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Abstract— Object manipulation has been extensively studied
in the context of fixed base and mobile manipulators. However,
the overactuated locomotion modality employed by snake robots
allows for a unique blend of object manipulation through
locomotion, referred to as loco-manipulation. The following
work presents an optimization approach to solving the loco-
manipulation problem based on non-impulsive implicit contact
path planning for our snake robot COBRA. We present the
mathematical framework and show high fidelity simulation re-
sults for fixed-shape lateral rolling trajectories that demonstrate
the object manipulation.

I. INTRODUCTION

Snake locomotion encompasses various techniques tai-
lored for different environments and challenges. Lateral
undulation, exemplified in works such as [1]–[3], relies
on anisotropic friction to propel the snake forward in a
sinusoidal pattern. Rectilinear motion, as described in [4],
[5], involves the compression and expansion of scales for
longitudinal movement, ideal for navigating tight spaces.
Sidewinding gait, demonstrated in studies like [6], [7], is
deployed on slippery or sandy terrains, employing a sinu-
soidal gait for lateral motion. In confined spaces, snakes
utilize the concertina gait, as outlined in [8], involving coiling
and uncoiling to progress longitudinally. Additionally, non-
snakelike gaits such as the inchworm gait, slinky gait, lateral
rolling gait, and tumbling locomotion, proposed in works like
[4], [9], leverage the articulated nature of the snake’s body
for unique locomotion patterns.

Research in snake robotics has predominantly centered on
emulating snake locomotion and replicating the distinctive
movement patterns of biological snakes. However, the inher-
ent redundancy and highly articulated nature of snake bodies
have often been overlooked for manipulation.

This study aims to explore the manipulation capabilities
afforded by the redundant body structures of snake robots,
particularly for interacting with objects in the environment.
Addressing this contact-rich problem presents intriguing
prospects for leveraging contact-implicit optimization, which
represents a prevalent design paradigm in the field of locomo-
tion and for unknown reasons is less explored in snake-type
robots [10]–[13].
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Fig. 1. Illustrates loco-manipulation problem concerning carrying a box
with COBRA

II. QUICK OVERVIEW OF COBRA, OBJECTIVES, PAPER
CONTRIBUTIONS

As depicted in Fig. 1, the COBRA system comprises
eleven actuated joints. The frontal section of the robot houses
a head module housing the onboard computing system, a
communication module, and an inertial measurement unit
(IMU) for navigation. At the rear, an interchangeable pay-
load module accommodates additional electronics tailored
to specific tasks undertaken by COBRA. The remaining
components consist of identical modules, each containing a
joint actuator and a battery.

A latching mechanism in the head module allows for
the attachment of a gripper, facilitating object manipula-
tion through a more conventional grip-based approach. This
mechanism features a Dynamixel XC330 actuator situated
within the head module, driving a central gear. This gear
interfaces with partially geared sections of four fin-shaped
latching fins. The curved outer face of each latching fin spans
an arc length equal to 1/4 of the circumference of the head
module’s circular cross-section. When retracted, these four
fins form a thin cylinder coinciding with the cylindrical face
of the head module. A dome-shaped cap positioned at the
end of the head module accommodates the fins between it
and the main body of the head module, with clevis pins used
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Fig. 2. Full-dynamics model parameters in the object manipulation task
considered in this paper

to secure the fins in place.
The primary research objectives include:
• Understanding efficient modeling techniques conducive

to complex locomotion and object manipulation by
COBRA.

• Exploring optimal control design approaches to effec-
tively move the joints along desired trajectories for
manipulating objects.

The key contributions of this work entail the proposal of
an optimization approach based on non-impulsive implicit-
contact path planning for COBRA. We demonstrate that this
method can yield optimal joint trajectories for desired object
movements over flat surfaces, showcasing its utility through
simulation.

This paper is structured as follows: Initially, we intro-
duce the fundamental concept underpinning the motion op-
timization approach employed in this study, detailing the
incorporation of contact forces within the context of object
locomotion and manipulation. Subsequently, we outline the
simulation parameters utilized, followed by the presentation
of simulated outcomes encompassing various joint motions,
including object manipulation employing sidewinding and
lateral rolling gaits of different shapes (C-, S-, J-shaped).
Finally, we conclude with concise closing remarks.

III. MOTION OPTIMIZATION

The dynamics governing the motion of the COBRA snake
robot, possessing 11 body joints, are encapsulated in the
following equations of motion:

MMM(qqq)u̇uu−hhh(qqq,uuu,τττ) = ∑
i

JJJ⊤i (qqq) fff ext,i,

hhh(qqq,uuu,τττ) =CCC(qqq,uuu)uuu+GGG(qqq)+BBB(qqq)τττ
(1)

In this equation:
• The mass-inertia matrix MMM pertains to a space of di-

mensionality R17×17,
• The terms encompassing centrifugal, Coriolis, gravity,

and actuation (τττ) are succinctly represented by hhh ∈R17,
• External forces fff ext,i and their respective Jacobians JJJi

reside in the space R3×17.
For clarity and conciseness, details regarding the specific
generalized coordinates and velocities of COBRA are omit-
ted.

In the object manipulation problem under consideration
and shown in Fig. 2, the external forces originate exclu-
sively from active unilateral constraints, e.g., contact forces
between the ground surface and the robot or between a
movable object and the robot. This assumption conveniently
establishes a complementarity relationship (i.e., slackness,
where the product of two variables including force and
displacement in the presence of holonomic constraints is
zero) between the separation gggi (the gap between the body,
terrain, and object) and the force exerted by a hard unilateral
contact.

The concept of normal cone inclusion on the displace-
ments, velocities, and acceleration levels allows for the
expression [14]:

−gggi ∈ ∂Ψi
(

fff ext,i
)
≡ NFi

(
fff ext,i

)
−ġggi ∈ ∂Ψi

(
fff ext,i

)
≡ NFi

(
fff ext,i

)
−g̈ggi ∈ ∂Ψi

(
fff ext,i

)
≡ NFi

(
fff ext,i

) (2)

where Ψi(.) denotes the indicator function. The gap function
gggi is defined such that its total time derivative yields the
relative constraint velocity ġggi = WWW⊤

i uuu + ζi, where WWW i =
WWW i(qqq, t) = (∂gggi/∂qqq)⊤ and ζi = ζi(qqq, t) = ∂gggi/∂ t.

Considering the primary objectives of loco-manipulation
with COBRA, we examined various conditions of the normal
cone inclusion as described in Eq. 2. In scenarios where
non-impulsive unilateral contact forces are employed to
manipulate rigid objects (e.g., the box shown in Fig. 2)
relative to the world, ∂gggi/∂ t ̸= 0. This factor holds significant
importance in motion planning considered in this work and
is enforced during optimization.

The total time derivative of the relative constraint velocity
yields the relative constraint accelerations g̈ggi = WWW⊤u̇uu + ζ̂i
where ζ̂i = ζ̂i(qqq,uuu, t). We describe a geometric constraint
on the acceleration level such that the initial conditions are
fulfilled on velocity and displacement levels,

gggi(qqq, t) = 0,

ġggi =WWW⊤
i uuu+ζi = 0,

g̈ggi =WWW⊤
i u̇uu+ ζ̂i = 0,

ġggi (qqq0,uuu0, t0) = 0,
∂gggi/∂ t ̸= 0

(3)

which means the generalized constraint forces must stand
perpendicular to the manifolds gggi = 0, ġggi = 0 and g̈ggi = 0. This
formulation directly accommodates the integration of friction
laws, which naturally pertain to velocity considerations.
We dissect the contact forces into normal and tangential
components, denoted as fff ext,i =

[
fN,i, fff⊤T,i

]⊤ ∈ Fi.
In this context, the force space Fi facilitate the specifica-

tion of non-negative normal forces (R+
0 ) and tangential forces

adhering to Coulomb friction
{

fff T,i ∈ R2, || fff T,i||< µ | fN,i|
}

,
with µ representing the friction coefficient.

The underlying rationale behind this approach is that while
the force remains confined within the interior of its desig-
nated subspace, the contact velocity remains constrained to
zero. Conversely, non-zero gap velocities only arise when the
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Fig. 3. Snapshots depicting simulated forward box push utilizing various gaits executed in Matlab. The J-shape gait is an asymmetric variation of the
C-gait, which allows changing the direction of movement of the box by mirroring the gait.

forces reach the boundary of their permissible set, indicating
either a zero normal force or the maximum friction force
opposing the direction of motion.

To proceed in the loco-manipulation problem considered
here, it proves advantageous to reconfigure Eq. 1 into local
contact coordinates (task space). This can be accomplished
by recognizing the relationship:

ġgg = JJJcuuu, (4)

where ggg and JJJc represent the stacked contact separations and
Jacobians, respectively. By differentiating the above equation
with respect to time and substituting Eq. 1, we obtain

g̈gg = JJJcMMM−1JJJ⊤c fff ext + J̇JJcuuu+ JJJcMMM−1hhh, (5)

where GGG = JJJcMMM−1JJJ⊤c – the Delassus matrix – signifies the
apparent inverse inertia at the contact points, and ccc = J̇JJcuuu+
JJJcMMM−1hhh encapsulates all terms independent of the stacked
external forces fff ext . At this juncture, the principle of least
action asserts that the contact forces are determined by the
solution of the constrained optimization problem:

minimize
{ fff ext,i,uuu}

1
2

fff⊤extGGG fff ext + fff⊤extccc

s. t.

(1)MMM(qqq)u̇uu−hhh(qqq,uuu,τττ)−∑
i

JJJ⊤i (qqq) fff ext,i = 0

(2)∥qqq∥ ≤ qmax

(3)∥τττ∥ ≤ τmax

(6)

where qmax, and τmax denote maximum joint movements,
and actuation toruqes, respectively. In the above optimization
problem, (1), (2), and (3) enforce dynamics agreement,
kinematics restrictions, and actution saturations, respectively.

Next, a time-stepping methodology facilitates the integration
of system dynamics across a time interval ∆t while internally
addressing the resolution of contact forces. We take the
shooting method to find optimal uuure f for minimized joint
torques τττ such that generalized contact forces fff ext stand
orthogonal to gap functions and their derivative.

IV. SIMULATION SETUP

A high fidelity simulation has been created using the
MATLAB Simulink Multibody Toolbox. Each link is modeled
as a rigid body weighing 0.5 kg with inertia matrices derived
automatically by MATLAB from the geometry assuming
homogeneous mass distribution. The inertia tensor for each
of the ten identical body links is (Ixx = 7.167×10−4, Iyy =
8.704 × 10−4, Izz = 8.626 × 10−4 kgm2), and the inertia
tensors for the head and tail modules are (Ixx − 4.4562×
10−4, Iyy = 1.710 × 10−3, Izz = 1.793 × 10−3 kgm2) and
(Ixx = 8.182 × 10−4, Iyy = 1.141 × 10−3, Izz = 1.109 ×
10−3 kgm2) along the primary axes. The links are connected
through a position controlled revolute joint with axis and
range of motion mimicking the real robot. The object being
manipulated is modeled as a solid box of weight 0.5 kg.
The normal forces for all contact interactions between robot
links, ground surface and object are modeled using a smooth
spring-damper model with spring stiffness 1 × 10−4 N/m
and damping coefficient 1× 103 Ns/m. Friction forces are
modeled using a smooth stick-slip model with coefficient of
static friction of 1.3, coefficient of dynamic friction of 1.0
and critical velocity 1×10−3 m/s. The dynamics are solved
using MATLAB’s ode45 with a fixed timestep of 1× 10−4

seconds.
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Fig. 4. This image depicts the contact points and unilateral ground reaction forces during (a): C-shaped gaits, (b) S-Shaped Gait, (C) J-Shaped Gait, (d)
Sidewinding gait, performed by the high-fidelity COBRA model simulated in the MATLAB environment. The contact forces consist of tangential forces
( fff T,i) and normal forces ( fN,i). Lx here refers to Link number x on the robot, numbered from 1-10 starting from the head.
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Fig. 5. This image depicts the contact points and unilateral ground reaction forces for contact interactions of the manipulated object with the robot and
with the ground during (a): C-shaped gaits, (b) S-Shaped Gait, (C) J-Shaped Gait, (d) Sidewinding gait, performed by the high-fidelity COBRA model
simulated in the MATLAB environment. The contact forces consist of tangential forces ( fff T,i) and normal forces ( fN,i). Lx here refers to Link number x
on the robot, numbered from 1-10 starting from the head.

Fig. 6. Depicts the efficiency of each gait based on the total work done by
the robot for locomotion against total work done on the box. Larger slope
indicates a less efficient gait as more work is done on locomotion in return
for smaller work done on the box.

V. RESULTS

We performed numerical dynamics integration of COBRA
and a box interactions on flat ground. In Fig. 3, snapshots
illustrating simulated forward box push using C-, S-, J-
shaped lateral rolling, and sidewinding gait are presented.
In these simulations, the goal is to move the box on the
flat ground towards a specified point, and corresponding
suitable joint commands are derived. The J-shaped lateral
rolling gait is asymmetrical and can be mirrored to execute
control on the direction in which the object is moved. The
composite Fig. 4 illustrates the contact points and unilateral

Fig. 7. Shows the instantaneous power consumption by the robot to execute
locomotion for each of the considered gaits.

Fig. 8. Depicts the torque profile for the central yawing (J6) and pitching
(J5) joints for each gait. Other joints show similar profiles offset by a phase
angle based on the executed gait.
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Fig. 9. Depicts the total distance the robot moves the box for each gait in
the same amount of time.

ground reaction forces during (a) C-shaped gait, (b) S-
shaped gait, (c) J-shaped gait, and (d) sidewinding gait,
executed by the high-fidelity COBRA model simulated in
the MATLAB environment. The contact forces encompass
tangential forces ( fff T,i) and normal forces ( fN,i), where Lx
denotes Link number x on the robot, numbered from 1 to 10
starting from the head.

In the composite Fig. 5, we depict the contact points and
unilateral ground reaction forces for contact interactions of
the manipulated object with the robot and with the ground
during (a) C-shaped gait, (b) S-shaped gait, (c) J-shaped
gait, and (d) sidewinding gait. Figures 6 and 7 compare the
efficiency of the four gaits in performing the prescribed task
of moving the box. Figure 6 plots the work done internally
by the robot for locomotion against the work done by the
robot on the box. The joint torques τττ for the gaits are shown
in Fig. 8.

More efficient gaits would need less work in locomotion
to do more work on the box. In this respect, the S and J
shape lateral rolling gaits perform more efficiently than other
gaits, with Sidewinding doing the most work on the box, but
consuming the most energy to do it. This is corroborated by
the plot of instantaneous power for the robot for locomotion
in Fig. 7 that show the large peaks in instantaneous power
from sidewinding, as compared to the more steady power
consumption by other gaits. This results in a slower but
more energy efficient loco-manipulation. Figure 9 shows the
relative distance moved by the box as a result of each gait
operating for the same amount of time.

VI. CONCLUDING REMARKS

This paper introduces an optimization-based approach to
path planning and object manipulation for loco-manipulation,
employing a morpho-functional robot named COBRA,
equipped with manifold moving joints and contact-rich be-
havior. COBRA features 11 actuated joints and onboard
sensing and computation capabilities. We develop a high-
fidelity model of COBRA to manipulate a box on a flat
surface, utilizing non-impulsive implicit contact path plan-

ning. Our simulation results demonstrate successful object
manipulation, accompanied by an analysis of ground reaction
forces and intermittent contact locations.

In future research, we intend to leverage motion cap-
ture and tactile sensors (currently undergoing integration)
to conduct real-world experiments. With the integration of
contact force estimation into the hardware, our contact-
implicit optimization approach will be applied to the physical
robot. This will allow us to showcase loco-manipulation in
real-world scenarios, such as pushing objects on ramps or
anchoring the robot’s body to the ground to lift and place
objects on elevated platforms.
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