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Abstract—1In this work we present a new robotic system,
Salto-1P, for exploring extreme jumping locomotion. Salto-1P
weighs 0.098 kg, and has an active leg length of 14.4 cm.
The robot is able to perform a standing vertical leap of 1.25
m, continuously hop to heights over 1 m, and jump over 2
m horizontally. Salto-1P uses aerodynamic thrusters and an
inertial tail to control its attitude in the air. A linearized Raibert
step controller was sufficient to enable unconstrained in-place
hopping and forwards-backwards locomotion with external
position feedback. We present studies of extreme jumping
locomotion in which the robot spends just 7.7% of its time on
the ground, experiencing accelerations of 14 times earth gravity
in its stance phase. An experimentally collected dataset of 772
observed jumps was used to establish the range of achievable
horizontal and vertical impulses for Salto-1P.

I. INTRODUCTION

Saltatorial animals (animals that locomote by jumping)
such as bushbabies can move through complex, usually arbo-
real environments by chaining together large (over 2 meter)
jumps. This saltatorial mode of locomotion is interesting for
robotics because it enables rapid movement through complex
terrain and added flexibility for how the robot interacts with
the environment. The farther a robot can jump the better
it can discretize its environment, clearing larger gaps and
obstacles and making path-planning easier [7]. Prior work
has shown that a robot that can perform two high-amplitude
jumps in succession was able to spring off a wall to gain
energy and height [12]. A robot proficient at saltatorial
locomotion would be able to move through its environment
in new and previously insupposable ways.

Extreme saltatorial locomotion is characterized by large
jumps (over Im) and short stance times which presents
some challenges. To explore this mode of locomotion a
robot needs to be able to jump high, do it repeatedly, and
control its landings. Should those criteria be met, extreme
saltatorial locomotion may still present unknown challenges
and properties.

For instance: duty factor is defined as the ratio of time
spent on the ground to the total stride duration, and is
frequently used to assess the dynamic character of a gait.
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Fig. 1: Photograph of Salto-1P with thrusters, fully crouched.
Photo credit: Ethan Schaler.

Typical duty factors for running animals range from 0.36-
0.5 [10], and most running robots have a duty factor of
approximately 0.5. The robot developed in this work had a
duty factor as low as 0.077, lower than the lowest observed
duty factor for a single limb of a cheetah running at top
speed [15]. The accelerations the robot experienced in stance
repeatedly exceeded 14 times earth gravity.

There have been many high performance legged robots,
but none that are sufficiently specialized for the study of
extreme saltatorial locomotion. Power-autonomous running
robots capable of repeated jumping [17], [5], [11], [14],
[19], [24], [34] have not demonstrated the ability to jump
more than 0.5m in height (except Salto-1P (this work)). The
jump height of these robots is on-par with their characteristic
dimensions, and their relatively small maximal jumps do
not enable the agile locomotion proposed by Campana and
Laumond [7].

The highest jumping robots explosively release pre-stored
energy to power their jumps. This stored energy can be a
chemical propellant in robots that use literal explosions to
jump, such as the Sandia hopper [31] or the SandFlea from
Boston Dynamics. Other high-jumping robots store energy
in a parallel-elastic leg mechanism, and use a mechanical
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escapement to convert it into Kinetic energy in a single
burst [20], [6], [35], [28], [1], [22], [29], [23], [33], [18],
[32]. At present, all power-autonomous robots (except Salto
[12] and Salto-1P) that can jump over 1 meter in height
use a parallel-elastic or explosion driven strategy. The issue
with these robots is that they cannot perform the controlled,
repeated jumps requisite for continuous locomotion. The
high-jumping parallel-elastic robots need to wind-up for an
extended number of seconds to prepare for their next jump;
the behavior has not yet been demonstrated in an explosion-
powered robot, perhaps because the jumping appendage is
too rigid to allow a stance time long enough to meaningfully
interact with the ground.

Previous work has shown that Salto (Expansion: Salta-
torial Locomotion on Terrain Obstacles), a robot with a
series-elastic actuator and a variable mechanical-advantage
(SE+MA) limb (see [13], [12], [25] for design details), can
jump over 1 meter in height. The SE+MA actuation strategy
allowed the robot to reach this height without a lengthy
wind-up period, and without hampering the controllability
of the leg with a mechanical escapement or reliance on
explosive chemical propellants. The major shortcoming of
Salto was that it was purely planar. Any perturbation away
from its plane of operation could not be rejected and so
the robot could only perform behaviors with small numbers
of jump without falling over. Furthermore, Salto only had
proprioceptive sensing and lacked a controller that would
enable it to perform an extended series of repeated jumps.

In this work, we enable the study of extreme saltatorial
locomotion by creating an improved version of Salto, Salto-
IP, with full attitude control. We implement the simple
Raibert controller [26] to enable Salto-1P to jump repeatedly
on a horizontal surface, and explore the range of impulses
that can be generated by single stance events.

Section II outlines the development of the robotic hard-
ware, attitude controllers, locomotion controller and exper-
imental procedure. Results for attitude control and jumping
experiments are given in Section III, and conclusions are
discussed in Section IV.

II. METHODS
A. Attitude control

The first challenge for Salto-1P was to enable attitude
control, so that the spatial touchdown angle of the leg could
be modulated. The original Salto was planar, and used a
mass-balanced inertial tail to control its orientation in the
saggital plane [12]. This tail powered the aggressive attitude
repositioning required to perform the wall-jump maneuver
[12]. For Salto-1P we decided to retain the balanced tail
for rapid saggital reorientation and minimally supplement
it with enough control authority to keep the robot upright,
with the correct yaw heading. A challenge for stabilizing
extreme-acceleration jumping is the short stance duration
relative to flight time. Any stabilization method operating
only in stance (like a foot or articulated ankle) must correct
the attitude during the 0.05s stance and reduce the take-off
angular velocity error low enough that the robot is within a

few degrees of its desired touchdown angle at the next stance
event, 0.5s later.

There have been numerous stabilization methods for
monopoedal robots (see Sayyad et al. for a review [27]). For
testing purposes, most commonly a monopode is mounted
to a boom, which is unsuitable for Salto-1P due to the
low mass of the robot and the magnitude of its vertical
excursions. Another option is to mount the leg on a two
degree-of-freedom servo joint at the center of mass of the
body of the robot, as was done for the Raibert Hopper [26]
and the 3D Bow Leg Hopper [34]. This is unattractive for
Salto-1P because the movement range of the body becomes
limited, greatly limiting the angular impulses it can reject.
Any reorientation strategy with an offset mass (such as a 2
DoF tail [8]) presents difficulties for Salto-1P due to char-
acteristically large accelerations in stance that create large
torque requirements on the tail actuators. Other monopodes
(e.g. [16][30]) opt for statically stable feet and avoid jumps
that would cause the robot to leave its support polygon.
This approach is untenable for Salto-1P, which can jump
two meters horizontally.

Several jumping robots use aerodynamic surfaces to glide
after jumping [32][21][9]. Aerodynamic surfaces are attrac-
tive for their low mass and ability to apply force while
airborne (not just in stance). A drawback is the large requisite
size at the Reynolds numbers associated with terrestrial
locomotion, and that force they apply is velocity-dependent
so a robot jumping vertically loses control authority at
apex. We opted for a compact aerodynamic-stabilization
method that does not rely on body velocity by using the
thrusters seen in Fig. 1. These thrusters are commercial mini-
quadcopter (Cheerson CX-10) propeller blades mounted in
a ‘V’ configuration, with moment arms about the center
of mass that prioritize control over roll angle (80mm) over
yaw angle (40mm). Roll torque is created by driving both
thrusters in the same direction; yaw torque is generated
with a differential motor command. The thruster assembly
successfully stabilized the robot (see Figs. 4 and 5), and had
a net mass of 0.0044 kg.

B. Robotic Hardware

Salto-1P is an improved version of the Salto robot [12].
The series elastic actuator and mechanism geometry from
Salto have been preserved in Salto-1P. However, some of the
links have been reshaped to allow Salto-1P to get lower in
crouch than Salto, to increase the achievable jump height by
enhancing the power-modulating effect of the linkage [13].
The body was also redesigned using topology optimization
to create a highly mass-efficient, low compliance structure.
The tail gearbox has been upgraded to steel gears with an
aluminum housing in Salto-1P, after observing that Salto’s
plastic tail gearbox was a source of much unreliability [12].

Like Salto, Salto-1P is controlled with the ImageProc 2.5 !
robot control board [2]. The tail and thruster motors are
driven from onboard H-bridges. Salto-1P uses a customized

'Embedded PCB: https://github.com/biomimetics/imageproc_pcb
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Fig. 2: Overall system block diagram and reference frame of Salto-1P

BLDC motor driver, which is smaller and lower mass than
the COTS driver used by Salto. The imageProc records
telemetry from the motor driver, and an onboard 6-axis IMU
at 1 kHz.

Salto-1P contacts the ground with a hemispherical rubber
toe (IE7000, Innovative polymers). A sample of the toe
material was rubbed on a sample of the carpet from the
test chamber while a force-sensor (nano43, ATI) recorded
data to determine the frictional coefficient, 4 = 0.79. This
coefficient of friction was sufficiently high that the toe did not
slip during experiments. When the robot is fully crouched,
it rests on a ankle structure, seen in Fig. I, that allows a
statically-stable rest position. The height of this ankle is such
that the center of mass is located behind the toe of the robot.

C. Jumping controller

Salto was designed as a literal instantiation of the spring-
loaded inverted pendulum (SLIP) model of running [4], so
that the control of the platform could be made as simple as
possible. The goal was to have Salto appear dynamically as a
point mass on a spring-loaded massless leg. Salto’s toe point
moves in a straight line, the mass of the leg was minimized,
the leg mechanism was balanced so that motion of the links
produces no body rotation, the inertial tail is mass balanced,
and the mass of the body was centralized [13], [25]. This is
an opposite design approach to the Acrobot jumper that used
a minimal mechanical design with non-linear control, and
could barely slide while maintaining balance [3]. Designed
in this way, Salto resembles an untethered, 0.098 kg version
of the Raibert hopper [26] that has one of the leg angle

TABLE I: ROBOTIC PLATFORM METRICS

Salto[12]  Salto-1P

Mass (kg) 0.1000 0.0981
Active leg Length (m) 0.138 0.144
Maximum jump height (m) 1.007 1.252
Vertical jumping agility (m/s) 1.75 1.83
Max control torque (Nm):

Pitch 0.029 0.034
Roll 0 0.0078
Yaw 0 0.0039

positioning servos replaced with thrusters, has control over
its yaw heading, and can jump 1.25m high.

Seeking the simplest solution, we elected to implement a
linearized controller based on the Raibert step controller [26]
for our initial experiments.

As in the Raibert step controller, control is decoupled
into three parts: hopping height, tail velocity, and horizontal
velocity.

Hopping height is set by applying a fixed thrust on the
ground. Raibert showed in [26] that this fixed thrust strategy
converges to a unique steady state apex height for each
thrust value. Thrust is specified by selecting the leg retraction
length before touchdown and a leg extension distance that is
triggered when the robot contacts the ground (detected by
monitoring the deflection of the spring in the series-elastic
actuator).

Salto-1P’s balanced tail is analogous to the balanced body
of Raibert’s hopping machine. However, since the tail rotates
without limit, its angle is unimportant and we are concerned
only with its angular velocity. During stance phase, the H-
bridge driving the tail motor is put in brake mode to slow
down the tail. This is important for maintaining control
authority: the control torque the tail can produce decreases
linearly with tail speed. Without braking, the tail accelerates
to the free-running speed of the motor, and the robot is unable
to maintain control of its locomotion.

Horizontal velocity is controlled by selection of an ap-
propriate leg angle at touchdown. For simplicity, we use
yaw-roll-pitch Euler angles to parameterize rotation. The
robot-attached reference frame is shown in Fig. 2b. Since
Salto-1P’s inertial tail grants greater control authority about
the pitch axis than the thrusters provide about the roll axis,
maneuvers are guided to the sagittal plane and the desired
yaw angle is 0. Given the desired CG positions and velocities,
the touchdown roll and pitch angles are selected by:

o= _kParsat(xd -, xmax) - k\/x(id - 1‘)

0= kuSGt(yd - v, yma:v) + k'Vy(?)d - y)
Where ¢ is the pitch angle, 6 is the roll angle, and sat(u)
is the saturation function that limits the angle command due

to position error. = is the position coordinate in the sagittal
plane, y is the lateral coordinate.
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D. Experimental procedure

To test the stabilizing capacity of attitude controlling
actuators, the robot was suspended from the yaw, pitch, and
roll axes in turn and was given impulse disturbances by
hand. During this experiment the attitude controller tried to
maintain a fixed angle; the angular perturbation and subse-
quent recovery was observed with external motion tracking
(Optitrack). The size of the impulse was estimated using data
from the on-board gyroscope.

Jumping experiments were conducted in a Vicon motion
capture environment in order to provide position feedback.
The trackable area in the room measures 2 by 3 meters on
the ground. Vicon position and orientation measurements
were passed at 100Hz to the ground station running in
ROS on a laptop computer. The ground station estimated
body velocity from the Vicon position measurement by
discrete differentiation with a low pass filter. The ground
station calculated the desired leg lengths and touchdown
angles using the step controller detailed above and sent
these commands along with the Vicon attitude measurement
to the robot over an XBee radio connection. Sending the
Vicon measured attitude, as well as an attitude command,
prevents the onboard attitude estimate from drifting due to
gyro integration error. The control flow is shown in Fig. 2a.

III. RESULTS
A. Attitude stabilization

Fig. 4 shows 5% recovery time vs. perturbation impulse
for Salto-1P in yaw, pitch, and roll. Salto-1P recovers from
perturbations in pitch more quickly than roll or yaw since
the inertial tail provides larger torques than the thrusters.
Note that the maximum angular impulse the 0.010 kg, 0.14
m inertial tail can reject is limited. It can be no more than
H; = Iw, where I is the inertia of the tail, and w is the
maximum tail angular velocity. H; = 3.5mNm — s for the
inertial tail on Salto-1P. The thrusters are configured to lend
more actuation authority to roll than yaw (see Table 1), the
result of which is seen in Fig. 4. The robot recovers from a
disturbance impulse faster in the roll axis than the yaw axis.

Fig. 5 shows the attitude controller performance during a
jumping experiment. The roll and yaw axes (Fig. 5(A),(B))
are under-damped with regular deviations of 0.1 radians
from the setpoint. More aggressive gains do not yield better
performance because the thruster motors are saturated, as
shown in Fig. 5(C). More actuator authority would be needed

Tr o Roll
A o o Pitch
o A Yaw
a
0.8 A
z |4 o T
()
£06 | ° o
g °
204
(Va]
L
wmn
a
0.2 4
O L L L Il
0 0.5 1 1.5 2

Disturbance angular impulse (mMNm-s)

Fig. 4: Time for Salto-1P to stabilize to within 5% of
maximum overshoot vs disturbance impulse. Inset cartoon
shows experimental setup for roll tests.
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to improve tracking. The inertial tail affords more control
authority, with typical pitch errors at touchdown lower than
0.01 radians, as shown in Fig. 5(D). The tail motor (Fig.
5(E)) brakes during stance phase to slow down. After takeoff,
the tail motor applies maximum effort to reposition the body
to the next setpoint.



z[m]

x[m]
y [m] 0

(a) Spatial trajectory of robot center of mass during a jumping experiment.
Leg shown as grey in flight, red in stance. Data plotted at 10 ms intervals.
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(b) Video stills from high-speed camera footage of first jump of experiment.
Time is from onset of activation, aligned with Fig. 7.

Fig. 6: Example data and video stills from forwards-running
trial.

B. Saltatorial locomotion

Fig. 6a shows the spatial trajectory of Salto-1P during a
forwards jumping experiment. Stills from high-speed video
of the same experiment are shown in Fig. 6b. The robot
starts fully crouched, statically stable on its ankle, with the
center of mass positioned behind the toe. Salto-1P’s most
energetic jumps occur when it starts in its fully crouched
position, where the SE+MA jumping appendage is most fully
in effect [13][12]. Because the center of mass is behind the
toe, this initial jump is backwards. This starting configuration
was used for all of the jumping experiments because the
first jump immediately establishes the high energetic state
requisite for extreme saltatorial locomotion; the backwards
direction perturbs the locomotion controller so that a large
range of jumps are explored, and the convergence properties
can be studied. The robot exits the trackable range of the
experimental test chamber to end this experiment.

Fig. 7(A) shows the height of the center of mass over
time for the same trial shown in Fig. 6a, with the stance
phases shown in grey. The initial stance phase is the longest
at 0.22 s, increased in duration by the SE+MA adaptation
[13][12] which allows the robot to jump higher than it would
be otherwise able. After the large initial jump, the jump
height converges to the lesser height determined by the leg-
thrust for this experiment. The average stance duration for
this experiment was 0.057 s (not including initial stance); the
average flight time was 0.68 s, for an average duty factor of
0.077. The cumulative mechanical work done by the motor
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Fig. 7: Energetics of height gain and repeated jumps. Stance
periods are shown in grey. (A) height of center-of-mass (B)
Cumulative mechanical energy input from motor.

during this experiment is shown in Fig. 7(B). The motor
inputs 1.45 J of energy during the initial stance phase, 1.2
J of which appears as extrinsic center of mass energy, for
a mechanical efficiency of 83%. The energetic expense of
the following jumps is less. The series elastic leg is able to
passively store and return an average of 65% of the kinetic
energy; the motor inputs 0.3 J per jump to maintain height,
overcoming losses from friction and impacts.

At the fastest observed sustained horizontal speed of 3.6
m/s, the robot’s leg motor used 15 J of electrical energy
per jump (of which 7 J were used in stance phase) with a
jumping period of 0.66 s. 8 J were wasted in flight due to
untuned leg controller behavior in the air. This corresponds
to a specific resistance of 6.6 for this run.

C. Locomotion controller

The goal of the locomotion controller was to allow Salto-
1P to jump repeatedly, to explore the range of accessible
jumping behaviors. We performed both in-place jumping
tests wherein the robot tries to maintain a fixed z — y
position, and forwards-backwards running wherein the de-
sired position is moved forwards and backwards to generate
running locomotion. Fig. 8a shows the position of the Salto-
1P’s center of mass during a forwards-backwards running
experiment. Here the controller aims to maintain a 0° yaw
heading and zero lateral displacement. The leg thrust in this
experiment produces a modest average jump height of 0.65
m. The commanded x position is swept from O to 2 m in
a sawtooth pattern after an initial 3 second dwell at 0 m.
The sawtooth is repeated 10 times during which time Salto-
1P makes 174 total jumps. With the exception of several
deviations, the lateral position stays within 0.5 m of the
desired lateral position. The robot overshoots the sawtooth
at the endpoints in the fore-aft direction, where the velocity
changes direction. This was caused by aggressive gains on
the velocity error of the center of mass that elicited more of
the dynamic character of Salto-1P than was appropriate for
this locomotion task. The magnitude of Salto-1P’s center of
mass acceleration is shown in Fig. 8b.
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Fig. 8: Motion of robot center of mass during a forwards-
backwards jumping experiment (174 total jumps). Red por-
tions of the trace indicate stance periods.

In in-place jumps, Salto-1P maintained foot placements
within a region 0.65m laterally and 0.3m sagittally due to
the tail’s superior pitch authority.

D. Behavior exploration

With the robot operational, we sought to explore the space
of feasible jumping behaviors. We ran a series of experiments
varying leg thrust commands, and had the locomotion con-
troller issue commands that would perturb the robot from
a steady state locomotory behavior. Practically this meant
running a forwards-backwards, and in-place hopping exper-
iments with a set of highly-aggressive gains that produced
large horizontal velocities.

Fig. 9a shows the vertical and fore-aft impulse for each of
the 772 experimentally observed jumps. Most of the data
are clustered around Awv, = 0, generated from the in-
place hopping experiments. Fig. 9b shows lateral vs fore-
aft impulses; the data are clustered around Av, = 0 with
some spread in Awv,, driven by the forwards-backwards
running experiments. The non-zero horizontal impulses were
explored with forwards-backwards running trials, with the
largest values found with the most aggressive gains. The
largest single impulse was nearly vertical, with a magnitude
of Av = 8.94 m/s. The robot has trouble jumping below
Av, = 2 m/s. The difficulty results because the attitude
controlling actuators do not have enough time to reorient the
robot before the next stance event. These data are a subset
of the attainable jumps; a better exploration scheme would
more thoroughly establish the limits of Salto-1P’s jumping

Av, [m/s]

Av, [m/s]

(a) Vertical vs fore-aft impulses. Friction cone for measured p =
0.79 is shown.
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Fig. 9: Impulses for each observed stance period (N=772).
capacity.

IV. CONCLUSION AND FUTURE WORK

In this work we introduced an improved version of a
previously developed robot, Salto [12], called Salto-1P. This
robot weighs 2 grams less than its predecessor and can jump
0.245 m higher, with a vertical jumping agility of 1.83 m/s,
the highest recorded for any battery-powered robot. For this
robot we developed a low-mass attitude control scheme that
is appropriate for a highly agile, sub 0.1 kg monopedal robot.
Two aerodynamic thrusters combined with an inertial tail
allowed the robot to control its attitude in the air. The inertial
tail was more effective at rejecting perturbations than the
thrusters, which were driven to saturation regularly during



the jumping trials. Greater control authority in the roll and
yaw axes of the robot would expand the robot’s envelope of
operation.

The attitude control scheme enabled Salto-1P to execute
many (up to 174 in a single trial) jumps in succession on
a rigid horizontal surface. A simple linearized controller
based on the Raibert step controller was used for global
position control of the robot; we demonstrated both in-place
hopping and forwards and backwards running. The operation
of the attitude actuators in flight phase instead of stance
phase meant that much smaller and less powerful actuators
could be used; the thrusters could act over several-hundred
milliseconds, whereas a ground-based solution would have
been limited to the ~ 50 ms stance duration.

Salto-1P is capable of exploring extreme saltatorial lo-
comotion, demonstrating the ability to continuously jump
over 1 meter in height with a duty factor as low as 0.077.
Despite the challenges posed by this form of locomotion,
selection/construction of appropriate robotic hardware meant
that the simple Raibert controller was able to elicit both
stable locomotion and a range of dynamic maneuvers. With
repeated experiments, we were able to explore the perfor-
mance envelope for Salto-1P, shown in Fig. 9.

This work has shown that Salto-1P is capable of highly
agile locomotion, with a maximum Awv per stance of 8.9
m/s. It has enough raw performance to be an effective
platform for experimentally evaluating a recently developed
ballistic planning framework [7]. However full control of the
platform, particularly landing control to come to a halt and
precise foot placement control, is still lacking. Future work
will target development of foot placement controllers.
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