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Abstract— Rough terrain locomotion has remained one of the
most challenging mobility questions. In 2022, NASA’s Innova-
tive Advanced Concepts (NIAC) Program invited US academic
institutions to participate NASA’s Breakthrough, Innovative &
Game-changing (BIG) Idea competition by proposing novel
mobility systems that can negotiate extremely rough terrain,
lunar bumpy craters. In this competition, Northeastern Uni-
versity won NASA’s top Artemis Award award by proposing
an articulated robot tumbler called COBRA (Crater Observing
Bio-inspired Rolling Articulator). This report briefly explains
the underlying principles that made COBRA successful in com-
peting with other concepts ranging from cable-driven to multi-
legged designs from six other participating US institutions.

I. INTRODUCTION

Rough terrain locomotion has remained one of the most
challenging mobility questions to date. Many different de-
signs have been proposed so far. Perhaps, the most promising
designs constitute legged robots that intermittently interact
with their environment to translate the center of mass relative
to the ground substrate. Legged systems can walk over
bumpy surfaces by exploiting the contact-rich nature of their
locomotion as opposed to wheeled systems with fixed contact
points. However, legged locomotion over steep slopes with
bumpy surface pose different challenges that so far have
remained unexplored.

Bumpy steep slopes are abundant on Earth. However,
perhaps, the most famous examples of these environments
with significant scientific importance are in outer space. The
lunar surface is covered with craters from many years of
bombardment by small and large meteors. Some of these
craters are a few tens of kilometers in diameter and tens of
degrees on their surface slopes. Their surface is exceptionally
bumpy and covered with porous and fluffy regolith (lunar
soil), which makes locomotion even harder.

In 2022, NASA’s Innovative Advanced Concepts (NIAC)
Program invited US academic institutions to participate
NASA’s Breakthrough, Innovative & Game-changing (BIG)
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Fig. 1.

Shows COBRA, Crater Observing Bio-inspired Rolling Articulator,
performing tumbling locomotion in NASA’s Innovative Advanced Concept
Competitions in Pasadena, California, in November 2022.

Idea competition [1] by proposing novel mobility systems
that can negotiate the lunar craters. In this competition,
Northeastern University won NASA’s top award, the Artemis
Award, by proposing an articulated robot tumbler called
COBRA (Crater Observing Bio-inspired Rolling Articulator).
This report briefly explains the underlying principles that
made COBRA successful in competing with other concepts
ranging from cable-driven to multi-legged designs from six
other participating US institutions.

Tumbling robots are not new. The robotic community has
endorsed the merits and limitations of these systems. Passive
tumbling systems such as the NASA/JPL Mars Tumbleweed
Rover [2] use very little energy for locomotion, making
them attractive choices for remote exploration where energy
efficiency is crucial. Active rolling spherical robots such
as MIT’s Kickbot [3] have a low center of gravity and
can move in any direction, making them robust to external
perturbations and uneven terrain. The ability of spherical



robots to roll in any direction also gives them excellent
maneuverability in tight spaces.

Tumbling, however, comes with its challenges. Passive
rolling robots typically trade controllability for energy ef-
ficiency, relying instead on uncontrollable morphology (or
posture) for maneuvering. Also, rolling robots usually use
their entire body to execute locomotion. Therefore, the lack
of a stable platform for sensors such as cameras makes
localization and perception a significant ordeal.

Early robots such as Rollo [4] and Spherical Mobile Robot
(SMR) [5] had a spherical shell with a diametric spring-mass
system that spun a driving wheel to shift the axis of the
mass, creating a mass imbalance that generated movement.
These designs were unreliable due to challenges in keeping
the driving wheel constantly in contact with the sphere. In
addition, a large weight for the central structure was required
to generate any meaningful inertia to react with the torque
from the driving wheel and propel the system forward.

Robotic systems with similar concepts but replacing the
diametric driving wheel, with a car-driven system inside
spherical structures were introduced too. Notable examples
are the University of Pisa’s Sphericle [6] and Spider Rolling
Robot (SRR) from Festo [7]. Sphericle relied on gravity to
keep the car wheels in contact with the inside of the sphere
and large perturbations led by mobility on rough terrain could
dislodge the car and incapacitate the robot. SRR has the
car modeled as a 1-dof pendulum on a fixed axis inside the
spherical shell, allowing locomotion only in one plane and
relying on the inertia of the pendulum to move the robot.
Another means of tumbling locomotion is the shifting of
weights inside a rigid spherical shell to precisely control the
3D position of the center of mass. Examples of systems using
this concept are the University of Michigan’s Spherobot [8]
and the University of Tehran’s August Robot [9]. With the
added dead weights required to control the center of mass,
these robots are not the most energy-optimal solution.

A more energy-efficient means of positioning the center
of gravity for tumbling is by using deformable structures.
Successful examples [10]-[14] can be identified that have
attempted rolling by articulated structural designs that al-
low such deformation. Notable examples are Ritsumeikan
University’s Deformable Robot [15], and Ourobot [16] with
Articulated closed loop. COBRA also utilizes the concept
of deformation of structure to initiate and control tumbling.
However, what differentiates COBRA from these examples
are: 1) Multi-modal locomotion abilities (sidewinding, slith-
ering, and tumbling), 2) Field-tested capabilities for fast and
dynamic tumbling locomotion on bumpy surfaces, 3) Head-
tail locking mechanism to form rugged structures for tum-
bling, and 4) The ability to control posture for active steering
in 2 dimensions. Of these, this paper remains focused on
tumbling locomotion and provides an overview of the head-
tail locking concept.

This work is organized as follows. First, we provide a brief
overview of COBRA’s hardware, and in particular, the head-
tail locking mechanism. Second, we mathematically describe
what made COBRA successful in the BIG Idea competition.
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Fig. 2. Detailed illustration of the head-tail locking mechanism.

We employ Mixed-Hamiltonian-Lagrangain concepts to re-
late COBRA’s kinetic energy to the forces needed to topple it
when tumbling. Then, we provide numerical results based on
the mathematical frame explained in the math section. Last,
we present the experimental results, lessons, and conclusions
from our field tests.

II. COBRA’S HARDWARE OVERVIEW

As seen in Fig. 3, the COBRA system consists of eleven
actuated joints. The front of the robot consists of a head
module containing the onboard computing of the system, a
radio antenna for communicating with a lunar orbiter, and
an inertial measurement unit (IMU) for navigation. At the
tail end, there is an interchangeable payload module which,
for our mission, contains a neutron spectrometer to detect
water ice. The rest of the system consists of identical 1-dof
joint modules (Fig. 3) that each contain a joint actuator and
a battery.

A. Head-tail Locking Mechanism

In addition to the eleven identical modules, COBRA
features a distinct module at the snake’s head, aptly referred
to as the “head module,” and similarly, a “tail module” at
the snake’s tail end. The head module is shown in Fig. 2.
The primary purpose of these unique modules are to connect
together to form a loop prior to the onset of tumbling mode.
The head module acts as the male connector and utilizes a
latching mechanism to sit concentrically inside the female
tail module.

The latching mechanism consists of a Dynamixel XC330
actuator, which sits within the head module and drives a
central gear. This gear interfaces with the partially geared
sections of four fin-shaped latching “fins.” The curved outer
face of each latching fin has an arc length equal to 1/4 of the
circumference of the head module’s circular cross-section.
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Fig. 3. TIllustrates the coordinate frames and parameters used for modeling
COBRA.

When the mechanism is retracted, these four fins form a thin
cylinder that coincides with the head module’s cylindrical
face. A dome-shaped cap lies on the end of the head module
so that the fins sit between it and the main body of the
head module. Clevis pins are used to position the fins in
this configuration. COBRA’s tail module features a female
cavity for the fins. When transitioning to tumbling mode,
the head module is positioned concentrically inside the tail
module using the joint’s actuators, and the fins unfold into
the cavity to lock the head module in place. For the head
and tail modules to unlatch, the central gear rotates in the
opposite direction, and the fins retract, allowing the system
to return to sidewinding mode.

The choice for an active latching mechanism design
stemmed from the design requirements and restrictions.
Magnets were initially discussed as a passive latching option,
however they would not be effective in conjunction with the
ferromagnetic regolith. Further, due to the need to stay in a
latched configuration even when a large amount of force is
applied to the system during tumbling, a passive system was
not chosen, for there would be the risk of unlatching during
tumbling.

III. MODELING

The aim of this section is to establish a numerical frame-
work to study the tumbling behavior of COBRA.

A. Kinematics

Consider the configuration variable vector g
[...3Gi,---,Pi> a5 which embodies the body angles g;,
head module position pg, and orientations qz;. We use the
Euler convention to find the rotation matrix R%

R%(QH) = Rz,quy,quw,qz 1

RY; gives the representation of the points in the head frame
with respect to the world frame. We consider the rotation

78

\ small change in

| f tumbli
i-th module plane of tumbling

Pem,

™ head module

Fig. 4. TIllustrates Y; functions used to simplify kinetic energy

matrices RY

RE=RYRHI i=1,... N )

RH gives the expression of any points at each modules with
respect to the the head frame. Using RY and RY,, we obtain
the forward kinematics equation and find the center of mass
(CoM) position pep,,; of each module with respect to the
world frame

3)

In this equation, d? denotes the world frame position of the
body coordinates attached to i-th module. Angular velocity
of the head module wp (¢) and its relationship with the time
derivative of the configuration variable ¢ is given by

Gp(t) = RY(#)RY (1), wy = Bu(q)q 4)

Bu(q) is the head-module Jacobian matrix. The angular
velocity of i-th module and its relation to ¢ are given by

Gi(t) = RIORI(E), wi = Bilq)q (5)

The world-frame velocity of i-th module CoM v, ; can be
obtained by

Pemyi = R?pim,i + d?

N
. . ado
A 0,4 0 __ 1
- wz(t)Ripcm,i + dz - E aq qi

i=1 v

0
cm,i

(6)

(Y

B. Establishing a Link Between COBRA’s Angular Momen-
tum and Total Kinetic Energy

Now, consider the angular momentum o, ; about the point
pe on the robot from the i-th module

Oq,i = My <pcm,i - pa)spcm,i + Jcm7iwi (7)

where m; and J.,; are i-th module’s mass and mass
momentum of inertia; S is a skew-symmetric matrix. Using
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Fig. 5. Shows the numerical predictions of the ’Kick’ force needed to
change one-degree changes in the tumbling articulate structure when rotating
at a rate of 10 rad/sec. 'k’ here refers to the growth rate parameter of a
standard sigmoid curve with an inflection point of 1 sec. going from zero
deg. to 1 deg., used to vary the time taken to change the axis of rotation
smoothly.

Eq. 7, the total angular momentum around p,, is given by

N N
Oq = § Oa,i =
=1

Z (mz’pcm,isvcm,i + Jcm,iwi)

i=1 ®)

- mtotpasvcm

Therefore, the total angular momentum of the robot around

its CoM can be obtained by
N

Ocm = Z (mipcm,isvcm,i + Jcm,iwi)

i=1 ©)

- mtotpcmsvcm

Now, we re-write the forward kinematics equations based on

relative position of each module’s CoM position with respect
to the CoM to find simpler forms of o.,,. Consider

Pem,i = Pem + Tz (Q> (10)

where Y is the relative position of i-th module’s CoM with
respect to the total CoM. Based on the definition of T, we
can write
N N
> miTi(g) =0, Y miYi(g) =0 (11)
i=1 i=1
Now, apply Eq. 11 to obtain the total kinetic energy K of
the tumbling articulated robot

1
K =—

[ aYT T,
2 i

T
aq aq +Bz Jcm7zﬁz:|
(12)
In Eq. 12, by applying the properties given by Eq. 11, the
following term has been canceled out

N
T 0
Z 2mp;rm,i
i=1

T,
P
dq ¢
In addition, using Eq. 11 and re-writing o.,, given by Eq. 9
yields

N
LT . 1.
ot Do Bem + §qT >
=1

13)

N
Ocem = Z T:S (UJH) Tz + w:Jcm,iwi

i=1

(14)
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Fig. 6. The figure shows the joint torque of a single joint (J10) and ground
reaction forces (Normal and Frictional Force Magnitude) on a single link
(L10) during one period of contact with the ground while tumbling. The
graph below shows the full 10-second simulated period with spikes for each
repeated contact.

where S(.) is the skew symmetric operator (e.g., turns the
vector wy to a skew symmetric matrix). Now, we employ
a geometric argument of the cyclic variables gy (embodies
three Euler angles) to obtain the angular momentum o, of
the tumbling articulated structure from its total K. Consider
each module’s CoM position with respect to the contact point
pc as shown in Fig. 4

Pem,i = po + R (qn) (/\i(Qb) - Vi(Qb) (15)

where ¢; = A\; —v; is shown in the Fig. 4. The velocity vep, ;
based on this new parameterization is given by

Vem,i = RYyS(w)li(ay) + RYli(an) (16)
from the above equation one can see
oL,
L= S(w)e; 17
o = S(w)ts () (7

The geometric interpretation of (%j{ is shown in Fig. 4. We

employ g;; to link oy, to z’?q% which is given by
N T T
0K o\ O
=) m; T; + Jem,iwi (18)
dqn ; <5QH> <5QH> o
In Eq. 18, by substituting gg}; and g;j with Eq. 17, ocp,

given in Eq. 9 is obtained. This completes our approach to
inspect the angular momentum of the tumbling articulated
robot based on finding the total kinetic energy.



Fig. 7. Overlaid snapshots of tumbling

Next, we will numerically calculate the force needed to
topple the tumbling robot based on obtaining the rates of
changes of ¢, (t) during tumbling by inspecting the kinetic
energy.

IV. RESULTS AND DISCUSSION

The dynamical equations of motion of COBRA when
tumbling is given by

Dy Dpq G Hy | _ |0
o e L el =L e
JT (19)
+|:JI:%:|FGRF

where D;, H;, B;, and J; are partitioned model parameters
corresponding to the head "H’ and actuated ’a’ joints. Fgrp
denotes the ground reaction forces. u embodies the joint
actuation torques. In this section, we numberically simulate
the tumbling dynamics and using the relation between total
kinetic energy K, inertia matrix D(q), and angular momen-
tum o.,,, we inspect the force needed to topple COBRA
when is tumbling down a steep slope.
The ground model used in our simulations is given by

o — {0 i P02 >0
[Farrz, Farry, Farr -] else
Ferr: = —kipc,: — k2pc,-
Farri = —siFarr,:sgn(pc,i) — pwbo, if i =,y
si = (uc — (pte — ps)exp (—|pc,il*/v3) )

(20)
where pc;, i = x,y, 2 are the x —y—z positions of the con-
tact point; Fgrp;, ¢ = Z,y,z are the x —y — 2 components
of the ground reaction force assuming a point contact takes
place between the robot and the ground substrate; k; and
ko are the spring and damping coefficients of the compliant
surface model; p., ps, and pu, are the Coulomb, static, and
viscous friction coefficients; and, vy, > 0 is the Stribeck
velocity.
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While active posture control of COBRA in simulation and
hardware is currently possible, we keep the scope of this
work limited to a fixed posture. However, in our next works,
we plan to use this model to study the active steering of
COBRA by manipulating its posture. One important step
towards active steering is the identification of the contact
point. The conjugate momentum o, obtained above will
be employed to design estimators that can estimate contact
location based on conjugate momentum observers. We leave
further details for our next publications.

In our simulations, we considered a joint position con-
troller that fixates the robot’s posture. Then, we simulated the
dynamics of tumbling with an ODE solver in Matlab with
the following integration details: The solver uses a variable
step size with a maximum step size of 0.2 seconds. It has
a relative tolerance of 1 x 1072 and an automatically set
absolute tolerance.The physical properties of the model sim-
ulation are as follows. Each module weighs 0.5 kg, including
the head and tail modules, with each body module measuring
19.1 ¢m in length, the head module measuring 17.5 ¢m in
length, and the tail module measuring 26.4 c¢m in length.
Each module has a diameter of 10 cm, except the tail module,
which is designed to host an additional sensor payload and
has a diameter of 14 c¢m. The diagonal components of
the mass-moment of inertia, Iz, Iyy, 1.2 (kg.m?) are: the
head (9.2362 x 1074,8.70128 x 1074,5.79548 x 10~%), tail
(22.3399x 1074, 21.8196 x 104, 13.1895 x 10~%), and body
modules (8.51775 x 1074, 8.18543 x 1074, 5.89313 x 10~%).

The ground model is flat and angled at a 10° with a ground
stiffness of 100Nm, a damping of 1 x 1073N/(m/s) and
a transition region width of 1 x 10~*m. Figure 6 shows
the torques 7; applied at the joints during the tumbling. The
ground reaction forces Fgrp are shown in Fig. 6. As can
be seen, the actuator torques corresponding to the contacting
modules peaks offer insights into contact estimation models
for future active control of tumbling. Figure 5 shows the
virtual forces needed to make a 1-deg-sideway tilt in COBRA



during its tumbling. As this figure suggests, a relatively large
axial load is needed to even make small changes in the plane
of locomotion.

V. CONCLUDING REMARKS

Cobra’s tumbling locomotion was put to a rigorous test
at the NASA BIG Idea Forum in Pasadena, California.
Early testing in readily available testing environments such
as parking lot ramps showed partial success. At inclines
of 4 deg., the robot could not build up enough speed to
overcome irregularities of its own shape and would fall when
rolling over cracks. On inclines of 8 deg., the robot was
able to achieve higher speeds of tumbling and fell over less
often on uneven ground. These were, however, short inclines
of around 10 m, and under passive tumbling, the rate of
rotation was too slow to become stable. At the BIG Idea
Forum, COBRA, along with other competing robots was
given the opportunity to test at Lucerne Valley in California,
where we had access to hilly and rocky terrain with a high
degree of difficulty for mobile robot locomotion. The terrain
was selected to best represent the goal of the BIG Idea
competition, which was to demonstrate mobility in reaching
the bottom of lunar craters on the south pole of the moon,
which have steep uneven slopes with an average incline
of 30 deg. Under these conditions, COBRA successfully
demonstrated tumbling locomotion on a rocky hill with an
average incline of 24 deg. Figure 7 shows COBRA tumbling
down the hill, beginning the locomotion by shifting its center
of mass forward and going back to a hexagonal configuration
once tumbling had been initiated. With the steep 24 deg.
slope, the robot quickly picked up speed and became highly
stable, making the full 50 m to the bottom of the hill in 10
seconds without tipping over.
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