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Abstract

Unmanned aerial vehicles (UAVs) have gained significant attention because of their po-

tential applications across various industries, including search and rescue, harvesting, and

drone delivery. The practical grasping and landing abilities of these aerial robots can

guarantee a high success rate in their missions. To improve the grasping performance

of UAVs, this thesis introduces a novel modular pneumatic soft gripper design tailored

explicitly for aerial grasping of various target objects. Compared to the traditional rigid

gripper, the proposed soft gripper aims to act as a shock absorber that can dampen the

impact force induced during aerial grasping.

The soft gripper can grasp and release the target items through inflation and deflation.

The flexibility of the pneumatic soft gripper allows deflation to reach its opening, providing

higher grasping tolerance than the traditional rigid gripper. Moreover, the softness of the

soft gripper makes it capable of grasping objects without any damage through inflation.

Modular connectors of the soft fingers offer two configurations for this 4-tip soft gripper, H-

base (cylindrical) and X-base (spherical), allowing adaptability to different target objects.

The airflow of the soft gripper is controlled by its two solenoid valves, while a feed-forward

proportional controller of an air pump manages the pressure regulation.

In addition to the above, a soft aerial vehicle (SAV) with a quadrotor and the proposed

soft gripper is proposed. An onboard computer of the SAV can commend the soft gripper’s

airflow control system and pressure regulation directly to ensure aerial grasping efficiency.

The soft gripper is installed under the centre of gravity of the SAV to serve as a soft landing
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gear when deflated, eliminating the requirement for additional landing gear. Hence, this

soft landing design reduces the net weight of the SAV and simplifies aerial manipulation

control by removing the extra landing gear control.

Nevertheless, controlling the dynamics of UAVs during their aerial grasping mission is

challenging. The increased mass from the payload adversely impacts their thrust predic-

tion, while unpredictable environmental disturbances further complicate control efforts.

Thus, this thesis aims to enhance the control of the SAV during aerial grasping by in-

tegrating a disturbance observer into a Nonlinear Model Predictive Control (NMPC).

This incorporation compensates for dynamic model idealization and uncertainties arising

from the additional payloads and unpredictable disturbances. Hence, the Disturbance

Observer-based Nonlinear Model Predictive Control (DOMPC) can effectively minimize

tracking errors and enable precise aerial grasping along all three axes.

The proposed disturbance observer utilises an Extended Kalman Filter (EKF) to esti-

mate the linear acceleration disturbances of the SAV. The suggested SAV equipped with

DOMPC demonstrates remarkable performance in carrying both static and non-static

payloads, leading to the successful grasping of different objects with various mass dis-

tributions. Notably, the SAV also achieves an impressive payload-to-weight ratio in its

payload test in mid-air, surpassing previous investigations in soft grasping.
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Chapter 1

Introduction

1.1 Background

Unmanned aerial vehicle (UAV) has been extensively investigated in various applications,

such as building inspection [13], surveillance [14], drone delivery [15], search and rescue

[16], and harvesting [17]. Drones are capable of performing automatic tasks with high-

agile manoeuvres due to their simple aerodynamics model and mechanical structure, which

offer advantages over fixed-wing UAVs [18]. The versatility and ease of manoeuvrability

of quadrotors allow them to adapt to complex environments across multiple industries.

Recently, aerial grasping has been a rapidly growing area of research in autonomous

systems, particularly because of its potential applications in drone delivery. These aerial

grasping applications include several aspects such as food delivery [19], medical goods

delivery [20], search and rescue [21], and environmental cleaning [22]. The drone delivery

industry prioritizes goods safety and operational efficiency to ensure successful and reliable

services. In Hong Kong, for instance, recent regulation on small unmanned aircraft [23]

highlights the government’s increasing concern for aerial vehicle safety, reflecting broader

global trends.

According to these developments, this thesis would like to enhance drone delivery
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Chapter 1. Introduction

systems by improving the safety and efficiency of UAV operations. Specifically, the gripper

design of the drone delivery system will be optimized to ensure the safety of the goods,

and the aerial grasping control system will be designed to securely handle various goods

without compromising flight performance. This thesis focuses on improving the payload-

to-weight ratio of the aerial grasping system and minimising tracking errors during the

aerial grasping tasks.

A higher payload-to-weight ratio is crucial for drone systems to enhance payload ca-

pacity. However, heavier payloads increase the thrust propulsion burden on drones. This

thesis aims to introduce an innovative lightweight gripper that maintains satisfactory pay-

load capability, balancing efficiency and performance. By optimizing the gripper design,

overall drone operations can be improved without compromising on payload handling.

Another foreseen challenge in aerial grasping systems is reducing flight tracking er-

rors after a successful grasp. Once the UAV’s payload is grabbed, its total mass rapidly

increases. This impact will be more significant when the payload-to-weight ratio is im-

proved. Thus, the thesis aims to present an aerial grasping control method that accounts

for all disturbances during the mission, ensuring stability and precision in UAV grasping

operations.

1.2 Motivation

1.2.1 Modualr Pneumatic Soft Gripper for Aerial Grasping

Soft grippers offer a promising alternative to rigid grippers due to their simplified control

systems, reduced complexity, and excellent force absorption capabilities. During grasping,

complicated controls and instability caused by a rigid gripper design are mentioned in [24].

Also, the complex mechanism of the rigid gripper increases the difficulties of fabricating
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a Unmanned aerial vehicle (UAV) with the rigid gripper. To tackle several disadvantages

of the traditional UAV’s gripper, a soft gripper is proposed to replace the rigid one to

overcome the control difficulties and the number of additional components. To leverage

the principles of soft robotics, these lightweight and controllable mechanisms provide

stability during grasping by dampening impact forces [25–27]. Their flexibility allows for

a broader range of object dimensions, increasing grasping tolerance.

Since the soft gripper can be much more deformable than the rigid one, it can dampen

the impact forces during grasping and provide higher grasping tolerance. Thus, the soft

gripper approach can increase the flight stability of the grasping and prevent damage to

the goods. Besides, since the gripper is soft and flexible, the dimensions and shapes of

the goods will not be constrained as much as using a rigid gripper.

Generally, most of the UAVs without an additional robot arm can grasp their target

object by hovering above the object to ensure the location of the grasping point is correct

[12,28]. Those consisting of the robot arm with a gripper can grasp the object by changing

the poses of the robot arms to grasp the object in mid-air [29]. To reduce the control

difficulty and grasping position errors, the UAV tries to keep hovering horizontally during

grasping with its robot arm and gripper [30, 31]. Since this thesis focuses on maximizing

the payload-to-weight ratio, the suggested soft aerial grasping system gets rid of the robot

arm design to ensure a low net weight. Referring to the existing aerial grasping systems

above, the proposed quadrotor aims to provide robust aerial grasping by hovering over

the target objects with its soft gripper.

To simplify the grasping motion and avoid the complicated control of the infinite

Degrees of freedom (DOF) of soft robotics, a pneumatic soft gripper with four soft fingers

that can inflate or deflate all the fingers simultaneously is suggested [32]. The gripper

opens itself by deflating all fingers to let the fingers move outwards of the centre of the

gripper. Similarly, the gripper grasps the object by inflating its fingers to move inwards.

Since a robot arm is not included, the proposed soft gripper is located beneath the centre
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of gravity of the UAV and securely grasps different target objects by controlling inflation

and deflation. The soft gripper guarantees the goods’ safety based on its impact force

dampening capability and improves grasping efficiency through its simple airflow control.

1.2.2 Simplification of landing mechanism for Aerial Grasping

Replacing the rigid landing gear with the proposed soft gripper as the landing mechanism

enhances the capability of aerial manipulation for the Soft aerial vehicle (SAV) [3]. It

eliminates the need for additional actuators and simplifies the control system by excluding

the complicated operations of the landing gear adjustment during takeoff, landing, and

grasping.

The soft gripper deflates during takeoff and landing as soft landing gear, capable of

supporting the quadrotor before takeoff and dampening the contact force of the quadrotor

and the ground during landing. Consequently, the soft gripper can provide grasping

and landing services with the same airflow control system and pressure regulation. This

approach can significantly minimize the net weight of the whole aerial grasping system

and the complexity of the gripper’s control.

1.2.3 Disturbance Observer-based Controller for Aerial Grasping

Control

Model predictive control (MPC) of a UAV is widely used to ensure flight stability and

robustness in UAVs [33–36]. Based on a receding horizon principle, this optimal feedback

control technique considers the system model. With the dynamic model of the system,

MPC can optimize the control inputs over a future time horizon. [37] presented modelling,

controller design, and implementation of MPC for a quadrotor UAV. The controller is in-
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tegrated with Robot operating system (ROS) and implemented in a cascading approach.

In this work, both the linear MPC and Nonlinear model predictive control (NMPC)

were developed, and their performances were compared. In general, linear MPC demon-

strated a common drawback of linear controllers, which is failing to consider the system’s

nonlinearity and leading to substantial tracking errors in operations involving aggressive

manoeuvres. Consequently, NMPC is selected for the proposed SAV control because of

its superior tracking performance despite its higher computational demands [32].

To eliminate the disturbances during aerial grasping, this thesis aims to improve

SAV control by adding a disturbance observer into the NMPC controller [38]. This

addresses dynamic changes, additional payload effects, and unpredictable disturbances.

By integrating the proposed disturbance observer into the developed NMPC SAV con-

troller [32, 39,40], dynamic model idealization can be compensated and the uncertainties

can be handled too. Combining disturbance observer-based NMPC with the SAV con-

troller, the suggested soft aerial grasping system minimizes tracking errors along three

axes and enables precise aerial grasping.

1.3 Contribution

The proposed Unmanned aerial vehicle (UAV) represents a significant advancement by

combining lightweight modular construction with the capability for aerial grasping [32,

38]. It is capable of autonomous aerial grasping and landing, utilising a lightweight

modular pneumatic soft gripper. By incorporating a feed-forward proportional controller,

precise pressure regulation can be ensured for the soft gripper control. The suggested soft

gripper also functions as a soft landing gear when it deflates during takeoff and landing.

This novel design eliminates the need for an extra landing gear to simplify the UAV’s

control complexity, resulting in a more streamlined aerial grasping system. Furthermore,

the soft gripper can grasp various objects with different shapes and weights by its two

5



Chapter 1. Introduction

configurations, providing an efficient grasping capability.

Figure 1.1: Prototype of the proposed soft aerial vehicle (with H-base soft gripper (left)
or X-base soft gripper (right).

Additionally, to consider the external disturbances caused by the unknown weights of

payloads and unpredictable environmental disturbances, an Nonlinear model predictive

control (NMPC) controller based on a disturbance observer is proposed to operate the

UAV for its aerial grasping mission. Using Extended Kalman filter (EKF), the designed

disturbance observer can adapt to the UAV’s dynamic model changes throughout the

complete aerial grasping task. As a result, this suggested aerial grasping control system

provides a satisfactory payload-to-weight ratio compared to existing works.

The main contributions of the thesis are summarised as follows.

• The integration of modular connectors reduces the soft gripper’s configuration time

and the soft fingers’ fabrication time [32]. With just four soft fingers, the gripper

can be arranged into two configurations, providing a versatile range of options for

grasping target objects based on their shapes. The X-base soft gripper can grasp

spherical or rounded objects, while cylindrical or rectangular objects can be grasped

by the H-base soft gripper. This modularity enhances the gripper’s adaptability to

grasp various objects during aerial grasping operations.

• The dual capabilities of the soft gripper serve as both a grasping mechanism and a

landing gear [32]. The deflation of the soft gripper enables it to function as a soft
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landing gear, obviating the need for an additional rigid landing gear to reduce the

net weight of the Soft aerial vehicle (SAV). This weight reduction improves flight

efficiency and simplifies the complexity associated with aerial operation control.

• The proposed Disturbance observer-based nonlinear model predictive control (DOMPC)

for soft aerial grasping compensates for dynamic changes caused by payload weight

and other uncertainties [38]. By utilising EKF to fuse Initital measurement unit

(IMU) data from the Flight control unit (FCU) and incorporating position and ve-

locity information for validation, the estimated linear acceleration disturbances can

be integrated into the existing NMPC [32] for improved control of the SAV.

• The proposed SAV equipped with the DOMPC is capable of handling both static

and non-static payloads during autonomous aerial grasping [38]. Grasping non-static

payloads enhances the applicability of our SAV, enabling it to contribute effectively

to tasks such as drink delivery or environmental cleaning.

• The proposed lightweight soft gripper, coupled with a traditional quadrotor weigh-

ing 1002 g, successfully grasps a plastic box weighing 279 g while in mid-air [38].

Furthermore, we demonstrate aerial grasping of a 159 g spherical container. The

payload-to-weight ratio achieved by our SAV surpasses those observed in previous

investigations on soft grasping [4, 7, 8, 32]. Table 1.1 shows the payload-to-weight

ratio of the proposed SAV with the soft gripper consisting of inextensible layers and

previous investigations. Note that the weights of all the UAVs in Table 1.1 exclude

the weights of their vision-based system.

1.4 Outline of the Thesis

This thesis contains six chapters. This chapter describes the introduction of the thesis.
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Table 1.1: Payload-to-weight ratio of the proposed SAV with the soft gripper consists of
inextensible layers and the previous investigations.

Proposed
SAV [38] Ping et al. [7] Sarkar et al. [8] Cheung et

al. [32]
Ubellacker et

al. [4]

0.16/1.002 0.13/1.615 0.15/3.684 0.075/0.808 0.148/1.886

= 0.160 = 0.080 = 0.041 = 0.093 = 0.078

The application of aerial grasping is introduced along with safety and efficiency concerns.

This is followed by the thesis’ three motivations, such as enhancing grasping by using a

soft gripper design, simplifying the landing mechanism, and solving the challenges during

drone delivery due to the change in the dynamics of the Unmanned aerial vehicle (UAV)s

by Disturbance observer-based nonlinear model predictive control (DOMPC). At last,

the critical contributions of this thesis are discussed. The following chapters of this thesis

are organized as below:

• Chapter 2 summarized the design and control methods of the soft grippers, in-

cluding tendon-actuated soft grippers and pneumatic soft grippers, respectively.

Comparisons between these two types of soft grippers were given. The implementa-

tions of traditional aerial grasping (which consists of rigid grippers) and soft aerial

grasping were also illustrated. The characteristics of the existing aerial system and

control were also highlighted.

• Chapter 3 shows the design and control of the proposed modular pneumatic soft

grippers with and without inextensible layers. Its mechanical design, fabrication

process, and electronics are provided for the grippers’ design. Subsequently, the

soft grippers’ airflow system and pressure regulation are presented. Two solenoid

valves manage the airflow system for inflation and deflation, while a feed-forward

P controller regulates an air pump to provide the desired pressure. The grasping

capability of the soft grippers was tested in the static grasping test with payloads

of different shapes and weights.

8



Chapter 1. Introduction

• Chapter 4 demonstrates the novel Soft aerial vehicle (SAV)’s design and con-

trol. This unique system design incorporates a conventional UAV with an onboard

computer and the proposed soft gripper with inextensible layers. Concerning the

dynamic change of the suggested SAV due to the additional mass of the grasped

object and environmental uncertainties, the linear acceleration disturbances are de-

fined in the dynamic model of the SAV. Furthermore, disturbance observers that use

Extended Kalman filter (EKF) and Three-order robust differentiator (RD3), respec-

tively, are designed to estimate the disturbances. After evaluating the two distur-

bance observers in a position tracking test, the one that utilized EKF had a better

tracking performance and was chosen for integration with SAV’s NMPC. More-

over, the position tracking performance of this suggested DOMPC was tested with

Nonlinear model predictive control (NMPC) and Proportion-Integration-Differentiation

(PID) and performed most effectively. After introducing the finite state machine

of the aerial grasping mission, the SAV’s payload capability, aerial grasping perfor-

mance, and soft landing ability are discussed.

• Chapter 5 gives the conclusions of the thesis. The performance of the proposed

soft grippers and the soft aerial grasping are summarised. Future work is also

suggested based on the potential of outdoor soft aerial grasping. This soft aerial

grasping will be considered for integration with outdoor object detection in more

drone applications, such as medical delivery and outdoor harvesting.

• Chapter 6 provides the experimental videos of the proposed SAV and its modu-

lar pneumatic soft gripper, including the static grasping test of the gripper with

and without the inextensible layers, payload test with various payloads, soft aerial

grasping test, and standard landing and tilt landing of the SAV. Both QR codes

and the links to the videos are given.
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Literature Review

This chapter introduces current research on the design and control methods for UAVs’

soft grippers and aerial grasping systems, respectively.

2.1 Soft Gripper Applications on Unmanned Aerial Ve-

hicles

2.1.1 Tendon-actuated Soft Gripper Design and Control

Inspiring from biological systems such as birds [41], soft grippers have demonstrated the

ability to mitigate contact forces and compensate for grasping inaccuracies, exemplifying

the concept of morphological computation, which combines passive mechanical compo-

nents with explicit control [26]. Hence, the bio-inspired tendon-actuated soft gripper

was developed since its bending capability can be controlled easily by driving the ten-

don [1, 42, 43]. Some new quadrotor designs that use soft tendon-actuated grippers to

adapt to different environments are as follows:

Ramon-Soria et al. [2] carried out a soft landing gear for focusing on perching. This

10



Chapter 2. Literature Review

aerial system is capable of perching autonomously on pipes for inspection and maintenance

in industrial environments. The soft gripper landing system made the drone robustly

attach to the pipe. Nylon strands that cross both tentacles longitudinally operate the

gripper. A rib made of Polylactic acid (PLA) had been positioned at the tip of the

tentacles to tie the threads, increase rigidity, and disperse the forces. The remaining

thread ends were spooled around an additional 3D-printed cylinder. A small servo motor

installed into the construction moves this cylinder. To encourage the right mobility, a

reinforcement made of PLA was positioned at the base of the limb. The servo motors for

each limb were intended to be housed in separate chambers at the base of the landing

mechanism described above. The landing system was modular, so it was feasible to swap

out the gripper swiftly in the event of failure. The stiffness of the joint had to be considered

in order to get a decent grip and have the widest grip range. In the outdoor experiment,

this soft gripper closed over the pipe when the distance to the pipe was short enough.

Even if the Unmanned aerial vehicle (UAV) was not completely centred and fastened to

the pipe during the perching, the soft gripper forced the drone into place. Because of

this, Ramon-Soria and his team claimed that the quadrotor can work perfectly in windy

situations when the control cannot guarantee precise positioning over the pipe.

Fishman et al. [3,44] invented another soft drone with a soft tendon-actuated gripper

for dynamic grasping. A human finger inspired the joint placement of the gripper. Each

finger is connected to the quadrotor base and propelled by two opposing tendons. Pulling

a tendon causes the finger to contract because it passes through a group of nodes linked

to the finger. As the soft gripper was operated in an open loop, the measurement of the

gripper’s state was eliminated. This soft drone aimed to grasp an object of unknown shape

lying over an unknown surface. This meant the system was only provided with the centroid

of the object. By neglecting the soft gripper dynamics due to their assumption (the soft

gripper was quasi-static, which meant there was an instantaneous relation between rest

lengths and gripper configuration), the instantaneous rest length of the soft gripper could
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be computed and applied in the open loop.

Ubellacker et al. [4] extended the soft tendon-actuated gripper design from [3,44]. They

moulded the soft gripper by using Smoonth-On FlexFoam-iT! X [45] instead of silicon

rubber [46]. Due to the elasticity of the mesh of the flex-foam, their soft gripper remained

closing initially. Unlike most soft grippers, its control method focused on commanding

the gripper to be opened instead of closing during the grasping mission. When the winch

was tightened, the tendons of each soft finger contracted to compress the outer edge of

the finger and force the gripper to be opened. Ubellacker and his team also improved the

modularity of the soft fingers by allowing the soft finger to be slotted into the base plate

of the soft gripper for fast replacement. They also claimed that their soft gripper had

simple manufacturability and high repairability. The tears near the base can be easily

repaired by common super glue. Although they mentioned that their soft gripper acts as

a cushion system during hard landings and no repairments were required after the drone

fell over six feet onto solid surfaces, their soft drone still needed a rack for takeoff to ensure

the state of the drone was ready for arming the brushless motors. Therefore, their soft

gripper did not function as a standard landing gear but could dampen the impact force

during landing.

2.1.2 Pneumatic Soft Gripper Design and Control

Since tendon-actuated soft grippers require more complex fabrication (inserting tubes

inside the soft fingers for tendons to pass through them) [47,48], pneumatic soft grippers,

which only required a sufficient air chamber for each soft finger to conduct bending, gain

the attention in the current soft gripper research area [5]. Moreover, the location of the

tendon-actuated gripper is constrained by the position of the driven motor. Nevertheless,

soft pneumatic grippers offer great configurational flexibility due to the flexibility of the

air tube. The air tube can quickly connect the pneumatic soft gripper with the pumps
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Figure 2.1: Images with (a) a bio-inspired tendon-actuated soft gripper [1], (b) a tendon-
actuated soft landing gear [2], (c) a soft tendon-actuated gripper for dynamic grasping [3],
and (d) a modular soft tendon-actuated gripper [4].

and valves. However, the common industrial pneumatic system of the soft gripper is too

bulky and heavy [49,50], thereby only a lightweight pneumatic system can be applied on

the UAV platform to minimize the effect of the thrust propulsion.

Shtarbanov [6] invented a wearable and modular pneumatic platform, FlowIO, for soft

robotics, which showed that the pneumatic system can be a miniature development. The

core characteristics of FlowIO are modularity and reconfigurability. Users can quickly

configure and reconfigure a FlowIO system to meet their project’s pressure, flow rate,

and size requirements by exchanging magnetically attached modules thanks to integrated

modules with numerous pneumatic configurations. An interconnected main module and

pump module make up a complete FlowIO device. The hardware modules enabled a wide

variety of pneumatic applications with pressure ranges from -26 psi (-179kPa) to +30 psi

(+209 kPa). Although the details of the pressure control of FlowIO were not mentioned,

this project proved the potential development of the lightweight and compacted pneumatic

gripper system, which is capable of implementing in UAVs’ cost-effective aerial grasping.
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Two examples of the pneumatic soft gripper applications of aerial grasping are described

as follows.

Ping et al. [7] attached a soft pneumatic gripper under a conventional quadrotor,

similar to this thesis’ idea. Nevertheless, their focus does not explicitly revolve around

autonomous aerial grasping tasks or alleviating the need for additional rigid landing gear.

The soft gripper was operated by a single control command, which is the pneumatic

pressure. This work compared three conditions: the quadrotor alone, with its gripper

attached, and various grasped payloads. Ping and his team suggested that the quadrotor

(with simple Proportion-Integration-Differentiation (PID) control) may successfully grasp

and hold things without dropping them while preserving its dynamics. They stated that

the dynamics of the quadrotor were little impacted by the installation of the entire Grasp-

ing Unit. Although the simulation behaviour and the real-world flight test behaviour were

generally similar in this project, the differences in the altitudes could be more than 0.5

m. This showed that the position control of the experimental flight was not as precise as

some current soft aerial grasping research [3, 4].

A two Degrees of freedom (DOF) robot arm with a pneumatic soft gripper was installed

under a traditional UAV with the rigid landing gear in [8]. The pneumatic soft gripper

utilized semi-circular polymer rings and inextensible layers (made of cotton fabric) to

reinforce the stiffness of the soft gripper. Sarkar et al. [8] only controlled the inflation of

the soft gripper by pressure regulation to conduct grasping. A single pneumatic battery,

which was a plastic air tank with pressurized air, supplied the required air pressure to the

soft gripper’s air chambers. The gripper control system involved a pressure sensor and two

solenoid valves. Following the feedback from the pressure sensor by a microcontroller, the

valves managed the airflow direction. Regardless of the soft gripper’s lack of a deflation

function to enlarge the grasping tolerance, Sarker and his team presented that the gripper

could grab a maximum size of around 120 mm. Besides, they stated that the target

capability of the payload was 500 g, while a successful grasping of an 814 g payload was
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tested.

Figure 2.2: Images with (a) a pneumatic soft gripper with inextensible layers [5], (b) a
lightweight wearable pneumatic gripper [6], (c) a three-finger pneumatic soft gripper [7],
and (d) a pneumatic soft gripper with inextensible layers and semi-circular polymer rings
[8].

2.1.3 Comparison of Tendon-actuated Soft Grippers and Pneu-

matic Soft Grippers

Based on the above-existing research on soft gripper design and control, Table 2.1 summa-

rized the differences between tendon-actuated soft grippers and pneumatic soft grippers.

Compared to the tendon-actuated soft gripper, the main advantage of the pneumatic soft

gripper is that it changes its configuration more easily, which can offer higher flexibility

for target objects with various shapes and dimensions. Therefore, the pneumatic soft

gripper is chosen in this thesis.
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Table 2.1: Comparison of tendon-actuated soft gripper and pneumatic soft gripper.

Tendon-actuated Pneumatic

Actuators Servo motors/DC motors and
tendons Air pumps and solenoid valves

Control method Pulling tendons Pressure regulation and
airflow control

Fabrication
Inserting tubes in the soft
fingers’ body for tendons

installation

Leaving air chambers inside
the soft fingers by moulding

Configuration
changes

Harder (limited by the
position of the motors)

Easier (benefited by the
flexibility of the air tubes)

2.2 Aerial Grasping System and Control

2.2.1 Rigid Aerial Grasping System and Control

Aerial grasping is a popular research area, especially for those using rigid grippers. [9,51]

proposed a quadrotor control system for aerial grasping and harvesting with a rigid grip-

per, where they suggested fusing Initital measurement unit (IMU) data using an Extended

Kalman filter (EKF) to provide acceleration feedback. As the drone was designed for fruit

harvesting, Kumar and Behera [9, 51] placed the rigid gripper with a three-finger hand

jaw in the forehead of the drone instead of the drone’s bottom to grasp the fruits horizon-

tally. To conduct indoor and outdoor harvesting, the drone provided indoor and outdoor

fruit detection through learning-based object detection by a commercial dual camera.

The above visual perception demonstrated GPS-denied autonomous aerial grasping of

the apples.

A biomimetic Unmanned aerial vehicle (UAV) designed by Roderick, Cutkosky, and

Lentink [10] is inspired by birds that can dynamically perch on complicated surfaces and

grasp irregular targets with their two legs. This rigid gripper replaced the traditional
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rigid landing gear and allowed the UAV to do perching in forest environments. The

mechanism design of the gripper was bio-inspired by birds’ hindlimbs, which was much

more complicated than other commercial rigid grippers. The perching ability of this UAV

in a forest was tested by the pilot who flew the UAV manually with a remote controller.

The proposed gripper can also catch some objects with similar sizes and weights. The

objects were hand-launched at the vehicle. This research mainly focused on autonomous

rigid gripper control for successful perching and grasping.

Thomas et al. [11] proposed an ordinary UAV with a rigid under-actuated gripper to

conduct dynamic grasping of a suspended object. This aimed to avoid unplanned contact

forces. The grasping was conducted by using vision feedback from a monocular camera

and an IMU onboard the UAV. An Image-Based Visual Servoing (IBVS), which directly

uses feedback from the image coordinates, was developed based on the visual features of a

cylinder (target objects). Hence, this research did not require an external motion capture

system for trajectory tracking.

A rigid aerial grasping of a morphing UAV was developed. Bucki, Tang, and Mueller

[12] suggested a novel quadcopter with unactuated hinges to perform grasping by landing

on the targets (see also [52]) but also focused on traversing small passages and perching on

hanging wires. A cascaded controller was used to control the hover of this vehicle because

of its simplicity and popularity. Also, different infinite-horizon LQR controllers were

synthesized to control the vehicle’s attitude when flying in different configurations. To

save computational power and reduce the complicity of the drone’s hardware design, Bucki

and his teammates chose to use an LQR controller, which is straightforward and can be

run on low-power embedded devices with little setup. However, the grasping performance

of this novel vehicle was not as good as its traverse. These unactuated hinges required

over 10 seconds to hover over the targets for their aerial grasping tasks. Moreover, only

rectangular objects with the specific dimension (referring to the UAV airframe) could be

grasped as the UAV had to land on the object and deform its four hinges to do grasping.
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These minimal grasping capabilities were demonstrated and admitted.

Figure 2.3: Images with (a) an aerial harvesting system by a rigid gripper [9], (b) a
perching system by a rigid gripper [10], (c) aerial grasping of a suspending object with a
rigid gripper [11], and (d) rigid aerial grasping by unactuated hinges of a quadrotor [12].

2.2.2 Soft Aerial Grasping System and Control

On the other hand, more soft aerial grasping systems were developed due to increased

investigations into soft grippers. Some Soft aerial vehicle (SAV) need to hover over the

target object before grasping or perching [53–55]. More examples of soft aerial grasping

systems are introduced below.

Fishman et al. [3,56,57] developed a soft drone with a soft gripper (also as the landing

gear) to conduct dynamic grasping. The soft drone grasping performance was first eval-

uated by simulation [44], and then a real-world experiment was conducted in a motion

capture room. Their approach eliminates the need to measure the gripper state. How-

ever, they operate the soft gripper in an open-loop manner to grasp objects with unknown

shapes on unknown surfaces, relying on the centroid of the objects. But it only tried to
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grasp a table-like foam target in the motion-capture room. An adaptive geometric con-

troller controlled the proposed soft drone, and a minimum-snap trajectory optimizer did

its trajectory planning [58]. Their suggested controller aimed to compensate for distur-

bances caused by the target object and unmodeled aerodynamic effects during dynamic

grasping. Although the proposed dynamic grasping provided a smooth grasping trajec-

tory, the grasp speed of the soft drone is 0.2 m/s, which is a relatively slow speed in aerial

manipulation. In [56], robust or adaptive Nonlinear model predictive control (NMPC)

was suggested for the soft drone to grasp moving targets. Linear Model predictive con-

trol (MPC) was not recommended as this significantly restricts the quadrotor’s ability to

track moving targets while performing abrasive manoeuvres.

Building upon [3], Ubellacker et al. [4,59] presented another approach for aerial grasp-

ing with onboard perception using a soft drone. Their adaptive controller only considered

external disturbances for translational dynamics instead of rotational dynamics. They

also added a feed-forward acceleration impulse to compensate for the z-direction distur-

bance induced immediately after grasping an object. The target localization provided by

their perception system design also demonstrated aerial grasping of moving objects.

Some existing works focus on UAV control for soft aerial perching or grasping with

static payloads. Ramon et al. [2] designed a soft landing gear system that enables au-

tonomous perching of a drone on pipes for inspection and maintenance. They use a neu-

ral network to estimate the position, filtered by an EKF and used as a reference for the

control loop. A Proportion-Integration-Differentiation (PID) controller generates speed

commands for the flight controller to regulate the drone’s location. The visual estimation

is also utilized for controlling the orientation of the drone.

Ping et al. [7] integrate a soft pneumatic gripper beneath a conventional drone, similar

to our design. Their soft drone utilizes a PID controller within the Flight control unit

(FCU). However, their primary focus does not revolve explicitly around autonomous

aerial grasping tasks or alleviating the need for additional rigid landing gear. The lack
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of additional Degrees of freedom (DOF) in their gripper design, which could facilitate

grasping, limits the grasping altitude of the drone due to the presence of rigid landing

gear. They claim that their soft gripper has minimal impact on the dynamics of the drone

and tested its hovering ability with various payloads weighing up to 100 g.

In the work of [8], a robot arm with a pneumatic soft gripper was developed under

a conventional drone. Hence, extra mechanisms and control algorithms were needed to

ensure the aerial grasping system’s manipulator could reach its home and pick positions.

The control of this drone relies on the Ardupilot Firmware and QGroundControl station.

Sarkar et al. [8] mentioned an outdoor packet delivery test was conducted successfully.

The packet weighed approximately 150 g, while their quadrotor with soft gripper weighed

over 3.5 kg. Although the details of the position tracking performance of the outdoor

aerial delivery task were not given, the total time of flight and target hovering altitude

were provided to evaluate the efficiency.

Figure 2.4: Images with (a) dynamic grasping [3], (b) a soft drone with onboard perception
[4], (c) soft drone with a pneumatic gripper and a rigid landing gear [7], and (d) soft drone
with a robot arm that contains a soft pneumatic gripper [8].
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2.2.3 Comparison of Aerial Grasping with Soft Gripper and Rigid

Gripper

Based on the above-existing research on aerial grasping system and control, Table 2.2

summarized the comparison of aerial grasping with soft gripper and rigid gripper. Com-

pared to aerial grasping with a rigid gripper, the main advantage of aerial grasping with a

soft gripper is that it can grasp the target objects with less impact force, consist simpler

mechanism, be fabricated more easily by moulding without complicated structure and ex-

tra fasteners, and provide a lightweight characteristics of the system by eliminating robot

arm. Therefore, the aerial grasping system with a soft gripper is suggested in this thesis.

Table 2.2: Comparison of aerial grasping with soft gripper and rigid gripper.

With Soft Gripper With Rigid Gripper

Impact force to
target Lower Higher

Mechanism Less complicated More complicated

Fabrication Easier (moulding) Harder (requires more
components)

Robot arm Not necessary Usually requires
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Modular Soft Gripper Design and

Control

3.1 Mechanical Design

The proposed soft grippers have two configurations: an X-base and an H-base. Both

X-base and H-base configurations require four soft fingers to grasp the target objects, as

four soft fingers can provide a larger pinching force than three or fewer soft fingers. [7,60].

Each soft finger consists of one air chamber. The four air chambers of the soft gripper are

interconnected and equipped with one micro-pump and two solenoid valves. The details

of the electronics parts will be mentioned in Section 3.3. Inflation and deflation of the soft

fingers can be conducted by the airflow direction (controlled by valves) and the micro-

pumps (providing pumping and vacuuming simultaneously). The pressure regulation of

the soft gripper is presented in Section 3.4. The modular connectors of the soft fingers

have been designed to simplify the attachment of the soft fingers to various bases. Sliding

the connector and securing it with a screw allows each soft finger to connect to different

bases to grasp different objects quickly. This approach reduces the required number of

soft fingers to a maximum of four, significantly reducing assembly time.
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3.1.1 Structure of Pneumatic Soft Gripper Without Inextensible

Layers

Figure 3.1: Dimensions of the X-base (spherical) soft gripper when it is (a) initially
opened, (b) fully opened, and (c) fully closed. And the dimensions of the H-base (cylin-
drical) soft gripper when it is (d) initially opened, (e) fully opened, and (f) fully closed.

These soft fingers are 100 mm long and 15 mm wide. They are affixed to the two bases

at a 25◦ inclination angle, giving the gripper increased grasping tolerance and diverse op-

tions for target objects. Grasping tolerance refers to the available dimension for grasping

when the gripper is deflated, precisely the distance between the fingertips when the grip-

per is fully opened in Fig. 3.1(b) and Fig. 3.1(e), respectively. The diagonal distance of

the fully opened X-base (spherical) soft gripper is 180 mm, while the tip-to-tip distance

of the fully opened H-base (cylindrical) soft gripper is 145 mm. The dimensions of the

two bases are shown in Fig. 3.1(a) and Fig. 3.1(d). When the complete closing of the

soft gripper is undergoing, all tips of the soft fingers of the X-base soft gripper touch each

other, while the tips of the two pairs of the 2-tip soft fingers of the H-base counterpart

touch each other too (see Fig. 3.1(c) and Fig. 3.1(f)). The weights of the H-base and

X-base soft grippers are 106 g and 110 g (excluding the electronics), respectively.
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3.1.2 Structure of Pneumatic Soft Gripper With Inextensible Lay-

ers

To enhance the pinching force of the soft gripper, we improve their mechanical structure

by adding an inextensible layer to each of them. These soft fingers have dimensions of

90 mm in length and 20 mm in width. These soft fingers with the inextensible layers are

shorter than the previous design because of their higher stiffness. Hence, to keep using

the same electronics and control system, these fingers need to be shorter to maintain their

bending ability to grasp. Moreover, their wall thickness is also higher than the previous

design to avoid the risk of air leakage under a long inflation time. These fingers are also

attached to the two bases at an inclination angle of 25◦. The grasping tolerance for the

H-base soft gripper is 150 x 90 mm2, while the x-base soft gripper has a grasping tolerance

of 160 mm diagonal distance. The details of the dimension of the soft gripper when it is

initially opened, fully opened and fully closed are illustrated in Fig.3.2. The weights of

the H-base and X-base soft grippers are both 124 g (excluding the electronics).

Figure 3.2: Dimensions of the X-base (spherical) soft gripper when it is (a) initially
opened, (b) fully opened, and (c) fully closed. And the dimensions of the H-base (cylin-
drical) soft gripper when it is (d) initially opened, (e) fully opened, and (f) fully closed.
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3.2 Fabrication

The proposed soft gripper is made of silicone rubber (Smooth-On Dragon Skin 30 ) with 30

A shore hardness [46], while all moulds, connector of each soft finger, and the two bases are

made of Polylactic acid (PLA) by 3D printing [61]. All moulds of the two soft grippers can

be downloaded via this link: https://github.com/Athenachc/sav_gripper. Details of

the manufacturing process of the two soft gripper designs are shown in the following

subsections.

3.2.1 Details of Pneumatic Soft Gripper Without Inextensible

Layers

Fig. 3.3 illustrates the moulds of a pneumatic soft finger that is described in Section 3.1.1.

There are two parts to the moulds: one makes the main body of the soft finger with its

air chamber, while another produces the cover of the soft finger.

Figure 3.3: The exploded view (a) and assembly (b) of the mould of the soft finger’s main
body. The exploded view (c) and assembly (d) of the mould of the soft finger’s cover. (e)
The side view of the soft gripper.
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Referring to [62], the details of the fabrication process of a soft finger are described as

follows. First, spray the resin mould release to the mould, which is depicted in the middle

of Fig. 3.3(a), wrapped in liquid silicone rubber to make an air chamber in the main

body. Hence, this mould can be removed easily after curing. Then, assemble the moulds

for the main body and cover the soft finger. Next, pour the liquid silicone rubber into the

moulds for the main body and cover separately. After the silicone rubber finishes curing

inside the moulds, a small hole is cut on each finger’s cover. This allows the silicone tube

to pass through the cover and be fixed by adhering it with resin glue. Then, the main

body and the cover with the silicone tube can be glued with resin glue, too.

Notably, only the mould used to make the air chamber is disposable since it will be

twisted and bent during removal from the soft finger. Nevertheless, the rest of the moulds

can be reused to save future fabrication time.

3.2.2 Details of Pneumatic Soft Gripper With Inextensible Lay-

ers)

Compared with the above design, an inextensible layer made of Thermoplastic polyurethane

(TPU) with a shore hardness of 80 A is placed inside the back of each soft finger (next

to its air chamber) to enhance the pinching force [63, 64]. This inextensible layer is also

fabricated by 3D printing.

The manufacturing process of this soft finger with the inextensible layer is similar to

the above method (Section 3.2.1). Additional steps are adhering TPU on the back of

the soft gripper and then adhering them with the main body and the cover of the soft

gripper. Fig. 3.4 describes moulds for fabricating the three parts of the soft finger with

an inextensible layer. Besides, adhering moulds are used to quickly align the three parts

of the soft finger (see Fig. 3.5).
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Figure 3.4: The exploded view (a) and assembly (b) of the mould of the soft finger’s main
body. The exploded view (c) and assembly (d) of the mould of the soft finger’s cover. (e)
The side view of a soft gripper. The exploded view (f) and assembly (g) of the mould of
the back of the soft finger.

Figure 3.5: Moulds for adhering the soft finger with an inextensible layer: (a) isometric
view and (b) side view.
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3.3 Electronics

The main electronic components of the proposed soft gripper system are an ESP32-S3

microcontroller, an air pump, and two solenoid valves. A Pulse-width modulation (PWM)

signal from the flight controller is sent to the microcontroller for airflow control and

pressure regulation (see Fig. 4.15). Note that the microcontroller passes another PWM

signal for pump inflation or vacuum during pressure regulation. As the air pump facilitates

both inflation and deflation simultaneously, two solenoid valves are required to serve as

switches to control the airflow. Details of the airflow control are mentioned in Section

3.4.1. The pressure range of the air pump is [-60, 120] kPa, while the pressure sensor with

a range of [-100, 300] kPa is used to detect the airflow pressure within the air chambers of

the gripper and provide feedback to the microcontroller. To reduce the electronics’ weight

and the electronic connections’ complexity, a customized Printed circuit board (PCB)

integrates the microcontroller, pressure sensor and the necessary resistance and capacities

(except the air pump and the two air valves). During our experiment trials, the commercial

thin-film force sensor was not sensitive enough to detect the gripper force. Thus, we only

checked the grasp status with our bare eyes and excluded the force sensor of the gripper

system. The total weight of the electronic components is 146 g [32]. Fig. 3.6 illustrates

the electronic components of the soft gripper with their weight information.

The payload capacity and the efficiency of the Soft aerial vehicle (SAV) are the main

concerns during the design process of the soft gripper. Thus, the selected air pump

and solenoid valves are lightweight to save the maximum load of the SAV. In Fig. 3.6,

an air pump and a solenoid valve weigh 61 g and 15 g, respectively. Also, to further

reduce the weight of the SAV, the soft gripper does not need an extra power source when

installed under a traditional quadrotor. This minimizes energy requirements, enabling

the soft gripper to operate efficiently with the existing quadrotor power system. Hence,

the payload capacity of the SAV can be maximized [32].
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Figure 3.6: The exploded view of the electronics of the soft gripper with weight informa-
tion.

3.4 Control of Soft Gripper

The control of the proposed pneumatic soft gripper includes its airflow control system

and pressure regulation. Before grasping, the desired pressures for inflation and deflation

of the soft gripper have to be set to the ESP32-S3 microcontroller.

3.4.1 Airflow Control System

The deflation process allows the soft gripper to open, release, and land, while the inflation

process activates the grasping of the gripper by complete closing. When the soft drone

takes off and starts approaching the target object, a command of deflation, which is an

input Pulse-width modulation (PWM) signal, is sent to the flight controller by the ground

control station [32] or an onboard computer. This command activates the deflation airflow

through the solenoid valves and initiates vacuuming with the air pump. Then, the flight

controller passes the PWM input of deflation to the soft gripper microcontroller. Hence,

29



Chapter 3. Modular Soft Gripper Design and Control

the air pump starts vacuuming by a feed-forward proportional controller (see Fig. 3.8), so

the soft gripper is “opened” by deflation. The soft gripper keeps deflating until the flight

controller receives the inflation command and triggers the soft gripper to close. Similarly,

the inflation also passes from the ground control station [32] or an onboard computer to

the microcontroller of the soft gripper. This makes the gripper "closed" and grasps the

target object.

There are three ranges of the PWM inputs to the microcontroller for staying at rest,

inflation, and deflation. The airflow of the system during inflation and deflation are

shown in Fig. 3.7a and Fig. 3.7b, respectively. Only the relevant valve is activated

during inflation or deflation, while the other valve remains off to ensure correct airflow

direction. In Fig. 3.7, the blue solid block and the red solid block of the air pump

represent the inflation and deflation function of the pump mainly used in the relevant

airflow, respectively. Also, the blue and the red lines and arrows indicate the inflation

and the deflation airflow of the gripper, respectively.

(a) Airflow of the system when the valve for inflation turns on.

(b) Airflow of the system when the valve for deflation turns on.

Figure 3.7: Airflow of the soft gripper’s system.
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3.4.2 Air pump Regulation

The pressure regulation of the soft gripper is conducted by feed-forward proportional

control, which combines feed-forward and proportional control techniques to enhance

performance by anticipating the impact of input pressure changes on output pressure.

In a typical proportional control, pressure feedback is received by the pressure sensor so

the proportional control can adjust the pressure output accordingly. However, in this

feed-forward proportional control, the feed-forward component can anticipate the effect

of changes in the input pressure on the output pressure. Due to the limited performance

of the lightweight air pump and the unseal soft gripper system, which enables easy swap-

ping between two configurations, slight air leakage can be predicted as a disturbance of

the pressure regulation [32]. Therefore, by integrating the feed-forward and proportional

control strategies, the gripper achieves faster response times and improved stability in reg-

ulating the air pump. Fig. 3.8 shows the block diagram of the feed-forward proportional

controller for the air pump regulation of the proposed soft gripper.

Figure 3.8: Block diagram of feed-forward proportional control of the soft gripper.

Notably, the feed-forward proportional control only sets the PWM signal for the air

pump. At the same time, the PWM command of the flight controller directly determines

the digital signals for activating the valves. This valve control strategy prevents excessive

vibration caused by rapid changes in airflow direction. Only the PWM signal of the

air pump is set by the feed-forward proportional controller. Simultaneously, the digital

signals of the solenoid valves are desired by the PWM command of the flight controller
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directly. This valve control strategy can prevent excessive vibration of the soft gripper

due to rapid changes in the airflow direction.

The feed-forward proportional controller in Fig. 3.8 can be computed by solving the

following equations [32]:

e(t) = r(t)− y(t) (3.1)

u(t) = Kp × e(t) + pmin (3.2)

Kp =
pmax − pmin

r(t)
(3.3)

g(t) =


u(t) + fin × y(t) if inflation

u(t) + fde × y(t) if deflation
(3.4)

where the minimum PWM duty cycle of the air pump, pmin, is an adjustable parameter

to optimize the performance according to the desired pressure. If pmin is too low, the

response time of the system will be longer. The maximum PWM duty cycle of the air

pump, pmax, is fixed at the 8-bit capacity of the microcontroller of the gripper. Referring

to the experimental results, the optimal feed-forward component for inflation, fin, and

deflation fde can be observed to speed up the inflation and deflation time of the soft

gripper. Further details and explanations of the abovementioned variables can be found

in Table 3.1.

Pressure Regulation of Pneumatic Soft Gripper Without Inextensible Layers

The soft gripper focuses on achieving maximum openness and a secure grasp by pressure

regulation. After considering factors such as the air chamber capacity, inflation time,

performance of the lightweight air pump, and the results of the feed-forward proportional

controller, an inflation pressure of 85 kPa is optimal for achieving the desired level of

openness. Also, a deflation pressure of -25 kPa is chosen to ensure rapid and effective
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Table 3.1: Parameters in air pump regulation.

Variables Definitions

e(t) Pressure error in kPa
r(t) Set (desired) pressure
y(t) Current pressure
u(t) Output by Proportional controller
Kp Proportional gain
pmax Max. PWM duty cycle of air pump (100%)

pmin Min. PWM duty cycle of air pump
fin Feed-forward component for inflation
fde Feed-forward component for deflation
g(t) Output by Feed-forward proportional controller

closure. The observed optimal pmin, fin, and fde are presented as follows:

pmin =


86% if inflation

63% if deflation
(3.5)

fin = 0.8

fde =
1

r(t)

(3.6)

The step response graph in Fig. 3.9 illustrates the pressure regulation performance

with a set pressure signal (set pressure in 0 kPa, -25 kPa, and +85 kPa) by the feed-

forward proportional controller and the proportional controller. Although the deflation

performance for both controllers is similar, the inflation time of the feed-forward propor-

tional controller is much faster than that of the proportional controller. These results

show that the feed-forward component anticipates set pressure changes, facilitating stable

current pressure and reduced steady-state error. Also, in the feed-forward proportional

control, the desired inflation pressure can be reached faster than the proportional control.

Still, the desired deflation performance of both control methods differs insignificantly.
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Figure 3.9: Comparison between feed-forward proportional controller and proportional
controller of the soft gripper.

Note that the soft gripper starts closing at 58 kPa and takes approximately 5 seconds to

reach the proposed inflation pressure from deflation.

Pressure Regulation of Pneumatic Soft Gripper With Inextensible Layer

After considering the increased stiffness of this soft gripper with an inextensible layer,

the magnitudes of both desired inflation and deflation pressure have risen. An inflation

pressure of 90 kPa is optimal for achieving the desired level of openness, while a deflation

pressure of -30 kPa is chosen to ensure rapid and effective closure. The soft gripper starts

closing at 60 kPa and also takes approximately 5 seconds to reach the proposed inflation

pressure from deflation. Compared to the previous case, only fde remains unchanged in

this case. The updated pmin and fin are shown as follows:

pmin =


73% if inflation

61% if deflation
(3.7)
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fin = 2 (3.8)

3.5 Static Grasping Test

To further evaluate the grasping performance of the Soft aerial vehicle (SAV), a static

grasping test aimed to assess both the maximum load capacity of the soft gripper and

its ability to grasp objects with various base shapes. The test involved evaluating the

performance of the gripper under different load conditions and its ability to grasp objects

with diverse base configurations securely.

In this experiment, the SAV was put on an aluminium rack. The servo tester provided

the inflation or deflation Pulse-width modulation (PWM) input signal to the microcon-

troller of the gripper, making it independent of the drone system without receiving inputs

from the flight controller or ground control station [32]. Human hands manually placed

target objects under the centre of the gripper. To test the grasping tolerance of the grip-

per, the positions of the centroid of the objects did not require a precise alignment of the

centroid of the gripper before grasping. Successful grasping trials required the gripper

to hold the target object for at least 30 seconds. Human hands intentionally moved and

gently shook the SAV during the test to ensure a reliable grip. A video of this static

grasping test for the two types of soft grippers is attached in the Section 6.1.

3.5.1 Results of Pneumatic Soft Gripper Without Inextensible

Layers

Referring to [32], ten grasps were conducted for each specimen. The ten objects in the

grasping test are shown in Fig. 3.10.
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Figure 3.10: Tested Object Set: (a) Pen Holder with Loads, (b) Computer Mouse, (c)
Double-sided Tape, (d) Pen, (e) Spray Paint, (f) Syringe, (g) Membership Card, (h)
Pocket Tissue Paper, (i) Spherical Container with Loads, (j) Plastic Box.

From Fig. 3.11, the soft gripper with both configurations can grasp the pen holder and

the pocket tissue paper with a 100% success rate. The 4-tip soft gripper with an H-base

is designed for grasping cylindrical objects and offers increased gripping force through

the wrapping motion of its two pairs of 2-tip grippers. The H-base gripper can grasp

cylindrical objects up to 200 g with a 100% success rate, but it has an 80% success rate

for grasping a can of spray paint due to the non-static centre of gravity. It cannot handle

items more miniature than the distance between its finger pairs, so it is less effective with

spherical objects. To address these limitations, a proposed X-base allows all four fingers

to align with the centroid of objects to grasp spherical items. It can also grasp the pen

holder with loads up to 330 g because one of the soft fingers can hang the pen holder

with the support of the other three soft fingers. Nonetheless, the X-base does not provide

the same wrapping force for cylindrical objects as the H-base. Thus, X-base and H-base

serve distinct purposes. Some examples of this static grasping test are illustrated in Fig.

3.12. Note that the pinching force of a 2-tip soft gripper is much less than the above two

configurations of the soft gripper [32]. Hence, the 2-tip soft gripper is negligible in this

section.
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Figure 3.11: Grasping success rate results of 2 configurations.
*The X-base gripper can hang and wrap the tape, while the H-base gripper always wraps
the tape.

Figure 3.12: Examples of grasping tests: Grasping (a) a pen holder with 270 g loads and
(b) a spherical container with 160 g loads by an X-base gripper; Grasping (c) a computer
mouse and (d) a can of spray paint with an H-base gripper.
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3.5.2 Results of Pneumatic Soft Gripper With Inextensible Lay-

ers

Based on the grasping results in Section 3.5.1, the same static grasping test was repeated

to determine the maximum load capacity of the soft gripper with an inextensible layer.

Fig. 3.13(a) and (b) depicted the grasping of the experimental maximum load of the

two configurations of the soft gripper, respectively. The X-base soft gripper with the

inextensible layer can grasp a 409 g plastic beaker with three roll rulers, while the H-base

soft gripper can grasp a 342 g lead-free circuit board cleaner. Notably, the circuit board

cleaner has a non-static mass since it contains liquid.

Figure 3.13: Demonstration of grasping (a) a 409 g plastic beaker with three roll rulers by
an X-base gripper and (b) a 342 g lead-free circuit board cleaner with an H-base gripper.

We can see the similar grasping performance of the two configurations between the

two types of soft grippers. The X-base soft gripper can hold heavier objects because its

four soft fingertips can point to the centroid of the round or spherical object together and

wrap it. However, the H-base soft gripper separates its grasping force by its two pairs

of two-tip soft fingers to grab cylindrical or rectangular target objects. Therefore, the

H-base soft gripper has less load capacity than the X-base soft gripper.
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3.5.3 Comparison of the Results of the X-base and H-base Soft

gripper

Referring to the above static grasping test results, Table 3.2 summarized the comparison

between the X-base soft grippers and the H-base soft grippers.

Table 3.2: Comparison of the Results of the X-base and H-base Soft gripper.

X-base Soft Gripper H-base Soft Gripper

All fingertips point towards the centroid
of the objects Wrap the lateral surface of objects

Can grasp spherical or rounded items Can grasp cylindrical/rectangular items

Highest load capacity: > 400 g Highest load capacity: > 300 g

Cannot grasp cylindrical objects Cannot grasp spherical objects
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Soft Aerial Vehicle Design and Control

This chapter focuses on the whole SAV system design and control. Since the two types

of soft grippers (with or without the inextensible layers) have similar control strategies,

this thesis would like to concentrate on the SAV with a soft gripper with the inextensible

layers [38] as an example (excepted in Section 4.6 and 4.8).

4.1 Overall System Design

To simplify the grasping motion and overcome the complexity of controlling the countless

degrees of freedom in soft robotics, a pneumatic soft gripper is equipped with four soft

fingers that can be inflated or deflated simultaneously [32] by low-level feed-forward pro-

portional control of pressure regulation (see Chapter 3). Hence, this proposed soft gripper

is placed under the centre of gravity of a quadrotor and can grasp various target objects

by controlling the inflation and deflation of its fingers.

All major components of the suggested SAV are depicted in Fig. 4.1 [38]. The flight

controller, Holybro Kakute H7 v1.3, is capable of interacting with the onboard computer,

Khadas VIM4, via the Robot operating system (ROS), thereby enhancing the real-time

control efficiency of the SAV. Moreover, the durability of the SAV is enhanced by its air-
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Figure 4.1: 3D CAD drawing of the exploded view of the proposed Soft aerial vehicle
(SAV).

frame with a high strength-to-weight ratio of carbon fibre composites. This is a customized

quadrotor base fabricated by CNC milling. Polylactic acid (PLA) is used in 3D print-

ing to manufacture the remaining customised connecting boards due to the lightweight

properties of the PLA. The SAV has a diagonal length of 385 mm and a height of 245

mm. The net weight of the quadrotor base of the SAV is 732 g, and the weight of the soft

gripper remains the same in both configurations, 270 g.

4.2 System Dynamics

To simplify the dynamics of the SAV, the motion of the soft gripper during inflation and

deflation are neglected [38]. Based on the characteristics of a conventional drone, we

assume that the SAV can be treated as a rigid body with six degrees of freedom.

Fig. 4.2 illustrates the North-East-Down inertial frame, ΓI and the body frame, ΓB

of the SAV.
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Figure 4.2: Soft aerial vehicle (SAV) sketch with its inertial frame ΓI and body frame ΓB.

As a result of the increased overall mass following grasping, the mass of the target ob-

jects will cause mass changes of the SAV. Also, several foreseeable external disturbances,

such as the ground effect and the thrust dearth due to battery consumption, cannot be

estimated precisely. The equivalent external disturbances δ that consists of the mass of

the soft grasper, the mass change after grasping, the ground effect and the thrust dearth

due to battery consumption is added in the mathematical model of the proposed SAV

below. A disturbance observer is introduced in Section 4.3 to accurately estimate δ.

The mathematical model of the proposed SAV can be given by

Ṗ = V,

V̇ = R(Θ)(T− g) + δ,

Θ̇ = R(Θ)ω,

ω̇ = I−1(τ − ω × (Iω)),

(4.1)

where P = [x, y, z]⊤ and V = [u, v, w]⊤ respectively represent the position and velocity of

the UAV in ΓI . R(Θ) ∈ R3×3 is the rotation matrix that can be found in [add a citation],

Θ = [ϕ, θ, ψ]⊤ is the attitude angle of the UAV, and ω = [p, q, r]⊤ is the angular rate
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of the UAV defined in ΓB. m is the mass, g is the gravity force vector, T = [0, 0, T ]⊤,

τ = [τx, τy, τz]
⊤, I = diag(Ix, Iy, Iz) is the moment of inertia, and δ = [δx, δy, δz]

⊤ is the

equivalent external disturbances defined in ΓI .

4.3 Disturbance Observer Design

After the Soft aerial vehicle (SAV) grasps its target object, the total mass of the SAV

will obviously increase due to the addition of the mass of the target object. Since the soft

gripper is located beneath the centre of gravity of the SAV, the magnitude of δz is rapidly

increased by the mass of the target item during aerial grasping, and the magnitudes of δx

and δy are also affected when the SAV brings the target item to different setpoints. As

a result, the dynamic model of the SAV will be changed after grasping, potentially lead-

ing to an unacceptable performance of the Nonlinear model predictive control (NMPC).

However, this degradation can be mitigated by incorporating a disturbance observer in

NMPC. The proposed disturbance observer aims to handle changes in dynamics arising

from varying operational circumstances effectively. To ensure the comprehensiveness of

the disturbance observer, the observer is designed to mitigate both expected and unex-

pected disturbances. This includes accounting for factors such as the mass of the target

object while holding it in mid-air, environmental disturbances, and measurement noises.

Therefore, linear acceleration disturbance, δ, is added to the original linear acceleration

equations of the SAV’s dynamic model (see Equation 4.1). By incorporating the dis-

turbance observer, the NMPC system can accurately estimate and compensate for these

disturbances, thereby enhancing the overall control performance of the SAV.

Recently, several research studies have focused on Model predictive control (MPC)

with disturbance rejection [65] and disturbance observer [66–68] for UAVs or unmanned

underwater vehicles. [69] mentioned the importance of adaptive MPC to compensate for

model mismatch and prevent degraded performance.
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Thereby, this thesis proposes and tests two disturbance observers in aerial grasping.

One utilises an Extended Kalman filter (EKF) while another one uses a Three-order robust

differentiator (RD3) [70]. The objective of both observers is to estimate and compensate

for disturbances that may impact the dynamics of the aerial grasping system. The es-

timated disturbances obtained from these observers can be effectively incorporated into

the prediction horizon of the NMPC algorithm and updated at each time step. By con-

sidering the estimated disturbances during the control optimisation process, the NMPC

can generate optimal control inputs that effectively reject disturbances and enhance the

overall performance of the aerial grasping system. Through testing and evaluation, the

performance and effectiveness of both disturbance observers can be assessed in the spe-

cific context of aerial grasping applications, verifying their capabilities to estimate and

compensate for disturbances and their impact on the NMPC control strategy.

4.3.1 Disturbance Observer Using an Extended Kalman Filter

EKF is a widely used estimation algorithm that combines a linearised dynamic model

with measurement data to estimate system states [71,72]. By incorporating the EKF into

the disturbance observer, it becomes possible to effectively estimate disturbances on sen-

sor measurements, including position coordinates of the SAV P obtained from a motion

capture system, linear velocity V of the SAV from sensors in the flight controller, and

linear acceleration of the SAV, ãB = [ũB, ṽB, w̃B] ∈ R3, from the Initital measurement

unit (IMU)) in the flight controller. The effects of the prediction states and the measure-

ment states of the SAV can be tuned by changing covariances. The system states χ and

measurement states ζ of the SAV can be presented as:

χ = [P, V, δ̂B]
T (4.2)
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ζ = [P, V, ãB]
T (4.3)

where δ̂B = [δ̂Bx , d̂By , δ̂Bz ] ∈ R3 denotes the predicted linear acceleration disturbance in

the body frame of the SAV.

Therefore, the system dynamics function is defined as follows:

f(χ, u) = [V, ãB, δ̂B]
T (4.4)

It is worth noting that the accuracy estimation of the linear acceleration disturbance

mainly varies inversely with the amount of noise present in the IMU. In other words, if

the noise in the IMU decreases, the accuracy of the estimated linear acceleration distur-

bance improves. This highlights the importance of having a reliable and accurate IMU

to enhance the disturbance estimation process and subsequently improve the overall per-

formance of the aerial grasping system. Thus, the process noise covariance matrix Q

and the measurement noise covariance matrix R are tuned to get a satisfied disturbance

estimation. The two covariances are computed as follows:

Q = diag
[
(∆t)qp

qp

(∆t)qv

qv
(∆t)qδ

]
(4.5)

R = diag
[
(∆t)rp (∆t)rv

(∆t)rã

rã

]
(4.6)

where Q, R are 9× 9 matrices, diag (∆t)qp

qp
, diag (∆t)qv

qv
, diag(∆t)qδ , diag(∆t)rp , diag(∆t)rv ,

diag (∆t)rã

rã
are 3× 3 matrices, ∆t is the sample time step, which is 0.01 second.

By our observation, the position and velocity measurements of the SAV from the

indoor motion capture system and the Flight control unit (FCU) are reliable and not

noisy. In contrast, the linear acceleration data from IMU is quite noisy. As a result,

the predicted linear acceleration results should be more reliable than those from the
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measurement model, while the measured position and velocity results are more reliable

than those from the prediction model. The values of the two covariance matrices are

tuned according to the experimental results for getting the fastest and stable response of

the SAV’s motion tracking during the integration of the observer with the NMPC. Thus,

the parameters of the two covariance matrices are determined below:

qp = qv = rã = 2

rp = rv = 4

qδ = [4.2, 4.2, 3.5]

(4.7)

In the prediction step, we compute the Jacobian of the system dynamics and predict

the next state using a 4th-order Runge-Kutta (RK4) method as:

χk+1 = f(χ, d̂B, k) = χk +
1

6
(K1 + 2K2 + 2K3 +K4)

K1 = ∆k · f(χk, d̂B)

K2 = ∆k · f
(
χk +

K1

2
, d̂B

)
K3 = ∆k · f

(
χk +

K2

2
, d̂B

)
K4 = ∆k · f

(
χk +K3, d̂B

)
(4.8)

The Jacobian of the system dynamics F and covariance prediction Pk−1|k are computed

in Equations 4.9 and 4.10.

Fk =
∂f

∂χ

∣∣∣∣
χk,uk

(4.9)

Pk|k−1 = FPkFT +Q (4.10)

The Jacobian of measurement model H, and measurement residual ŷk|k are formulated

as the Equations 4.11 and 4.12, where zk is the actual measurement.
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Hk =
∂h

∂χ

∣∣∣∣
χk|k−1

(4.11)

ŷk|k = zk − h(χ̂k|k−1) (4.12)

Then the Kalman Gain K at time k can be computed according to Pk|k−1 and Hk.

Eventually, the state estimate χ̂k|k can be updated by the predicted state estimate χ̂k|k−1

and K, and then recalculate Pk|k by Kk and Hk.

Kk = Pk|k−1HT
k (HkPk|k−1HT

k +Rk)
−1

χ̂k|k = x̂k|k−1 +Kkŷk|k

Pk|k = (I −KkHk)Pk|k−1

(4.13)

4.3.2 Disturbance Observer Using a Three-order Robust Differ-

entiator

RD3 [70,73,74] is a fixed time fractional-order differentiator that is robust to measurement

noise and capable of accurately estimating disturbances in dynamic systems. By utilizing

RD3 as the disturbance observer, the goal is to provide reliable disturbance estimation

and compensation for the aerial grasping system. Unlike the EKF, RD3 relies only on

position information from the motion capture system and linear acceleration from the

thrust model to predict linear acceleration disturbances. Thus, it can avoid the effects

caused by the noise of the IMU. The adjustment of the gain values of RD3 can be simply

done by tuning some parameter, which is intuitive and effective. Moreover, RD3 is an

observer with fixed-time convergence, meaning that theoretically, when the time exceeds

a certain threshold, RD3 can track any form of a complex signal.
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The RD3-based observer can be given by

µ̇1 = µ2 +m1[ẽη/k0]
3/4 + n1[ẽη/k0]

5/4,

µ̇2 = µ3 −
kt
m
η̇ + uη − η̈d +m2[ẽη/k0]

2/4 + n2[ẽη/k0]
6/4,

µ̇3 = m3[ẽη/k0]
1/4 + n3[ẽη/k0]

7/4

(4.14)

where µ1, µ2, and µ3 are the estimation of the position, velocity, and equivalent external

disturbance of the quadrotor, respectively. k0 is a scalar factor to adjust the accuracy of

the observer, kt is the linear damping coefficient, m is the mass, η is the position of the

quadrotor, eη is the tracking error of η, and ẽη is the estimation of η.

Additionally, to guarantee the fixed-time convergence, hyper-parameters m1, m2, m3,

n1, n2, n3 should be selected such that matrices Am and An are Hurwitz.

Am =


−m1 1 0

−m2 0 1

−m3 0 0

An =


−n1 1 0

−n2 0 1

−n3 0 0

 (4.15)

For ease of the determination of those hyper-parameters, we use the characteristic of

the solution of a third-order polynomial, which can be yielded as

(s+ ω1)(s+ ω2)(s+ ω3)

=s3 + (ω1 + ω2 + ω3)s
2 + (ω1ω2 + ω1ω3 + ω2ω3)s+ ω1ω2ω3 = 0

(4.16)

where ω1, ω2, and ω3 are the three roots of the Equation 4.16.

Note the fact that the characteristic polynomials of matrices Am and An can be re-

spectively given by solving equation detAκ − sI3 = 0, κ = m,n, which yields

s3 +m1s
2 +m2s+m3 = 0,

s3 + n1s
2 + n2s+ n3 = 0

(4.17)
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Evidently, it indicates that

m1 = ω1 + ω2 + ω3,

m2 = ω1ω2 + ω1ω3 + ω2ω3,

m3 = ω1ω2ω3

(4.18)

4.3.3 Observers Performance Test

To evaluate the performance of the Disturbance observer-based nonlinear model predic-

tive control (DOMPC), the SAV carried an additional 257 g payload (a 4S LiPo battery)

and followed a lemniscate trajectory with an amplitude of 2 m, frequency of 1 Hz and an

altitude of 1.0 m by NMPC with the above disturbance observers using EKF and RD3,

respectively. Fig. 4.3 illustrates the trajectories of the SAV when the two proposed dis-

turbance observers were applied to it, respectively (NMPC-EKF and NMPC-RD3). The

flight tests were conducted under a VICON motion capture system, which provided real-

time ground truth data to assist the flight controller in tracking the designated setpoints.

In Fig. 4.5, the load was positioned off-centre from the SAV’s centre of gravity, next to

the original SAV’s battery, to add additional unpredictable variables to the system.

The resulting statistics for the position tracking performance in this observer com-

parison are given in Fig. 4.4. The NMPC-EKF and NMPC-RD3 got similar tracking

performance, especially in the x and y directions. However, for the z-direction tracking,

although the tracking position of NMPC-RD3 was close to the reference, 1 m, it could

not reach 1 m again after getting a slightly higher altitude. In contrast, the NMPC-EKF

could reach the reference altitude repeatably during the test. Consequently, the proposed

disturbance observer utilises EKF should be chosen to integrate the NMPC in the next

section.

Referring to Fig. 4.4, the disturbance observer that using RD3 cannot perform as
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Figure 4.3: Trajectories results of the SAV lemniscate flights under the application of
NMPC-EKF and NMPC-RD3.

Figure 4.4: Position tracking performance of the SAV Lemniscate flights with an addi-
tional 257g load using NMPC-EKF and NMPC-RD3 along the x, y, and z axes.
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Figure 4.5: A 257 g off-centered load is placed next to the battery of the SAV. The
distance between the center of the SAV and the center of the load is 35 mm.

precisely as the existing research [70,73]. This may be because the sliding mode controller

in [70, 73] also compensates for the dynamics change of the Unmanned aerial vehicle

(UAV). Thus, this observer can function better with a sliding mode controller instead of

NMPC.

4.4 Disturbance Observer-Based Nonlinear Model Pre-

dictive Control

After the Soft aerial vehicle (SAV) grasps its target object, the total mass of the SAV

increases due to the addition of the mass of the target object [38]. Consequently, the

dynamic model of the SAV changes, potentially resulting in degraded performance of the

Nonlinear model predictive control (NMPC). However, this degradation can be mitigated

by incorporating a disturbance observer in the NMPC. The proposed disturbance ob-

server, described in Section 4.3.1, effectively handles changes in dynamics that arise from

varying operational circumstances. To account for these changes, linear acceleration dis-
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turbances are added to the linear acceleration equations of the SAV’s dynamic model in

Equation (4.1) and the nonlinear prediction model in its NMPC controller in Equation

(4.19). These disturbances are transformed from ΓB to ΓI by multiplying the rotation

matrix. By incorporating the disturbance observer, the NMPC system can accurately

estimate and compensate for these disturbances, thereby enhancing the overall control

performance of the SAV. The cascaded control structure of the Disturbance observer-

based nonlinear model predictive control (DOMPC) is described in Fig. 4.6, while the

finite state machine diagram is illustrated in Fig. 4.9.

Figure 4.6: Cascaded loop control structure of disturbance observer-based NMPC
(DOMPC).

Referring to [39], after adding the estimated disturbance from the proposed distur-

bance observer (using Extended Kalman filter (EKF)) in Section 4.3.1, the nonlinear

prediction model in the NMPC controller is formulated as follows:



Ṗ = V

V̇ = R(Θ) ∗ (T− g) + δ

ϕ̇ =
ϕcmd − ϕ

τϕ

θ̇ =
θcmd − θ

τθ

(4.19)

where τϕ and τθ are time constants of roll and pitch control, ϕcmd and θcmd are roll and
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pitch commands sent to inner loop attitude control. The yaw angle is not included in

the above NMPC states as the inner loop controller controls the yaw angle. The system

identification technique can be used with flight data to derive the values of τϕ and τθ.

The estimated disturbances obtained from the disturbance observer can be effectively

incorporated into the prediction horizon N of the NMPC algorithm and updated at each

time step. By considering the estimated disturbances during the control optimization

process, the NMPC can generate optimal control inputs that effectively reject disturbances

and enhance the overall performance of the aerial grasping system.

The optimizer solves the Quadratic programming (QP) problem formulated as [39]:

min

∫ N

t=0

||h(x(t), u(t))− yref ||2Qdt

+ ||h(x(T ))− yN,ref ||2QN
dt

s.t. ẋ = f(x(t), u(t))

u(t) ∈ U

x(t) ∈ X

x(0) = x(t0),

(4.20)

where u(t) and x(t) represent the control input and state at timestep t, respectively. yref

and yN,ref denote the reference state for the prediction horizon and terminal timestep,

respectively. Q and QN represent the weighting matrices for states and terminal states,

while f(·) and h(·) indicate the prediction function and system output function, respec-

tively. U and X are the input constraint and state constraint.

The Optimal control problem (OCP) in Eqt. (4.20) is solved using the Multiple Shoot-

ing Method with the Active Set Method and qpOASES solver, employing the Sequen-

tial Quadratic Programming (SQP) technique [37]. Real-time computation is achieved

through the implementation of NMPC with the Automatic control and dynamic opti-

mization (ACADO)" solver, which offers efficient solutions for estimation and optimal
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control problems [75].

4.4.1 Controller adaptability Test

To evaluate the performance of the DOMPC, the SAV carried a 257 g payload (a 4S LiPo

battery) and followed a circular trajectory with a radius of 1.8 m at a speed of 2 m/s and an

altitude of 1.0 m by DOMPC, NMPC, and Proportion-Integration-Differentiation (PID)

respectively. The flight tests were conducted under a VICON motion capture system,

which provided real-time ground truth data to assist the flight controller in tracking the

target setpoints. The load was positioned off-centre from the SAV’s centre of gravity next

to the SAV’s battery.

The resulting statistics for the position tracking performance are given in Fig. 4.7.

The DOMPC has better tracking performance in the x and y directions and has similar

tracking performance with the PID controller in the z-direction. However, due to the

latency of the PID controller in the x and y directions, it could not perform as well as

the DOMPC controller. In contrast, the NMPC controller showed significant tracking

errors, particularly in the z-direction, as it could only maintain its altitude at around 0.5

meters. In Fig. 4.8, the tracking performance of NMPC controller in the z-direction was

the worst as the SAV flew much lower than the desired altitude. On the other hand,

SAV with DOMPC and PID controllers could reach the desired altitude of this circular

trajectory successfully. Hence, adding the proposed disturbance observer to NMPC is the

most effective method for compensating the dynamic changes of the SAV and ensuring

accurate path tracking while only using the NMPC and PID controllers is less robust for

handling dynamic changes due to unknown payloads.
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Figure 4.7: Position tracking performance of the SAV circular flights with an additional
257g load using DOMPC,NMPC, and PID along the x, y, and z axes.

Figure 4.8: Trajectories results of the SAV circular flights.
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4.5 Finite State Machine for Aerial Grasping mission

A Finite state machine (FSM) module [76] aims to assist Soft aerial vehicle (SAV) in

different stages to completing the aerial grasping. There are six stages in total, including

not only the grasping of the target item, but also the releasing of the item before landing.

Here is the list of the six stages:

1. Takeoff and waiting for position data of target object.

2. Approaching the target object.

3. Grasping the target object at the desired grasp point.

4. Lifting the target object object to the desired hovering point.

5. Releasing the target object at the releasing destination.

6. Landing.

Fig. 4.9 describes the FSM diagram and indicates that the application of the proposed

disturbance observer is excluded during takeoff (first stage) and landing (Sixth stage). The

estimated disturbance would not be utilized during these two stages for mitigating the

ground effect, friction, and contact force experienced by the SAV [38]. The trajectory of

the aerial grasping mission with the six stages is presented in Fig. 4.10.

4.5.1 First stage: Takeoff and waiting for position data of target

object

In the first stage, the onboard computer on the SAV initially sends the deflation com-

mand to the microcontroller of the soft gripper so that the soft gripper acts as the soft
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Figure 4.9: Finite state machine diagram for the SAV aerial grasping task.

Figure 4.10: Trajectory of the aerial grasping mission.
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landing gear before taking off. The desired takeoff altitude is at 1 m. After it reaches

the desired altitude, it hovers and waits for the position data of the target object. The

static translational offset of an object between its body frame (estimated by VICON) and

its centre of mass requires manual calibration. This is necessary because the body frame

of the object depends on the locations of the reflective markers, which are attached to

the stands of the objects, for the ease of repeating the grasping task with various target

items.

4.5.2 Second stage: Approaching the target object

When SAV receives the target object’s location, it starts approaching the target object by

hovering over the object. Sustaining the x and y directions based on the target object’s

location, it gradually decreases its altitude to be close to the object. The soft gripper

keeps receiving the deflation command to provide the maximum grasping tolerance.

4.5.3 Third stage: Grasping the target object at the desired grasp

point

The soft gripper inflates to grasp the target object after the SAV reaches the desired grasp

point. The SAV preserves hovering at the desired grasp point to secure the grasp. The

estimated linear acceleration disturbance along the z direction starts to increase due to

the weight of the target object.
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4.5.4 Forth stage: Lifting the target object object to a desired

hovering point

The SAV lifts the target object to a desired hovering point for analysing the performance

of the proposed disturbance observer. Since the net weight of the SAV rapidly increase

due to the extra weight of the payload, the SAV requires more time to compensate for

the linear acceleration disturbances by its DOMPC.

4.5.5 Fifth stage: Releasing the target object at the releasing

destination

A basket built with five puzzle foam mats is placed on the releasing destination. After

switching to this stage, the SAV holds the object to the top of this basket. When it

reaches the desired setpoint, the soft gripper deflates again to release the object.

4.5.6 Sixth stage: Landing

After the object is released by the deflation of the soft gripper, the SAV goes to the

last setpoint to prepare for landing. The soft gripper’s deflation remains so that the soft

gripper can act as the soft landing gear again. The SAV gradually decreases its altitude

at the landing setpoint and disarms its four brushless motors when it lands on the ground

solidly.
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4.6 Payload Test

The primary objective of this test was to evaluate the payload capacity of the Soft aerial

vehicle (SAV), intentionally excluding the assessment of its aerial grasping capability.

From [32], the SAV successfully grasped a 217 g double-sided tape using the X-base

soft gripper and a 217 g plastic cylindrical container using the H-base soft gripper in Fig.

4.11. Referring to [38], to ascertain the maximum payload capacity of the SAV, it not only

carried the same load utilized in the observer performance test during mid-air operation,

but also grasped a container with varying weights while hovering.

Figure 4.11: Payload test of the SAV with its soft gripper (without inextensible layers):
hovering after holding a 217 g payload in total with its (a) X-base and (b) H-base soft
gripper, respectively.

In Fig. 4.12(a), the SAV could carry a 337 plastic box and a 257 g extra payload

simultaneously with its H-base soft gripper [38]. Similar payload capacity of the SAV is

shown in Fig. 4.12(b) too. The SAV could carry a 224 g spherical container and the same

257 g extra payload simultaneously with its X-base soft gripper that contains inextensible

layers. The payload tests in Fig. 4.11 and 4.12 were conducted for over 30 seconds.

The highest resultant payload capacity (634 g) in Fig. 4.12(a) surpasses that of several

existing research projects, such as a 100 g payload in [7], a 106 g foam target in [3], a

148 g med-kit in [59], and a 150 g packet in [8]. The accompanying video in Section 6.2

demonstrates these four payload tests.

The payload test results also indicate that the higher net weight of the SAV with the
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Figure 4.12: Payload test of the SAV with its soft gripper (with inextensible layers): (a)
hovering after carrying a 634 g payload in total with its H-base soft gripper. (b) hovering
after carrying a 481 g payload in total with its X-base soft gripper.

soft gripper that contains inextensible layers does not decline its payload capacity (1002 g

SAV in [38] and 808 g SAV in [32]). In contrast, the payload capacity shown in Fig. 4.12

is more than double that in Fig. 4.11. The increase in the payload capacity is caused by

the higher pinching force of the soft gripper with inextensible layers. Consequently, the

soft gripper’s gripping force is a critical factors in the payload test.

To further analyze the SAV position tracking performance with the proposed Disturbance

observer-based nonlinear model predictive control (DOMPC) during the payload test, the

position tracking records of the SAV [38] in Fig. 4.12 during adding and releasing payloads

are described as follows.

4.6.1 Position Tracking Results of SAV with H-base Soft Gripper

(With Inextensible Layer)

Following the SAV’s hover, the plastic box was initially positioned beneath it for grasping.

The maximum weight of the box was 337 g in Fig. 4.12. Subsequently, after the SAV

grabbed the box and returned to the desired hovering point, the additional 257 g load

was placed next to its battery. The box was released after the SAV reached the target

hovering point with both the box and the load. Similarly, the load was removed after the

SAV resumed hovering at the desired point.
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Figure 4.13: Position tracking performance along the x, y, and z axes in the payload test
of the SAV with its H-base soft gripper.

Figure 4.13 illustrates the position tracking of the SAV. During this payload test,

although the altitude of the SAV decreased when it began grasping the box and carrying

the load, it ultimately maintained its hovering position with the proposed disturbance

observer. Its hovering position was also sustained when its payload was released or re-

moved.
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4.6.2 Position Tracking Results of SAV with X-base Soft Gripper

(With Inextensible Layer)

Using the same approach in Section 4.6.1, following the SAV’s hover, the spherical con-

tainer was initially positioned beneath it for grasping. The maximum weight of the

container was 224 g in Fig. 4.12. Then, after the SAV grabbed the ball and returned to

the desired hovering point, the additional 257 g load was placed next to its battery. The

ball was released after the SAV reached the target hovering point with both the ball and

the load. Likewise, the load was removed after the SAV resumed hovering at the desired

point.

Figure 4.14: Position tracking performance along the x, y, and z axes in the payload test
of the SAV with its X-base soft gripper.
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Figure 4.14 illustrates the position tracking of the SAV. The results of this payload

test are close to the previous payload test with an H-base soft gripper. While the SAV’s

altitude initially dropped upon grasping the ball and bearing the load, it successfully

maintained its hovering position using the proposed disturbance observer. The hovering

stability persisted even when the payload was released or removed.

4.7 Soft Aerial Grasping Test

Figure 4.15: Grasping pipeline overview of the proposed soft aerial grasping.

In the aerial grasping task [38], we tested the aerial grasping ability of the Soft aerial

vehicle (SAV) with both static and non-static payloads. For the target objects prepa-

ration, we placed extra loads into a spherical container, stuck additional loads on the

side of the cylindrical shuttlecock tube, and poured dyed water into a rectangular plastic

water bottle. The dimensions and weights of the three target objects can be found in

Table 4.1, and the loads’ positions of the objects are shown in Fig. 4.16. The X-base

soft gripper handled the spherical container, while the H-base soft gripper handled the

cylindrical shuttlecock tube and rectangular plastic bottle with dyed water. Despite ex-

periencing slight tracking errors during the grasping process, the softness of the gripper

compensated for these errors, providing sufficient grasping tolerance. As a result, the

target objects were securely grasped without any damage [32].
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Table 4.1: Dimensions and weights of target objects.

Target objects Dimensions/Volumes Weights (g)

Shuttlecock Tube with 46 g load 238 mm*(33 mm)2π 113

Spherical container with 118 g load 4

3
π*(35 mm)3 161

Plastic bottle with 80 g dyed water 210 mm*60 mm*60 mm 110

Figure 4.16: Three target objects: (a) Spherical container with loads. (b) Shuttlecock
tube with its slide loads. (c) Plastic bottle with dyed water

Since this work focuses on the disturbance observer’s ability to estimate unknown

payload and other uncertainties that can affect the dynamics of the SAV, we did not

provide a predefined trajectory for the SAV during the aerial grasping task. Instead, we

instructed the SAV to fly point-to-point, evaluating its ability to reach the desired points

with low tracking errors. Before takeoff, the soft gripper received a deflation command

from the flight controller via Robot operating system (ROS). After successfully reaching

the desired grasping point, the flight controller sent a Pulse-width modulation (PWM)

command for inflation to the soft gripper’s controller. The SAV remained in position for

at least 5 seconds to ensure the soft gripper was fully inflated, thereby testing its ability

to overcome the ground effect.

With the proposed disturbance observer [38], Fig. 4.17 illustrates the successful aerial

grasping demonstrations performed by the SAV. Equipped with Disturbance observer-

based nonlinear model predictive control (DOMPC), the SAV demonstrates precise hov-

ering capabilities over target objects and effectively grasps them at the desired location.

Referring to Fig. 4.10 and Section 4.5, after takeoff, the SAV approached its target object
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(a) grasping a shuttlecock tube with 46 g load.

(b) grasping a spherical container with 118 g load.

(c) grasping a plastic bottle with 80 g.

Figure 4.17: Trajectories of grasping the three targets.
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by decreasing its altitude accordingly. Fig. 4.18 shows that as the SAV was instructed

to transport the target object along the x-axis at a height of 1 m following grasping, the

magnitude of tracking errors along the z-axis and x-axis rapidly increased after grasping

the three target objects, respectively. The tracking errors for the three aerial grasping

tasks were much smaller because the SAV was required to fly along the x-axis only to

grasp and lift the corresponding target objects. However, due to the disturbance detec-

tion capability of DOMPC, these errors quickly converged toward zero. The soft gripper

finished inflation for grasping at 13.1 s.

Figure 4.18: Position tracking errors during the process of grasping the three different
target objects (the dotted lines depict the time of SAV started to lift the objects after
grasping).

In contrast to grasping cylindrical or spherical objects, an additional setpoint was
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added for grasping the rectangular bottle containing non-static dyed water to ensure a

secure grip. Therefore, the SAV first grasped the bottle with dyed water and hovered at

a height of 0.6 m, then started flying to the desired holding location at 16.4 s. Since the

SAV was instructed to fly point-to-point, the grasp time of each trial differs. The SAV

took less than 22 seconds to bring the objects to the desired location due to the accuracy

of the disturbance observer.

Fig. 4.19 displays the estimated disturbances for three objects during the grasping

process. Notably, the spherical container (weighing 161 g) was the heaviest among the

three objects, resulting in the largest estimated disturbance magnitude along the z-axis

(dWz), approximately -1, when grasped by the SAV. The other two objects’ magnitudes

of dWz are similar and slightly less than that of the spherical container due to their

comparable weights (110 g and 113 g). These results indicate that the proposed observer

can estimate the disturbance induced by the non-static mass. Besides, the dynamic

changes during the SAV aerial grasping are crucially influenced by the increased mass

created by the target objects, which is under the SAV. Hence, the changes in dWx and

dWy are not as strong as those in dWz . These findings indicate that the proposed observer

is capable of evaluating the disturbances by both static and non-static masses.

Note that the dotted lines in Fig. 4.18 and Fig. 4.19 presented the time of SAV started

to lift the objects after grasping the objects. For the plastic bottle with dyed water, the

SAV first lifted it at 0.6 m and remained hovering at the x and y positions of the grasping

point for around 3 seconds (black dotted line). Then, the SAV brought the bottle to reach

1 m altitude (yellow dotted line). For the shuttlecock tube and spherical container, the

SAV lifted them once to reach 1 m altitudes (black dotted line), respectively.

After collecting the experimental results of those three aerial grasping tasks, their

success rate is presented in Table 4.2. For each trial, the battery of SAV is fully charged

to neglect the disturbance from battery dearth. Despite its relatively high weight, the

spherical container with a load was successfully grasped in all trials, attributable to the
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Figure 4.19: Disturbance results from grasping the three different target objects (the
dotted lines depict the time of SAV started to lift the objects after grasping).

Table 4.2: Comparison of SAV aerial grasping performance with the three target objects.

Configurations Target objects Successes

H-base Shuttlecock Tube with 46 g load 27/30(90%)

X-base Spherical container with 118 g load 30/30(100%)

H-base Plastic bottle with 80 g dyed water 20/30(66.7%)
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soft gripper’s tolerance. The grasping tolerance-to-objects’ surface ratio in the spherical

container grasping task was the highest. However, although the weights of the bottle con-

taining dyed water and the shuttlecock tube containing the load were similar, the success

rate for gripping the bottle was significantly lower compared to that of the shuttlecock

tube. This discrepancy can be attributed to the rectangular shape of the plastic bottle,

which requires higher pinching forces from the soft finger. As a result, although the SAV

consistently achieved successful reachability to the bottle, it may struggle to lift it due

to the limited contact area between the soft fingertips and the lateral surface of the bot-

tle. Consequently, the success rate for grasping the plastic bottle with dyed water was

the lowest, while the success rate for grasping the spherical container with load was the

highest.

4.8 Soft Landing Test

As mentioned in Section 1.3, the proposed soft gripper of the Soft aerial vehicle (SAV) also

serves as a soft landing gear to improve the flight efficiency of aerial manipulation without

burdening the payload capability. The soft gripper replaces the traditional rigid one for

decreasing the net weight of the SAV and simplifying the SAV’s mechanism. The soft

gripper establishes its landing ability by keeping a full opening as a soft landing gear to

stabilize the pose of the SAV and dampen the impact forces during landing. The landing

pressure is the same as the deflation pressure during grasping. Thus, the suggested soft

landing does not require any extra cost of the soft gripper’s control.

70



Chapter 4. Soft Aerial Vehicle Design and Control

4.8.1 Results of Soft Gripper Without Inextensible Layers

According to [32], in Fig. 4.20 (a) and (b), with a modular soft gripper of no inextensible

layer, this novel SAV can take off and land on the ground without the need for traditional

rigid landing gear. Since the landing pressure is equivalent to the deflation pressure used

during grasping, the soft gripper can remain fully opened, serving as a landing gear to

stabilize the pose of the SAV during takeoff and effectively dampen impact forces upon

landing. Besides, Fig. 4.20 (c) and Fig. 4.20(d) present the successful tilt landing of the

SAV (with its two configurations of the soft gripper) on a 10◦ inclined platform. According

to Table 4.3, the H-base soft gripper performs better for the tilt landing as it can always

be flattened, while the X-base soft gripper sometimes may only have three fingers to

be flattened and even jump out from the platform due to the impact forces. These tilt

landing results show that the H-base soft gripper can dampen the impact forces of the

soft fingers more since the fingers have more contact areas with the tilted platform. Thus,

the modular soft gripper can successfully replace conventional rigid landing gear, even for

tilt landing.

Figure 4.20: Standard landing test with (a) the H-base soft gripper and (b) the X-base
soft gripper, and tilt landing test with the (c) X-base and (d) H-base soft gripper.
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Table 4.3: Comparison of SAV landing performance on ground and tilt platform.

Configurations Successes (ground) Successes (tilt)

X-base 10/10(100%) 6/10(60%)

H-base 10/10(100%) 10/10(100%)

4.8.2 Results of Soft Gripper With Inextensible Layers

As the soft landing gear in [32] cannot get 100 % success rate of its tilt landing with X-

base soft gripper, the four arms of the airframe in [38] extend for protecting the brushless

motors in case that the SAV cannot land with its four soft fingers flatly on the ground

or any tilted surfaces. In Fig. 4.21 (a) and (b) describe the standard soft landing of the

SAV with its soft gripper that contains inextensible layers. The standard soft landing

performance is similar to that in Fig. 4.20. Moreover, the SAV in Fig. 4.21 (c) and (d)

demonstrate the soft landing with just two soft fingers and the assistance of the two arms

of its airframe. This approach can protect the brushless motors even if the SAV cannot

land with all four soft fingers.

Figure 4.21: Standard landing with (a) the H-base soft gripper and (b) the X-base soft
gripper, and landing with two soft fingers of the (c) H-base and (d) X-base soft gripper.
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Conclusion and Future Work

5.1 Conclusion

In conclusion, this thesis has presented the design and control of a novel Soft aerial vehicle

(SAV) with a modular pneumatic soft gripper to conduct autonomous aerial grasping in an

indoor environment. Not only considering the grasping and tracking performance during

aerial grasping, but the SAV also contribute to the soft landing with its deflated soft

gripper. These findings contribute to developing autonomous aerial grasping capabilities

in soft robotic systems.

The first section presents the design and control of a modular pneumatic soft grip-

per [32]. The main objective of this soft gripper design is to maintain a lightweight

structure, thereby minimizing the impact on the flight capabilities of the SAV. Therefore,

the proposed soft gripper weighs a maximum of 270 g (with inextensible layers) and a

minimum of 252 g (H-base without inextensible layers). Pressure control for the modular

gripper utilizes a feed-forward proportional controller to improve pressure regulation. Ex-

perimental results from grasping tests reveal that the total contact areas of the gripper on

the target object influence the grasping force. Two base configurations for the modular

soft gripper are explored to accommodate objects of different shapes. The H-base 4-tip
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gripper is suitable for cylindrical or rectangular objects, while the X-base 4-tip gripper is

more appropriate for spherical or rounded objects.

Subsequently, a Disturbance observer-based nonlinear model predictive control (DOMPC)

system for soft aerial grasping with the SAV is proposed [38]. By incorporating a distur-

bance observer and utilizing Extended Kalman filter (EKF), this method can adapt to dy-

namic model changes and handle unpredictable disturbances throughout the aerial grasp-

ing task. The DOMPC compensates for uncertainties arising from payload weight vari-

ations and other external disturbances, such as battery discharging. The SAV equipped

with DOMPC demonstrates the capability to handle both static and non-static payloads.

It can automatically grasp an 80 g dyed water-filled plastic bottle, even when the dyed

water is shaking, inducing unestimated disturbances. Furthermore, the 270 g lightweight,

soft gripper, combined with a 732 g customized traditional quadrotor, achieves successful

mid-air grasping of various objects, including a plastic box (337 g) in the payload test

and a spherical container (160 g) in the aerial grasping test. The payload-to-weight ratio

achieved by the SAV surpasses previous investigations on soft grasping, highlighting its

effectiveness.

Lastly, this thesis demonstrates successful soft landing tasks on the ground and a tilted

platform with a ten-degree inclined angle [32, 38]. The proposed soft gripper is equipped

under a conventional quadrotor as a novel SAV to conduct the aerial grasping and landing

operation. In the landing test, the soft gripper efficiently replaced the traditional rigid

landing gear when it deflated. This soft landing approach simplifies the control complexity

for landing for the Unmanned aerial vehicle (UAV) with its gripper.

5.2 Future works

In future, to further contribute to the drone delivery industry, the proposed Soft aerial

vehicle (SAV) aims to grasp some common rubbish at the seacoast and the country parks,
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such as aluminium cans, plastic bottles, polystyrene pieces, and boxes that can contain

first aid kits for the search and rescue of the hiking accidents in Hong Kong. For the

above application, object detection [77, 78] should be developed so the SAV will require

more sensors to navigate itself outdoors. Hence, the outdoor target objects of the SAV

can be recognized without the position feedback of the indoor motion capture system.

For the outdoor localization of the SAV itself, a low-cost real time kinematics (RTK)

Global navigation satellite system (GNSS) can be used [79, 80]. Enhancing the au-

tonomous flight safety of the Unmanned aerial vehicle (UAV) can be achieved by im-

proving outdoor trajectory control using object detection and RTK GNSS technology.

According to the previous proactive landing approach [76], the localization of the drone

and its destination can also be defined by a sensor-fusion and estimation method from

ArUco marker, YOLO object detector [81], stereo depth information from dual camera,

and drone’s Initital measurement unit (IMU) information.
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Appendices

6.1 Video of Static Grasping

Figure 6.1: QR code for the video of the static grasping test by the soft gripper.

Link: https://youtu.be/v6xmPBTzEkY
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6.2 Video of Payload Test

Figure 6.2: QR code for the video of SAV’s payload test.

Link: https://youtu.be/O1u3tZNKE7Y

6.3 Video of Aerial Grasping

Figure 6.3: QR code for the SAV’s aerial grasping test video.

Link: https://youtu.be/kD9XIhZy_TA
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6.4 Video of Soft Landing

Figure 6.4: QR code for the video of soft landing.

Link: https://youtu.be/ZCXvp52NnWo
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6.5 Open-source Materials (GitHub)

• DOMPC

• Feed-forward Proportional control of the modular pneumatic soft gripper

• Moulds for soft gripper with an inextensible layer

• Moulds of soft gripper without inextensible layer
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