
based on wireless miniature instrumented robots,
increases the resonant frequency of the instrumentation
systems, making it less sensitive to lower frequency
vibrations.
Unfortunately, these advantages are paid by a heat
dissipation problem due to a significant increase in
density of high performance electronics. It is estimated
and confmed with preliminary tests that the embedded
electronic system shown in Fig. 3 will dissipate between
15 and 20W of power on average. Other approaches, e.g.
[SI, avoids this problem by embedding no electronics or
only the low powered instrument electronics and related
interfaces l i e d with wires to the high powered
electronics located at a remote site. In this case, only a
few miniature robots can work on the same platform,
limiting the achievable throughput. To avoid wires to be
tangled especially with potentially more than 100 of these
robots working in an area not exceeding 0.8m x 0.8m and
because experiments [9] have shown that wires prevent
repetitive nanometer-scale displacements of these robots,
a wireless implementation was essential in our case. For
achieving very high throughput, relying on an external
computer for many tasks in order to decrease the power
- consumption was not an option because of the too large
communicationlatency and response time.
Miniaturization of the robots is also a critical aspect
for increasing the flexibility and the throughput of the
platform by an increase of the density of instruments per
surface area: By doing so, the surface available on each
miniature robot to dissipate the heat kom the high-

powered embedded electronics becomes insufficient.
Adding beat sinks, heat pipes or similar devices is not an
option since they would increase substantially the overall
size of the robots. Because in our knowledge, no other
micro- or nanorobots seem to have similar cooling
problems within the constraints imposed by such
approach, a novel solution had to be found. As such, to
cope with the cooling problem of the miniature robots
without increasing significantly their overall sue, a
cooling chamber, shown in Fig. 4 and Fig 5, has been
developed [lo]. The transition of liquid Nitrogen to a gas
state in a cooling unit shown in Fig. 4 is used to cool
Helium gas circulating through a cooling chamber.
Helium is being used since it is an inert gas, preventing
many problems encountered with air such as oxidation
and molecular interactions with the samples. Furthermore,
Helium has 4.8 times the heat conductivity of air. The
high beat conductivity of the ambient atmosphere allows a
significant reduction of the flow during force cooling,
leading to a reduction of turbulences caused by
neighbored robots. This in tum makes the control of the
sensitive instruments at the nanoscale easier through a
significant reduction of thermal drifts.

Fig.4. CAD represeatation of the cwling chamber (f"
[IO])

FigS. photograph of the cooling chamber

The temperature of each robot is monitored by three
embedded electronic temperature sensors (one is shown in
Fig. 2). Two temperature sensors are placed on the outer
surface but on opposite faces, and one is placed inside the
robot’s structure where the STM tip resides. Such
configuration provides a good estimation of the
temperature distribution of each robot. Typically, the
robot’s internal operating temperature is allowed to
fluctnate between 0 and 70°C. A special thin jacket made
of copper with miniature fins and ceramic plates
surrounding the robot is used to spread the beat evenly
throughout the exposed outer surface. When the internal
temperature exceeds an upper or lower pre-programmed
threshold, an interrupt signal is sent to the robot’s
embedded processor. A message is then transmitted by the
robot through one of the four 4 Mb/s half-duplex Infrared
(IR) communication l i to inform a central computer
(see Fig. 4). The central computer then interrogates all
robots through the same IR communication link to gather
an up-to-date overall temperature profile among all
robots. Based on the temperature profile but more
specifically on the mini“ and/or maximum
temperature levels, as well as the position of each robot
obtained through the IR positioning systems, a specific
temperatureregulation algorithm is applied.
11. OPTICAL AND ELECTRONIC S Y S E M S

Fig. 6 sbows inside the cooling chamber. As depicted
in Fig. 6, four Position or Photo Sensing Detection (PSD)
unit and IR communication transceivers are used for
global positioning [ 111 and wireless communication.

Fig6 View inside the cooling chamber (from [IO])

The PSD units based on a 2-D lateral effect photodiode provide resolutions in positioning down to a few
micrometers. The present desigti uses a 4.0/45 mm lens in
front of the PSD to provide working cells with a diameter
of 330 nun, leading to a lens to IR emitter (on top of each

robot) distance of 777.58 mm. This distance also dictates
the height of the chamber since no obstructions or even
glasses causing distortions could be put in the line of sight
of the sensitive PSD system. These specifications also
take into account the emitting angle of 24” of the IR
emitters. Two IR emitters on the top of each robot (see
Fig. 1) are used to determine the planar and angular
positions of each robot.
With the present implementation, past experiments
have shown that 90 dB (15 bits) ofpositioning resolution
can be easily achieved every 10 p, and some further
improvements, especially in the presence of white
Gaussian noises, can be achieved through a longer
integration time. For a planar operating cell of 330 mm in
diameter, these figures yield a high speed positioning
resolution of -1Opm. Atomic-scale positioning is
achieved by “counting” atoms with the embedded STM
tip on special atomic grids made of Highly Oriented
Pyrolytic Graphite (HOPG) embedded onto a
“powerfloor” [12] (see Fig. 2). The link between the
STM-based and the PSD-based positioning systems are
done through a special reference patterns engraved on the
HOPG grids using a Focus Ion Beam (FIB)[13]. In order
to support a fleet exceeding 100 NanoWaUter robots for
achieving up to 2Ox1O6 STM-based measurementsls per
platfonn, four IR positioning and communication units
operating in the 875-nmwavelengths are implemented.

nr. THERMAL ENCIKISURE
Although in most cases, ambient temperature levels of
approximately -60°C are expected, the lowest temperature
level that can be reached with the cooling chamber
depicted in Fig. 5 when filled with Helium gas is -185°C.
It becomes obvious that at such low temperature levels, a
protective enclosure is needed for both the optical and
electronics systems required for global positioning and
communication. The design of thermal enclosure of the IR
positioning and communication unit is depicted in Fig. 7.
To provide good accessibility, the enclosure is divided in
two parts. One top part, the “roof’, is fxed to the frame
depicted in Fig. 6. The frame inside the cooling chamber
is attached to the edge of the powerfloor and it is
conceived to have a resonant frequency as close as
possible to the high resonant frequency of the robots. An
additional damping system is installed underneath the
powerfloor to filter excessive high frequency vibrations.
The lower part referred to as the cap is removable,
even after the installation of the whole enclosure. This is
necessary for certain tasks, especially in an experimental
setting that may require further adjustments of the PSD
lens for instance. Closing of the enclosure is facilitated by
a guidance fxed on the roof and screws joiniig the cap

tapped to have removable junctions. The mini" sue of
the enclosure is mainly defined by the necessary space for
the PSD and the IR communication sub-systems.
Additionally, cables, connectors, and a heater must also fit
into the same enclosure. The PSD and the IR transceiver
are mounted on the roof in an adjustable way supported
by slotted holes so that their position can be modified in
the x-, y-, and z-axis. The PSD is also mounted on a zstage (from Opt0 Sigma) to allow accurate adjustment in
the z-axis. As depicted in Fig.7, the PSD lens with an
optical filter are directly exposed through an opening to
the cold ambient atmosphere without protecting glass as
in the case for the IR transceiver in order to avoid
distortions that would affect significantlythe resolution of
the PSD system. This opening has a slightly larger
diameter than the diameter of the lens. A circular gasket
closes the gap providing room for thermal expansion and
allowing rotation of the lens during adjustment of the
focal point. Although distortion is also a concern for the
IR communication link, it is significantly less critical than
in the case of the PSD unit. Nonetheless, a special glass
(BOROFLOAP 33 Borosilicate Float Glass kom Schott)
with a very little absorption of IR light (very high IR
transparency), a low thermal expansion, a low thermal
conductivity, with superior surface finish and flatness,
was selected. The diameter of the glass has been selected
to guarantee no obstruction to the 115' of line of sight of
the IR communication path.

and tightened fiom below. All systems are mounted in a
line, parallel to the door of the cooling chamber, to ensure
good accessibility. The design uses four different
materials and all threads are tapped into metal plates to
facilitate the assembly by supersedingbolts. The walls for
the enclosure are assembled using two thin plates as inner
and outer walls. The hollow space in between is filled
with an insulating material.
in
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IV.THERMAL INSULATION

An effective thermal insulation for the positioning and
communication unit is a critical issue in such an
environment. The heat exchange between the chamber
and the heated interior of the enclosure should be as low
as possible and as such, the choice of the insulation
material is of prime concern. Polyurethane (thermal
conductivity of 0.017 W/(m OK)) has been selected as a
material of choice for this particular application since it is
available in high-density foam, which ensures a 100%
filling of the entire steel panel structure of the unit. The
heat dissipation through the walls of the enclosure can be
estimated with the Fourier law (En. 1).

Fig.7. Drawings of the t h d enclosure (scale m mm)

Stainless steel was chosen as the material for the walls.
Stainless steel is relatively rigid allowing relatively thm
panels (1.5 mm) to be mounted. This in turn allows the
size of the enclosure to be reduced or the space for the
insulation to be increased, or a combination of both within
the space constraints of the platform. Stainless steel has
also a lower coefficient of thermal expansion (a = 16x 1Od
X')and thermal conductivity (h = 16 W/(m 'K))
compared to other conventional materials such as
a l u " for instance with a = 2 5 ~ 1 X1
0 ~ and h = 150
W/(m 'K). Furthermore, stainless steel does not oxidize
and the joints can be easily welded, and threads can be

In Eq. 1, for the dissipated heat in Watts [w], iis the
thermal conductivity [W/(m*'K)] and A is the surface area
[m2].For a flat wall, Eq. 1 becomes:
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V. THERMAL IMPACT ON THE LENS

In F.q. 2, A$ is the difference in temperature inside
and outside the enclosure in Kelvin ['K] and f
u is the
wall thickness [m].A trade-off has to be found regarding
the sue of the enclosure and the thichess of the
insulation within the space constraints of the platform.
AAer several iterations, 30 mm was selected as the wall
thickness of the enclosure (2 x 1.5 mm for the stainless
steel inner and outer walls and 27 mm of insulating foam).
For the fmal estimations, the average surface area of the
enclosure was taken into account, i.e. the average of the
surface areas of the inner and the outer walls. For the
calculations, an arbitrary target temperature of 20 "C
(approximately mid-point in the 0-50 'C range to
guarantee proper operations of all systems) was chosen
inside the enclosure, and -120°C (between the lowest and
average temperature inside the chamber) as the
temperature in the cooling chamber. By substituting the
dimensions of the enclosureA in Eq. 2 is written as:

To avoid optical distortions, the optical filter and the
front of the lens attached to the PSD unit are directly
exposed to the low ambient temperature of the cooling
chamber. As such, special considerations had to be taken
into account.
The lens and filter (from Schneider Optics) are
guaranteed to work correctly from -20°C to +55"C
typically. Although the filter can tolerate temperature
levels beyond these values, the lens is more sensitive and
the focus may change substantially beyond these values.
The c l i t i c and environmental audits for these optical
units were done previously by the company Schneider
Kreuznach according to the standard IS0 9022 (DIN
58390). These tests cover a temperature range between 25°C and 70°C. We estimate that beyond those values,
when directly exposed to an ambient temperature of
approximately -1OO'C for instance, the clearance of the
diaphragm should remain constant and the lens should not
create image distortions. The putty of the lens is thermally
resistant down to a temperature of -125°C. Since the glass
transition temperature of the glue used for the lens is
about 40°C, it is possible that further cooling could not
be compensated any more, and therefore permanent
damages to the glued joints could occur. The diameter fits
of the lens seats decrease by approximately 30 pm
compared to the diameter of the lens. As the clearances of
the fits are smaller, the lens mountings (aluminum or
brass) shrink on the lens and could potentially crush or
damage it. The lens mountings shrink approximately 15
pm in the axial direction relative to the case or packaging
of the lens. Hence, L-shaped elastic threaded rings are
used to hold the lens and to compensate for such changes
in dimensions. Nonetheless, the change in ambient
temperature is always done as slow as possible to avoid
thermal shocks. Furthermore. the index of refraction of
the lens depends strongly on the temperature. As such,
warming bands glued on the lens are also considered to
minimize thermal impacts. For the shrinking of the lensmount on the lens, there are two aspects to consider: First,
the thermal conductivity of the lens glass (l+, < 1 W/(m
'K)) is much smaller than the thermal conductivity of the
aluminum lens mounting (Lm
> 116 W/(m 'K); I,> 115 W/(m 'K)). Therefore, the temperature of the lens
casing follows much more quickly the ambient
temperature inside the cooling chamber. This effect can
be eliminated by changing the temperature very slowly at
the cost of extended latencies in regulating the ambient
temperature in the chamber, adding constraints in
maintaining the temperature of all robots with minimum
variations causing possible thermal drifts on the sensitive
instruments. Second, the coefficients of thermal

In Eq. 3, W I= 0.247m. hi = 0 . 1 7 3 ~ 1dl. = 0.14m,W I
0.247 m, and dl = 0.14 m. With the the specifications
and substituting Eq. 3, Eq. 2 is computed as:
=

I
Q=4.017--..4.
m.K

20T-(-120Y3 =-,,,gw
0.027 m

(4)

The result of Eq. 4 gives the heat loss by conduction
through the walls of the enclosure and calculated for the
ideal case, i.e. a completely sealed enclosure with
homogenous material. It can be assumed that practically,
the heat loss may slightly be higher due to some factors
such as the gaps filled by gaskets, which provide less
insulating performance compared to other sections
entirely filled with the insulating foam.
To compensate for the thermal loss of the enclosure,
a heater with a heat emission higher than 17.9W needs to
be embedded in the enclosure. A 2OW DC heater to
minimize Electro-Magnetic Interferences (EMI) to be
fmed to the roof within the enclosure was selected. The
heat is controlled by varying the DC voltage level instead
of relying on simpler techniques such as on-off control
which could cause significant electrical interferences and
couplings to the sensitive embedded positioning system.
The temperature within the enclosure is measured by a
thermocouple mounted on the PSD, since it is the most
sensitive inshument to thermal variations. The
temperature is typically maintained by the heater to withii
S . 5 "K (set accordingly to an acceptable positioning
error of the PSD specified at a worst case level of 200
ppmi'K) of an arbitrary set point.
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VI.SUMMARY

’

This paper gave an overview of the main technical
issues related to the design of a thermal enclosure for a
special IR position and communication unit used for the
coordination of a fleet of approximately 100 miniature
robots capable of nanoscale operations through an
embedded STM. As the size of these instrumented robots
decreases to increase the density of instruments per
surface area, while the throughput of each robot increases,
heat dissipation due to a reduction of the surface area per
robot available to dissipate the heat becomes problematic
and cannot be solved with known traditional techniques.
One proposed technique is the use of a cooled Helium
atmosphere in a special cooling chamber to increase heat
transfer while decreasing the flow during force cooling in
order to minimize thermal drifts that could affect the
resolution of the instruments. In order to maintain the
temperature of each robot within an operational range, the
Helium atmosphere must be cooled well below the
operating level of electronics and optical systems that
must reside in the same chamber. As such, a thermal
enclosure becomes essential to maintain these systems in
an operational state.
The fabrication of such enclosure was made as
flexible as possible with the size adjusted to the
constraints of the nanorobotics platform including the
angles of sight of the PSD and IR communication
transceivers and emitters. Stainless steel and Polyurethane
have been used to build the enclosure. 27 mm of thermal
insulation using Polyurethane foam and a 20W heater
embedded in the enclosure was used to provide sufficient
protection for the optical and electronic systems.
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