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ABSTRACT 
 

A new cooling system for a fleet of scientific instruments in 
the form of miniature wireless robots designed for interactions 
at the nanometer-scale is assessed to determine its limitations. 
Unlike other approaches, the use of a cooling chamber allows 
us to remove an embedded cooling system and maintain the 
overall size of each robot to a minimum, hence increasing the 
density of instruments per surface area and resulting in 
enhanced performance of the platform. The goal of this paper 
is to assess the capacity of this cooling system; not only to 
remove heat but also to reduce temperature fluctuations and 
difference in temperature levels among the robots to maintain 
each robot within an operational temperature range of 0-70 ºC. 
One hundred dummy-robots were therefore placed in a 
custom-built cooling chamber which uses forced air 
convection. The temperature levels of the dummy-robots were 
recorded with power dissipations from 0 to 15 W/robot and a 
maximum air flow rate of 0.5 m/s. It was determined that the 
maximum range in difference in temperature levels among the 
dummy-robots increases by ~ 20 ºC per additional 5 W/robot 
of power dissipation with an initial difference of ~ 40 ºC at 5 
W/robot. An estimated total power dissipation of 10W/robot 
was determined to be a safe limit in order to maintain the 
operating temperature range of the robots between 0-70 ºC. 
For power dissipation over 10W/robot, additional 
compensation methods are required. 
 
Note to practitioners: Although this study is concerned with 
the cooling of a fleet of miniature robots, the results and 
solutions proposed here could potentially be applied to 
other distributed systems where cooling is necessary. More 
specifically, for the cases where cooling of individual units 
is not practical nor possible due to higher costs and/or 
technical constraints, to name but a few reasons, this paper 
proposes a global convection cooling approach of all units 
performed within a chamber. The experimental data can be 
used to assess the viability of this approach to other 
situations and help identifying potential issues prior to the 
implementation. Furthermore, the experimental data can be 
used to provide additional information on issues and 
challenges facing the optimal distribution of such units 
constrained to operate within relatively tight operating 
temperature ranges, and the limits of such approach 
including potential issues related to temperature fluctuations 
caused by local turbulences. 

   
Index Terms - Heat dissipation, cooling chamber, array 

cooling, miniature robots.  
 

I. INTRODUCTION 
 

In [1], a fleet of scientific instruments in the form of 
miniature wireless robots (~ 32 mm × 32 mm × 30 mm) 
designed to interact at the nanometer-scale with an 
embedded Scanning Tunneling Microscope (STM) tip is 
described. The level of miniaturization of each robot named 
NanoWalker is a critical factor that increases the density of 
instruments per platform and hence typically leads to a 
higher throughput rate of operations. Because of added 
latencies when relying on an external computer, many real-
time functions must be embedded onto each robot. These 
complex real-time functions that must be embedded onto 
each robot even after efforts to minimize power 
consumption still call for power dissipation per robot 
exceeding 15 Watts (W) on average where a large 
percentage is due to voltage conversion circuitries required 
to support the high-voltage piezo-actuators and the low-
voltage microelectronics. Due to the small size of the robot 
and the large amount of heat produced by each robot, 
natural convection alone proves to be insufficient to remove 
the excess heat. To remain operational, the temperature of 
the electronics embedded onto each robot must be 
maintained between 0 and 70 ºC, being the operating 
temperature range of the commercial electronics used in the 
present implementation, while maximum temperature 
variations are also a concern for the embedded STM that 
could potentially be influenced with very small temperature 
variations. 

Several heat dissipation methods were considered as 
mentioned in [2]. They include heat sink attachment, forced 
convection cooling with an embedded fan, liquid boiling 
convection, and the use of a cooling chamber. A heat sink 
attachment increases the overall size of each robot which is 
not an attractive option in this particular case. Liquid 
boiling convection such as the use of a special thin jacket 
filled with water has also been considered and tested but it 
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needs refills every few minutes (3 to 5 minutes for the 
present implementation) and as the number of robots 
operating on the same platform increases, this approach 
becomes much less attractive. Forced convection cooling 
with a fan or a similar device installed on the robot would 
increase its overall size and have a negative impact on the 
robot’s accuracy, especially when operating at the 
nanometer-scale. 

Our proposed approach is to integrate all robots in a 
special cooling chamber. This approach has the advantage 
of maintaining the overall size of each robot to a minimum 
while allowing continuous operation. Despite the 
advantages, maintaining the temperature of many units or 
robots within a relatively narrow range of temperatures 
required for proper operation with sufficiently short 
response time and minimum fluctuation in the steady state 
proves to be a complex and different task than cooling a 
single robot. The effects of neighboring robots and the 
constraints for regulating the temperature of an array of 
robots must be well identified and properly considered.  

For many applications, a helium atmosphere within the 
chamber would be selected mainly because it is an inert gas 
with higher heat conductivity than air. An inert atmosphere 
is often important when interacting at the nanometer-scale 
where surface modifications or reactions would otherwise 
occur. Despite these advantages, an air atmosphere is often 
used in Scanning Probe Microscopy (SPM) applications and 
it is also often suitable, for instance in applications 
involving some types of surface modifications (e.g. 
oxidation) or sometimes when biological samples are 
studied to name but a few. Although we are also interested 
in using a helium atmosphere in the cooling chamber, air is 
considered here initially because it is adequate for many 
applications while providing a lower cost alternative. As 
such, the limit of using air is first identified in this study 
prior to considering a helium atmosphere. 

An important aspect of these tests is to find out if the 
temperature of all robots can be maintained in their 
operating temperature range, i.e. between 0 and 70 ºC not 
only in the steady state (or working phase) but also in the 
transient state, i.e. when the power of the system is first 
applied and then turned off and referred to in this paper as 
power-on phase and power-off phase respectively. We are 
also interested in finding the effect due to different power 
dissipation levels of the robots. A last important issue is the 
maximum temperature difference between the robots since a 
relatively large difference will restrict significantly the 
temperature range available for temperature control 
purposes (i.e. maintaining all robots in the fleet within the 
operational temperature range), and possibly make the 
approach unsuitable if the difference is too large. 
Accordingly, maximum temperature differences are 
recorded among the array of dummy-robots in order to 
assess the possibility of regulating the fleet within the 
operating temperature range when differences in power 
dissipation levels exist among the robots. 

II. COOLING CHAMBER 
 
Some of the main design criteria of the cooling chamber 

are the high cooling capacity with a relatively fast response 
time, low temperature variations in the steady state, low 
turbulences to minimize thermal drifts of the embedded 
instruments, low mechanical vibrations to maintain accuracy 
especially when operating at the nanometer-scale and 
minimum temperature gradient. In this particular context, 
the temperature gradient used in this paper is defined as the 
maximum difference in temperature among the robots in the 
array which is a major constraint for cooling a fleet of 
robots. 

 
 (a)  (b)  (c) 

 
Fig. 1. Three different flow configurations 
 

Three main flow patterns or configurations for the 
cooling chamber can be considered, namely: (a). with the 
inlet and outlet located on opposite vertical walls; (b). with 
the inlets on the vertical walls and the outlet on the top wall; 
and (c). with the inlet on the top wall and the outlets on the 
vertical walls. 

 

A. Flow Patterns 
 
In order to raise the density of robots over the working 

surface, the size of the robots was reduced. But it is also 
possible to raise the density of robots on a vertical axis by 
stacking working surfaces one on top of each other. This 
allows us to maximize our working volume. 

In order to stack the working surfaces, it is not possible to 
use a flow other than a horizontal flow (configuration (a)) 
therefore eliminating configurations (b) and (c).  

Another advantage of using a horizontal flow is the lower 
amount of turbulence. There still will be turbulences 
generated when the flow hits a robot but it is the 
configuration with the least amount of turbulence 
generation. 

Here, configuration (a) was still considered to evaluate a 
laminar flow approach for future implementations assuming 
that the positioning and communication units presently used 
and placed 1 meter on top of the robots would be replaced 
in future implementations by another communication and 
positioning methods to achieve higher density of robots per 
volume also to be able to stack horizontal floors. 
 
B. Implementation 
 

Photographs of the cooling chamber specifically designed 
to support a fleet exceeding 100 miniature NanoWalker 
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robots is depicted in Fig. 2. The system (see Fig. 3) uses 
cryogenic cooling instead of a mechanical refrigeration 
approach to achieve lower vibrations, a faster cooling rate, 
and the possibility to reach lower temperature levels. 
Indirect cooling is used in this application where another 
gas, typically air or helium, is cooled when passing through 
a heat exchanger. Liquid nitrogen is used inside the 
exchanger to cool the gas flow. A valve is the only 
controllable component on the chamber other than the 
motor inside the blower. The internal and external 
dimensions (W × H × D) for the chamber or enclosure with 
a stainless steel inner surface are 1300 × 1200 × 1200 mm 
and 1500 × 1400 × 1400 mm respectively. 

The width and depth were selected to provide enough 
surface area to accommodate at least 100 NanoWalker 
robots with sufficient space between the robots to allow 
shorter and effective travel paths between two successive 
locations. The height was determined from the distance 
required between infrared (IR) positioning [3] and 
Communication Units (PCU) (presently used on the 
platform) and the robots as depicted in the diagram in Fig. 4 
to achieve the required specifications. A glass (or another 
similar material) ceiling between the robots and the PCU 
was not considered in this particular case to avoid a 
decrease in the positioning accuracy by distortions of the IR 
signals when passing through the transparent material. But 
such glass could be added for other cases at the cost of 
potentially adding delays in positioning at the nanometer-
scale.  

 

 
Fig. 2. Photograph of the cooling chamber (1. Heat exchanger; 2.-4.  Inlet 
& Outlet Diffuser; 3. Cooling Chamber; 5. Flexible duct; 6. Motor; 7.- 8.  
Systems controller & computer. 
 

 
 
  

 
 
Fig. 3. Block diagram of the cooling chamber showing the components when 
used with air being cooled with nitrogen through a heat exchanger. A filter 
for dust particles not shown in the diagram is also implemented. The 
diagram also shows the location of the inlet and outlet temperature. 
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III. EXPERIMENTAL METHOD 
 

A fleet of 100 dummy-robots was first built to assess 
various heat dissipation levels. Each dummy-robot as 
depicted in Fig. 5 was designed to provide a general model 
of the thermal characteristic of a miniature robot (with 
overall dimensions of 32 mm × 32 mm × 30 mm) with the 
capability to provide thermal dissipation similar to each 
NanoWalker robot.  

 

 
Each dummy-robot consists of power resistors inside a 

copper-made body. Copper was chosen for its very good 
heat conductivity in order to provide constant temperature 
throughout the surface of each dummy-robot when not 
cooled. 

The power supplied was monitored and adjusted 
manually by measurement of the electrical current flowing 
through 4 16� ±5% power resistors in parallel mounted in 

each dummy robot. The copper trace connecting to the 
power resistors were made sufficiently large to achieve 
negligible electrical resistance value. Change in resistance 
due to temperature was compensated and adjusted manually 
at the power supply to maintain constant power during each 
experiment. 

   For reference purpose for other designs, a more general 
model was represented by a cubic body instead of the more 
specific complex shape of the real NanoWalker robot. One 
face of each cubic body was oriented directly toward the 
flow of air such as to provide a worst case condition in term 
of temperature fluctuations throughout the platform caused 
by maximum air turbulences. 

  
 The dummy-robots were distributed as shown in Fig. 6 
with a distance of approximately 40 mm between the robots 
which is similar to the real implementation. Since the 
dummy-robots do not have any embedded electronic 
temperature sensors and a wireless communication interface 
to communicate the temperature levels to an external 
computer as the NanoWalker robots do, thermocouples 
were used instead. Thermocouples (numbered 0 to 7) were 
placed on the surface of eight selected dummy-robots 
represented as black squares in Fig. 7.  

 
The locations of the thermocouples were selected to 

provide a measure of temperature gradient between the 
robots due to their locations and to investigate the main 

 
 
Fig 6. Top view of the distribution of the dummy-robots inside the chamber. 
The number indicates the locations of the corresponding thermocouples. 
 

 
 
Fig. 7. Top view diagram showing the locations of the dummy-robots 
represented as squares and the thermocouples represented by their respective 
number. 
 

 
 
Fig. 4. Diagram showing the inside of the cooling chamber.  

 
 
Fig. 5. Photograph of the dummy-robots showing the power resistors and the 
copper-made body. 
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causes for such differences. For instance, positions 1 and 7 
were selected to investigate the effect of heat when in 
proximity of the inlet and the outlet respectively. Positions 
0, 4 and 6 were selected mainly because they were farther 
from the direct path of the flow of the cooling gas while 
being surrounded by neighboring robots to provide a worst 
case analysis. Locations 2, 3, and 5 were selected mainly to 
confirm and interpolate the results. Only one side of the 
floor was considered because it was verified experimentally 
that the distribution of the air velocity was symmetrical 
from each side of the centerline. 

IV. EFFECTS OF FORCED AIR FLOW AT ROOM 

TEMPERATURE 
 

The effects of a forced air flow alone at room 
temperature were investigated first to assess the behavior of 
the system without cooling compensation. Among many 
constraints which could affect the cooling performance at 
the level of the miniature robots, the cubical shapes of the 
dummy-robots can be a main factor that may cause flow 
separation. Re-attachment and recirculation are other factors 
that can also result in regions of transitional and turbulent 
flows. One previous test for a single cube placed in a 
channel showed the significant influence of the oncoming 
condition on the local flow [4]. The main macroscopic flow 
features being characterized by the horseshoe vortex that 
originates upstream of the cube and deflects downstream 
along the lateral sides are shown in Fig. 8. 

 
 
The other test for an array of cubical protrusions placed 

on a vertical wall that were performed in [5] indicated that 
the temperatures of cubical elements were different from 
each other and varied depending on the locations and even 
varied on the same surface of the cube. Fig. 9 represents the 
flow pattern around an array of cubic elements.  

 
  

If the temperature is very uneven, we must allow a 
margin for temperature control. Again, minimizing 
turbulences inside the system may be strongly required 
since they may affect the precision of the robots. 

Minimum turbulent noise may be achieved by decreasing 
the flow velocity. As the NanoWalker robot and its 
locomotion system are very sensitive, the question that 
arises is whether drag forces induced by the gas flow will 
impact the precision in locomotion of the robot or the 
accuracy of the STM.  

In this particular case, not only the air flow needs to be 
reduced but the speed of rotation of the blower must be 
decreased to achieve frequencies that could be coupled to 
the system well below the resonant frequency of the 
miniature robots, typically in the order of a few thousands 
hertz (~ 4 kHz for the actual version of the NanoWalker 
robot). This suggests that one or a few larger fans may be 
preferred to many smaller fans rotating at higher velocities.  

During the initial test performed with air, a constant 
blower speed of 1000 rpm (16.66 Hz << 4 kHz) was used 
providing an air velocity of 0.5 m/s, with an oxygen level of 
20%, a relative humidity (R.H.) of 34%, a pressure of 1.0 
Atmosphere (Atm), and an initial oT  as depicted in Fig. 12 

of 25.5 ºC for 5 W/robot, 25.0 ºC for 10 W/robot and 27.7 
ºC for 15 W/robot, respectively. A maximum air velocity of 
0.5 m/s (although it could be easily decreased or increased 
in the present implementation) was selected arbitrary as a 
realistic approximated limit that would typically not 
influence significantly the locomotion behavior and the 
nanometer-scale operations of similar miniature robots. 
Nonetheless, such value is specific to future devices 
characteristics and operations. 

To conduct experiments, the power dissipation of each 
dummy-robot was set to 5 W, 10 W and 15 W per robot and 
corresponding to power dissipation levels inside the 
chamber of 0.5 kW, 1.0 kW and 1.5 kW respectively. It 
should be noted that the tests were ended when one of the 
thermocouples measured a temperature above 120 °C (a 
limit of the power resistors used in each dummy-robot). 

As depicted in Fig. 10 (a), (b) and (c), the temperatures at 
the surface of the dummy-robots during the power-on phase 
increase exponentially. It should be noted that the maximum 
temperature differences between the dummy-robots after 
500 seconds of operation were ~ 10 ºC for 5 W/robot, 16 ºC 
for 10 W/robot and 22 ºC for 15 W/robot. These results 
indicate an increase in the difference in temperature 
between the robots with an increase of the power dissipation 

 
 
Fig. 9. Schematic representation of the flow pattern around an array of 
cubical protrusions (from Meinders, Van der Meer, Hanjalic and Lasance 
[4], reprinted with permission) 
 

 
Arc-shaped 
vortex 

Side vortex 
Horse-shoe 
vortex 

 
 
Fig. 8. Schematic representation of the flow features around a surface 
mounted cube (from Hussein & Martinuzzi [4], reprinted with permission). 
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per robot suggesting that the margin available for regulating 
the temperature among all robots in the fleet becomes more 
challenging as the power dissipation per robot increases. 
The increase of the temperature of the outlet of the cooling 
chamber also increases by ~ 1.8 °C per additional 500 W 
after 500 seconds of operation. Based on this observation, 
we can calculate an important correlation ratio between the 
stored thermal energy and the outlet temperature. For 
instance, considering the above case, we can deduce a 
correlation ratio of 7.2 x 10-4 °C/kJ, allowing us to estimate 
the stored thermal energy and the rate of air flow to be 
adjusted depending on the control strategy. More 
importantly, the results showed that with a relatively high 
forced air flow alone at room temperature, the operational 
limit of 70 ºC is reached in only 340 seconds for 15 
W/robot and continues to rise at temperature levels above 
110 ºC.  

For the other dissipation tests, we found that the limit was 
reached in 480 seconds and 1200 seconds for 10 W/robot 
and 5 W/robot respectively. From these observations, we 
can anticipate that the time to reach 70 ºC would be 
exponentially shorter in proportion to the amount of heat 
dissipation. Increasing the air flow rate considerably to 
maintain the temperature of all robots within the operating 
temperature range would definitively increase the risks of 
substantial turbulences that could impact significantly the 
accuracy of the embedded instrument and the locomotion 
behavior of the robots. Such locomotion errors must be 
minimized due to the limit in computation embedded onto 
each robot, the wireless communication bandwidth available 
and the too long latencies when relying on an external 
computer. Furthermore, increasing the air flow may also 
increase the temperature gradients among the robots. We 
must therefore determine which air flow rate will achieve 
our thermal needs while not impeding on the positioning 
and scanning accuracy. 

 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 10.  Temperature of the robots with forced air flow only at room 
temperature during the power on-off phase with 5 W/robot (a), 10W/robot 
(b), and 15W/robot (c). 

 
The temperature falling time is very long compared to the 

temperature rising time. One important issue during the 
power-off phase is that it is the only time where the internal 
temperature levels of the NanoWalker robots cannot be 
monitored since their embedded electronic systems are not 
powered. If not carefully planned, this situation puts the 
robots in a potential risk of exceeding the maximum 
temperature level and hence causing permanent damages to 
the electronics or resulting in the loss of piezo-effects for 
the actuators. This can be dictated by the Curie temperature 
of the piezo-actuators for instance or the limits of the 
electronics, depending on the design. This means that 
during the power-off phase, because the electronics have 
typically more temperature constraints than the actuators, 
the temperature levels of the robots must not typically 
exceed the storage temperature range which is typically in 
the range of C.º 125  toCº55 +−  As such and based on the 
results in Fig. 10, forced convection cooling would not only 
be required in the steady state to maintain the robots within 
the operating temperature range but also likely during the 
power-off phase in order to maintain the robots within the 
storage temperature range. 
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Another interesting observation from the data obtained is 
that there is a difference of  ~ 40 ºC in temperature levels 
among the dummy-robots in this configuration when 
operating at 10W/robot,  allowing only a ~ 30 ºC 
temperature range to maintain all robots within the 0-70 ºC 
operating range.  

Figures 11 and 12 were obtained using an anemometer 
placed on the working surface for the first figure and on the 
top of the dummy-robots for the second figure. 
Measurements were taken at several points and by 
interpolation the figures were generated.  

 

 
Fig. 11 represents the distribution of air flow velocities 

inside the room without the dummy-robots showing that the 
air flow velocity is diffused symmetrically forming a fan 
shape from the main flow central axis. More importantly, 
the farther the position of a dummy-robot is from the central 
axis and at a higher angle from the junction between the 
central axis and the inlet entrance to the chamber, the more 
the intensity of air velocity is reduced from 0.5 m/s to 0.05 
m/s, a maximum ratio of 10 in this particular 
implementation. As such, the air flow velocity with regard 
to the position of the dummy-robot must be taken into 
account in the interpretation of the experimental results. 
 

To get a laminar flow, wider ducts would have been 
needed or a much longer diffuser. But widening the ducts 
would have reduced the efficiency of the heat exchanger 
while a longer diffuser would have required a much larger 
room. Even though a laminar flow is not present inside the 
chamber, its limits can still be studied but the conclusions 
reached must take into account the shape of the flow. The 
fan shaped flow is valid for cooling purposes even though it 
is not ideal. 

The fan shape of Fig. 11 is confirmed by Fig. 10 where 
the temperature increases as we move further away from the 
central axis. 

 
Fig. 12 illustrates the turbulences that were generated in 

the flow due to the robots on the working surface. 

V. EXPERIMENTAL RESULTS WITH POWER DISSIPATION 
 

In additional experimental tests, the limit of this cooling 
method with an air atmosphere for a fleet of 100 robots was 
determined by identifying the maximum power that could 
be dissipated per robot. For the tests, instead of controlling 
the temperature of the dummy-robots, the outlet temperature 
of the room was adjusted while monitoring the temperature 
of the robots. Previous tests showed that the temperature of 
the dummy-robots was related to the variations of the outlet 
temperature. During the experiments, the outlet temperature 
was adjusted by a very simple method named on-off switch. 
The method was sufficient to characterize the thermal 
behavior inside the cooling chamber independently of other 
higher performance control strategies that can be 
investigated at a later time. The error was determined by 
measuring the difference in temperature between the outlet 
and the set point temperature. If the error was positive, the 
nitrogen valve of the heat exchanger was opened otherwise 
it was kept closed. Although simple, this method caused 
important temperature oscillations (providing a worst case 
scenario) that could be minimized by implementing a more 
rigorous control method allowing intermediate openings of 
the valve. 

A pre-cooling phase where the temperature of the 
chamber is lowered was initiated prior to the power-on 
phase while maintaining in the steady state the temperature 
level of the outlet to 0 ºC at the beginning of the power-on 
phase. Again, for all the tests the blower was maintained at 
a constant speed of 1000 rpm, the oxygen level was 
measured at 20%, with a relative humidity (R.H.) of 42%, a 
pressure of 1.0 Atm, and an initial oT  of 24.0 ºC.  

A. Pre-cooling Phase 
The experimental results for the pre-cooling phase are 

shown in Fig. 13. 
 

 
 
Fig. 12 - Distribution of air flow velocity with the dummy-robots. Since the 
flow velocity distribution is symmetrical across the central axis, only the 
upper halve is being shown. 
 

 
 
Fig. 11. Distribution of the air flow velocity without the dummy-robots. The 
graph shows a symmetrical distribution with a reduction of the flow velocity 
farther from the central axis. 
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Fig. 13.  Temperature levels of the dummy-robots during the pre-cooling 
phase. 
 

Again, the amplitudes of oscillations could have been 
reduced by modifying or changing the control method in 
order to keep the valve open continuously. Nonetheless, 
such curves are still acceptable here since the lowest 
temperature level being reached during the pre-cooling 
phase is still greater or equal to the lower bound storage 
temperature range, i.e. -18 ºC � -55 ºC. Furthermore, the 
results show a difference of a few degrees between the 
robots. The robots closest to the inlet are slightly cooler 
than the robots closest to the outlet indicating a small 
temperature variation within the chamber. In the steady 
state, small occurring variations could also be potentially 
reduced by a change in the control algorithm. More 
importantly, the variations in temperature among the robots 
in the steady state are approximately the same indicating 
that air turbulence at 1000 rpm may not be a significant 
source of thermal drifts during the pre-cooling phase. This 
is not necessary true when the dummy-robots are powered 
as discussed later. 

 

B. Power-on Phase 
The power-on phase was initiated when the temperature 

of the outlet reached 0 ºC, a lower bound value that would 
provide the maximum time to maintain all robots within the 
operational temperature range once powered. First, a power 
dissipation of 10 W/robot was used during the power-on 
phase. During the power-on phase, the on-off switch was 
instructed to maintain To at ~ 0 ºC. As shown in Fig. 14, 
during the power-on phase the temperature levels of the 
dummy-robots increase exponentially. It should be noted 
that two dummy-robots exceeded the operating temperature 
limit of 70 ºC and one was very close. 
 

 
Fig. 14.  Temperature levels of the dummy-robots during and following 
the power-on phase with a power dissipation of 10W/robot. 

 
With only 10W/robot, the difference in temperature 

between To set at 0 ºC and the dummy-robots varies from a 
minimum of 25 ºC to a maximum of 85 ºC (see Fig. 14) but 
more importantly, the difference in temperature among the 
dummy-robots already reaches a maximum value or 
gradient of 60 ºC allowing only 10 ºC for cooling control 
purposes. The lower bound temperature level well above 0 
ºC indicates that the target temperature level for the 
controller could have been lowered to below 0 ºC and 
constrained to the value of the temperature gradient 
provided that the parameters such as flow rate to lower such 
target temperature would be adjusted accordingly and the 
effects of doing so would not have a significant impact on 
the operations of the robots. In Fig. 14, the amplitude of the 
temperature fluctuation is ∼ 10 and 20 °C with a time period 
of ∼ 250 sec. 
 

C. Effect of Decreasing the Heat Dissipation per Robot 
from 10 W to 5W in the Steady State 

Fig. 15 shows the effect of decreasing the heat dissipation 
per robot from 10W to 5W. As in the case with 10W/robot, 
the temperature at the surface of the dummy-robots closer to 
the central axis experiences larger temperature oscillations 
with smaller amplitudes for the 5W/robot. Compared with 
the previous experimental results at 10W/robot, the 
differences in temperature between To and the dummy-
robots vary from 10 ºC to 50 ºC instead of a minimum of 25 
ºC to a maximum of 85 ºC. In particular the difference in 
temperature among the dummy-robots at 5W/robot already 
reaches a maximum value of 40 ºC, which is lower than the 
60 ºC for 10W/robot. The amplitude of the temperature 
fluctuation compared to 10W/robot is more than halved at ∼ 
2.0 and 10 °C with a similar time period of ∼ 250 sec. 
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Fig. 15. Temperature of the dummy-robots during the passage from 10W 
to 5W per robot. 
 

D. Maximum Power Dissipation in the Steady State  
 
 

 
Fig. 16. Temperature levels with an increase of the power dissipation from 
5W to 15W/robot. 
 

In the final implementation, the NanoWalker robots 
would begin operating immediately when the power-on 
phase is completed, i.e. when the temperature range of the 
robots becomes steady within the operating temperature 
range. An important issue to identify the limit of this 
cooling approach is to determine the maximum power that 
can be dissipated per robot under these conditions. The 
power dissipation was then increased from 5W/robot to 
15W/robot. When the thermal dissipation is increased to 
15W/robot, while maintaining Cº 0≈oT , the temperatures 

of the dummy-robots increase exponentially with substantial 
fluctuations. An important fact is that the range in 
temperature difference among the fleet of dummy-robots 
increases with an increase of the thermal dissipation per 
robot. For instance, as depicted in Fig. 16, with oT = ~ 0 ºC, 

increasing the thermal dissipation from 5W/robot to 
15W/robot increases the difference in temperature among 
the dummy-robots from ~ 40 ºC to ~ 80 ºC respectively 
indicating a limit of approximately 15W/robot with the 

present implementation and imposed conditions (e.g. flow 
rate, etc.). 

VI. DISCUSSIONS AND CONCLUSIONS 
 

If the variations in temperature caused by turbulences are 
still at an acceptable level, this would suggest that higher 
flow rates could potentially be used but would typically be 
limited by the effects on the accuracy of the robots. By 
observing the temperature levels of thermocouples 3 and 7 
versus thermocouple 1 for instance, we can observe that a 
slight increase in the flow velocity would result into 
substantial heat dissipation. This suggests that the maximum 
tolerable power dissipation could be increased further until 
the behaviors of the robots become affected significantly. 
As such, another impact in the miniaturization of the robots 
is an increase of their resonant frequency making them more 
immune to lower frequency vibrations but the surface 
available to dissipate the heat would also be reduced. 
Beside the vibrations caused by the robots when moving 
between two locations and which can be coordinated to 
avoid errors caused by vibrations on the embedded 
instruments, the blower is the only moving part within such 
a system that is running continuously and hence, the only 
embedded source of potential vibrations that can cause 
significant errors on the operations performed at the 
nanometer-scale. Although precautions have been taken 
during the design phase to minimize mechanical coupling 
between the fan and the platform, there are still the 
possibilities for coupling vibrations at a sufficient level to 
impede the accuracy of the instruments. Hence, the 
rotational speed of the fan is not only limited by the level of 
turbulences but also by the resonant frequency of the robots 
limiting here the maximum fan rotation to much less than 
the resonant frequency of the robots, which is easily 
achievable especially when using large fans. Nonetheless, it 
is more likely that the resulting air flow will be the limiting 
factors and become more of an issue as the weight of each 
robot decreases further since such flow would have a larger 
impact on their locomotion behavior. 

An impending problem will be due to thermal expansion 
of the different materials especially around the working 
zone that result in several nanometers for very small 
temperature fluctuations. Hence, a more sensitive 
temperature control method needs to be developed for this 
specific area in order to maintain the temperature 
sufficiently constant for nanoscale operations. 

From the results presented in Sect. V and the results for 
5W, 10W, and 15W per robot as depicted in Fig. 10, a first 
approximation suggests that with 100 robots under these 
conditions, the range in difference in temperature levels 
among the robots increases by approximately 20 ºC per 
additional 5W of power dissipation per robot with an initial 
difference of ~ 40 ºC at 5W/robot. For an operating 
temperature range of 0-70 ºC in a worst case scenario, this 
cooling approach within a similar cooling platform would 
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be limited to a maximum difference in temperature of 70 ºC 
corresponding from our experimental results to an estimated 
maximum power dissipation of ~ 13-15W/robot 
corresponding to a total of ~ 1.3-1.5 kW for the entire fleet 
of 100 robots. The maximum power dissipation could 
potentially be increased beyond this limit if the flow rate is 
increased provided that such increase does not impact the 
accuracy of the robots. These results assume that a proper 
control method should be implemented to maintain all 
robots within the operational temperature range and that the 
same control method could reduce the fluctuations in 
temperature for each robot. As such, the on-off switch used 
in these experiments and which had a sensitivity of 0.5 ºC 
was not optimal and represent in this particular study a 
worst case scenario in reducing such temperature 
fluctuations.  

Although a constant flow rate throughout the array of 
robots could have been suitable for many reasons, this 
configuration was assessed as a worst case scenario. A 
constant flow rate would require a larger platform and in 
order to maintain the overall size as small as possible, this is 
often not an option. Maintaining the overall size of the 
platform constant could have potentially been achieved 
through an additional wall next to the inlet consisting of an 
array of small holes to distribute the flow evenly. 
Nonetheless, this structure would reduce the efficiency in 
flow rates and as such, a fan shape flow was considered an 
acceptable approach in this context. 

As depicted in Fig. 12, adding the dummy-robots 
produces very complex disturbances and reduces the 
intensity of air flow velocity to a maximum value of 0.35 
m/s compared to the previous tests performed without the 
dummy-robots. Furthermore, although a constant air flow 
throughout the fleet of robots could be preferable in some 
situations, it would make the implementation of the cooling 
chamber extremely complex and difficult to realize within 
the space constraints while maintaining maximum flow 
efficiency. 

The experimental results obtained in this paper with air 
flow indicate that a larger fleet of miniature robots would 
experience more difference in temperature throughout the 
fleet than a smaller fleet of robots or a single robot due to 
the complex thermal and air flow interactions from 
neighboring robots. The experimental results presented in 
this paper also suggests that beyond this upper bound level 
of power dissipation, a special attention would be required 
in developing means to reduce the difference in temperature 
among the robots to a minimum in order to lower further the 
temperature inside the chamber while maintaining the 
temperature of all robots within the operating range. For 
instance between 10W/robot and 5W/robot under the same 
conditions, no additional approach is necessary, provided 
that the total variation in temperature levels caused by non-
homogeneity in power dissipations among the robots do not 
exceed  ∼ 10 ºC and 30 ºC respectively. However, with a 

maximum air flow rate of 0.5 m/s, a fleet of 100 robots 
dissipating 15W/robot resulting in heat gradient equivalent 
to the operating range of 70 ºC would require an additional 
technique. 
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