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Abstract— We present a rolling and jumping underactuated
monopedal robot designed to explore multimodal locomotion on
low-gravity bodies. It uses only two reaction wheels to control its
spatial orientation with two controllers: a balancing controller
which can aim the robot’s jump direction on the ground, and an
aerial reorientation controller which can aim the robot’s leg for
landing after flight. We demonstrate rolling, targeted jumping
and landing, and self-righting using only three actuators total,
keeping system size to 0.33 m and 1.25 kg. Simple switching
between locomotion modes enables the system to deal with
differing landscapes and environmental conditions.

I. INTRODUCTION

In the search for life on other bodies in the solar system,
Saturn’s moon Enceladus is a key candidate. Its subsurface
liquid water ocean with organic molecules points to a po-
tentially habitable environment for life like that on Earth.
To study this environment, a robotic mission could collect
samples from the cryovolcanic jets coming through large
fissures near the south pole. However, exploring this frozen
moon presents a variety of challenges for conventional space
robots. Fine ice particles and hundred meter high ridges make
up the surface near the jets. The body exhibits a gravity
1/80th as strong as Earth’s and has no atmosphere. Addi-
tionally, the average temperature on the surface is around
−200◦ C.

Despite these challenges, exploring this exotic environ-
ment remains a key focus for space associations, due to
the immense potential for scientific discovery [1], [2], [3],
[4]. Proposed missions like Enceladus Orbilander plan to
sample plume material in orbit and from a fixed location
on the surface, but lack a mechanism for sampling material
directly at the jets [2]. Such measurements taken by a small
robot accompanying a larger lander could investigate plume
eruption mechanics and makeup. Traveling greater distances
to sample multiple jets could also identify variation among
jets [5].

In this paper, we propose an underactuated monopedal
jumping and rolling robot that aims to address these chal-
lenges. On flat surfaces, it can roll like a typical differential
drive mobile robot using its wheels. On granular media and
uneven terrain, the robot can stand up and balance on its
single leg, as well as lean and jump in desired directions. In
flight, the robot can reorient itself with its reaction wheels
and point its leg in any direction to land precisely. This
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Fig. 1. Underactuated robot with one leg and two reaction wheels balancing
on a table

robot could be uniquely suited to explore small bodies like
Enceladus where the low gravity enables enormous jumps
to cross gaps and fissures, collecting data and surveying the
landscape. Using the two locomotion modes, it could provide
an efficient and versatile method of traveling on this distant
moon.

Relatively few terrestrial robots possess the ability to
balance on a point in 3D and reorient in flight. For a
monopedal jumping robot, these are both necessary to jump
reliably and efficiently. In this paper, we introduce meth-
ods of balancing and aerial reorientation with only two
reaction wheels. Using two reaction wheels reduces system
complexity and weight to improve robustness and decrease
power consumption. This innovation is particularly useful
where power usage must be low and in non-atmospheric
environments where aerodynamic forces are useless. A prime
example of this environment is space missions on other
bodies where atmospheres are absent and energy reserves
are limited.

Prior research has often used reaction wheels for balanc-
ing, like in CUBLI [6], [7], and aerial reorientation, such
as in satellites [8] and hopping robots [9], but has rarely
approached the problem with fewer than three actuators to
control all directions. In addition, while some robots have
used different actuation methods like propellers, such as
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Hopcopter [10] or Salto [11], or extra appendages [12], [13],
[14], [15], they still use actuation over all three dimensions.
Additionally, rocket or jet-based systems are unsuitable for
this exploration as exhausted propellant could contaminate
samples and data gathered.

Precise control of jumping and landing allows this robot
to reach areas that would otherwise be unattainable by
other locomotion methods. While other robot platforms have
demonstrated jumping behaviors such as reaction wheel
launching, like Hedgehog [16], and leg-based jumping [17],
they lack the ability to control their landing, which leaves
them susceptible to becoming easily stuck or lost on steep
slopes and crevasses.

Due to unknown landscapes and changing environmental
conditions, the ability to operate reliably is required. Other
planetary and lunar exploration robots may be limited while
encountering unknown and changing conditions, such as the
Mars rovers getting stuck in terrain [18]. Previous research
has explored jumping and rolling robots such as Boston Dy-
namics’ Sand Flea [19] which cannot control its landing, or
ETH Zurich’s Ascento [20], which needs a large solid surface
to operate. There have even been concepts for jumping robots
in space, like ETH Zurich’s Space Hopper [21], however they
require more actuation, increasing complexity, and lack the
ability to roll, reducing capability.

This paper expands planar balancing control presented in
[22], [23]. By applying this controller in two separate planes,
spatial balance can be achieved. Since our robot has only two
orientation actuators, it cannot fully actuate all orientation
directions – specifically, it cannot directly control yaw about
the vertical axis. However, the robot can accommodate non-
zero angular velocities in this direction both in balancing
control and aerial reorientation control. Since the jumping
propulsion is not dependent on direction and rolling can
occur on both sides of the robot, control over yaw while
balancing is not required for this system.

This paper also introduces an aerial controller. It drives
the robot to point is leg along a desired vector, even while
dealing with arbitrary non-zero angular momentum. This
allows the system to handle varying launch conditions and
disturbances.

Lastly, the robot introduced can use both of these con-
trollers to balance on a point, launch itself in the air, reorient
itself to aim the leg in the direction to prepare for landing or
for consecutive jumps. If the system tips over intentionally
or unintentionally, it can right itself and begin balancing.

II. METHODS

We develop control for a robot consisting of one jumping
leg and two wheels. The leg extends the foot in a straight
line along the z-axis of the robot’s chassis-fixed frame
approximately coincident with the robot’s center of mass.
The foot is small and is modeled as a point contact with the
ground. The two wheels’ axes are orthogonal to the line of
action of the leg and are angled relative to each other by
a cant angle shown in Fig 2. When balancing and in flight,
these act as reaction wheels to apply torques to the body and

Fig. 2. Robot platform from above. The 15-degree cant angle, θ , of
the wheels allows for balancing and aerial reorientation while maintaining
differential drive features.

Fig. 3. Isometric view of robot platform displayed in CAD

Fig. 4. Rack and pinion design for jumping locomotion
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when rolling on the ground they operate as usual terrestrial
wheels.

A. Aerial controller

In flight the robot must reorient from its launch attitude
so that it can land on its foot. To do this, the robot should be
able to point its foot in any direction while accommodating
residual angular momentum retained at takeoff. This is
particularly difficult with only two reaction wheels since
they leave the robot underactuated. Previous robots achieve
in-flight foot pointing in varying ways, such as using extra
actuators as in Salto-1P directly actuating the yaw direction
to counteract any non-zero angular momenta encountered at
launch [11]. Other jumping robots use a two degree of free-
dom servo joint at the base of the leg, like the Raibert Hopper
[24] or the 3D bow-legged hopper [25]. This method would
severely limit the range of motion that our leg could aim in
and require additional actuators, increasing complexity and
power consumption. Using the reaction wheels that will also
be used in the balancing and rolling modes, we can increase
the capability of our underactuated system without adding
additional components.

The aerial controller commands motor torques for the left
and right reaction wheel τR and τL respectively in order
to drive the vector from the robot CG to the foot (along
the leg axis) to align with a desired unit vector v0

f oot with
respect to the world-fixed frame 0 . Since we are interested
in controlling the direction of the leg, rotation around the
axis of the leg during flight is acceptable since it does not
change the leg’s direction. Rotation about the leg axis may be
induced by nonzero angular momentum at liftoff remaining
from the dynamics or disturbances during launch. Thus, we
first derive reaction wheel torque commands that cancel out
gyroscopic precession induced by angular momentum of the
reaction wheels in order to stabilize the leg pointing axis.
Since the wheels are designed to have identical inertia tensors
and spin about the tensor’s major axis, the compensatory
torque commands are given by:

τgyro,R = Iwheel ·ωR ·ωb
b,z · tan(2θ)

+Iwheel ·ωL ·ωb
b,z/cos(2θ)

(1a)

τgyro,L = Iwheel ·ωL ·ωb
b,z · tan(2θ)

−Iwheel ·ωR ·ωb
b,z/cos(2θ)

(1b)

where ωb
b,z is the component of the angular velocity of the

chassis relative to the world frame about the body-fixed z-
axis, Iwheel is the moment of inertia of a wheel about its
axle, ωR and ωL are the angular velocities of the left and
right reaction wheels about their axles respectively, and θ is
the cant angle as shown in Fig 2.

After applying the precession cancellation torques, we can
linearize the rotational dynamics about the desired pointing
vector to derive a simple proportional-derivative feedback
law. Expressing the desired pointing vector with respect to
the body frame vb

f oot = Rb
0v0

f oot using rotation matrix Rb
0 from

the world frame to the body frame yields the following
expression for the controller:

τR =−kp · vb
f oot,y + kd ·ωb

b,x + τgyro,R

τL = kp · vb
f oot,x + kd ·ωb

b,y + τgyro,L
(2)

where ·b·,x and ·b·,y denote components of vectors relative to
the body-fixed x and y axes respectively.

B. Balance controller
To address balancing on the ground, we propose using

two planar controllers, given in previous experiments [26],
in the roll and pitch directions, respectively. To do this with
two rotating masses that are not aligned with the coordinated
planes aligned with roll and pitch, we combine the effects of
each rotating mass such that they are coordinated for each
controller in their component directions. The equations of
motion of a planar reaction wheel pendulum given by the
controller [26], is[

H11 H12
H21 H22

][
q̈b
q̈w

]
=

[
mcgsin(qb)

τ

]
(3)

where Hi j are the elements of the joint space inertia matrix,
q̈, are the joint acceleration variables with subscript w
indicating the reaction wheel, and b indicating the body. τ

is the joint torque that acts on the reaction wheel. c is the
distance from the foot to the center of mass of the robot,
m is the mass of the robot, and g is the acceleration due to
gravity. For the 3D robot proposed, the equations of motion
that we use for balance controller derivation are

H11 0 H13 H14
0 H22 H23 H24

H31 H32 H33 H34
H41 H42 H43 H44




q̈x
q̈y
q̈R
q̈L

=


mcgsin(qx)cos(qy)
mcgsin(qy)cos(qx)

τR,w
τL,w

 (4)

where qx and qy refer to the angle of the chassis’s tilt from
vertical about the corresponding axis. Furthermore, as in the
original controller, q̈x and q̈y can be replaced by the non-
dimensionalized triple derivative of the angular momentum
of the body about the foot’s point of contact with the ground,...
Mx and

...
My. Rearranging the matrices, one can solve for the

joint accelerations for the reaction wheels[
H13 H14
H23 H24

]−1 [mcgsin(qx)cos(qy)−
...
MxH11

mcgsin(qy)cos(qx)−
...
MyH22

]
=

[
q̈R
q̈L

]
(5)

and therefore solve for the reaction wheel joint torques
obtaining[

H33 H34
H43 H44

][
q̈R
q̈L

]
+

[ ...
MxH31 +

...
MyH32...

MxH41 +
...
MyH42

]
=

[
τR
τL

]
(6)

Now the two planar balance controllers use two sets of
commands given by the control law to balance in 3D space
on a point. ...

Mx = kddM̈x + kdṀx + kMMx...
My = kddM̈y + kdṀy + kMMy

(7)

The gains are found using the pole placement method
discussed in the planar case [23], eq. 31-33. Using the
small-angle approximation, Mx,y, Ṁx,y, and M̈x,y become
T 2

c,x,y(q̇x,y − Gω,x,yq̇R,L − Gω,y,xq̇L,R), qx,y, and q̇x,y, respec-
tively, with Tc,x,y being the time constant of toppling and
Gω,x,y being the velocity gain in their respective planes.
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Fig. 5. Robot rolls on the ground in a figure-eight path, blue trajectory
overlaid from camera tracking.

C. Hardware Platform

The reaction wheels are driven by 4:1 gearboxes powered
by 23-06 220Kv Vertiq motors. The reaction wheels also
serve as the differential drive wheels while the robot is in
the rolling mode on its side.

The leg is a rack and pinion driven by a 40-06 370Kv Ver-
tiq motor, depicted in Fig. 4. We use a 300mm long circular
steel rack and 1.5 cm diameter 15 tooth pinion. The simple
rack and pinion, instead of a linkage-based design of other
robotic jumping platforms [27], [28], [11], allows evaluation
of custom torque profiles for the jump mechanism. In future
work, we plan to simulate candidate linkage mechanisms to
evaluate which are most suitable. The rack and pinion leg
stores no elastic energy on landing, making our design less
efficient but more versatile for evaluating the future design
of the leg.

An onboard Raspberry Pi 5, 8GB RAM, handles all com-
putations. An unscented Kalman filter fuses accelerometer
and gyroscope readings from a 6-axis MPU6050 Inertial
Measurement Unit (IMU) to estimate the robot’s attitude.
Since the center of mass is not directly over the leg of the
robot, a balance offset observer adjusts the balance point of
the controller, as introduced in [26], eq. 24. Two 3S Li-ion
batteries in series with a nominal voltage 22V power all three
motors and the computer.

The robot’s program runs through a state machine that
directs which controller to use on both the leg and reaction
wheels. The onboard sensing and control loop fusing IMU
and encoder data and commanding motor torques runs at 500
Hz.

III. RESULTS

To validate the abilities of the robotic platform, we ran
a series of experimental hardware tests which combined
maneuvers and controllers to explore the capabilities and
effectiveness of the methods presented.

Fig. 6. Robot leaning and jumping, then reorientating itself in the air to
point along the velocity vector. The data collected in this test is shown in
Fig. 7 and Fig. 8.

A. Rolling in a figure eight

On its side, the robot can roll and steer like a differential
drive robot. Shown in figure 5, the robot rolls in a figure eight
shape showing ability to control its path on the ground. The
robot is able to drive when flipped over on the side with the
narrower wheel base but usually drives on the side with the
wider wheel base for greater stability. The robot can follow
a pre-planned trajectory as shown here or accept input from
a human user through a joystick.

B. Horizontal jump

While balancing, the balance controller can lean the robot
to “point” towards a desired jump target. Upon reaching the
desired angle, the leg motor quickly accelerates the robot
to make a lateral jump. During launch, leg encoder and
IMU angular velocity measurements are fused to estimate
the achieved liftoff velocity vector. After liftoff, the aerial
controller aims the robot’s leg along the robot’s velocity
vector in preparation for landing, though during the initial
portion of flight, the leg angle is limited not to point above
a threshold angle since landing is expected only after apex
when the robot’s vertical velocity is negative. This aligns
the leg so that after touchdown it can dissipate the energy of
the jump using an impedance controller simulating a damper.
The landing dissipation allows for a soft tumble, from which
the robot can continue rolling or balancing immediately.
Shown in Fig. 7, the robot launches at an angle of 20◦

from upright, jumping 0.59 m high and 0.82 m long and the
aerial controller aligns the robot along the velocity vector
as the robot falls. After touchdown, the robot dampens the
impact from the jump to land softly as shown in Fig. 8.
Note that on Enceladus with its weaker gravity, this jump
performance would enable jumps over 40 m high and 60 m
long. Since the launch and landing acceleration magnitudes
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Fig. 7. Data traces from the lean jump depicted in figure 6. Chassis
orientation Euler angles, wheel velocity and torques, and leg pointing
direction are displayed. The colored regions indicate the change in robot
state: blue is balancing, green is jumping, and yellow is aerial.

Fig. 8. Leg position, velocity, and commanded torque from the leg motor.
The first peak is the robot jumping by extending the rack and pinion. The
second peak is the landing as the leg motor provides a counter torque to
dampen the impact force.

Fig. 9. Test set-up for determining impulse rejection of the balance
controller. Here the robot is hit by a mass at the end on a pendulum against
the highest point of the robot.

are much greater than gravity on Earth, gravity can be
considered a minor disturbance in the dynamics during
the high-acceleration phases of motion and their behavior
in lower gravity environments would be similar. However,
residual velocity that results in a bounce after landing could
cause longer flight times in lower gravity; in this case, aerial
control could be again re-engaged for subsequent attempts
at landing or the robot could self-right after coming to rest.

C. Disturbance rejection while balancing

While the robot is balancing, it may encounter outside
forces from unknown sources. The ability to resist and reject
disturbances demonstrates the robustness of the balancing
controller. Fig. 10 displays known impact magnitudes to the
robot and the respective responses. In these tests a pendulum
swings into the body of the robot while it balances as shown
in Fig. 9. Due to the cant angle of the wheels, the balance
controller has greater control authority over the forward and
back directions than it does over left right directions.

In these experiments the balance controller rejected im-
pulses of 0.01 Nms in both the forward-back and side-to-
side directions. Fig. 10 displays the response to an example
trial of an impact to the top of the robot in the forward-back
directions. The theoretical optimal control for this reaction
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Fig. 10. Euler angles and angular velocity of the robot in balance
disturbance experiments. A pendulum struck the robot in the front-back
direction at 22 and 32 s with impulse magnitudes of 0.013 Nms and
0.009 Nms respectively. The offsets from 0 in the Euler angles are due
to the balance offset of the robot since the center of mass is not located
exactly along the leg.

wheel inverted pendulum system derived following [26]
could reject a disturbance of 0.054 Nms but this theoretical
value is not achieved due to measurement noise and other
nonidealities.

D. Self-righting from rolling to balancing

To transition from rolling to jumping, the robot must self-
right, orienting its leg down and initiating balance control.
This behavior also provides robustness to crashes after a
jump, since if it ends in a fall, the robot can land on a side
and roll from there or re-right itself and jump again. Fig.
11 depicts self-righting, and Fig. 12 displays the associated
Euler angles of the robot. To get itself upright, it brakes
quickly while moving forward to flip over. Then it extends
its leg to shift its mass so that it tips upward. Lastly, it stands
up on its leg and begins balancing.

The robot can combine the above behaviors using the
methods described to navigate complicated environments.
Fig. 14 shows rolling and self-righting into the balance
position at the base of a large step. Then, it leaps onto the
step and damps out the impact of landing, perching itself
on top of the ledge ready to roll away or initiate another
leap. Fig. 13 shows the state machine states throughout the
demonstration sequence through rolling, balancing, jumping,
flight, and rolling again.

IV. CONCLUSION AND FUTURE WORK

In this work we introduce a new robotic platform that
despite underactuation can perform rolling and targeted
jumping locomotion. This platform is developing ways that
future space robots may explore the rough terrain and ex-
otic conditions presented on extraterrestrial bodies, such as
Enceladus. We also present two controllers that allow the
system to balance on a point and reorient in the air while
using only two reaction wheels in a 3D space. This allows

Fig. 11. Overlay of self-righting from rolling to balancing. Top: Robot
rolls forward and stops suddenly to flip over. Middle: Robot extends leg to
shift weight backwards and tip upright. Bottom: Robot lifts itself off the
ground and begins balancing.

Fig. 12. Euler angles during self-righting shown in figure 11. The red
background denotes the system in rolling phase, and the blue background
denotes the system in balancing phase. The discontinuity in pitch is due to
the system passing the domain limits of ±π/2.

Fig. 13. Robot Modes during the trial shown in figure 14. The robot goes
from rolling to balancing, then to jumping into the air, and then landing
and rolling again.
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Fig. 14. Overlay of combined behaviors: Rolling and self-righting into
balancing mode, then leaning and jumping up. After jumping it reorients to
point along the velocity vector, and finally lands softly, returning to rolling.

the system to perform complex maneuvers while minimizing
mechanical complexity. Specifically, we demonstrate the
ability to roll, balance, self-right, and jump while having
only three actuators in the entire system. Each of these
abilities show the capability of this platform and its potential.
However, the further refinement of the aerial controller and
landing is required to make a balanced upright landing.

For the future of the controllers introduced in this paper,
several expansions can be made. The self-righting control
can be adapted for more robust performance on a variety of
surfaces. The aerial controller can also be expanded upon
using different controller techniques other than a simple PD
control, bringing the system to its desired state in finite time.

In the future we plan to further develop the system for
extraterrestrial exploration by optimizing the efficiency of
the systems, replacing the leg with a linkage that better suits
the exploration domain, and introducing new maneuvers such
as wall jumps and instrument pointing to further increase
this platform’s ability. We also plan to test jumping on
granular media to experimentally determine a foot profile
design to jump effectively on the surfaces like Enceladus’
ice particles. Additionally, the inclusion of vision capabilities
will allow this platform to scout areas that may be desirable
for exploration or safe to land and jump again. Lastly, a
future system must be fitted with scientific instruments so
that scientific duties can be performed.
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and J. Núñez, “The Science Case for a Return to Enceladus,” The
Planetary Science Journal, vol. 2, no. 4, p. 132, Aug. 2021. [Online].
Available: https://iopscience.iop.org/article/10.3847/PSJ/abfb7a

[2] S. M. MacKenzie, M. Neveu, A. F. Davila, J. I. Lunine, K. L.
Craft, M. L. Cable, C. M. Phillips-Lander, J. D. Hofgartner, J. L.
Eigenbrode, J. H. Waite, C. R. Glein, R. Gold, P. J. Greenauer,
K. Kirby, C. Bradburne, S. P. Kounaves, M. J. Malaska, F. Postberg,
G. W. Patterson, C. Porco, J. I. Núñez, C. German, J. A. Huber,
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and G. Venture, Eds. Cham: Springer International Publishing,
2017, vol. 1, pp. 752–763, series Title: Springer Proceedings in
Advanced Robotics. [Online]. Available: http://link.springer.com/10.
1007/978-3-319-50115-4 65

[17] H. Kalita, A. S. Gholap, and J. Thangavelautham, “Dynamics and
Control of a Hopping Robot for Extreme Environment Exploration
on the Moon and Mars,” in 2020 IEEE Aerospace Conference. Big
Sky, MT, USA: IEEE, Mar. 2020, pp. 1–12. [Online]. Available:
https://ieeexplore.ieee.org/document/9172617/

[18] L. David, “Opportunity mars rover stuck in sand,” 2005.
[19] E. Ackerman, “Boston dynamics sand flea robot demonstrates aston-

ishing jumping skills,” IEEE Spectrum Robotics Blog, vol. 2, no. 1,
p. 1, 2012.

[20] V. Klemm, A. Morra, C. Salzmann, F. Tschopp, K. Bodie, L. Gulich,
N. Kung, D. Mannhart, C. Pfister, M. Vierneisel, F. Weber, R. Deuber,
and R. Siegwart, “Ascento: A Two-Wheeled Jumping Robot,” in
2019 International Conference on Robotics and Automation (ICRA).
Montreal, QC, Canada: IEEE, May 2019, pp. 7515–7521. [Online].
Available: https://ieeexplore.ieee.org/document/8793792/

[21] A. Spiridonov, F. Buehler, M. Berclaz, V. Schelbert, J. Geurts,
E. Krasnova, E. Steinke, J. Toma, J. Wuethrich, R. Polat,
W. Zimmermann, P. Arm, N. Rudin, H. Kolvenbach, and M. Hutter,
“SpaceHopper: A Small-Scale Legged Robot for Exploring Low-
Gravity Celestial Bodies,” in 2024 IEEE International Conference on
Robotics and Automation (ICRA). Yokohama, Japan: IEEE, May
2024, pp. 3464–3470. [Online]. Available: https://ieeexplore.ieee.org/
document/10610057/

[22] R. Featherstone, “Quantitative measures of a robot’s physical
ability to balance,” The International Journal of Robotics Research,
vol. 35, no. 14, pp. 1681–1696, Dec. 2016. [Online]. Available:
https://journals.sagepub.com/doi/10.1177/0278364916669599

[23] ——, “A simple model of balancing in the plane and a simple preview
balance controller,” The International Journal of Robotics Research,
vol. 36, no. 13-14, pp. 1489–1507, Dec. 2017. [Online]. Available:
https://journals.sagepub.com/doi/10.1177/0278364917691114

[24] M. H. Raibert, “Hopping in legged systems — Modeling
and simulation for the two-dimensional one-legged case,” IEEE
Transactions on Systems, Man, and Cybernetics, vol. SMC-
14, no. 3, pp. 451–463, May 1984. [Online]. Available:
http://ieeexplore.ieee.org/document/6313238/

[25] G. Zeglin and H. B. Brown, “First Hops of the 3D Bow Leg,”
Proceedings of International Conference on Climbing and Walking
Robots, pp. 357–364, 2002.

[26] J. J. M. Driessen, A. E. Gkikakis, R. Featherstone, and B. R. P.
Singh, “Experimental Demonstration of High-Performance Robotic
Balancing,” in 2019 International Conference on Robotics and
Automation (ICRA). Montreal, QC, Canada: IEEE, May 2019, pp.
9459–9465. [Online]. Available: https://ieeexplore.ieee.org/document/
8794447/

[27] M. Kovac, M. Fuchs, A. Guignard, J.-C. Zufferey, and D. Floreano,
“A miniature 7g jumping robot,” in 2008 IEEE International
Conference on Robotics and Automation. Pasadena, CA, USA:
IEEE, May 2008, pp. 373–378. [Online]. Available: http://ieeexplore.
ieee.org/document/4543236/

[28] J. Zhao, W. Yan, N. Xi, M. W. Mutka, and L. Xiao, “A
miniature 25 grams running and jumping robot,” in 2014 IEEE
International Conference on Robotics and Automation (ICRA). Hong
Kong, China: IEEE, May 2014, pp. 5115–5120. [Online]. Available:
http://ieeexplore.ieee.org/document/6907609/

1830


