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Abstract

With the advent of Industry 4.0, the demands on industrial robots have expanded beyond
simple pick-and-place tasks. Future smart factories require robots capable of a wide range of
manipulation skills, including the ability to throw objects. This thesis investigates the design
and optimization of a novel robotic end-effector that manipulates objects by enabling precise
grasping and target throwing.

Current robotic grippers primarily focus on grasping, while throwing is typically achieved
through energy-intensive whole-arm movements. This approach is not only inefficient but also
raises safety concerns. To address these limitations, this research proposes a versatile grip-
per that seamlessly integrates pick-and-place and pick-and-throw functionalities using stored
elastic energy. The controlled release of this energy propels objects with accuracy, potentially
exceeding the robot arm’s reachable workspace.

Key contributions of this research include:

• Novel End-Effector Design: The design of a new end-effector capable of performing
pick, place, and throw actions without relying on whole-arm motion. This innovative
design leverages stored elastic energy for throwing, thus enhancing efficiency and safety.

• Physics-Based Model: A physics-based model that accurately correlates the stretch of
an elastic band to the landing position of the thrown object. This model integrates the
principles of rigid body dynamics to account for the object’s behaviour during projec-
tile motion, making it essential for predicting and controlling the trajectory of thrown
objects.

• Parameter Identification: Implementation of a two-stage process to identify the param-
eters of the physics-based model. This process ensures that the model accurately reflects
the behaviour of the end-effector.

• Optimal Control Algorithms: Development of sophisticated control algorithms that
enable the robot to throw objects to specific target locations with high precision. These
algorithms calculate the optimal release point and force required for each throw.
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• Data-Driven Residual Model: Development of a data-driven residual model to capture
unmodeled dynamics and further improve throwing accuracy. This model uses machine
learning techniques to refine predictions based on experimental data.

• Experimental Validation: Conducting experiments to validate the effectiveness of the
end-effector design and its control algorithms. These experiments demonstrate the prac-
tical viability and robustness of the proposed system.

The thesis further explores the vast practical implications of throw manipulation. In ware-
house logistics, this technology can significantly optimize sorting, packing, and distribution
processes by enabling faster and more precise handling of items. In agriculture, it holds the
potential to be used for harvesting, seeding, and the targeted application of resources, leading
to increased efficiency and reduced labour costs.

By combining optimization and learning-based approaches, this research provides a com-
prehensive framework for designing and optimizing robotic end-effectors for throwing manip-
ulation. This interdisciplinary methodology enhances the versatility, adaptability, and perfor-
mance of robots, ultimately improving efficiency, safety, and productivity in various industrial
and operational settings.

Keywords: Throwing manipulation, Gripper design, Trajectory optimization, Rigid body
dynamics, Learning-based approaches.
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Chapter 1

Introduction

1.1 Background

As Industry 4.0 advances, manufacturing industries strive to enhance performance by op-

timizing production operations. Consequently, robots have evolved beyond simple pick-and-

place tasks and limited workspaces, particularly in industrial and warehouse settings. While

mobile bases, such as mobile manipulators (MM), provide the advantage of horizontal mobility,

they often face limitations in vertical reach, making it challenging to access elevated shelves

in multi-rack storage systems. Similarly, drones are increasingly utilized in warehouses for

transporting objects; however, they encounter dif�culties due to ground effects when the target

location is partially enclosed or con�ned, which is frequently the case in multi-rack storage

setups.

In such scenarios, there is a need for robots with targeted throwing capabilities to place objects

beyond their limited reachable workspace. Research on object-throwing robots in industrial

settings has attracted signi�cant interest recently due to their ability to transport materials faster

than conventional methods. For instance, rather than utilizing mobile manipulators or conveyor

belts for inter-station object transport, integrating a specialized end-effector with either a mov-

ing or �xed base yields notable reductions in object transport time, mechanical exertion, and

effort, resulting in enhanced ef�ciency and cost savings.

The task of sorting or segregating diverse objects on a moving conveyor belt often necessitates

the involvement of multiple manipulators, leading to inherent limitations and operational chal-

lenges. In contrast, the implementation of throwing manipulation presents the opportunity to

minimize the reliance on multiple robots. This method allows for a more streamlined opera-

tion where a single robotic system can handle multiple tasks, reducing the need for complex

coordination and increasing overall ef�ciency.
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Despite the demonstration of numerous simple robotic hands, a simple and standalone shape-

conformable gripper capable of throwing is hard to �nd in the literature. In predominant works

related to throwing tasks, manipulators are commonly employed to place the object outside the

workspace. In many such situations, trajectory optimization techniques are used to actuate the

joints in a coordinated way at high speed to gain increased momentum for throwing an ob-

ject away from its limited workspace. Implementing such techniques requires computationally

expensive planning and control algorithms at the cost of immense joint motor efforts. Fur-

thermore, the mechanical components would easily be worn out because of rapid movements,

reducing the overall system's performance.

Figure 1.1: (a) illustrates the throwing end-effector using mobile and aerial manipulators in

an industrial setting. (b) compares the conventional method with a gripper to the proposed

method with the throwing end-effector, highlighting increased workspace and reduced energy

consumption. (c) displays the reachable workspace of the manipulators with both methods.

2



1.2 Motivation

The motivation behind this research stems from the pressing need to enhance the operational

ef�ciency and capabilities of robotic systems in various industrial applications. Traditional

methods of object transport and manipulation, such as conveyor belts and mobile manipulators,

often encounter limitations in speed, ef�ciency, and spatial reach. These constraints become

particularly pronounced in environments with complex storage systems or con�ned spaces,

such as multi-rack storage systems in warehouses or enclosed target locations for drones.

Inspired by biological agents that use elastic-based catapult or slingshot mechanisms for

remarkable ballistic/projectile movements, this research aims to develop a novel gripper that

mimics these natural mechanisms. Biological agents possess extraordinary multifunctional

morphology that is superior, versatile, and quickly adapt to various situations. Many such

agents use elastic-based mechanisms to store elastic strain in muscles, ligaments, tendons, or

�brous structures and use them for remarkable ballistic/projectile movements.

Examples include the jumping of frogs and click-beetles [1], ballistic tongue projection in

chameleons and salamanders for prey capture [2], predation and propulsion in trap-jaw ants

[3], and the dispersion of seeds among plants [4]. These mechanisms allow biological agents

to achieve signi�cant acceleration and precision in their movements, which are essential for

survival and ef�ciency in their natural habitats. Throwing is also typical among humans [5]

for handling and placing objects with incredible speed for quick rearrangement, sorting tasks,

and traversing over large obstacles. This method is preferred for the increased economy of

movement, particularly when the object needs to be placed outside the reachable workspace of

an agent.

By leveraging these biological principles, the research seeks to develop a gripper that can

store and release energy ef�ciently, similar to a catapult mechanism found in nature. The

proposed gripper integrates advanced design principles, trajectory optimization techniques, and

learning-based approaches to enhance its throwing capabilities. This allows the gripper to

achieve high-speed, precise, and adaptable throwing actions, making it suitable for various

industrial applications.

The primary motivation is to create a robotic system that can perform tasks beyond the

limitations of current technologies, providing increased productivity, reduced operational costs,

and improved outcomes. By addressing the challenges of object manipulation and transport in

con�ned and complex environments, this research aims to advance robotic systems, paving the

way for future innovations in the �eld.

A combination of contracting muscles equivalent to springs and a latching mechanism, i.e.,

a catapult mechanism, is common among many biological agents. They primarily use these
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mechanisms to amplify the limited mechanical power output to a greater extent. The elastic

mechanism's quick unlatching enables them to instantly release the energy to achieve sig-

ni�cant acceleration for capturing prey or using it as a defensive mechanism. The latching

mechanism found in biological agents is discussed in [6, 7]; however, utilizing it for throwing

is hard to �nd in the literature.

Many biological agents have inspired researchers to develop multipurpose mechanisms, par-

ticularly robotic hands, to perform dexterous tasks. Generally, shape conformation for versatile

grasping, primitive manipulation for changing the object state, and contact force adjustment for

robustness are the signi�cant functionalities expected from robotic hands [8, 9]. However, de-

manding multiple functionalities inevitably increases actuators and sensors and, consecutively,

the design's complexity. As pointed out in [10,11], the tradeoff between versatility and simplic-

ity is evident in many existing gripper designs. Despite the demonstration of numerous simple

hands earlier, a simple and standalone shape conformable gripper capable of throwing is hard

to �nd in the literature. In predominant works related to throwing tasks [8, 9], manipulators

are commonly employed to place the object outside the workspace. In many such situations,

trajectory optimization techniques are used to actuate the joints in a coordinated way at high

speed to gain increased momentum for throwing an object away from its limited workspace.

Implementing such techniques requires computationally expensive planning and control algo-

rithms at the cost of immense joint motor efforts. Furthermore, the mechanical components

would easily be worn out because rapid movements reduce the overall system's performance.

The design integrates elastic and rigid elements with a central latching mechanism that con-

trols the storage and release of elastic potential energy. The latching mechanism mechanically

actuates two rigid �ngers by elongating and releasing the coupled elastic gripping surface, akin

to soft tissues in biological agents, as illustrated in Fig. 2.4. During grasping, the rope attached

to the elastic strip is pulled inward by the latching mechanism, increasing tension and storing

elastic potential energy. Figures 2.4 (a)-2.4 (c) depict the mechanical actuation and grasping se-

quence, while Figure 2.4 (d) shows the elastic surface conforming to objects of various shapes,

sizes, and weights.

For placing tasks, the mechanism must gradually release the stored energy to avoid im-

parting kinetic energy to the object, preventing bounce or topple. Conversely, for throwing

tasks, the mechanism must instantly release the energy to propel the object, enabling it to

reach beyond the robot's immediate workspace. The amount of elastic energy released can be

predetermined for precise control.
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1.3 Research Objectives

The research objectives of this thesis entail a comprehensive approach to developing an end

effector and integrating it with manipulators and drones to enhance their functionality in in-

dustrial settings. The objective involves designing and fabricating an innovative end effector

capable of performing dynamic manipulation tasks. This entails conceptualizing a versatile

gripping mechanism that can adapt to various object shapes and sizes, ensuring robust and ef-

�cient handling capabilities. Integration with manipulators and drones will enable seamless

interaction with the surrounding environment, facilitating tasks such as pick-and-place opera-

tions, object transport, and assembly tasks.

Secondly, the research aims to de�ne the rigid body dynamics governing objects in projec-

tile motion. This involves a detailed analysis of factors such as mass distribution, inertia, and

aerodynamics to accurately model the behaviour of objects during throwing manipulation. Sys-

tem identi�cation techniques will extract relevant parameters from experimental data, ensuring

the model's �delity in representing real-world scenarios.

Furthermore, the thesis seeks to develop a data-driven model integrated with an optimal

control algorithm to optimize the trajectory of thrown objects. By leveraging machine learning

and optimization techniques, the aim is to achieve precise control over the motion of objects.

This involves formulating and solving optimal control problems tailored to the speci�c dynam-

ics of the system, considering constraints such as actuator limitations, physical limitations of

the prototype and environmental factors.

The study explores practical applications, showcasing throwing manipulation's versatility in

warehouse logistics, agricultural operations, and search and rescue scenarios. In warehouses, it

facilitates ef�cient sorting, packing, and distribution, optimizing space utilization and stream-

lining processes. In agriculture, it aids fruit harvesting, crop seeding, and targeted application

of pesticides or fertilizers, enhancing productivity while minimizing waste. In search and res-

cue, it enables rapid deployment of equipment and resources to remote or hazardous locations,

augmenting rescue team capabilities.

Finally, the research involves performing experiments with hardware implementation to val-

idate the effectiveness and ef�ciency of the developed end effector and control algorithms in

real-world scenarios. The research aims to demonstrate the proposed approach's feasibility and

ef�cacy in enhancing robotic systems' capabilities for industrial automation and logistics tasks

through systematic experimentation and validation.
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1.4 Related Works

The �eld of throwing manipulation has garnered signi�cant attention in recent years due to

its potential to enhance the ef�ciency and capabilities of robotic systems in various industrial

and operational contexts. This section reviews the existing literature on throwing manipulation,

nonprehensile manipulation, and gripper design, highlighting the advancements and challenges

in these areas.

Several studies discuss throwing as a form of non-prehensile manipulation, utilizing either

single-joint or multi-joint robot arms. Typically, these manipulators impart the initial velocity

and acceleration to the object while maintaining contact and subsequently release the object

to take �ight towards the desired location [12–14]. This process is generally formulated as a

motion planning problem, wherein the manipulator's trajectory is optimized to deliver the ob-

ject accurately [15,16]. Some researchers have applied learning approaches or optimal control

techniques to improve the throwing capabilities of manipulators. However, the complexity of

the planning and control algorithms, increased effort, and scalability issues remain signi�cant

challenges.

Most existing works employ manipulators with standard grippers to grasp and throw objects

by actuating all joint motors and releasing the object at an optimal release point [17]. This

method often requires computationally expensive algorithms and higher energy consumption.

For example, TossingBot utilizes a manipulator to grasp objects from an unstructured bin and

throws them into a target box, but this requires high-speed actuation of all joints, leading to

concerns about wear and tear, safety, and power consumption [17]. Reinforcement learning

approaches have also been explored for learning whole-arm throwing motions [5].

Nonprehensile grasping methods have been investigated to enhance the ef�ciency of throw-

ing tasks. For instance, a casting manipulator with a �exible string attached to a gripper ex-

tends the manipulator's workspace [18]. Additionally, nonprehensile methods such as stone-

throwing mobile robots for curling [19] and conveyor belt-fed single-joint arms [20] have been

explored. However, these methods often lack prehensile capabilities, limiting their versatility

and application scope.

Numerous studies have focused on replicating the capabilities of anthropomorphic hands

to achieve different types of grasp and within-hand manipulation [21, 22]. Due to the design

complexities and challenges associated with complex hands, minimalistic robotic hand designs

have gained attention. These designs aim to provide mechanical intelligence, improve dexter-

ity, and simplify mechanical complexity. Many adaptive grippers, such as soft grippers [23,24],

origami grippers [25], underactuated grippers [26–28], and compliant grippers [29,30], exhibit

exceptional power grasp ability essential for stable and robust grasping. Some grippers in-
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corporate variable friction �nger pads [31] to enhance dexterity, albeit at the cost of additional

motors and increased complexity. A notable example is a vacuum-based universal robotic grip-

per [32], capable of picking, placing, and limited-distance throwing of objects. Nonetheless,

many grippers still struggle with grasping and throwing objects independently.

Similarly, [33] and [34] demonstrate the whole-arm motion for throwing learned with rein-

forcement learning. A soft gripper based on vacuum technology is showcased in [32], capa-

ble of picking and placing objects and limited-distance throwing. This approach has inherent

drawbacks, including limited repeatability, reduced precision, and lower grasping force. Deep

reinforcement learning approaches for learning whole-arm throwing motion are shown in [35]

and [36] while avoiding obstacles and for a soft-bodied robot, respectively.

To address the limitations of existing grippers, hybrid designs combining soft and rigid

elements have been proposed. The proposed design aims to retain the shape-conforming ca-

pabilities of soft hands while enhancing mechanical robustness and simplifying the overall

structure. The hybrid design integrates the advantages of both soft and rigid elements [37],

actuated mechanically using a latch mechanism without a pneumatic source. This approach

ensures compactness, simplicity, and energy ef�ciency while maintaining the functionality of

soft hands. As a part of this research, two end-effector designs were proposed, i.e., Design 1.0

and Design 2.0. Design 2.0 has improved controllability, effectiveness, and independent actu-

ation for regulating the energy stored for throwing objects. This enhanced 2 DoF end-effector

is an advancement upon the prior design 1.0 [37], which suffered from limitations in adjusting

stored elastic energy after grasping an object. Unlike the previous design, where stored en-

ergy could only be monotonically increased, the current design allows for regulation, enabling

both increased and decreased stored energy as required. Additionally, the mechanical design is

signi�cantly simpli�ed, with fewer moving parts.

1.5 Overview of the Thesis structure

The thesis is organized into six chapters, each offering a detailed exploration of different

aspects of throwing manipulation in robotics. Below is a summary of each chapter:

• Chapter 1: Literature Review This chapter comprehensively explores relevant liter-

ature on throwing manipulation, end-effector design, mathematical modelling, system

identi�cation, throw optimization, and learning-based approaches. It synthesizes prior

research �ndings, offering valuable insights while identifying gaps and addressing cur-

rent challenges. This review lays the groundwork for developing novel solutions and

methodologies in subsequent chapters.
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• Chapter 2: Design of Throwing MechanismThis chapter focuses on the novel end-

effector designs 1.0 and 2.0. for throwing manipulation. It covers the functional require-

ments, material selection, and mechanical design principles for developing the gripper

and its components. Detailed discussions include the actuation system, force transmis-

sion components, control systems, and their integration with the robot's overall architec-

ture.

• Chapter 3: Mathematical Modeling This chapter delves into the mathematical mod-

elling of the gripper and the dynamics of an object in projectile motion, building on the

foundations laid in Chapter 2. It provides a comprehensive theoretical framework for the

optimization and control strategies discussed in Chapter 4.

• Chapter 4: Optimization and Parameter Identi�cation This chapter focuses on op-

timization and parameter identi�cation to achieve optimal throwing performance. It de-

rives equations of motion and identi�es physical properties through sensor data analysis

and experiments to calibrate the mathematical models using a two-stage optimization

algorithm. The chapter also discusses the Throw optimization algorithm to generate op-

timal throwing trajectories, considering environmental factors and object properties.

• Chapter 5: Integration of Machine Learning Algorithms This chapter explores the

integration of machine learning algorithms to enhance the adaptability and performance

of throwing manipulation tasks. It presents the theoretical foundations, implementation

details, and experimental results demonstrating the effectiveness of learning-based ap-

proaches in improving system performance with unseen objects.

• Chapter 6: Discussion and ConclusionThe �nal chapter presents research �ndings,

offering insights and interpretations, acknowledging limitations, and outlining avenues

for future research. It highlights the study's signi�cance and implications for throwing

manipulation and robotics. By integrating theoretical analyses, experimental results, and

practical considerations, this chapter provides a cohesive conclusion to the thesis and

paves the way for future innovations in the domain.

These chapters offer in-depth analyses of theoretical foundations, implementation details,

experimental results, and discussions of �ndings.
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Chapter 2

End-Effector Design and Working Principle

The end-effector mechanism draws inspiration from the ef�ciency and simplicity of a sling-

shot. Like the traditional handheld tool, this mechanism utilizes elastic energy stored in a

tensioned element to propel objects with precision and speed. By harnessing this principle,

the end-effector achieves dynamic manipulation capabilities crucial for industrial tasks such as

pick-and-place operations and targeted throws.

At its core, the mechanism consists of a tensioning system, akin to pulling back the elas-

tic band of a slingshot, and a release mechanism to propel the object towards its intended

target. This design ensures ef�cient energy transfer and precise control over object trajecto-

ries. Furthermore, the mechanism's simplicity facilitates ease of maintenance and operational

reliability, essential for seamless integration into industrial environments.

In this section, we delve into the intricacies of the slingshot-inspired mechanism, detail-

ing its components, functionality, and advantages in achieving versatile and ef�cient robotic

manipulation. We'll also compare the two versions of the end-effector, highlighting the im-

provements made in the current streamlined design.

2.1 Design Version 1.0

2.1.1 Gripper Mechanism

The embodiment of the proposed end-effector design 1.0 [37] is shown in Fig. 2.1(a). The

gripper consists of two rigid �ngers (F1 and F2) pivoted at the base plate and preloaded with

torsional springs (TS1 and TS2) to enable passive actuation. The �ngers have angle limiters

�tted to the base plate, controlling the maximum opening and closing angles. The rigid �nger

geometry is designed to maximize the within-hand workspace, accommodating objects when
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