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Abstract— Human performers have developed impressive
acrobatic techniques over thousands of years of practicing
the gymnastic arts. At the same time, robots have started to
become more mobile and autonomous, and can begin to imitate
these stunts in dramatic and informative ways. We present a
simple two degree of freedom robot that uses a gravity-driven
pendulum launch and produces a variety of somersaulting
stunts. The robot uses an IMU and a laser range-finder to
estimate its state mid-flight and actuates to change its motion
both on and and off the pendulum. We discuss the dynamics
of this behavior in a framework of acrobatic capability and
present experimental results.

I. INTRODUCTION

For thousands of years, people have been captivated by
the aerial stunts of daring gymnasts and divers who swing,
leap, twist, and flip through the air. Now that robots are
becoming more mobile, intelligent, and aware, the ability
to mimic these stunts presents several opportunities. Besides
the interesting questions of robot design and control posed by
this field, a robotic acrobat can help answer questions about
how stunts are performed in ways that may be of use to elite
gymnasts. In studies which investigate the physics of a given
stunt, such as [1], some major difficulties in analysis exist.
First, the inertia of the human can only be approximated, as
disassembly for measuring each limb is infeasible. Second,
a performer who attempts to make a specific change to
their approach to a stunt might inadvertently change many
variables at once. Thirdly, performer joint angles must be
approximated from video, a difficulty compounded by the
fact that many human joints do not have a fixed center of
rotation relative to the limbs. A robotic performer is not
inherently subject to these limitations, and so is an effective
tool for exploring specific strategies of locomotion. Beyond
this, an acrobatic robot pushes the limits of control, sensing,
and fabrication in ways that could have relevance for robots
in general.

In this paper, we present an acrobatic robot, Stickman as
shown in Fig 1, that swings through the air on a pendulum,
“tucks” to change its moment of inertia, releases, “untucks”
to reduce its spin, and gracefully lands on its back on
a foam mat as shown in Fig. 2 and in the multimedia
attachment accompanying this paper. In discussing this effort,
it is helpful to define a few basic metrics for measuring
the capability and precision of an acrobatic robot and its
accompanying launch system, as explained in Sec. III. After
describing our robot and basic approach in more detail in
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Fig. 1: Top: Stickman, a human-length acrobatic robot,
consists of three links that can fold or unfold to tuck or
untuck during a somersault. Bottom: Stickman folding into
the tucked configuration.



Sec. IV, we dive into the details of the system dynamics and
our initial modeling efforts in Sec. V. Finally, in Sec. VI, we
present results on the robot’s performance of various stunts
and the sensing and control efforts.

II. BACKGROUND

In robotics, much work has been done on jumping [2]–[5]
and hopping robots, of which [6] is a foundational example.
Hopping and jumping robots are usually focused on total
height rather than number of in-flight rotations, but they must
nevertheless control their rotation in some way to achieve
a stable landing and jump again. [7] uses a spinning rod
to help ensure stability before executing a secondary jump
off a vertical surface. The ParkourBot [8] uses gyroscopic
stabilization to maintain heading as it performs multiple
jumps in a simulated reduced-gravity environment. Other
approaches use aerodynamic surfaces to control orientation,
as in [9,10]. [11] uses an internal weight to orient correctly
while on the ground before using rotors to take off for brief
hopping flights.

Changing orientation during free fall has been explored
recently by robots which use inertial tails to reorient them-
selves, a strategy also found in the natural world [12]. By
actuating a tail with a relatively high moment of inertia, rapid
changes in gross body orientation are possible [13], allowing
robots to recover from unfavorable body orientations while
falling [14]. Controls for a “cat robot” which used torque
between two columnar halves to control final orientation
were explored theoretically in [15], and a twisting robot
was demonstrated in [16,17]. Inertia shaping for a humanoid
robot has been explored through in [18]. All of these appli-
cations involve relatively low initial spin rates and perform
less than a full revolution.

For somersaulting robots, [19] actively shapes angular mo-
mentum during the ground contact phase and have proposed
a framework for control during a long airborne phase. Simi-
larly, [20] characterizes angular momentum to inform control
while in contact with the ground. Detailed simulations of
higher-spin rate humanoid inertia shaping in [21,22] show
the potential of this strategy for controlling free-fall landing
conditions if it could be realized on a humanoid robot. The
most relevant prior work of all is probably [23], in which a
robot performed a somersault and moved its leg position to
shape inertia in flight and land at a target angle. A similar
control strategy is probably employed in the recent video
of the Atlas robot ( [24]) performing a backflip. There has
also been work investigating the physics of swinging using a
robot that could move along a ladder using alternating limbs
[25].

This paper builds heavily off work to be presented at IROS
2017, in which a spinning brick-shaped robot used movable
internal weights to change its inertia and fall through a
narrow slot [26].

III. QUANTIFYING ACROBATIC PERFORMANCE

In thinking of an acrobatic robot, it is helpful to define
some basic metrics by which to measure the performance of

a given design. Number of rotations about a given body axis
seems a likely figure of merit, as this is the main way aerial
stunts are categorized in diving and gymnastics. Peak height
and total horizontal distance covered are also interesting
measures of any ballistic leap, as they both give a sense
of the scale of the motion. In this paper we will concentrate
on horizontal distance because the indoor location of our test
rig puts a practical limit on peak height.

In addition to the broad capabilities mentioned above, an
acrobatic robot can also be judged by the precision with
which it lands, both in terms of final location and final
orientation.

These capabilities can be thought of as shared between the
robot’s launching apparatus and its ability to affect motion
during flight. A jumping robot carries its launching apparatus
on-board, and a flying or gliding robot uses aerodynamics
to significantly change the trajectory of its center of mass
during flight. Our approach uses a separate launching system
and minimizes aerodynamic effects. This means that the final
location is purely a function of the launch conditions, if
we define the launch as being the point at which Stickman
releases from the pendulum. The final orientation, and the
amount of rotation preceding that final state, is a function
both of the angular momentum and initial angle provided by
the launch and the ability of the robot to change its angular
velocity during flight. In gymnastics, the final orientation
is an important measure of success; in robotics, landing
in a predictable orientation can help protect the vulnerable
components of the machine.

In the following, we demonstrate the capability to perform
zero, one, and two flips; to throw the robot between 5 and
10 meters horizontally away from the pivot of the pendulum;
to control landing location within a standard deviation of 0.3
meters; and to control landing orientation within a standard
deviation of 30 degrees.

IV. STICKMAN AND THE BASIC APPROACH

The robot, Stickman, consists of three aluminum links
connected by hinges which allow it to transition from a
collapsed “Z” configuration to an approximately straight line
as shown in Fig 1. When untucked, Stickman is designed
to be 7 feet tall to approximate the height of a human
stunt performer with arms raised over his or her head. Air
tanks store the energy used for actuation and a 12v Lithium
Polymer battery pack powers the solenoid valves controlling
the actuators. The basic construction of the prototype was
influenced by a desire for easy reconfigurability, fast repair,
and high peak actuator strength and power.

T-Slot aluminum extrusion was used to allow for re-
configurability of various components based on incremental
findings. Both ends of the air pistons can be adjusted along
the length of their links, allowing changes in torque profiles.
A large extra weight can be added to the top or bottom link
in order to adjust the robot’s center of mass location and
change in moment of inertia.

Pneumatic actuators were chosen for their high power
density, and are actuated with solenoid valves that are



Fig. 2: Basic approach to performing a somersault stunt with Stickman. The robot is attached to a rigid pendulum and raised
to the ceiling of the laboratory, approximately 6 meters above the ground. It releases from the ceiling, swings through an arc,
begins to tuck and releases from the pendulum at a pre-determined time. It then attempts to estimate its height and velocity
to calculate time in the air. When it predicts that untucking will result in the correct landing orientation, it commands an
untuck and lands gently on its back on a foam mat.

triggered by the Arduino Micro controller board. The top
link is outfitted with both a LIDAR-Lite v3 laser rangefinder
and a 6-axis Invensense ICM 20602 inertial measurement
unit which comprise the main inputs to the robot.

We use a gravity-driven pendulum to launch Stickman.
By raising the robot nearly to the ceiling, we are able to
inject significant energy into the launch. The long swing
spreads out this acceleration over a large distance, making
for relatively gentle accelerations. Stickman releases from
the ceiling and the pendulum using two servo-driven quick
release latches as illustrated in the accompanying multimedia
attachment.

The joint attaching the robot to the pendulum will have
a stiffness ranging from the theoretical extremes of zero (a
pin-joint) to infinity (a rigid link). A rigid joint would turn
the whole system into a simple compound pendulum with
very predictable behavior, likely increasing the repeatability
of landing position. However, this also constrains angular
velocity to be a function of linear velocity, limiting the range
of somersault ability. A pin joint creates a double pendulum,
a chaotic system with high sensitivity to initial conditions. As
a result, however, it is possible to decouple angular velocity
from linear velocity and produce a larger range of launch
conditions.

The basic sequence of Stickman performing a stunt is
illustrated in Fig. 2. The logical flow of the robot’s control
scheme is illustrated in Fig. 3

An Optitrack motion capture system is used to provide
reference position data.

V. DYNAMICS

A. Swinging Dynamics

The double pendulum is the classic example of a chaotic
system, and becomes only more complicated when the pos-
sibility of tucking mid-swing is introduced. To evaluate this
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Fig. 3: Stickman control scheme logic diagram

complexity and the range of capabilities of our system, we
created a detailed model using Matlab’s Simscape Multibody
toolbox. The model consists of a two-link pendulum (a stiff
torsional spring connects the top half of the pendulum to the
bottom half to help approximate the first oscillatory mode of
the beam), three rigid bodies for the robot, and two massless
telescoping actuators to simulate the pistons, as diagrammed
in Fig. 4.

As expected, the simulation is very sensitive to initial
conditions as well as to small variations in model parameters.
Changing parameters as tertiary as the viscous damping of
the pistons can change the model’s prediction from a foot-
first landing to head-first landing. The model is compared to
time histories of angular velocity for two different animations
in Fig. 4. We believe that the model captures the general
behavior of the system well enough that it is a useful tool for
understanding the capabilities and limitations of the system.
In practice, the model is used to inform a first guess at
the timing required for a desired stunt, and then the timing
is iteratively refined based on actual results. In the future,
creating a simplified but still-informative model of swinging



dynamics is a goal of this project.

B. Mid-air Dynamics

Once in-flight, the physics of motion are relatively simple.
If the principal moment of inertia is closely aligned with the
angular momentum vector, then we can write:

L = I! (1)

where I is the principal moment of inertia around the axis
of rotation and ! is the angular velocity.

If the moment of inertia changes from I1 to I2, the change
in angular velocity is given by:

!new =
I1
I2

!old. (2)

This is simplest if the change in inertia from one state to
another is smooth, fast, and monotonic, and if the angular
velocity is in good alignment with the desired axis of rota-
tion. In practice we found that tucking a little before release
helped slow or eliminate twist. The pneumatic cylinders used
provide a fast transition, but are under-damped and create a
strong ringing effect which makes accurate measurement and
simulation of this stage more difficult. If we disregard this
ringing effect, the results of un-tucking can be characterized
by an average angular velocity before, during, and after the
un-tuck event, very similar to the analysis performed in [26].
This analysis should be modified due to the fact that the un-
tuck event changes the relative angles of each body segment,
so a constant angular displacement, ✓offset, can be added to
the result.

Using the onboard accelerometer, the onboard laser range-
finder, and a model of expected dynamics, we can estimate
the amount of time left in the air, Ta, based on our estimate
of height and vertical velocity at a given time t0:

Ta =
v0
g

+

s✓
v0
g

◆2

+
2h0

g
(3)

where h0 is the estimated height at time t0, v0 is the
estimated vertical component of velocity at time t0, and g is
acceleration due to gravity.

We can use the following formula to estimate the final
orientation, ✓final, if the release were to be commanded
immediately:

✓final = ✓ + ✓offset+

!RtTt + !Rf (Ta � (t� t0)� Tt) (4)

where ✓ is the current estimated angle between the center
link and the ground, ✓offset is the expected displacement due
to re-configuration of limbs, ! is the current angular velocity,
Rt is the predicted ratio between the current angular velocity
and the average angular velocity during the transition, Tt is
the predicted time for the transition, Rf is the predicted
ratio between the current and final angular velocities, t

is the current time, and t0 is the time at which Ta was
last estimated. Rf is found empirically by observing the
differnce in angular velocity between tucked and untucked
configurations mid-flight. Rt is determined by comparing the
average angular velocity during the untucking motion to the
angular velocity in the tucked position.

C. Predicted capabilities

Launching capability, in terms of the number of possible
somersaults and the range of possible landing locations, is
constrained by the total available energy of the system. For
Stickman, the energy stored in the air tanks is about an
order of magnitude less than the energy stored in potential
energy at the beginning of the swing. The main determinant
of capability, then, is the way that energy can be allocated
between linear and angular momentum in each axis. For
the majority of the following analysis, we will assume
that tucking occurs only after we have released from the
pendulum.

In Stickman’s pendulum-based launch, the relationship
between linear and angular momentum is constrained by
rigid body kinematics. Only those velocities which maintain
the absolute lengths of the two pendulum links are allowed.
Numerically simulating the full range of kinematically possi-
ble velocity configurations gives us an upper bound on what
combinations of angular and linear velocities are possible
given our experimental setup. We can then use these veloc-
ities to calculate the final position and total rotation of the
robot, as shown in Fig. 5.

This broad range of possible outcomes is slightly mislead-
ing as it includes situations which are kinematically possible
but practically infeasible. To get a more reasonable estimate
of total capability, we can limit the angular velocity of the
second link to prevent it from exceeding 180 degrees in
amplitude under typical loading conditions.

We can then take our previous kinematic analysis and
discard any results which result in an angular velocity greater
than this value, which produces the top right graph in Fig. 5.

This theoretical limit then becomes a way of measuring the
capability of a proposed control scheme while on the pendu-
lum. If the area of possible states covered by a proposed
method covers a significant percentage of the theoretical
limits, then we can be confident that we are not artificially
limiting robotic capability by our approach.

Two possible control methods can now be explored and
compared using the full dynamic model of Stickman. The
first method is to simply change the initial angle between
the center link of the robot and the world-frame horizontal
while satisfying the constraint that no part of Stickman is
allowed to penetrate the ceiling. The results of this method
over varying release times are illustrated in the bottom left
corner of Fig. 5.

The second method is to begin the tuck while still on the
pendulum. This changes the length and inertia of Stickman,
thus changing the frequency of the second-order pendulum
behavior and changing the relative phase of angular and
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Fig. 4: Top: schematic view of physical elements modeled
in Simscape Multibody, consisting of joints and rigid body
elements. Middle: model versus experiment for a typical
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an early tuck, late release headplant. In the lower figures,
blue represents simulated angular velocity and red repre-
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Fig. 5: Reachable states with various constraints - kinematic
and energetic possibility (top left), kinematic possibility
given a maximum second link amplitude (top right), full
simulation sweep over different tuck times (bottom left), full
simulation sweep over different initial angles (bottom right).

linear momentum. The results of this method are shown in
the bottom right of Fig. 5.

Once in the air, the robot has a fixed amount of angular
momentum available and a fixed amount of time before the
ballistic trajectory impacts the ground.

The mid-air capability of the robot can be measured by
how much it is able to change its final angle given an
initial angular momentum. In the case of stickman, the ratio
between tucked and untucked moments of inertia is about 1
to 3, which means that for a flight which can produce two
thirds of a somersault in the untucked position, the robot
can achieve an actual number of rotations between that two
thirds of a rotation and two full rotations.

VI. RESULTS

Stickman achieved total flight distances ranging from 5
to 11 meters. No serious effort was made to control final
position run to run, but a typical animation showed a standard
deviation in landing position of about 20 centimeters for five
trials.

Based on a combination of modeling and iterative refine-
ment, Stickman achieved three distinct rotation profiles for
Stickman – zero, one, and two backflips. Image sequences
of these three different animations are shown in Fig. 6.

Simulations also predicted the ability to perform half of a
forward flip if a large enough initial angle was used. Tests
pursuing this goal achieved the angular velocity necessary
while still on the pendulum, but excessive loading on the
latch caused a jamming effect that prevented the robot from
releasing at the correct time.

A simple control law was used to attempt to ensure Stick-
man landed in gross alignment with the mat. Using a naive
estimate of the difference between distance measurements



Fig. 6: Image sequences of launches which resulted in two
(top), one (middle), and zero (bottom) total backflips.

over the last ten trials, the robot attempted to calculate time
left in the air and adapt to its measured angular velocity and
estimated flight time.

The robot uses the angle estimate from the IMU to
correct for the angle at which the laser rangefinders collect a
particular reading. Resulting height estimates are compared
to the ground truth from the motion capture system in Fig. 7.

The robot landed with an average angular error of 27
degrees of over-rotation, with a standard deviation of 28
degrees. A range of typical landings is shown in Fig.

Position and velocity can also be estimated by using the
IMU to estimate vertical acceleration. This was found to
work well on the pendulum, but encountered a discontinuity
around the time of release, as illustrated in Fig. 9.

In future work, we will investigate fusing the information
from the imu and the laser rangefinder to achieve a better
estimate of height and velocity, allowing us to improve the
accuracy of final angle control.

VII. CONCLUSION AND FUTURE WORK

Stickman emulates the behavior of human performers
using a very limited set of sensing and actuation capabilities.
It is able to successfully perform several different somersault-
ing stunts by changing initial orientation and the timing of
tuck, release, and untuck. The onboard sensors are able to
track the angle, height, and velocity of the robot.

In future work, we will pursue more advanced sensing and
control strategies to increase the repeatability of the robot.
Initial tests are already underway.

As the robot progresses towards more interesting stunts, it
will likely require more degrees of freedom to allow control
in other axes of rotation, and possibly position as well.
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Fig. 9: Range of landing angles for typical experiments
using combination of IMU and laser rangefinder position es-
timation, showing an over-rotation (top), an average landing
(middle) and an under-rotation (bottom).

This effort will be facilitated by ongoing efforts in refining
the simulation of the robot and attempting to develop sim-
plified models that provide more intuition for the behavior
of the system. Some early models based on observing the
robot’s angular momentum instead of its angular velocity
appear initially promising.
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