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ABSTRACT
The article provides design details of HOPTER – a
lightweight (10 kg) hopping robot for planetary
exploration. The article devotes particular attention to the
drive mechanism of the three symmetrical actuating legs
- the muscles of the system. Particularly, energy for a
jump (up to 50J and 1800 N force in each leg) is
accumulated in drive springs by the mechanism
consisting of a BLDC motor, a ball screw, latch system
with an electromagnetic release. Each leg can be
controlled separately to a different level of energy, and
hence gives a possibility of directing the HOPTER in any
direction in a 3D space. Attention is brought to the high
durability and strength of the mechanism. The
advantages and drawbacks of the solution are presented
together with a summary of work and applicability of the
system to space missions, i.e. as an add-on to a rover
scout or as an independent swarm of robots.

focused on implementation to microgravity conditions
(NEO, asteroids, comets, Phobos or other small moons).
There are several known concepts for higher gravity, e.g.
Mars Reconnaissance Lander [7] or Hopper with SMA
Actuator [8], but those platforms are relatively large or
with limited controllability.
In contrary to those designs, we came up with an idea of
HOPTER (Fig. 1) - a hopping robot for reduced gravity
(including Mars or Moon), that would remain robust and
energetic, could play a role of a scout robot for a larger
rover or a lander, while being agile and well controllable.
Ø 0.62m
3m

INTRODUCTION AND STATE OF THE ART
Constantly ongoing advancement in space exploration of
celestial bodies requires novel forms of locomotion. This
is to provide traversing capabilities not only on flat
terrain (i.e. landers, rovers) but also more sophisticated
environments, e.g.: undulated terrain or reduced gravity.
Among many forms of locomotion, hopping is one of the
most efficient and universal ways of mobility. This can
be justified by a fact that hopping allows to manoeuver
over obstacles that are much larger than the robot itself,
traction with the ground is not that important, and
especially plays less important role with the decrease of
gravity.
Currently there are several known or proposed solutions
of hopping systems for space exploration. In most cases
they are considered for microgravity environments where
could be used as a scout robot to reconnaissance surface
of the celestial body. Among already implemented space
flight systems we can list: PROP-F hopper for Russian
Phobos-2 mission [1], MINERVA for Japanese
Hayabusa mission [2], DLR’s MASCOT for Hayabusa-2
mission [3] or Philae lander for ESA’s Rosetta mission
which essentially performed spectacular uncontrolled
jumps on a surface of a comet [4]. Among prototyped and
tested systems are, e.g. Hedgehog (JPL/Stanford) [5] or
POGO (John Hopkins Univ.) [6]. All of those systems are
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Figure 1. HOPTER visualization and its hopping
sequence simulated in MSC.Adams (here jumping on a
3-meter cliff in Martian gravity) [10]
HOPTER’s design and working principles differ from the
known solutions. Analysis of scientific instrumentation
for that robot was presented in [9]. Mobility study was
presented recently in [10]. In this article, we focus on the
presentation of HOPTER’s drive mechanism design that
allows to accumulating sufficient energy to perform
effective jumps in Martian or smaller gravity.
DESIGN OBJECTIVES AND REQUIREMENTS
For the purpose of this article, a case of Mars exploration
mission is studied. Our scenario considers HOPTER as a
lightweight scout robot (10 kg) to support operations of a
mother lander or a rover and that could perform few
kilometers traverse in terrain normally considered as a
high-risk (e.g. crater, canyon).
Fulfilling such scenario would meet the general need for
delivering scientific instrumentation to the areas
normally not accessible for rovers and would
significantly lower the mission risk of exploring
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undulated terrains. Consideration of HOPTER in Martian
case is convenient since once solved for that gravity, the
design could be utilized in lower- or microgravity cases.
Its basic mobility features are shown in Fig. 2, [9].

for accumulation of energy in the order of magnitude of
few Jules and which requires movement of accelerated
mass within few millimeters stroke. Tens of Jules, that
are needed for HOPTER, would require significantly
high currents and potentially inefficient exchange of
energy given the inertia of the system.
The third option, that was eventually utilized in our
design, is the accumulation of potential energy in springs.
It was selected due to high energy to mass ratio and
expected highest performance efficiency (once designed
for low mechanical losses, e.g. low friction and effective
momentum exchange in the system, we get back most of
the energy that was accumulated). Springs also give
flexibility in the determination of mechanism loads, e.g.
spring deflection to load forces, mechanism arrangement,
usage of gears or clutches to leverage and release forces
and torques. Next section provides an overview of the
proposed design.

Figure 2. HOPTER’s basic displacement strategies [9]
Given such application, the successful design of drive
mechanism requires to be low-mass, low-power and
highly compact in volume. In order to perform effective
jumps in Martian gravity, it also shall accumulate
relatively high energy that can be released in one strong
impulse. For the assumed overall mass of 10kg energy of
150J is needed to allow for jumps of 1.5m height in Earth
gravity (useful for testing without off-loading
mechanism). Consequently, this corresponds to 4m on
Mars. Such high energy is expected to bring relatively
high shocks and loads onto the robot structure and drive
mechanism, therefore reliable and robust design is
required, that would be capable of performing hundreds
of jump cycles. Low mass and power budgets also call
for high efficiency of the system. It is also important that
the system possesses adjustable levels of released energy
in order to control its trajectories in 3D space.
There are a number of possibilities to consider for energy
accumulation in such a system. This could be done by
mean of either fly-wheel (e.g. MINERVA [2], Hedgehog
[5]), or eccentric mass (e.g. MASCOT [3]). It is very
elegant design for microgravity, where low energies are
required. Such solution gives a possibility for internal
actuation and provides a structure that is compact and
sealed against dust. The drawback is the system’s
efficiency that depends on the inertia of the fly-wheel or
eccentric mass and therefore would require significantly
high rotation velocity or adequately large inertia for
operation on celestial bodies with gravity of Moon or
Mars.
Other ways of accumulating energy is by a mean of
electrical potential as it was done in the case of MUPUS
or CHOMIK devices [11]. Both are types of hammering
instruments that discharge energy accumulated in a
capacitor through electromagnet that accelerates its
moving core to high velocities. That solution is suitable

MECHANICAL SYSTEM OVERVIEW
To proposed HOPTER system possesses a unique
architecture and consists of the main structure in the form
of a disc with three actuating legs distributed uniformly
around it. It has a horizontal symmetry that allows it to
land on any side and be immediately ready for the next
jump without the need to reconfigure (Fig. 1). More
details of the interior and space allocation are provided in
Fig. 2.

Figure 2. Design visualization of HOPTER, disc casing
is semi-transparent to show interior arrangement
The main challenge of the system is the design and
development of drive mechanism for the actuating legs the muscles of the system. Detailed view of the designed
mechanism is shown in Fig. 3. It consists of a BLDC
motor with a gearbox which accumulates energy in the
drive springs through a ball screw finished with an
electromagnetic system for the release of the springs'
latch. Each actuating leg is connected to the loading
system through a dedicated tether which pulls it rapidly
when the springs are released. The maximum energy
accumulated in each drive mechanism is about 50J. Such
high potential energy results in high forces taken over by
the mechanism during loading phase (up to 1800N). Each
actuating leg can be controlled separately to a different
level of energy, which once released result in a torque
acting on the center of mass of the main platform, capable

of directing the HOPTER in any direction in a 3D space.
The linear guidance of the actuating leg is provided by a
dedicated roller system. The essential part that helps to
keep the mechanism compact and strong the same time is
that the tubes used as springs’ guides are used the same
time as a carrier structure for the whole mechanism that
fits between two mounting plates.

Figure 3. Details of actuating drive mechanism in
parked position (not armed). Top: cross-section along
vertical axis; Bottom: cross-section along
horizontal axis
From the analysis provided in [10], we know that
limitation of a mass of the actuating leg is crucial to keep
the as high efficiency of jumps as possible. The proposed
design has the expected mass of the actuating legs on a
level of 0.6kg, which provides about 80% of jump
efficiency (a result of momentum exchange between the
main platform and actuating legs).
Therefore, the actuating leg structure is designed to be
made of a CFRP covers filled with a foam filling to keep
it strong and light. The one central guide tube is
supplemented with two side tracks to block rotation of
the actuating leg around the guide tube and provide
attachment points for the pulling tether at the same time.

WORKING SEQUENCE
This section provides more detailed description of the
principle of operation. The vertical movement of each
actuating leg is driven by a tether. Views of the nominal
and loaded configuration of the mechanism are shown in
Fig. 4. In the current design, while the drive springs are
compressed, the main platform lowers down under its
own weight. Maximum compression of the drive springs
is 55mm and this is naturally the travel distance for the
actuating leg with respect to the main platform.

Figure 4. Top: nominal configuration; Bottom: loaded
configuration. Miniatures on the left bottom corners
indicate position of the main platform w.r.t.
the actuating legs
The work cycle can be described in the following
sequence:
1) The latches are hooked on the roller shafts attached
to the moving plate that compresses the drive
springs. They are blocked against slipping off the
shafts through a collar indicated in Fig. 5.
Importantly, the latch hook has a 3deg inclination
that provides leverage ratio of 1:20 on the collar and
so is loaded with significantly smaller forces.
2) A BLDC motor starts rotating the ball screw through
gear transition and pulls the ball nut with the latch
until it reaches the position adequate to a set value of
energy (to be controlled by a position sensor, not
shown in this article).

Figure 5. Latching hooks (dark red) engaged with the
roller shafts (violet) and blocked against rolling off by
a collar (dark yellow)
3) Once the set position is reached, the electromagnet
is activated and pulls the lock sleeve with the collar
and frees the latches with hooks. Ideally, additional
kick-off springs shall be implemented to make latch
release from the roller shafts even easier (Fig. 6, note
the position sensor and kick-off springs are not
shown).

5) After performing a jump and settling of the
HOPTER on the ground, another latching of the
electromagnet can begin. The BLDC motor turns in
the opposite direction until the end of the possible
movement range, which is just a 3mm behind the
position of the roller shafts. While doing that, the
latches hooks are reset back to the hooking position
forced by a reset sleeve located at the very end of the
ball screw. Once the hook is above the collar, the
collar sleeve is reset back to the latching position by
the return spring (Fig. 8).
6) The work cycle is complete at this stage and
mechanism is ready to load the drive springs again.

Figure 8. Resetting of the latches by the reset sleeve
EXPECTED PERFORMANCE

Figure 6. Release of the latches by activation of
an electromagnet
4) Drive springs are free to release the accumulated
energy and so accelerate the actuating leg through
the tether attached to the moving plate. At the same
time, the collar on the lock sleeve would be reset by
a return spring located inside the electromagnet but
is stopped on the latch hooks (Fig. 7).

Figure 7. Movement of the drive springs and blocking of
the collar once the electromagnet is off

Based on study provided in [10], different hopping
trajectories are determined by releasing various levels of
energy in individual actuating legs. This constraints
potential performance, in a sense that horizontal jumps
are from design less energetic than vertical ones.
Projections of simulated hopping trajectories on a single
plane for different total energy accumulated in drive
springs are presented in Fig 9. Simulation results
consider hopping on a solid and flat surface in Martian
gravity. From the plot, it could be seen that for about 150J
of stored energy HOPTER could jump up to 3.2 m
vertically. Maximum horizontal jump distance of 2.6 2.8 m was achieved for cases with accumulated energy of
98-106 J (with maximum vertical elevation in a range of
1.6 – 2.1 m).

Figure 9. Simulated HOPTER jump trajectories in
Martian gravity (assumed overall mass 10 kg and mass
ratio of actuating legs to main platform 1:9) [10]

MASS AND POWER BUDGETS

CONCLUSIONS AND FUTURE WORK

The overall mass of the HOPTER robot is adjustable, but
for the purpose of this design, a 10kg case was assumed.
The basic mass budget is presented in Tab. 1 and should
be treated with at least 25% of contingency since the
mechanism was not yet prototyped.

The article provided a working design for high energy
drive mechanism of the HOPTER hopping robot.
Particular attention was driven to the justification of the
drive concept, i.e. mechanical potential energy
accumulation by the mean of BLDC motor, gearbox, ball
screw and latching mechanism that hold the springs. The
detailed working sequence was provided, that explained
the importance of the collar that holds the latching hooks
from prematurely rolling off the roller shafts. The
simplicity and symmetricity of the design allow to easily
reset the latching hooks without any additional drive.

Table 1. Breakdown of the mass budget
Mass
Total % of
Component or
# of
of
mass
total
subsystem
items
item
[kg]
mass
[kg]
Cover and
2
0.6
1.2
12
structure
Central roller
3
0.13
0.4
4
support
Tether roller
6
0.04
0.2
2
support
Actuating leg
3
0.6
1.8
18
Inner drive
12
0.04
0.5
5
spring
Outer drive
12
0.1
1.2
12
spring
Loading
mechanism (w/o
3
0.6
1.8
18
motor and
springs)
BLDC motor
3
0.1
0.3
3
with gearbox
Payload
3
0.6
1.8
18
Battery

1

0.5

0.5

5

Electronics

1

0.3

0.3

3

10.0

100

TOTAL

For the basic power budget assumptions, we can assume
that the loading of the drive springs will take 120s.
Assuming 30% efficiency of the energy transfer from
electric power to mechanical one, the expected power
consumption of the mechanical system should be at most
at the level of 4W (when loading to 150J). If we consider
it in a context of the plot provided in Fig. 10, the farthest
horizontal jumps are expected for 100J of accumulated
energy. There are available batteries with 200Wh/kg
energy density, so for previously assumed 0.5kg battery
(Tab. 1), the HOPTER is expected to perform about 1000
jumps without a recharge (an equivalent of 3km on a flat
solid surface). The payload and electronics power budget
is not included at this stage of the research.
Those considerations of mass and power budgets for the
provided herein mechanical design of the HOPTER’s
impulsive drive prove its application feasibility and
expected effective performance.

However, the design is in its early phase, i.e. not
prototyped and awaits a proof-of-concept. Additionally,
aspects such as a dust protection or design optimization
of actuating legs in terms of effective interaction with the
ground were not discussed in the paper and are left for
future consideration.
Despite that, the achieved results are very promising and
prove that it is feasible to develop a hopping robot with a
mass of about 10kg and power consumption of just a few
Watts that would be able to perform effective and
energetic jumps in Martian or lower gravity.
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