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This thesis presents the development of a bi-manual robotic manipulation system utilizing
open-source robotics frameworks, including ros2_control and Movelt2. In the realm of con-
trol, we address key challenges such as coordinating multiple robots, independently manag-
ing the hardware life-cycle via a state machine, and operating under limited communication
bandwidth. For motion planning, we enhance sampling-based planners by incorporating
goal set planning by leveraging the Task Space Regions (TSR) framework, enabling intuitive
constraint representation. Additionally, we utilize [KFust, an analytical inverse kinematics
solver, to compute inverse kinematics solutions in as little as one microsecond. Finally, we
explore both synchronous and asynchronous execution strategies for trajectory execution in

a dual-arm setup and discuss the scope for future work.
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GLOSSARY

ROS2: Robot Operating System (version 2.0)
IK: Inverse Kinematics

PID: Proportional-Integral-Derivative

TSR: Task Space Regions

URDF: Unified Robot Description Format
DOF: Degrees of Freedom

WAM: Whole Arm Manipulator robot arm (colloquially referred to as the left /right WAM
throughout this document.)

YAML: YAML Ain’t Markup Language
CANBUS: Controller Area Network bus

PCIE: Peripheral Component Interconnect Express (bus standard meant to attach hard-
ware devices in a computer)

API:  Application Programming Interface
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Chapter 1
INTRODUCTION

1.1 DMotivation

Bi-manual robotic manipulation is essential for performing complex tasks that require co-
ordinated motion between two arms, such as tearing a piece of paper, opening a bottle by
twisting its cap, or folding clothes. However, enabling such capabilities in robotic systems
presents several challenges, including system complexity, dynamic task execution, and mo-
tion planning in cluttered environments. This work is motivated by the need to develop a
bi-manual robotic system that can efficiently handle these challenges while leveraging open-
source frameworks for scalability and ease of development. Hence, the motivation for this

work is threefold:

e Managing System Complexity in Bi-Manual Manipulation: The integration of multiple
high-degree-of-freedom components i.e., two 7-DOF WAM arms, two Barrett Hands,
and two Vention linear actuators introduces significant system complexity. Coordinat-
ing these components requires a structured approach to hardware control and motion
planning. To address this, this work leverages open-source robotics frameworks such
as ros2_control and Movelt2 [1], which provide standardized tools for hardware inte-

gration, real-time control, and motion planning.

e Handling Dynamic Task Constraints: Certain tasks, such as replacing a tire or juggling
with robotic arms, impose constraints on velocity and synchronization. These tasks
require precise coordination, where one arm may need to move at a different speed than
the other or follow an asynchronous motion pattern. Developing a control architecture

that supports both synchronous and asynchronous motion execution is essential for



expanding the capabilities of bi-manual robotic systems in real-world applications.

e Motion Planning in Cluttered Environments: Motion planning in constrained environ-
ments presents challenges related to grasp feasibility. Traditional single-goal planning
approaches often fail due to pose being outside of robot’s joint limits, clutter, pose
uncertainty. To improve robustness, this work employs a multi-goal planning approach
using Task Space Regions (TSRs) [2] as a constraint representation. By defining a set
of feasible goal poses instead of a single goal, TSR-informed planning increases the

likelihood of success while accounting for uncertainties in grasping.

By addressing these three aspects, this work aims to advance the development of adaptable

and efficient bi-manual robotic systems.

1.2 Literature Review

Bimanual or dual-arm robotic manipulation often requires coordinated control architectures
to synchronize arms. Early work in [3] introduced a behavior-based control system for assis-
tive bimanual tasks, structuring dual-arm actions through a state-based behavior hierarchy.
Later, researchers explored hierarchical or finite state machines (FSMs) for coordinating two
arms. For example, [4] implemented a central state machine to orchestrate two anthropomor-
phic arms in a coordinated task, drawing inspiration from human bimanual strategies. To
improve flexibility and reusability, [5] proposed a modular FSM-based architecture for dual-
arm programming, enabling synchronous/asynchronous arm behaviors through well-defined
state transitions. More recently, [6] introduced a multi-arm control framework that synthe-
sizes multiple interacting FSMs with priority schemes, allowing coordinated manipulation in
dynamic settings. These works span foundational approaches and modern advances, high-
lighting the enduring role of structured state-based control in multi-arm robot coordination.

Manipulation tasks often involve pose constraints, such as keeping a grasp within a certain
alignment or moving an object to a defined workspace. Traditional motion planning to a

single goal pose may be overly restrictive or infeasible when multiple valid goal poses exist.



The Task Space Regions [2] (TSR) framework provides an elegant solution for encoding
such constraints. TSRs have also been used in the past to address pose uncertainty [7].
In addition, the TSR framework has also been used in complex robotic systems such as
whole-body planning for the HRP3 humanoid robot [§].

In dual-arm robotics, execution can be synchronous or asynchronous [9]. Synchronous
execution tightly coordinates both arms, ensuring step-by-step motion synchronization for
tasks like lifting an object or performing a precise handover. While it simplifies collision
avoidance, it can be inefficient, as one arm may remain idle while waiting for the other.
Additionally, synchronizing all joints constrains both robots to move at the same velocity,
limiting the quality of generated plans.

Conversely, asynchronous execution allows each arm to move independently, improving
efficiency for tasks that don’t require direct coordination, such as simultaneous pick-and-
place operations. However, it introduces the risk of collisions. To address this, trajectory
reservation techniques dynamically allocate workspace to prevent inter-arm conflicts [10].
In this approach, as one arm moves, it marks occupied volumes in space-time, which are
then treated as temporary collision objects by the other arm’s planner. This allows for safe

concurrent motion, maximizing efficiency without compromising collision safety.



Chapter 2

ROBOT CONTROL

2.1 Description of Hardware Components

As shown in Figure 2.1, the Geodude hard-
ware setup consists of two cable driven Bar-
rett WAM robot (7-DOF) arms. These
robot arms are lightweight, back-drivable
and emit minimal operational noise.

Both robot arms are controlled from an
external control computer over the CAN
bus, which guarantees real-time control for
a control loop running typically at 500 Hz.
The CAN bus data cable plugs into a PCle
card mounted on the motherboard of the
control computer, which is also the starting
point for sending control signals in the form
of CAN frames.

On the other end, the CAN bus data ca-
ble plugs into the base of the WAM arms
from where the robot’s internal CAN bus ca-
ble begins and runs all the way to the sev-

enth joint of the robot or end of the kine-

Figure 2.1: The Geodude hardware setup con-

sisting of two 7-DOF Barrett WAM arms,
Barrett Hands, stereo cameras and linear ac-

tuators

matic chain. On the CAN bus branching out from the seventh joint, a three-fingered robotic

(Barrett Hand BHS8-282 in Figure 2.2) is mounted as end-effector on both robot arms.



Figure 2.2: Barrett Figure 2.3: Linear ac- Figure 2.4: Orbbec

Hand tuator (in blue) depth camera

The Barrett Hand is also cable driven and has finger-tip torque sensors, tactile sensors
for feedback. The bases of both arms are mounted on linear actuators (shown in figure
2.3) giving the system an additional degree of freedom. The linear actuators themselves are
part of a custom designed Vention frame and are controlled from a Vention MachineMotion
control box that can be accessed via Ethernet. There are two Orbbec Femto Bolt depth
cameras (shown in figure 2.4) mounted on the Vention frame for collision avoidance and
object detection.

The entire system is controlled using two computers. One of them, referred to as the
control computer, runs a linux low-latency kernel offering certain soft real-time guarantees
on running processes. This computer is responsible for performing all control calculations,
hosting the hardware interface, and sending control signals to the robot arm, end-effector,
and the linear actuator alike. The other computer, referred to as the perception computer,
hosts applications that require 3D rendering and/or significant computing resources. For
instance, running a motion planning framework, photo-realistic simulation application, or

deploying an object detection model would all be carried out on the perception computer.



2.2 System Architecture

2.2.1 Component wise hardware interfaces

For each hardware component shown in Figures 2.1 - 2.3, there exists a ros2_control hardware
interface for sending control signals by going through a series of states in a predictable

manner at run-time. As shown in Figure 2.5, the system has three hardware interfaces:

1. Barrett Hardware: To control the Geodude Hardware

Barrett robots i.e. the Barrett WAM

(robot arm) and Barrett Hand (end- ¥
effector). This is further instantiated Barett Hardware Vention Rardware
as Barrett Hardware Left and/or
Barrett Hardware Right depending
Barrett Hardware Barrett Hardware
on those in use. Left Right

2. Vention Hardware: To control the Figure 2.5: Component wise hardware inter-

Vention linear actuator. faces

Every hardware interface is a collection of C++ abstractions that give us access to a state
machine that is essentially hollow. We then fill this state machine with our own implmenta-
tion of hardware life-cycle. In other words, we decide what should happen when the hardware
starts, how it should run, how it should stop and what happens in case of an exception. All

of this happens in a series of steps that are part of the ros2_control state machine.

2.2.2  Need for a state machine

The manufacturer (Barrett technology LLC) provides a real-time controls AP, i.e. libbarrett,
for controlling the Barrett WAMs (Whole Arm Manipulator - Figure 2.1) and Barrett Hands

(Figure 2.2). Similarly, Vention provides a web interface for controlling linear actuators



(Figure 2.3). However, controlling the two WAM arms, Barrett Hands and the Vention linear
actuators as a homogeneous system, and even managing control modes for each hardware
component in a centralized manner necessitates the need for a state machine that can handle
all communications in real-time so that each hardware component is equally prioritized and
the system as a whole does not fail if and when a single hardware component fails. Hence,
ros2_control is an ideal candidate because it provides a state machine that can handle these
communications in a real-time manner, especially when it comes to interfacing multiple

hardware components and running them simultaneously or asynchronously.

2.2.83 Why ros2_control?

The ros2_control is a control library for (real-time) robot control that comprises a set of
packages for controlling robot hardware through low-level hardware interfaces and high-level
control algorithms. The hardware interface serves as a standardized interface for reading
data from sensors and writing to actuators in closed-loop or open-loop control. The control
algorithms are made available off-the-shelf as controller plugins and can be invoked by simply
adding the desired controller plugin (along with the corresponding joints on the robot that
the controller is supposed to actuate). Moreover, this gives non-expert users the ability to get
started with a fairly complicated system (as such) without reinventing the wheel, especially

when using something as common as a way-point tracking/joint trajectory controller.

2.2.4 State Machine life-cycle

Non-real time states: The state machine takes in as inputs, the robot URDF which
specifies each joint on the robot that can be actuated as well as the configuration file of the
controllers specifying which joints on the robot does a given controller have access to. When
the ros2_control state machine begins its life-cycle, it goes through a series of steps through
the functions: on_init(), export_interfaces(), on_configure(), on_activate(). The work-flow
of these functions is demonstrated in Figure 2.6. Note how each step is responsible for

performing some kind of check on either the robot URDF or the hardware to ensure. Hence,


https://control.ros.org/rolling/index.html

1. Robot's URDF. |
S —
L [ ] Onetimecal

1. Is URDF information accurate? Initialization ) Recuring call

2. Are state and command ’ g

interfaces specified correctly. [ ] Optional call

3. Set initialization parameters l P

Export
Interfaces
Create interfaces that can be

. Ensure all motor controllers aré accessed from command line/scripts
responsive. to:
2. Start asynchronous thread for 1. Read encoder feedback in real-
controlling the end-effector at certain n time.
Hz. «———1 Configure 2. Stream trajectories/one-time
3. Pass hardware configuration files commands to hardware.
containing (CANDbus port information,
PID gains, gravity compensation
results.)

Activate

1. Move to initial position.
2. Turn the arm PID controller on.
3. Turn gravity compensation on.

Control Loop

1. Read to read and
temporarily store encoder
feedback.

2. Write to continuously
stream trajectories to
hardware.

3. Update for control
glculations

1. Optional call to switch control
modes on hardware.

2. This should be fairly real-time to
not block the control loop.

Controller
Switch

\. Hardware Interface /

Figure 2.6: Flow diagram of the ros2_control state machine

it is critical that each of these checks passes, or else connection to the hardware is not
initiated. If an error occurs after these checks pass and while the control loop is running, the
user can exit the hardware interface using control4c key press and the robot is configured

to go back to home position.

Real-time states: As shown in Figure 2.6, the control loop is where the real-time

computation and transmission of control commands as well as the receiving of joint encoder



data takes place. A typical control loop comprises read, update, and write methods, all
responsible for a real-time operation. For the Barrett WAM, the control loop executes at
500 Hz and for the Barrett Hand, the control loop executes at 200 Hz, whereas for the linear
actuator, the control loop executes at 10 Hz. The different control loop frequencies reflect
the physical constraints and operational needs of each hardware component. The WAM
requires a high frequency (500 Hz) due to its torque-based control, whereas the Vention
actuator operates at 10 Hz due to its slower mechanical response. In case of ros2_control,
the control loop is partly handled by the resource manager and partly by the controller
manager. The read and write methods, handled by the resource manager, are responsible for
requesting and temporarily storing joint encoder data from the robot through libbarrett. The
joint encoder data are then used as a reference by the controller manager’s update method to
compute the necessary magnitude of control input to minimize the position/velocity /effort
error (in case of feedback controllers). This computed control input is then sent to the ros2
controllers and eventually the hardware (through libbarrett) by the resource manager’s write
method.

The way that this single hardware interface instance comprising the non-real-time and
real-time states fits into the broader context of the system is that three such hardware
interfaces are instantiated at run-time; One for the left WAM and Barrett Hand, another
one for the right WAM and Barrett Hand and another one for the Vention actuators as
shown in Figure 2.5. In this way, each hardware component goes through this hardware

life-cycle, making the hardware behavior legible and predictable.

2.2.5 DBridge between ros2_control and libbarrett

The WAMs are fundamentally designed for high-frequency torque control (500 Hz). This
means that any kind of input to the WAMs will be mapped to joint torques using a PID
loop. Hence, if one wanted to use a JointTrajectory controller (available in ros2_controllers)
with velocity as the command interface, there would be two PID control loops involved here.

The first PID control loop would run on the ros2_control layer for converting positions from
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the robot trajectory to velocities and then the second PID control loop, running in libbarrett,
would convert these velocities that are passed through the hardware interface to torques.

This is shown in Figure 2.7.

Maotion Plan Response

Hardware Interface
Robot Trajectory / B = Robot Hardwarre
it
Command interface of the '
Joint Trajectory Controller libbarrett
N
> Position l— | |
.| S00HzZPID
OR | control loop
»> Velocity l— {
OR
» EffortTorque EffortTorque
\ )
e A y
control input
control input

Figure 2.7: Bridge between ros2_control and libbarrett

2.3 Communication Bandwidth Issue

The robot arm and the end effector are independent robots that share a communication link
i.e. CANbus (Controller Area Network bus data cable) to receive control signals from the
control computer, as shown by yellow box in the Figure 2.11. This makes it challenging
for the two to be controlled simultaneously as the number of control signals that can be
sent in a given time frame are limited by the CANbus baud rate (1 Mbaud CANbus in
this case). If we try to control the Barrett Hand at the same time as the WAM arm, the
required bandwidth exceeds the available bandwidth. To handle this exception, the hard-
ware API i.e. libbarrett synchronizes the two high-frequency control loops and runs a single

low-frequency control loop that delivers control commands to the motor controllers of both
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Barrett WAM

Barrett Hand

Control loops

0.00 0.01 0.02 0.02 0.04

Time (seconds)

Figure 2.8: Control loop synchronization

the hand and the arm. Figure 2.8 shows the darker lines, which indicate the control signals
that are delivered as a result of loop synchronization. However, the lighter lines indicate the
signals that are dropped. In case of the WAM arm, this means that out of every 10 control
commands, each sent 2 milliseconds apart, only the 5th and the 10th singals are sent to
the motor controllers. This has a blocking effect on the WAM’s control loop as evident by
the jumps in the recorded velocity of the robot’s elbow joint as a function of time shown in
Figure 2.9. Figure 2.10 indicates the same joint velocity graph that the arm would follow if
the Barrett Hand were not controlled simultaneously. Ideally, we want Figure 2.9 to look like
Figure 2.10 instead. To achieve the same, we implement a relay mechanism in the Controller
Switch step (as shown in Figure 2.6) of the Hardware Interface. This mechanism allows us
to limit the control signals on the communication link by only sending control signals to
the Barrett Hand when we intend to grasp an object with the robot. This can be better
understood with the help of Figure 2.11 which shows the communication link to the Hand
Controller being highlighted when the robot is grasping an object with the Barrett Hand.
At this point, loop synchronization still comes into effect but since the arm is not moving
while grasping, we don’t experience the control jitter. Similarly, when the communication

link is disabled, we can move the arm without causing any control jitter because the re-
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Figure 2.9: Elbow joint velocity against time Figure 2.10: Elbow joint velocity against
when hand and arm are controlled simultane- time when hand and arm are controlled asyn-

ously. chronously.

quired communication link bandwidth is still less than the available bandwidth. In this way,

we are able to run two high-frequency control loops using the same communication link.

Communication Link Communication Link
Arm Controller Arm Controller
Communication Link Communication Link
Hand Controller Hand Controller

Figure 2.11: Controller switching mechanism
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Chapter 3
MOTION PLANNING

We use the Movelt2 [1] motion planning framework as the base of our motion planning
stack. By doing so, we are able to leverage a wide array of sampling-based planners from the
Open Motion Planning Library without necessarily reinventing the wheel to implement plan-
ning algorithms. Secondly, this enables us to improve the throughput of these planners by
optimizing how they conventionally work by leveraging the Task Space Regions (TSR frame-
work) as shown in Section. Using Mowvelt2 also allows us to use various Inverse Kinematics

(IK) solvers in a plugin architecture for IK computation.
3.1 Planning with multiple goals

3.1.1 Challenges in Motion Planning

Traditionally, for reaching to grasp an ob-

ject, any motion planning algorithm would . 1

take as input a single Cartesian 6-DOF pose .

and generate a trajectory to make the end-

effector reach the specified pose, as demon-

strated by Figure 3.1. However, if that pose @

was infeasible either due to a joint limit vi- N
olation of one or more of the robot joints, .

planning would fail, and the user would have Figure 3.1: Single goal planning with RRT*
to re-plan. Secondly, even if we assume that

the end-effector pose was feasible and the robot could successfully generate a motion plan to

reach that pose, grasping action could fail if the pose of the object predicted by the camera
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is inaccurate. Lastly, if the object we want to grasp is surrounded by clutter, planning would
fail again because in this case, the robot is required to either assume a grasp pose such that
the grasp is not obstructed or first pick the objects that are in front of the object that we
want to eventually grasp. Furthermore, depending on how complex the planning scene is,
re-planning could take up a significant amount of time, delaying the whole planning process
and increasing planning time. The source code for generating Figure 3.1 was adapted from

this article.

3.1.2  More than conventional motion planning

To tackle the above three challenges to mo-
tion planning, we incorporate an aspect of
redundancy in our planning so that we have .
multiple back-ups in case planning fails due

to one or more of the above reasons. Specif- .

ically, we incorporate redundancy by con-

structing a list of grasp poses and passing . °

the same as input to the planner. Doing
so lets the motion planner decide the most Figure 3.2: Multi goal planning with RRT*
feasible grasp pose without letting the plan

fail, thereby saving the time required for re-planning. The advantage of such an approach
is demonstrated by Figure 3.2 where the green dots represent goals and the big red circles
represent obstacles. Notice how the length of the tree is smaller compared to the tree shown
in Figure 3.1. The length of the tree has a direct correlation with collision checking, such
that the more edges/branches there are, the greater the time spent in evaluating those edges
i.e. collision checking. Similarly, more time spent on collision checking implies more overall
time spent in planning. This goes to show that single goal planning (shown in Figure 3.1)
may/may not always produce the best results in terms of planning time. The source code

for generating Figure 3.2 was adapted from this article.


https://medium.com/@aggorjefferson/exploring-path-planning-with-rrt-and-visualization-in-python-cf5bd80a6cd6
https://medium.com/@aggorjefferson/exploring-path-planning-with-rrt-and-visualization-in-python-cf5bd80a6cd6
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3.2 Task Space Regions

To construct the list of grasp poses that are input to the planner, we use a sampling-based
approach based on the Task Space Regions (T'SR.) [2]. A TSR is a simple description of
robot manipulation task that is useful for motion planning. The building block of a TSR is
given by equation (3.1)

T, = R 6 (3.1)

0 1

where T? is a homogeneous 4 x 4 matrix that defines the 6-DOF pose of b w.r.t. a. It
consists of a 3 x 3 rotation vector R and a 3 x 1 translation vector t7. Based on this, a

TSR comprises three components defined below. Figure 3.3 visualizes the same.

e TY: Transformation matrix from origin/fixed frame 0 to TSR frame w.
e TY: Transformation matrix from TSR frame w to end-effector frame e.

e B,: The matrix of bounds (in Euler angle conventions) for sampling a TSR w.r.t. TSR

frame w shown by equation (3.2).

Lmin Tmax
Ymin Ymax
B, — | ™ (3.2)
Vmin ~ Vmax
Omin ~ Omax
| Pmin Pmax

where x, y, z are the translation components and ¢, 8 and ¢ are the rotation components.

3.2.1 How to specify multiple goals using TSRs

A TSR comprises three key transformations:
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Figure 3.3: Transforms involved in defining a TSR

e TY: Transformation from the world frame to the TSR frame w.

e TV  : A sampled pose in the TSR frame.

sample*

e TY: The transformation from the TSR frame to the end-effector frame, which constrain
the end-effector.
3.2.2  Constraining the End-Effector with T

The transformation Ty defines how the end-effector is positioned relative to the TSR frame.

This ensures that the grasp pose adheres to task constraints. It is given by:

001 —offset
1 00 0
TV = (3.3)
0 1 0 height x 0.5
000 1



This matrix ensures:

e End-effector is aligned along the z-axis of the TSR frame.

e Gripper is positioned at the center height of the object (height x 0.5).

17

e Offset along the x-axis ensures the gripper maintains an appropriate grasp distance.

3.2.83  Sampling in the TSR Frame

Typically, a pose is sampled within the matrix of bounds B,, defined in equation (3.4):

This matrix allows:

e No variation in the z and y directions.
e Small vertical variation (£2 c¢m) in z, allowing minor height adjustments.

e Rotation about the z-axis (£) to allow different wrist orientations.

The sampled transform in the TSR frame is:

T’LU

sample =

where Zgmple 1S sampled from B,,.

_cos Y —siny
siny  cosy
0 0
0 0

0 0 ]

0 0
—0.02 0.02

0 0

0 0

- T

0 0
0 0
1 Zsample
0 1

(3.5)
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3.2.4  Transforming to the Robot’s Base Frame

Using the TSR constraints, the final sampled pose in the robot’s base frame is computed as:

0
Tsample

=ToTY T (3.6)

sample

Expanding;:
RO tO Rsample tsample Re  t¢
T(s)ample = . “ b b Y v (3 . 7)
0 1 0 1 0 1

This transformation ensures that the sampled grasp pose adheres to the TSR constraints,

aligning the end-effector appropriately.

3.2.5  Generating Multiple Grasp Poses

By repeating this process, multiple grasp poses are obtained by varying:

e The vertical height zsmple Within the small allowable range.

e The wrist rotation ¢, allowing different grasp orientations.

3.2.6 Summary

1. Define the TSR for the cylindrical object.
2. Use TY to enforce the gripper’s grasp alignment.
3. Sample a pose T, . within the TSR bounds B".

4. Convert to the robot’s base frame using equation (3.6).

5. Repeat to generate multiple grasp poses as shown by red arrows in Figure 3.4.
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Figure 3.4: Visualization of the poses sampled from a TSR chain

3.3 Inverse Kinematics

3.8.1 Introduction to IK

Given a robot’s joint values, the position and orientation of the end-effector with respect to
a fixed link (usually the base link of the robot) can be calculated directly using homogenous
transforms, a process known as forward kinematics [11]. Inverse kinematics makes use of
these kinematics equations to determine the joint values that provide a desired configuration
(position and orientation) for each of the robot’s end-effectors.

Numerical vs Analytical IK: Broadly, there are two approaches to solving IK:

Analytical IK: This approach uses mathematical equations derived from the kinematics of
the robot. These equations directly map the desired end-effector pose to joint angles. Once
derived, the solution is essentially a look-up table search that is executed quickly in O(1)
time. Because no iterative optimization is used, there is no possibility of getting stuck in

local minima. Hence, the computation time is constant and extremely fast.
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Numerical IK: This approach uses iterative methods (e.g., Newton-Raphson, gradient de-
scent) to converge to a solution based on a convergence criterion. In this case, each iteration
requires evaluating the forward kinematics and the Jacobian matrix, and accordingly adjust-
ing the joint configuration step-by-step. The number of iterations depends on complexity of
the problem and the convergence criteria, making it slower and less predictable in computa-

tion time [12].

3.3.2 IKFast

IKFast [13] is an analytical IK solver developed by Rosen Diankov et al. for the OpenRAVE
motion planning framework. One of the benefits of using Movelt2 is being able to leverage
off the shelf IK solvers such as [KFast. Given the context of analytical and numerical
approaches, IKFust is able to compute IK solutions as fast as 1 microsecond, as shown in
Figure 3.5. IKFast can be easily set up as a Movelt2 plugin following the instructions on
the Moveit2 documentation page. The source code for generating these benchmarks can be

found at ik_benchmarking.

3.3.8 How IKFast handles redundancy

The end-effector pose in Cartesian space is a 6-DOF pose (i.e., three DOF for position
xyz and three DOF for orientation rpy). To achieve a fully specified end-effector pose, a
manipulator needs at least 6 DOF. However, since the WAM is a 7-DOF robot, it has one
redundant DOF, making the IK problem under-constrained. In such cases, multiple joint
configurations can satisfy the same end-effector pose. IKFust leverages this redundancy by
iteratively discretizing one joint (for the WAM, this is typically Joint 3) and then solving
IK for the remaining six joints. This approach ensures a solution while accounting for the

robot’s redundancy.


https://moveit.picknik.ai/main/doc/examples/ikfast/ikfast_tutorial.html
https://github.com/PickNikRobotics/ik_benchmarking
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Figure 3.5: IKFast solve times comparison

3.3.4 IKFast Benchmarking

Figure 3.5 compares IKFast with 3 other numerical IK solvers that are available off the shelf
as Mowvelt2 plugins. On the Y-axis, it indicates the time taken in microseconds to obtain
an IK solution given a random valid 6-DOF pose in cartesian space. On the X-axis, is the
name of the IK Solver. For a reasonable estimate of the solver runtime, a sample size of
10000 random, valid cartesian poses was considered. The bar plot indicates the minimum
to maximum solve times required to evaluate different samples with the average solve time
shown by a horizontal line through the bar. As demonstrated by the plot, IKFast solver
takes a single microsecond to compute an IK solution. For a fair comparison, the same input

parameters to the IK solver were being used.
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The parameters used were:

1. kinematics_solver_search_resolution: Specified in radians, this is the resolution used by
the IK solver to search over the redundant space for inverse kinematics, e.g. Iterative

joint value discretization of a 7-DOF arm with the specified resolution.

2. kinematics_solver_timeout: Specified (in seconds) for each iteration that the solver runs.
If this timeout is larger than the planning time, it might often lead to planning failures.

Upon timeout, the IK solver will restart the search from a random seed state.

3. kinematic_solver_attempts: The number of times that the solver is allowed to restart

after not being able to find an IK solution within kinematics_solver_timeout seconds.
3.4 Collision Avoidance

3.4.1 Background in Occupancy Grid Mapping

Occupancy Grid Mapping [14] is an approach that is typically used by mobile robots for
2D scene representation and collision avoidance. It represents the scene as occupancy grid
cells that can be free or occupied depending on the occupancy probability. The occupancy
probability of each cell is independent of each other, which may not always be the case, but
greatly simplifies the calculations. In addition, this approach also assumes that the world is

static.

3.4.2 OctoMap - A 3D adapatation of Occupancy Grid Mapping

In our case, we use the OctoMap [15] framework (available off-the-shelf with Movelt2) which
implements a 3D Occupancy Grid Mapping approach using the Octree data structure to
represent the scene using voxels. It uses a static-state binary Bayes filter to iteratively
model the occupancy probability required to represent the state of each voxel. It takes in

as input, either a Depth Image or a Point Cloud and outputs voxels that envelope objects
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Figure 3.6: Scene representation using OctoMap

detected in the planning scene. These voxels are then treated as collision objects to inform
collision checking. Figure 3.6 shows a scene with real-world collision objects on the left and

the corresponding OctoMap representation on the right.

3.4.8 How it works

The input to the OctoMap plugin subscribes to the depth image of the camera to receive
periodic updates about state of the scene to update the state of obstacles and free space.
Hence, if there is an object in the planning scene that the robot needs to grasp, we need to
get rid of the voxels surrounding that object in order to allow collision between the robot
and the object for the grasp to succeed. However, if OctoMap is running, planning to the
grasp pose would always fail because the specified pose/poses will always cause collisions

between the object and the robot. For this reason, Movelt2 filters out collision objects from
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the OctoMap such that there are no voxels surrounding objects whose identity is published

as Collision Objects in the planning scene.

3.4.4 Insight from using OctoMap

It is also important for the OctoMap to not spawn stray voxels (Voxels near the Vention
drag chains as shown in Figure 3.6) on any part of the robot detected by the camera as that
will cause self-collisions with the robot, resulting in planning failure. For this reason, it is
essential for the robot description (URDF) to accurately represent the collision geometry of
the robot such that the collision geometry overlaps with and overshadows the Point Cloud
to prevent the undesirable stray voxels on the robot. Secondly, stray voxels can also be a

result of poor camera calibration, hindering the overlap of robot model and point cloud.

3.5 Simultaneous Trajectory Execution for two arms

3.5.1 Synchronous/14-DOF Trajectory Ezecution

This involves setting up all 7 joints of the left arm + all 7 joints from the right arm as a
single move group. Hence, in the motion planning request message, we append 4 constraints,
namely left position and left orientation specifying the constraint on left arm and right
position, right orientation specifying the constraint on right arm. The resultant motion plan
contains a single 14-DOF robot trajectory which is sent to the respective left and right arm
controllers by the Trajectory Execution Manager. The two arms are guaranteed to not collide
during execution because the planner considers the two kinematic chains as a single entity.
Further, the planner also ensures that this single entity does not collide with itself, i.e., the
left arm does not collide with the right arm. Hence, considering the two move groups as
a single entity conveniently takes care of collision between the two robot arms. However,
because the resultant motion plan contains a single trajectory for both arms, the entire
trajectory is time stamped. The controller is also bound to respect these timestamps or else

there comes the risk of the trajectory not being collision free. This implies that the collision
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free attribute comes with the trade-off that the two arms must start and end executing their

trajectories at the same time. This constraint of the two arms moving synchronously severely

limits the number and quality of motion plans.

3.5.2  T-DOF simultaneous planning and execution with wall € without collision checking

This option enables the two arms to move
simultaneously in an asynchronous manner,
implying that the number of motion plans
will be much more than the synchronous
execution. The setup for this option is
to directly publish the robot trajectory to
the controller by bypassing Movelt2’s trajec-
tory execution manager. However, because
we bypass Trajectory Execution Manager,
the entity that prevents multiple trajecto-
ries from being executed simultaneously, we
also lose collision checking. Hence, we in-
troduce a separator/wall in our simulation
and give it the properties of a collision ob-
ject. Hence, all generated plans are guar-
anteed to be collision-free because the wall
acts as a collision body. However, with this
approach, we severely limit the valid search

space of both robot arms.

Figure 3.7: Separator acting as a collision wall

between two arms.

3.5.83  7T-DOF simultaneous planning and execution with collision checking

This approach enables asynchronous execution of 7-DOF arm trajectories while ensuring

continuous collision-free operation. Unlike synchronous execution, it allows independent arm
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motion by introducing a central execution scheduler that manages multiple trajectories con-
currently. When a new trajectory is added, it undergoes real-time collision checking against
all currently executing trajectories; if a collision is detected, it is queued until safe execution
is possible. To optimize efficiency, collision checking is performed in a time-discretized man-
ner, evaluating interactions at incremental time steps rather than reserving entire trajectory
volumes. This extends Movelt2’s capabilities by integrating online collision detection, where
the combined state of all active trajectories is assessed dynamically. The Movelt Flexible
Collision Library (FCL) is leveraged for discrete checks, with future improvements aimed at
incorporating continuous collision detection to prevent undetected collisions between time
steps. This implementation is adapted from [16] with ongoing efforts focused on refining
trajectory scheduling, optimizing planning scene updates, and evaluating performance in a

simulated dual-arm pick-and-place scenario.
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Chapter 4
CONCLUSION

This thesis details the development of a hardware interface for a bi-manual robotic system
using the ros2_control framework, integrating motion planning capabilities with Mowvelt2 to
tackle challenges related to system complexity, dynamic task execution, and grasping in
cluttered environments. The approach builds on existing methods such as Task Space Re-
gions and IKFast to refine conventional motion planning techniques while utilizing structured
state machine execution to address control challenges, enhancing the system’s scalability and

adaptability for future advancements.

4.1 Key Contributions

e Developed a structured hardware interface for a bi-manual system consisting of two

7-DOF Barrett WAM arms, two Barrett Hands, and Vention linear actuators.

e Demonstrated how state machines enable predictable and modular control, improving

system reliability.

e Identified control jitter issues caused by CAN bus bandwidth limitations when control-

ling both the WAM arms and Barrett Hands simultaneously.

e Developed a relay mechanism for controller switching, ensuring smooth motion execu-

tion while maintaining high-frequency control loops.

e Integrated multi-goal motion planning using Task Space Regions (TSRs) to improve

grasp feasibility and robustness in constrained environments.
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Implemented three strategies for simultaneous trajectory execution of two robot arms,

analyzing the trade-offs between the same.
Scope for future work

Asynchronous Trajectory Execution with online collision detection has been partially

integrated and needs a lot of careful examination and testing.

Switch to nvblox: Replace OctoMap with nvbox to reduce planning latency and im-

prove planning scene environment update rate.

Decouple IKFast from Movelt2 — Make IKFust a standalone solver for direct, fast and

deterministic inverse kinematics computations.

Integrate Torque and Compliance Control — Implement computed torque control for the
WAM arms either through libbarrett or Mujoco to enable dynamic and force-sensitive

manipulation.
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