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Abstract

The Dynamic Admittance Parameterization of Non-Prehensile Multi-Robot Trans-
port with Optimal Coordinated Planning (DYNAMO) architecture o ers a practical
framework for cooperative payload transportation using two robots equipped with
nonholonomic mobile bases and four-degree-of-freedom manipulators. Coordinated
mobile manipulation is a di cult problem in robotics, and the non-prehensile case is
even more challenging than its prehensile counterpart because the robot bases and
the payload are dynamically coupled. DYNAMO adapts arm motion in response to
interaction forces and generates coordinated base trajectories that account for this
coupling. Robust payload transport is achieved through the combination of opti-
mal planning and adaptive compliant control, which enables each robot to maintain
appropriate contact forces. In hardware experiments with two Joint Integrated Ad-
mittance, Navigation, and Transport (JIANT) robots, DYNAMO yields longer and
more reliable transport than static admittance- or position-based methods. These
results provide a practical foundation for cooperative non-prehensile manipulation

in domains such as logistics, construction, and hazardous material handling.
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Glossary

Admittance  Admittance is the regulation of motion in response to forces at the

port of interaction (inverse of impedance).

Collective A collective is a type of distributed work in which agents are unaware

of other agents yet do share a common goal.

Collaboration Collaboration is a type of distributed work in which agents are
aware of other agents, have individual goals, but actively help each

other achieve their respective objectives through complementary ac-
tions.

Cooperation Cooperation is a type of distributed work in which agents are aware

of other agents and share a common goal.

Coordination Coordination is a type of distributed work in which agents are aware
of other agents but do not share a common goal and their actions

do not help one another.

Damping Damping is the extent to which an object resists velocity in response

to an applied force.

Force A force is a push or pull upon an object resulting from the object's

interaction with another object.

Xi



Glossary

Impedance  Impedance is the regulation of forces in response to motion at the

port of interaction (inverse of admittance).

Inertia Inertia is the extent to which an object resists acceleration in re-

sponse to an applied force.

Inverse kinematics Inverse kinematics is the mathematical process of calculating
the variable joint parameters needed to place the end of a kinematic
chain (such as a robot manipulator) in a given position and orien-

tation.

Kinematics Kinematics is the branch of mechanics concerned with the motion

of objects without reference to the forces which cause the motion.
Manipulation Manipulation refers to the the mechanical interaction of object(s).

Multi-Robot System A multi-robot system is a robotic system in which two or
more robots work together in a collective, collaborative, cooperative,

or coordinated manner.

Non-Prehensile Manipulation Non-prehensile manipulation is the act of ma-

nipulating an object through pushing.

Port of Interaction The port of interaction is the contact point at which a system

interacts with its environment.

Prehensile Manipulation Prehensile manipulation is the act of grasping and ma-
nipulating an object through gripping, clasping or other holding

action.

Robot Description A robot description is a model or con guration le that de-
scribes the pose, size, and kinematic properties of a robot's links

and joints.

Xii



Glossary

(Hookean) Stiness Hookean stiness is the constant of proportionality that re-

lates linear deformation to applied force.
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Chapter 1

Introduction

Multi-robot transportation enables greater capability and adaptability compared to
single-robot systems. These added bene ts stem from the cooperative interactions
between robots. Formally, a multi-robot system (MRS) is a system in which two
or more robots work together to complete a given task [1]. A given task can be
completed as a collective, with each robot working towards their own individual
goal. However, the greater benet of a MRS emerges when each robot cooperates
with their peers. Although more bene cial, a MRS with cooperative robot-robot
interactions is signi cantly more complex than one without interactions. Among the
various common multi-robot tasks such as mapping [2], foraging [3], and surveillance
[4], cooperative transportation of objects presents particular challenges in dynamics
and control. In most manipulation tasks, a gripper end-e ector is utilized to rmly
grasp and hold the object. This type of manipulation, called prehensile manipulation,
is attractive because once a rm grasp is established, the manipulator can reliably
control the motion of the object and reasonably trust that the object will remain
held without continuously monitoring the interaction forces or state of the object.
However, this requires that the object have readily available grasping points, or

be small enough to clasp. Immediately, prehensile manipulation greatly limits the
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types of objects that can be transported. The transportation of irregular objects
or objects without grasp-points requires the regulation of especially complex forces
at the port of interaction, the point at which the end-e ector interacts with the
payload. Non-prehensile manipulation is the act of manipulating an object through
controlled pushing. This type of manipulation can be generally applied to all types
of objects. Although challenging and unconventional, the bene ts of a cooperative
MRS capable of non-prehensile manipulation and coordinated transportation can

impact many domains.

The applications of cooperative transport include warehouse logistics, automated
construction, disaster response, human{robot interaction, hazardous material han-
dling, extraterrestrial construction, and in-situ resource utilization. For example, in
a warehouse environment, large packages or barrels need to be e ciently rearranged
or loaded. During disaster response, irregular and often grasp-free rubble needs to be
moved. When transporting hazardous materials, a variety of containers may need to
be moved in a safe and stable manner to avoid damage or harm to the environment.
Although each use case involves objects of greatly varying size, shape and mate-
rial, non-prehensile cooperative manipulation presents itself as a solution to many
variations of the transportation task while maintaining stable and safe forces on the

object.

A major challenge in cooperative transport is achieving success with minimal
information [5]. Maintaining appropriate pressure and consistent contact with the
payload is critical for non-prehensile manipulation. Even with accurate global pose
estimates, small calibration errors, delays, and payload mechanics introduce uncer-
tainty.

In the DYNAMO architecture, two mobile robots cooperate to transport a pay-
load without grasp-points using non-prehensile manipulation. Because the end-

e ectors can only apply frictional pressure rather than adhere directly, DYNAMO
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serves as a distributed analogue of dual arm manipulation, with each robot func-
tioning as an independently mobile end-e ector coordinated through shared contact
and force sensing. To address mobile base pose tracking error and uncertainty during
transport, a dynamic admittance parameterization strategy coupled with coordinated

optimal planning is proposed.

Unlike traditional planning methods such as probabilistic road maps, which gener-
ate xed paths based on environmental maps and assumed kinematics, this approach
continuously adjusts the motion of each robot in response to real-time force feedback
from the payload, enabling robust performance under uncertainty and unmodeled

dynamics.

Agent-Agent Knowledge

Unaware Aware

g . Collaboration
S| (independent) o
= Coordination
o

= =

(@]

O
3
E Collective Cooperation
n

Figure 1.1: Types of interactions in multi-robot systems based on goal structure and agent
awareness. Note that although collaboration and coordination share the same structure,
the key di erence is that in collaborative systems agent's actions bene t each other, while
in coordinated systems agent's action cannot bene t from other agents [6].

The DYNAMO architecture comprises of two components, the optimal trajectory
planner and the dynamic admittance parameterization controller, which fall into
subtly di erent MRS paradigms. The nature of the trajectory planner is coordinated
because each robot has their own trajectory to follow and doesn't in uence the other

robots actions. The nature of the manipulation component is cooperative because
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the robots share a goal of maintaining su cient friction force on the payload to hold
it up. Figure 1.1 diagrams the subtle di erences in the types of MRS paradigms

including collective, collaborative, cooperative, and coordinated [6].

The DYNAMO architecture is validated on hardware with two JIANT robots.

In experiments, two JIANT robots (see Figure 2.6) successfully transported a pay-
load along a curved 2:2m path in 100% of the 20 trials conducted using DYNAMO,
whereas a position controller achieved 0% success rate and a static admittance con-
troller achieved only 5% to 25% success rate. Compared to dynamic admittance
parameterization, both position-based and static admittance control are observed to
fail to adapt to these disturbances. The DYNAMO architecture is able to respond to
contact forces and disturbances, compensating for misalignment and motion-induced

errors.

1.1 Related Works

Cooperative transport is well studied in swarm robotics and animal behavior. Among
animals, only ants and humans appear capable of cooperative lifting and stabilizing
payloads through application of pressure by multiple individuals. Most other ani-
mal species employ relatively simple collective strategies such as pushing or dragging
objects. See McCreery and Breed [7] and Berman et al. [8] for overviews of force
negotiation and group dynamics in ants with application to group robotic trans-

portation.

Our system avoids assumptions of perfect sensing or rigid couplings or grasping,
unlike most prior work in simulation or xed-base robot arms [9, 10, 11]. Gong et
al. present a multi-robot system with novel six degree-of-freedom rigid connectors
that enable hardware-based mechanical admittance [12]. Tuci et al. [13] classify

cooperative transport as grasping, pushing, or caging. The DYNAMO architecture
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is most closely related to caging.

The natural admittance controller introduced by Newman [14] models compliant
behavior via mass-spring-damper systems. This foundation underlies the DYNAMO
architecture. Methods for analytically designing admittance or impedance controllers
include passivity methods, which can be leveraged for actively changing parameters

to improve stability or controller convergence [15, 16].

For surveys of non-admittance control strategies, see [17]. Leader{follower ap-
proaches are reviewed in [18, 19]. Yufka and Ozkan [11] demonstrate a multi-robot
system where the object is rigidly a xed to the robots, eliminating the need for com-
pliance. In purely theoretical work, robot{payload teams are modeled as a uni ed
system using Jacobians to optimize coordination [20, 21], assuming perfect knowledge

of dynamics.

The state of the art in compliance-based multi-robot transport is work by Carey
and Werfel [22] who simulate linear transport of a grasped payload using impedance
control. In contrast, DYNAMO enables transport along curved trajectories with

compliant, non-grasping end-e ectors in hardware.

Admittance control has been applied in single-robot systems [23, 24], multi-arm
settings [25], and simulations [26]. This thesis demonstrates its use in an adap-
tive tuning framework for multi-robot non-prehensile mobile transport using actual

hardware.

Contributions

There are limitations and assumptions common in current MRSs capable of trans-
portation. Rigid connectors are often employed to guarantee the robot maintains

hold; however, many payloads and objects in general do not have the necessary ge-
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ometric features or attachment points. Grasping manipulators are able to attach
themselves to handles on the payload, but payloads with at or curved surfaces, e.g.
barrels, cannot be grasped at any point. Position-based control of the end-e ector
requires an extremely low margin of error and can be harmful to the manipulator or
payload if disturbances lead to high forces. Lastly, although simulation is a common
tool to develop and test robotic systems, it is not guaranteed to capture the complex
dynamics and interactions that occur in reality. Hardware validation is a necessary
step towards deploying algorithms in practical scenarios. The DYNAMO architec-
ture is inspired by the limitations and assumptions in the aforementioned discussion.

For clarity, the main contributions of this thesis are as follows.

Custom non-prehensile end-e ectors allow for the manipulation of irregular

objects or objects without grasping points.

A novel dynamic admittance parametrization module is presented which up-

dates the parameters of admittance online in response to measured error.

An optimal coordinated planner generates a trajectory for the mobile bases

that minimizes snap and angular momentum along the path.

Hardware experimentation and validation on two JIANT robots suggest DY-
NAMO performs better at transportation under conditions with high pose er-

ror.

Together, robust multi-robot transportation is enabled by dynamic admittance
parametrization and optimal coordinated planning with non-prehensile manipula-
tion. DYNAMO is shown to be successful under high pose error compared to

position-based and static admittance methods.

The paper is organized as follows. Chapter 2 discusses the creation of the JIANT

robot. Chapter 3 covers the challenges and features developed in software to operate
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the JIANT. Chapter 4 proposes the DYNAMO architecture. Chapter 5 presents

results from hardware experimentation. A conclusion is draw in Chapter 6.



Chapter 2

Hardware Development

The multi-robot transportation task requires each agent in the system to meet a min-
imum set of capabilities. For example, to implement admittance control there must
be hardware that allows for the measurement of forces on the end-e ector. To this
e ect, two JIANT robots were constructed to meet the hardware capabilities neces-
sary to test the DYNAMO architecture. The JIANT robot is a modi ed Swarmie,
tted with commercially available and o -the-shelf components. The Swarmie is a
descendant of the IANT robots built to emulate ant foraging [27]. Approximately
100 Swarmies were produced and distributed to 20 universities to support the NASA
Swarmathon competition. Each Swarmie is designed to be assembled by students and
are built from low-cost commodity components and 3D printed parts. The JIANT
continues in the spirit of the Swarmie, being a similarly low-cost and handmade

platform.
The DYNAMO architecture asks for several requirements from each mobile ma-

nipulator. At a minimum, each JIANT needed the following hardware components:

Compute: An on board PC capable of high-level robotics algorithm imple-

mentation, running the robot operating system version 2 (ROS2) [28], and the
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compute power for real-time high-frequency execution.

Manipulator: A 4 degree-of-freedom manipulator to interact with the envi-

ronment.
Plate End-E ector: A plate end-e ector for non-prehensile manipulation.

Force Sensor: A force-sensing resistor (FSR) to measure forces at the port of

interaction.

Low-Level Compute: A small computing unit to interface with low-level

hardware, i.e. command motors and read voltage passing through the FSR.
Vision: Color and/or depth images to support localization and mapping.

Mounting Fixtures: Carefully designed 3D structures to hold new compo-

nents in place.

The challenges and motivations for each hardware modi cation from the original

Swarmie are discussed in the following subsections.

2.1 Compute

A full wireless mini PC capable of running the Ubuntu Jammy Jelly sh (22.04)
operating system is necessary to run the ROS2 Humble framework, the robotics
middleware of choice. An Intel NUC i7 mini PC was chosen for its light weight,
small form, and reasonable computing power. This computer was placed on a 3D
printed structure above the center of mass of the robot. Itis powered by a 16 volt lipo
battery inside the robot chassis prior to voltage regulation. The PC connects to both

the PincherX 100 manipulator and the RealSense camera via USB 3.0 connectors.
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2.2 Manipulator

A manipulator with su cient degrees-of-freedom at the end-e ector to accommodate
uncertainty in base motion and localization is necessary for making contact with and
exerting forces on the payload during transportation. The PincherX 100 manipulator
arm supplied by Trossen Robotics was chosen for this purpose. The PincherX 100 is a
4 degree-of-freedom, 4R (revolute), serial manipulator. It is advertised to be capable
of 300 mm reach, 50g payload, 5mm to 8 mm accuracy, and 5mm repeatability.
Notably, the PincherX 100 is fully integrated into the ROS2 Humble framework,

which eases the software development workload.

The manipulator itself underwent several modi cations while being integrated
into the Swarmie platform. The base of the PincherX 100 was bulky and could not
be attached to the Swarmie in any reasonable con guration. At rst, the base of
the PincherX 100 was removed and a custom at plate joint was used to X the
manipulator to the Swarmie with a 90 roll in its orientation. The custom at plate
joint was modeled in house and printed using a 3D printer using polylactic acid
(PLA) material (see Figure 2.1b). This mounting orientation for the manipulator
was not natural and induced too much torque on the waist joint, as gravity was
no longer acting on the manipulator's intended axis. In the second iteration, an
angle joint (see Figure 2.1a) was modeled and printed to x the manipulator to the
Swarmie while maintaining its original upright orientation. In this orientation the
manipulator was positioned with a 90 yaw rotation with respect to the mobile base.
The manipulator's power cable was then integrated into the Swarmie's power bus

and communicated with the computing unit via a USB 3.0 connection.

10
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