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1. Abstract 
 
In the context of future Lunar and Martian 

exploration rover operations, “high speeds” (ranging 
from 300 m/h to several km/h) are going to be 
necessary for covering the required distances within 
the mission planning constraints [23]. Such speeds 
may require increased power for rovers. As the mass of 
rovers is also expected to increase, there may be 
questions of how to power these vehicles. In this 
context, investigating ways to optimize the efficiency 
of rover motion over various types of terrain (ranging 
from solid bedrock to loose sand), is becoming a 
relevant research topic. 

Answering to this need, an innovative concept of 
an all-metal flexible wheel with variable stiffness is 
presented. The wheel can continuously and 
automatically adjust its radial stiffness according to 
soil conditions. Wheel breadboard models have been 
tested individually as well as by using a set of six of 
them, mounted on an ExoMars-like triple bogie full-
scale rover model, on a dedicated testbed facility. 

A number of authors have studied traction ([1, 3, 4, 
5, 7, 17), with some addressing wheel operation in 
reduced gravity conditions, ([10, 11, 18, 20, 21]. Very 
few authors addressed energetics. Issues of energetics 
have been investigated for transport in general by [2, 
22]. For all-terrain land vehicles, the subject has been 
addressed in [1], with focus on the morphology of the 
overall vehicle rather than wheel design.  

In this paper, the Cost of Transport (CoT) has been 
derived as a function of wheel stiffness, rover load and 
soil conditions. The experiments were done at HTR’s 
Laboratories (Lamia, Greece) and the results presented 
in this paper refer to test campaigns that took place 
both in the context of the ESA project Adaptable 
Wheels for Exploration (AWE) and after the end of the 
contract. The related work (ESA Contract number 
4000112936/14/NL/SFE) has been performed by HTR 
SA Greece in collaboration with the Control Systems 
Laboratory (CSL) of the School of Mechanical 
Engineering of the National Technical University of 
Athens (NTUA), as well as with TRASYS 
International SA Belgium. The developed prototype 
wheel is patented and consists of metallic parts only. It 
is intended for use on Lunar or Martian rovers. 

 

 
2. Introduction 

 
The AWE (Adaptable Wheel for Exploration) 

wheel design consists of a fully metallic wheel, using 
leaf springs for flexibility. The springs are arranged in 
a way to provide non-linear, gradually increasing 
radial stiffness behavior upon loading, mimicking the 
behavior of wheels with pneumatic tires. Figure 1.1 
shows such a wheel on the testbed. 

 

 
Figure 1.1: AWE Prototype wheel. 

 
Using a patented mechanism, the AWE wheel has 

the capability to modify its radial stiffness. This is 
done during normal wheel operation and does not 
require any type of external intervention on the wheel. 
The stiffness is controlled by a dedicated 
microcontroller mounted on the wheel. Figure 2.1 
shows the leaf spring arrangement for the AWE wheel.  

 
Figure 2.1: AWE wheel leaf spring arrangement. 
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Thanks to a specially designed mechanism, the 
springs are preloaded against each other, altering in 
that way the stiffness of the wheel rim consisting of 
hinging caterpillar track plates, much in a similar way 
a pneumatic tire can be inflated or deflated. As a result, 
the contact surface of the wheel periphery with the 
ground decreases at higher stiffness and increases with 
lower stiffness, for given axis load and soil conditions. 

The above-mentioned mechanism can effectively 
modify the AWE wheel stiffness by a factor of 4. The 
minimum stiffness achieved for the given wheel design 
is 2.5 kN/m, while the maximum stiffness obtained is 
10.0 kN/m. The experimental wheels have a diameter 
of 340 mm, a mass of around 3.5 kg and a nominal 
load capacity of 300 N. The motorization applied 
allows torques up to 30 Nm and speeds up to 1 km/h. 
The wheel is designed for a maximum speed of 10 
km/h. Wheel breadboard models have been tested 
individually as well as by using a set of six of them, 
mounted on an ExoMars-like triple bogie full-scale 
rover locomotion subsystem model, on a dedicated 
HTR-designed testbed facility, see Fig. 2.2. 

 

 
Figure 2.2: Full scale ExoMars type rover integrated by 
HTR for AWE tests, also equipped with solar panels for 
outdoor tests. 

 
Energetics have been measured as a function of 

wheel stiffness, wheel load, drawbar pull and soil 
conditions, and demonstrate significant impact from 
the use of variable stiffness wheels in varying soil 
conditions. Rover tests studying the soil-wheel 
interaction, focused on the power used by the rover for 
a range of speeds, as a function of wheel stiffness. The 
rover has a mass of 96 kg plus a 10 to 50 kg payload 
and has been moving over lunar simulant crushed 
basalt soil of 20%, 40% and 60% relative density. 
 

3. Test setup and measuring process 
 
3.1  Testbed 
A specially designed facility has been integrated at  

HTR for the purpose of AWE wheel testing. The 

facility consists of a double-corridor testbed where soil 
conditions, slope, axis load and imposed draw bar pull 
can be modified at will, see Fig. 3.1. 

 

 
Figure 3.1: Testbed setup for rover tests. 

 
Figure 3.2 shows the setup for single wheel tests. 

For single wheel tests, the wheel is kept on track by a 
passive chariot. The sole motorization applied is the 
wheel motor on the wheel axis. There is no imposed 
motion on the chariot. For drawbar pull tests, there is 
an imposed force on the chariot in the form of dead 
weight, dragging the wheel against its direction of 
motion (Figure 3.2). Adequate small balancing weights 
compensate friction of the guiding chariot. Additional 
sensors measure the real time value of drawbar pull 
force developed by the wheel. 

 

 
Figure 3.2: Test setup for single wheel tests. 

 
For CoT tests, the imposed drawbar pull is zero; 

however, the wheel / soil interaction induces motion 
resistances that the wheel actuator has to overcome.  

When tests for energetics are performed at single 
wheel level, the power is directly connected to the 
wheel actuator (not through power electronics) and 
voltage and current are measured at motor level.  

All motion parameters and developed forces are 
monitored and logged. 

For rover tests, the rover has been mounted on the 
testbed, as shown in Fig. 3.3. 
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Figure 3.3: Test setup for the entire rover. 

 
For tests with the entire rover, the on-board 

controller of the rover was used for wheel motion 
control. The reported power needs at the rover level 
was around 18W of power used by the on-board 
controller, as well as for the losses of the power 
electronics of each of the 6 motors of the rover. 

 
3.2  Lunar soil simulant used 
Crushed basalt has been used as lunar soil simulant, 

[6], imported from Sicily, South Italy. Fig. 3.4 shows 
an X-Ray diffraction graph for the composition of our 
soil sample as obtained by the Laboratory of Soil 
Mechanics at NTUA. 

 
Figure 3.4: X-Ray diffraction graph for the composition of 
our crushed basalt soil sample. 
 

3.3 Determination of soil relative density. 
A methodic process has been followed in order to 

guarantee the homogeneity of the relative density of 
the soil in the testbed. The testbed has been filled with 
soil using a special canister. The canister used is of 
cylindrical shape, 17 cm height and 16 cm diameter, 
see Fig. 3.5. 

 
Figure 3.5: Soil canister dimensions. 

The canister weights 300 g; when filled with soil 
(crushed basalt) it weighs 5200 g. So, the amount of 
the soil that it contains weighs 4900g. The soil in the 
canister is uncompressed. 

 
Figure 3.6: HTR testbed bin dimensions. 

 
To fill one of the bins of the testbed with soil, 112 

canisters are needed. Knowing all the dimensions, we 
are able to calculate the volume and the mass of the 
soil. The volume in a bin is equal to 0.3697 m3, and the 
soil mass in the bin is measured as explained above. 
Using the equation for the relative density we can 
easily find the relative density of each bin. In this way, 
we can achieve a relative density ranging from 20% to 
60 %, by compacting the layers of soil filled in the bin 
during the process. In our tests, we used 3 relative 
densities for the crushed basalt, 20% ReD (114 
canisters of soil needed), 40% ReD (121 canisters of 
soil needed) and 60% ReD (129 canisters of soil 
needed).  
 

3.4 Cost of Transport 
A large number of tests have been conducted in HTR’s 
facilities to determine the impact on energetics that can 
be achieved from the stiffness modification of the 
wheels. As a metric for efficiency, the CoT has been 
used. The term has been introduced by Gabrielli and 
Von Karman [2, 22] and relates to: 
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Where Power is the power provided to the vehicle, 

Speed is the average speed of the motion in m/s and 
Weight is the weight of the vehicle in N. For a given 
vehicle, operating on a specific type of soil, the CoT 
represents a metric of its efficiency. The CoT applies 
to all transport means, i.e. land vehicles, trains, ships, 
airplanes, etc. In the context of AWE, we investigated 
if it was possible to optimize the CoT for the given 
wheel and actuator design, by modifying the wheel 
stiffness for given axis load, soil conditions and speed.  

 
4. Test results 

 
The CoT tests are conducted on flat terrain, with 

zero drawbar pull. Direct measurements of the power 
provided to the wheel motor (without the use of the 
power control electronics) have been used, in order to 
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guarantee that the power measured was only used by 
the wheel motor and not by other passive components. 

Tests comprised individual wheel tests as well as 
tests at rover level. The tests focus on the power used 
by the wheel for operation on soils of various relative 
densities, as a function of wheel stiffness, axial load 
and wheel speed, affecting the resulting CoT of the 
vehicle. Representative results can be seen in the 
following sections, related to Single Wheel Tests and 
Rover Tests. 
 

(a) Single Wheel Tests 
Multiple tests are represented in each graph, 

showing the evolution of power needs as a function of 
speed. The CoT is calculated in each case and 
presented in the graph. The wheel during tests is 
shown in Fig. 4.1. 

 

 
Figure 4.1 : Single wheel during tests. 

 
In the first graph shown in Fig. 4.2, the wheel 

moves on a 40% ReD crushed basalt soil, with an axis 
load of 180 N (yellow line) and an axis load of 220 N 
(blue line). Wheel stiffness is 7 kN/m. 

 

 
Figure 4.2: Cost of transport for wheel stiffness 7 kN/m for 
axis loads 180 N and 220 N based on total consumption and 
zero inclination. 
 

Similar tests are done with wheel stiffness of 4 
kN/m and shown in Figure 4.3. 

 
Figure 4.3: Cost of transport for wheel stiffness 4kN/m for 
axis loads 180N and 220N, based on total consumption and 
zero inclination. 
 

Finally, the same tests have been repeated with a 
fully rigidified wheel. This has been achieved by 
blocking all spring action on the wheel. The results are 
shown in Fig. 4.4. 

 

 
Figure 4.4: Cost of transport for rigid wheel for axis loads 
180 N and 220 N based on total consumption and zero 
inclination. 
 

In the above graphs, the CoT for the wheel in 
operation at a speed from 200 m/h to 500 m/h, is 
shown on the same soil conditions (crushed basalt, 
40% ReD) with two different axis loads, 180N and 
220N. The wheel, with zero drawbar pull and 7 kN/m 
rigidity, has an average CoT of 0.34 with axis load of 
220 N, and an average CoT of 0.362 with an axis load 
of 180 N, for speed of around 300 m/h. It is noticeable 
that in both axis load cases, the curves present minima.  

A similar situation is observed for a rigid wheel on 
Figure 4.3 with a CoT value around 0.35 for 220 N 
load and a CoT value of 0.384 for 180N load.  

For the wheel with stiffness at 4 kN/m, see Figure 
4.2, a clearer minimum appears, with a CoT value of 
0.356 for 220N and 0.37 for 180N. 

The tests show that the best performing wheel for 
the range of 180Ν to 220N axis load appears to be the 
one with 7 kN/m stiffness. This situation changes 
drastically when the axis load is modified, as it can be 
seen from the figures below.  
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The graphs show again the results from multiple 
single wheel experiments. A comparison for 90 N and 
130 N axis load and 4 kN/m stiffness is shown in Fig. 
4.5. In this case a minimum CoT of 0.44 is observed at 
380 m/h. 

 

 
Figure 4.5: Cost of transport for 4kN/m elastic wheel with 
axis load 90N and 130 N and speed from 200 to 500m/h. 
 

If we increase the wheel stiffness to 7 kN/m (60% 
of the full range) operating on 40% relative density 
crushed basalt, we obtain for axis load 130N the results 
shown in Figure 4.66. The test presents a minimum 
CoT of 0.52 at a speed of 240 m/h up to 460 m/h . 
 

 
 Figure 4.6: Cost of transport for a 7kN/m elastic wheel with 
speed from 150 to 500m/h. 
 

The above results show the different impact that 
variable compliance can have on CoT, as a function of 
the axis load. In the case of 220N axis load, the impact 
of variable compliance on CoT was negligible, slightly 
favoring the wheel at 7 kN/m stiffness. However, for 
axis load of 90 to 130N, the wheel at 4 kN/m stiffness 
is obviously performing better, with a CoT ranging 
from 0.585 to 0.44 versus the performance of the 7 
kN/m wheel, with a CoT ranging from 0.675 to 0.52. 
The difference in CoT reaches an average of a 20% 
gain in favor of the wheel with the lower stiffness, for 
axis loads 90 to 130N. 

It seems therefore that there can be a significant 
impact from stiffness on the energetics of the wheel 
during motion with varying axis loads. Of course, if 

the soil conditions change, this performance can be 
modified (for instance, on a very soft soil, the power 
drain of a stiffer wheel can be expected to become a lot 
higher than the drain of a more flexible wheel). 
Obviously, the results also largely depend on the 
actuator used. The actuator in use here has been 
optimized for operation at a speed around 400 m/h. 
However, it appears that the optimization process 
should also take into account the stiffness of the wheel 
for each case. 
 

(b) Rover tests 
Regarding tests with the rover, see Fig. 4.7, the 

following figures present a number of consolidated test 
results. Tests with the rover involved measurement of 
the power used by the rover at battery level, therefore 
comprising the overhead of processors and power 
cards (overhead estimated in total around 18 W).  

 

 
Figure 4.7: Rover during tests. 

 
Fig. 4.8 displays results for a wheel of stiffness 4 
kN/m. The rover has 100 N additional load and a total 
weight of 1060 N. 
 

 
Figure 4.8: Cost of transport for rover with average 
stiffness 4kN/m and soil relative density 40%. Average 
axis load per wheel: 177N. 
 

The optimal CoT of 0.459 occurs around 400 m/h. 
If we change the wheel stiffness to 8.5 kN/m and run 
the tests again, the results in Fig. 4.9 are obtained. 
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Figure 4.9: Test with total weight 1060N, stiffness 8.5 kN/m. 
 
Here, the detailed log from each individual run is given 
below: 
 

 
 
with an optimal value of 0.422 at 472m/h. The results 
confirm the single wheel tests. As in the case of a 
single wheel, the axis load of 177 N seems to favor a 
higher stiffness in order to achieve a lower CoT. 

A comparative test for the same soil, with the rover 
with a load of 200N and an axis load for each wheel at 
193 N, with wheels at 4 kN/m is shown below. 
 

 
Figure 4.10: Test with rover of 200N load, 4 kN/m stiffness. 

 
The following table gives the log during the test: 
 
 
 

 
 
with an optimal around 0.4 at 500 m/h. 

 
Keeping the rover load to 200 N, we obtain the results 
in Fig. 4.11, for stiffness of 8.5 kN/m. The detailed log 
from each individual run is given next: 
 

 
 

 
 

 
Figure 4.11: Cost of transport for rover with total weight of 
1160N with average stiffness 8.5kN/m and soil relative 
density 40%. 
 

Giving a CoT of 0.314 for 520 m/h. Again, the 
higher the axis load, the best results are obtained from 
higher stiffness wheels for the specific soil. 
 

(c) Comparative Graphs for rover tests 
Figure 4.12 shows a comparative graph for stiffness 

4 kN/m and 8.5 kN/m for the same soil at 40% ReD, 
for the rover of total weight of 1160N. 
 

 
Figure 4.12: Cost of transport comparison for 40% ReD soil 
cases for rover of 1160N total weight and two different wheel 
stiffness used. 
 

These experiments show that an average CoT 
difference of the order of 20% exists for the speed 
range of 100 m/h to 500 m/h, for the two selected 
values of wheel stiffness, favoring the wheels with 
higher stiffness. This difference can be expected to 
further increase, when the speed increases to one or 
several km/h. The overall impact on CoT can therefore 
be important. It is clear that the CoT heavily depends 
on the selected wheel actuators, the power control of 
these actuators, the mechanical transmission used, etc. 
However, the presented test campaign has kept all 

 LOG ; CoT for 8.5kN/m, 100N 
Load 

LOG: CoT for 4kN/m, 200N Load 

LOG: CoT for 8.5 kN/m, 200 N load 
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other significant parameters exactly the same, in order 
to evaluate the role of wheel stiffness in the process.  

 
5. Results used as indications for a high-speed 

lunar rover application 
 

Tests with the HTR rover at Earth gravity 
conditions have shown that the 96 kg rover with a 20 
kg (200 N) payload is able to operate at a speed of 
500m/h on soft ground at a CoT of 0.38. This 
represents a power cost of 

 
P(W) = 1160 N x 0.139 (m/s) x 0.38 = 62 W 

 
including the 18 W power needed by its processors.  
This means that during the rover operation, the 6-
wheel actuators need a total of 44 W only. According 
to the above, considering a lunar rover of similar 
configuration, it appears that 500 m/h could be 
achieved with this type of rover / wheels on the lunar 
surface at a similar cost of around 44 W, if the wheels 
operate at similar loads. Taking into account gravity 
factors, we can observe that the 45 W anticipated 
power for the wheel drive motors of the rover could be 
sufficient for a total rover mass of 720 kg, (with 1160N 
weight at lunar gravity conditions), and a similar speed 
of 500 m/h on soft basaltic soil. Although these 
extrapolations need to be verified in further terrestrial 
tests, these figures are promising for the future of high-
speed exploration rovers. The use of variable 
compliance wheels appears to be promising towards 
the optimization of the operation of such rovers.  
 

6. Proposed Wheel Stiffness optimization 
process 
 

The test campaign has produced an amount of 
experimental results that help answer the questions 
related to wheel stiffness optimization for long 
traverses. It appears that optimal stiffness for given soil 
conditions and axis load on a wheel, may significantly 
modify its cost of transport for a specific speed range. 
The optimization process becomes more critical when 
the mass of the system increases. If wheels with fixed 
stiffness are to be selected for a mission, the stiffness 
to be applied should be validated through extended 
testing. AWE wheels could facilitate the selection of 
optimal wheel stiffness to be used. During the 
experimental campaign, the projected wheel load and 
speed should be tested with varying wheel stiffness in 
order to observe the impact of stiffness parameters on 
wheel performance and CoT. The AWE wheels would 
facilitate such test campaign, since their stiffness can 
be modified easily during tests. If the average axis 
load, actuator to be used and rover speed are a priori 

known for a certain mission, as well as the average 
type of soil to be encountered, the AWE wheel could 
be used for a test campaign aiming to define the 
optimal wheel stiffness to be applied. The AWE wheel 
could then be used for the tests and their stiffness 
altered until the optimal stiffness is selected through an 
optimization process based on important factors such 
as traction and energetics. The selected optimal 
stiffness could then be applied for the final wheel 
design.  
 

7. Conclusion 
 

This paper presents the results of AWE (ESA 
Contract Number 4000112936/14/NL/SFE) project, 
dealing with adaptable wheels for lunar and planetary 
exploration rovers. The wheels provide the 
opportunity to perform many experiments, relating 
wheel stiffness with traction and energetics on various 
soil conditions. The test results indicate that it is 
possible to optimize the wheel parameters (such as 
stiffness) for optimal performance (energy spent), on 
various soil conditions and wheel loads. Taking also 
into account the wheel actuator, the tests appear to 
offer a possibility to predict the wheel behavior (and 
the behavior of a rover utilizing these wheels), 
including the power and energy needed for given soil 
conditions.  

A significant impact on the CoT from the use of 
variable stiffness wheels on varying soil conditions has 
been observed. The effect of wheel stiffness appears to 
achieve up to 20% economy on the net power needed 
by a wheel of a 4 kN/m stiffness over soft 40% ReD 
basaltic sand soils, when compared to the power 
needed for a wheel with a 7 kN/m stiffness over the 
same soils, when both wheels bear an axis load of 90 
to 130N. Therefore, for the range of 90 to 130N, the 
wheel stiffness of 4 kN appears to be more efficient. 
On the other hand, there appears to be a 20% 
difference on the CoT from the use of a 8.5 kN/m 
stiffness of the wheel versus the use of a “sub-optimal” 
stiffness of 4 kN/m, when the wheel has an axis load of 
180 to 200 N. Tests with the rover moving on the exact 
same soil conditions confirm this fact, under the same 
speed and the same payload values. These experiments 
show that adapting the wheel stiffness as a function of 
soil and axis load conditions may generate some 
significant economy on the CoT. 

The overall results show that we can obtain a 
significant economy by altering the wheel stiffness on 
the energetics of the wheel, which can be in the order 
of 20% in terms of energy spent during locomotion. 
Also, it appears that the CoT varies with load and 
speed. Optimal results may vary with load, meaning 
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that a wheel stiffness that appears optimal for certain 
load conditions may not be optimal when the load 
conditions are modified. Although the CoT 
measurements presented largely depend on the actuator 
used, the fact that for the same actuator, a number of 
optimal operating points can be defined, shows that the 
correct combination of stiffness and actuation can 
provide minimal cost of transport for a given wheel 
and vehicle configuration. 

Finally, it must be noted that the optimal cost has 
been measured on the single wheel tests as NET power 
provided to the wheel (excluding losses on electronics, 
processors etc.), while on the rover tests, all power 
consumptions related to the motion of the robot have 
been taken into account (electronics, processors etc.). 
This fact did not seem to have a significant impact on 
the CoT, due to the high mass of the rover. 
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