A NOVEL SMALL HOPPING ROBOT WITH SMA DRIVEN LEGS
FOR LUNAR EXPLORATION
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ABSTRACT	
  
Small and lightweight rovers with sufficient locomotion
capability on unstructured planetary surface is highly required
for the near future environment surveillance. In this paper, we
propose a cubic configuration hopping rover with six shape
memory alloy driven hopping legs. We conduct a comparative
study between the proposed rover system and a conventional
wheel rover in terms of traversing speed and total energy
consumption. The results showed that the proposed hopping
rover mobility outperformed the conventional wheel driven
rover on lunar gravity environment.
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Figure 1. Rendering of future collaboration
between robots and humans in space.©JAXA	
 

INTRODUCTION

Lunar or planetary explorations have recently received a lot
of attention. For the purpose of expanding human presence in
space in the future, detailed investigation of such
environment is essential. (Fig. 1)
The lunar south polar regions is considered as the first
candidate for a human outpost since it supposedly contain a
large amount of water [1]. To conduct detailed surveillance
of the region, robotic systems that efficiently investigate the
environment are required. In the scope of such missions, they
are hoped to observe radiation, temperature, the existence of
volatiles and detailed terrain geometry [2].
In the previous landing missions, relatively flat terrains have
been selected. But in fact, the lunar polar region is known to
be highly irregular from the observations of the past lunar
orbiter missions [3]. To enhance the terrain traverse
capabilities of rovers, several locomotion paradigms such as
legged locomotion [4] have been proposed. However
bringing heavy robots into space requires much cost and time,
therefore it is inefficient. Instead, the idea of increasing the
frequency of low cost visiting has been actively studied
recently [5]. In such a small mission paradigm, a quite
limited payload is allowed. So, small rovers with sufficient
traverse capability are required.
This paper is organized as follows. In section 2, we present
the advantage of hopping locomotion for small planetary
rovers. We also introduce a symmetric hopping rover concept
in this section. We then describe and analyze a novel shape
memory alloy (SMA) driven hopping mechanism in section3.

Then, we evaluate the traversing capability of the proposed
rover system using dynamics simulator in section 4. Finally,
we summarize our contribution and describe the future work
in section 5.
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A NOVEL HOPPING ROBOT

2.1 Hopping Mobility
Hopping is a promising approach to obtain robot mobility
in low gravity environments. Contrary to the conventional
wheel locomotion, the traverse capability is not directly
affected by their body size. Three main types of hopping
principles exist so far. Namely, torquer mechanisms,
thruster mechanisms, and elastic mechanisms.
Torquer mechanisms are regarded as the most effective
approach to obtain locomotion in the micro gravity
environments such as on comet and asteroid surfaces. And
they have been widely adopted for asteroid exploration
rovers [6][7]. The main advantage of the torquer
mechanisms is on its high controllability. However,
thrusting force obtained by reaction torque is smaller than
that obtained by other approach. Therefore it is difficult to
get full mobility in gravitational environments such as on
the moon or on Mars.
Hopping locomotion with thruster, on the other hand,
offers the largest hopping distance [8]. The main
disadvantage of the thruster approach is the heavy weight

of thrusting system. In addition, it can inherently execute a
finite number of hops. From this reason, thruster systems
have been seldom considered for small rover’s locomotion.
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Hopping systems based on elastic mechanisms are the
commonly used approaches. Although it imposes poor
control capability, these systems represent a good
compromise between the two previous approaches: the
mechanisms are kept simple and ensure a virtually infinite
number of hops. Several researchers working on hopping
rover development have suggested taking advantage of
elastic hopping mechanisms [9][10]. Considering these
advantages, we decide to take this approach for our
proposed hopping mechanism.

SMA is a material that can remember its shape. Its working
principle is phase transformation of the material. When the
material is cooler than its martensite start temperature (𝑀! ),
SMA is soft and deformable. When the material is hotter
than its austenite finish temperature (𝐴! ), it becomes solid
and recovers its original shape. Some researchers have
proposed environment driven hopping mechanism using this
property [11][12]. In this research, on the contrary, we aim to
develop an actively actuated hopper. The proposed
mechanism is shown in Fig. 3. It is composed of three parts:
SMA springs, bias springs, and a latching mechanism. SMA
actuators are insulated from the outer environment with
multilayer insulator sheets (MLI). SMAs are actuated by
inserting electric current. Assuming that SMA actuators are
connected to thermal plates via heat pipes, residual heat in
SMA is released in the outer environment through the thermal
plates during cooling phase.

2.2 Cubic configuration with 6 hopping legs
In order to carry out the exploration tasks, tolerance to
unstructured surfaces is a key parameter. For instance, the
hop bot [9] uses a weight mass to realize self-righting
function, while some robots utilize symmetric configuration
[7] so that hopping performance is not affected by the
landing attitude of the rover. The main issue on designing a
multi-legged hopping robot is that the weight of the driving
system increases linearly with the number of legs. We
propose to use shape memory alloy actuator for our hopping
leg systems to keep the total mass of the rover small.
The configuration of the rover is shown in Fig. 2.
Compared to other polyhedral configurations, such as
tetrahedron or dodecahedron, the proposed cubic type
configuration offers an advantage in terms of launch angle.
Since the angle between hopping leg of the rover and the
ground is 45 degrees, larger hopping distance can be
obtained compared with other symmetric configurations.
Fig. 2 shows the essential components of the rover, e.g.,
central processor, IMU, cameras, batteries, and SMA
driving circuit. To ensure that the rover is able to harvest
solar energy regardless of its attitude, solar array panels are
attached between each hopping leg as depicted in Fig. 2.

SMA DRIVEN HOPPING MECHANISM

3.1 Principle

3.2 Validation of Hopping Mechanism
The 3D printed prototype hopping mechanism is shown in
Fig.3. Design parameters are selected using semi-optimized
brute force searching. The experiment result supports insight
that the proposed hopper is able to output 1.79 J for hopping.
This amount of energy is equivalent to the energy that a 1kg
rover vertically hops up 1.1 m on the lunar surface. The
Detailed discussion of this experiment can be read in our
previous work [13]

Figure 3. SMA driven hopping leg mechanism 	
 

Figure 2.Proposed 6 leg hopping rover
configuration	
 

Figure 4. Hopping experiment by prototype hopper	
 

3.3 Time Cycle Estimation
SMA needs to be cooled down under 𝑀! to keep the
hopper functioning properly. To calculate the approximate
cooling time in the lunar environment, the following
analysis is conducted. Simulation conditions are briefly
described in Fig. 5. Since the lunar surface environment is
vacuum, the effect of heat transfer convention is neglected.
To simplify the analysis, we assume the following
conditions.
・	
  The ground surface is modeled as an infinite plane.
・	
  SMA is connected with the thermal plate via a heat
pipe.
・	
  The sun radiation ray does not directly enter into the
thermal plate.
・	
  The thermal plate is assumed to be a black body (i.e.
both the emission rate and the absorption rate are 1.0).
・	
  The hopper leg is insulated from the outside
environment. Heat exchange between SMA and outer
environment is allowed only through the thermal
plate.

Fig5: Description of the simulation condition	
 

In the following discussion, the temperature of the ground
is expressed as 𝑇! K. The temperature of space is
approximated to be 4 K. The temperature of SMA is
expressed as T K. Thermal dynamics of SMA actuator
under the given assumption is expressed as follows.
When 𝑇! > 𝑇
𝐶
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!"

!!!   !  !!
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Fig6: Temperature change of SMA at ground
temperature of 393, 353, 323, 293, 273 K	
 

When 𝑇! < 𝑇
𝐶
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!
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In the Eqs. 1-2, C denotes the heat capacity of SMA, t
denotes the time, 𝜖! denotes the infrared emissivity,   𝛿
denotes the Stefan Boltzman constant, and A denotes the
area of the thermal plate. In the Eqs. 3-4, 𝐹! denotes the
radiation shape factor between the ground and the thermal
plate, 𝐹! denotes the radiation shape factor between the
thermal plate and space. 𝜃 denotes the launch angle between
the ground and the SMA hopper. In cubic configuration, 𝜃
is 45 degrees.
The initial temperature of the SMA actuator is assumed to
be 353 K, which corresponds to the austenite finish of TiNi alloys (the most well used type of SMA). In simulation,
the surface temperature is assumed to be 𝑇! = 393, 353, 323,
293 and 273 K. The values of the parameters used in the
simulation are summarized in Tab. 1. The temperature of
SMA actuator with respect to time is shown in Fig. 6.

Table 1. Simulation Parameters	
 
Term
Initial Temperature
of SMA
Area of Thermal
Plate

Emissivity
of
Ground
StephaneBoltzman
constant
Heat Capacity of
SMA
Angle

Symbol
𝑇!

Value
353 K

𝐴

2.5×10!!  mm!

𝜖!

0.95

𝛿

5.67×10!!  W/m!K!

𝐶

1.01 J/K

𝜃

45 deg

To ensure the SMA hopper functions properly, the
temperature of the SMA actuators need to be cooled under
293K (𝑀! ). According to Fig. 6, 120s is required to cooled
down the temperature of SMA, if the ground temperature is
293K. On the moon polar regions, it is safe to assume that
the maximum ground temperature is 293K.

3.4 Energy Consumption Estimation
The electrical energy consumed per hop with the proposed
mechanism is calculated using the following equation.
𝐸 = 𝐶∆𝑇

(5)

where 𝐶  and  ∆𝑇 denote the thermal capability of SMA, and
the temperature change of SMA actuator, respectively. In
Ti-Ni alloys, ∆𝑇 is about 80 K (𝐴! - 𝑀! ). Using the
parameters in Table.1, the consumed energy is calculated to
be 81J
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COMPARATIVE STUDY OF TRAVERSE
CAPABILITY

Reducing the cost of missions is an essential part of small
rover exploration missions. In order to ease operation
procedure, increasing the rover autonomy is crucial. In this
section, by applying a simple motion planning algorithm,
we examine the traverse capability of the proposed rover.
We compare the performance of our rover and of wheel
rover which is given a simple motion planning algorithm
as well.

4.1 Problem Setting
We assume that the small rover is deployed from a
medium size mother rover on the lunar surface. The
location in the world reference frame of the small rover
and obstacles are given to the small rover from the mother
rover.
The proposed hopping rover system contains the
following unique characteristics:
・	
  SMA driven hopping mechanism can only be
executed once until it is recharged.

rover picks up 3 legs which face to the ground as
execution candidates. The rover put these to the executable
leg list as long as the leg is not listed in executed list. In
the next step, the rover chooses the most favorable leg
from the executable leg list by calculating the inner
product of goal direction vector and leg direction vector.
The largest inner product means that the leg is the mostly
directed to the goal thus it is the most preferable leg to
execute. If no leg exists in the executable list, the rover
starts charging 6 hopping legs and then it waits until SMA
is cooled down. When the rover completes hopping, the
leg is added to the executed list. By repeating this
procedure, the rover gradually approaches the waypoint. In
the analysis, the hopping capability, the required time for
cooling SMA, and the consumed energy are defined based
on the analysis in section 3. Rover’s performance is
summarized in Tab. 3.

4.3 Motion Plan For A Traditional Rover
We introduce a conventional wheel driven rover so that
comparison between our proposed method and the
conventional approach is performed. Since its size is nearly
equal to the proposed hopping rover, Sourjourner rover from
NASA’s Mars Path Finder Mission [14] is selected as the
competitor (Fig. 9).
We also use a simple obstacle avoidance algorithm for the
wheel driven rover. As it can be seen in Fig. 10, the rover
recognizes the location of obstacles in its own map. The rover
draws a line from its current position of the rover to the goal
point. If the line crosses any obstacles, the rover choses a new
way point in a way that it can be seen in Fig. 10. When the
rover arrived at the new way point, the same procedure is
performed. The rover gradually approaches to the goal in this
manner. Wheel rover’s capability is summarized in Tab. 4.

・	
  It is hard to predict the location and the attitude of
the rover after the hop.
These constraints make the planning problem complicated.
To minimize the traversing time and the consumed energy,
an efficient motion planning algorithm which deals with
the above problems is required. As a first step, we
implement a preliminary motion planning algorithm for
our proposed hopping rover.

4.2 Motion Planning For The Proposed Rover
A motion planning algorithm is described in Fig. 7 and
Fig. 8. Fig. 7 shows how the leg direction vectors and the
goal direction vector are defined. Firstly, the rover
calculates the direction of the waypoint and the direction
of each leg from the current position of the rover. The
rover can distinguish legs which face to the ground from
other legs by calculating inner product of leg direction
vectors and the direction of gravity. From this process, the

Figure 7. Definition of the leg direction vectors and
the goal direction rover	
 

Table 2. Environment conditions	
 
Gravity

1.622  m/s !

Surface

Plane

Stiffness Coefficient

1.0×10!   N/m

Damper Coefficient

1.0×10!   Ns/m

Friction

∞

4.4 Simulation Study Without Obstacles

Figure 8. Motion planning algorithm for the
proposed hopper	
 

Figure 9. Size of Sojourner rover original figure
is in [111	
 

The simulation world is constructed in the Gazebo
dynamics simulator [15]. Dynamics computations are
performed based on the physics engine ODE[16]. We
evaluate the required time and total consumed energy to
reach the goal point (10 m, 10 m) from the starting point (0
m, 0 m). The simulation study is performed on a flat plane
without any obstacle as it is depicted in Fig. 11. The
localization of the small rover is assumed to be obtained
from the mother rover. Recently, a similar concept of
collaboration between small rovers and medium size
rovers has been proposed actively [17]. The other
simulation parameters are summarized in Tab. 2. Fig. 12
and Fig. 13 show the traverse path of wheel and hopping
rover, respectively. Fig.14 shows the distance between the
hopping rover and the goal point with respect to time. The
comparison between the two types of rovers in terms of
traversing time and total energy consumption is
summarized in Tab. 5. To evaluate the traversing time of
hopping rovers, we define the moment when the rover gets
within 2 m of the goal as the goal time of the hopper. For
the fair evaluation, the same definition is used to evaluate
the performance of the wheel type rovers.

Table 3. Property of hopping rover	
 
Mass

0.9 kg

Cooling Time

120 s

Energy per Charge

81 J per leg

Initial velocity of hop

4.73 m/s

Table 4. Property of wheel rover	
 

Figure 10. Obstacle avoidance algorithm for
wheel driven rover	
 

Mass

10 kg

Energy Generation

16 W

Driving Consumption

2 W(estimated)

V

𝟐. 𝟎×𝟏𝟎!𝟐   𝐦/𝐬

Figure 11. Simulation field where no obstacles
exists	
 

Figure 15. Simulation field where obstacle
rocks exist	
 

Figure 12. Traverse path of wheel rover	
 

Figure 16. Traverse path of wheel rover	
 

Figure 13. Traverse path of hopping rover	
 

Figure 17. Traverse path of hopping rover	
 

Figure 14. Distance between hopping
rover to goal with respect to time	
 

Figure 18. Distance between hopping
rover to goal with respect to time	
 

Table 5. Comparison of result	
 

Table 6. Comparison of result	
 

Traversing
Time

Traversed
Distance

Energy
Consumption

Hopping
Rover

498.3 s

58.6 m

1458 J

Sojourner

620.0 s

12.4 m

1240 J

Traversing
Time

Traversed
Distance

Energy
Consumption

Hopping
Rover

528 s

57.9 m

1944 J

Sojourner

1052 s

21.0 m

2104 J

4.5 Simulation
Obstacles

Study

On

Flat

Plane

With

The same comparison is conducted on flat terrain with
obstacles as depicted in Fig. 15. The simulation parameters
are the same as the one used in section 4.4. The traverse
path of the hopping rover and the wheel rover are shown in
Fig. 16 and Fig. 17. Fig. 18 shows the distance between
the hopping rover and the goal point with respect to time.
The performance comparison between both rovers is
summarized in Tab. 6.

4.5 Discussion And Future Work
As depicted in Fig. 13 and Fig. 17, obviously the hopping
rover can never move toward the goal straightforward.
However, the simulation results show that the proposed
system is superior to the conventional wheel driven rover
in terms of traversing time in both fields. The effectiveness
of the hopping rover approach becomes greater as the
ground becomes rough, as shown in Tab. 6.
However, the current motion planning algorithm is quite
preliminary. It is hoped to have more intelligent algorithm
that gives strategy to minimize traversing time or total
required energy considering the future status of the rover.
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CONCLUSION

We proposed a SMA driven light weight hopping rover
for the future lunar exploration missions. Through the
prototype hopping experiment, the thermal dynamics
simulation on lunar environment, the traversability test
with a simple motion planning algorithm, the effectiveness
of the proposed approach is shown. Performance
evaluation with optimized motion planning on more
realistic environment condition should be done in the
future work.
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