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Preface

The following report is the culmination of all the work | performed during my master thesis to obtain my
Master Degree in Control & Simulation at the Faculty of Aerospace Engineering at Delft University of
Technology. The goal of the following work was to showcase that a clever mechanical design for a robotic
manipulator, integrated on a drone, can be just as effective compared to other aerial manipulator design
approaches. This work specifically focused on using a force-balanced manipulator. Although the original
plan was to simply integrate such a manipulator on a drone, | challenged myself to make it reconfigurable
for pick-and-place tasks. Hence, | set out to design, build, and test a reconfigurable force-balanced aerial
manipulator for variable payload tasks.

This project has been challenging but it allowed me to learn many skills along the way. Although | had
built hobby drones in the past this was the first time | designed the entire system from the ground up and
really delved deeper in the field of robotics, which | fell in love with throughout the process. | want to thank
my supervisor, prof. Salua Hamaza, for the opportunity to work on such an amazing project and also for all
the support along the way. Working together | gained a lot of knowledge which | will carry with me to my
next chapter. | would also like to thank Martijn for stepping up to be my coach during Salua’s maternity
leave. | appreciate all your help through to the very end.

| am really glad to have been able to work in the MAVLAB where | had the chance to meet incredible
people who have helped me along this journey. A special thank you to Alessandro for helping me with the
servos and more. At the MAVLAB | also met Georg, Giorgia, Mahima, and Nils whose friendship | hold
close to my heart.

| would like to thank everyone who supported me in my journey. To Hani, thank you for answering all
the early aerial manipulator-related questions | bombarded you with and for your friendship. To Antonio,
Gigi, Johan, Leo, Loreto, Micha, Sara, and Sofia, thank you for all the fun times we shared over the past
years. To Matteo, but also Gigi, Micha, and Nils, thank you for helping me blow off steam on the tennis
court. To Alex and Florian for all the fun boy’s nights. To Alejandro, thank you for sharing this 6-year
adventure with me. To Andre, Ceccio, Fix, and Laffo, my friends back in Italy, grazie per la vostra amicizia.
Sono sempre felice di tornare a casa e rivedervi. To Matteo, Alice, and Simone, grazie per essermi stato
sempre vicino.

To Rita, my partner in crime, thank you for always listening to me ramble on about my design ideas
and plans. Thank you for all your PX4 and writing help, without it so many steps would have taken me
twice as long. You made this journey so much more enjoyable and I'm so thankful to have you by my side.
Obrigado por tudo.

| also want to thank my family back home for their love and support from afar. To nonna Vanna who
supplied me with her ragu and tomato sauce which kept fueled, to nonno Carlo who has always been
an inspiration to me. Finally | want to dedicate this work to my parents Virna and Alessandro. You have
always supported me throughout life and have always been there for me during the highs and lows. | will
always be thankful to have you in my corner, and | hope you know this achievement wouldn’t have been
possible without you; vi voglio tanto bene, grazie di tutto.
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Introduction

In the field of robotics, robotic manipulation refers to how robots interact with objects in the environment.
Robotic manipulators have been used in production lines since the 1960s to assist with tasks such as
handling heavy loads or harmful substances[1]. Over time, these manipulators have evolved to work
alongside humans. However, one key limitation of these systems is that their reach is constrained by their
physical size.

In recent years, mobile robotic manipulators, robotic arms mounted on mobile platforms, have been
developed to overcome this limitation. By enabling robots to move within their environment, these systems
dramatically extend their effective reach. Current applications include marine exploration[2] and bomb
disposal[3], and ongoing developments aim to integrate such systems into manufacturing and logistics
industries for more flexible and cost effective solutions[4].

The emergence of Unmanned Aerial Vehicles (UAVs), or drones, has further spurred the development
of aerial manipulators. These are mobile robotic manipulators which use a drone morphology such as a
quadrotor as their mobile platform. However using flying robots as mobile platforms presents additional
challenges preventing traditional robotic manipulators to be directly integrated on aerial platforms.

The autonomy of drones is limited by their weight thus heavy robotic manipulator are not suitable.
Furthermore, compared to static manipulators or ground-based mobile manipulators aerial manipulators
are more affected by any reaction generated by the movement of the robotic manipulator. Traditional
approaches to addressing these challenges involve designing lightweight manipulators that minimize the
produced reaction forces[5]. While effective for some applications, this strategy fails when fast manipulator
movements or handling heavy payloads are required.

This research proposes a novel manipulator design that eliminates the reaction forces transmitted
to the aerial platform. Instead of relying solely on lightweight systems, this work focuses on creating an
inherently reactionless mechanical design. The manipulator is to be integrated on a drone with the ultimate
objective of enabling the system to perform variable payload tasks, such as pick-and-place tasks. The rest
of this report addresses the central research question:

How can we exploit a reconfigurable mechanical design/morphology to minimize the dynamic
coupling between the drone and the manipulator during fast variable payload tasks, such as pick
and place?

The report is divided into two parts. First Part Il presents the scientific article, detailing the development
of the aerial manipulator and its subsystems, as well as the extensive testing performed to validate the
system. Then, Part lll presents the literature study, conducted before the thesis work, exploring the field of
aerial manipulation and summarizing various mechanical and control approaches to aerial manipulator
design. This section provides further insight into the decisions made throughout the thesis.
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Reconfigurable Force-Balanced Aerial Manipulator
for Variable Payload Tasks

Michele Bianconi
Department of Control & Operations,
Section of Control & Simulation,
BioMorphic Intelligence Lab
Delft University of Technology, The Netherlands

Abstract—This research proposes a novel reconfigurable and
force-balanced aerial manipulator design for fast variable pay-
load tasks. Its force-balancing properties allow for fast end-
effector movements while minimizing disturbances introduced
to the aerial platform. The manipulator is composed of three
pantograph legs connecting the end-effector to the drone base.
Each pantograph is equipped with two moving counter-masses
that provide the balancing properties to the manipulator. The
counter masses are moved by fast linear actuators allowing
the manipulator to be force-balanced for different payloads.
Extensive testing, performing end-effector trajectory tracking
tasks, was performed both on a floating base setup and in
flight. The results indicate that the manipulator significantly
decreased the reaction forces transmitted to the base. Specifically,
it achieved a 45% reduction when comparing the unbalanced
and balanced configurations, and a 17% reduction when these
configurations included a 53 [g] payload. The drone’s position-
tracking error during flight also improved, with reductions of
19% and 34% for the same two configurations, respectively.

1. INTRODUCTION

The field of aerial manipulation has drawn considerable
attention in recent years. This field explores the use of robotic
manipulators onboard aerial platforms, such as drones, to
perform useful tasks. By adding a manipulator on a moving
platform the reachable workspace drastically increases in size,
almost only limited by the flight time of the aerial platform.

These systems have various applications including sensor
placement[1], contact inspection[2], maintenance for aerial
repair[3], construction via aerial screwing[4], and load deliv-
ery[5].

Although many advances have been achieved in this field
some fundamental problems and tradeoffs persist, such as the
integrated control of the robotic manipulator with the aerial
platform. Combining a robotic manipulator with a drone cou-
ples their dynamics, so any reaction force or moment produced
by one affects the other. If the reaction forces or moments
generated by the manipulator’s movement are too large this
could cause the aerial platform to become destabilized.

To tackle this issue complex controllers which account for
the coupling between the aerial platform and manipulator have
been devised[6]. These however require the complete dynamic
model for the entire system which is often more demanding
to derive. This approach which considers the manipulator and
the drone as one system is called centralized control.

Fig. 1: Picture during flight of reconfigurable force-balanced
aerial manipulator.

Furthermore, sophisticated aerial platforms coupled with
complex control schemes are developed which are more effec-
tive at counteracting disturbances produced by the manipulator
and its interaction with the environment. An example is the
use of fully-actuated platforms such as in the work of Ding et
al.[7].

Another approach is to consider the manipulator and the
aerial platform as two separate entities. This approach is called
decentralized control. In this case, the aerial platform treats the
reaction forces and moments produced by the manipulator as
unknown disturbances. For the drone to be able to counteract
these disturbances they must not be too large. This requires
the manipulator to be as lightweight as possible[8].

This approach is faster for development as complex dynamic
models are not required but it is still limited by the speed of the
motion. A limit is reached when the manipulator movement
is too fast such that the reaction forces and moments are no
longer negligible and the aerial platform is unable to reject
them leading to control loss.

Another alternative which has not been significantly de-
veloped in this field is to improve the mechanical design of
the manipulator to eliminate the coupling dynamics between
the two systems. Kartik et al. proposed a manipulator design
for aerial platforms which produces no reaction forces on the



drone. However, this design is balanced only for a specific
configuration of the manipulator, so it would not be suitable
for varying payload applications such as pick-and-place tasks.

We propose an aerial manipulator design which is force-
balanced and capable of reconfiguring itself for different pay-
loads. The main contributions of this work are the following:

o Development of a novel reconfigurable force-balanced
manipulator for fast variable payload tasks, along with a
lightweight, compact, and fast linear actuator for counter-
mass movement.

« Development of a novel drone morphology for synergetic
integration with the proposed reconfigurable manipulator.

o Comprehensive experimental validation of the system’s
motion and flight performance.

II. RELATED WORK

Different designs for aerial manipulator systems have been
proposed to limit the coupling effects between the manipulator
and the aerial platform. Hamaza et al. incorporated a moving
counter mass on a four-bar linkage manipulator to counteract
the moment arm generated by the end-effector [9]. This mo-
ment balancing reduces strain on the quadrotor by eliminating
the need for the quadrotor to compensate for the manipulator’s
extended moment arm.

In addition to moment balancing, there are three types
of balancing: dynamic, force, and static. Dynamic balancing
ensures that the reaction forces and moments from manipulator
movement are zero. Force balancing occurs when only the
net reaction forces on the system’s base are zero. Static
balancing enables the system to counteract gravitational forces,
maintaining stability in any configuration resulting in zero
potential energy.

Balancing of manipulators has been an explored field of
research, however, the number of these systems that have
been physically implemented is limited especially for aerial
manipulation applications. [10] presented a dual-arm aerial
manipulator with a center of gravity (COG) balancing mech-
anism. [11] showcased a moving counter mass mechanism
with COG balancing properties for a serial manipulator. [12]
developed a balanced pantograph gripper for aerial pick-and-
place tasks.

There has been theoretical progress in developing balanced
parallel manipulators, but few practical implementations have
been presented. [13] introduced the force-balancing conditions
for Clavel’s Delta robot. [14] developed dynamically balanced
multi-degrees of freedom mechanisms through the use of a
balanced parallel-piped mechanism. [15] presented a family
of force-balanced parallel manipulators.

Despite their benefits, there have been limited practical
implementations of such balanced parallel manipulators in the
field of aerial manipulation. The aforementioned work by Kar-
tik et al.[16] developed a force-balanced parallel manipulator
aimed for integration with an aerial platform. Clark et al.[17]
implemented a balanced delta-like manipulator design on an
aerial platform. This last work achieved good force-balancing
properties. However, limitations in the mechanical design,

Fig. 2: Render of the reconfigurable force balanced manip-
ulator. The manipulator consists of three pantograph legs.
The pantograph’s lower portion connects to the end-effector,
resulting in a three-degrees-of-freedom parallel manipulator.

particularly the lack of integration between the manipulator
and drone platform, prevented any significant improvement in
the drone’s tracking performance.

Finally, an aspect in which all these balanced configurations
are lacking is that they are not balanced for varying payload
applications, making them unsuitable for interaction tasks such
as pick-and-place tasks. To overcome this limitation de Jong
et al.[18] proposed three reconfiguration strategies to adapt the
balancing behaviour for varying payload conditions, namely,
changing the position of the counter masses, changing the joint
locations, or altering the weight of the counter masses.

III. FORCE-BALANCED AERIAL MANIPULATOR

Force-balanced manipulators are advantageous for aerial
systems due to their ability to reduce reaction forces on
the drone base caused by manipulator movements. This is
particularly beneficial for quadrotors, which cannot directly
generate forces to counteract these disturbances. The following
section describes the design, fabrication, and control of a
reconfigurable, force-balanced aerial manipulator for variable
payload tasks. The design strategy focused on treating the
manipulator and aerial platform as a cohesive system, ensuring
compatibility between the two.

A. Kinematics

The manipulator morphology builds upon the work of Kartik
et al. [16] and consists of a fixed base and a moving platform
as the end-effector. Three parallel kinematic chains connect the
two, forming a three-degree-of-freedom parallel manipulator.
Each leg is a pantograph, as shown in Figure 2, of which only
the lower portion defines the kinematics and motion of the
end-effector.

Figure 3 shows the kinematic parameters of the lower
portion of one pantograph (S P;@1). The center of the the fixed
base is represented by O and P represents the center of the
moving base. At the origin O the Cartesian coordinate frame
XY Z is defined. For each pantograph, a coordinate system



X0iY0iZo; is defined where ¢ = 1,2, 3 is the pantograph leg
number. This coordinate system shares the same XY plane
but is rotated by angle 6; where the X-axis (Xg;) points
towards the attachment point of pantograph ¢. The size of the
base and end-effector are defined by r4 and rp which are
respectively their radii. To solve the forward kinematics, the
transformation from point O to point P is derived link-by-link
using the Denavit-Hartenberg convention. Starting from origin
O the first joint is a passive revolute joint which rotates the
leg around the X, axis by the angle ¢3;. The next joint is the
active joint which rotates the first link L; by the angle ¢;; with
respect to the base. The angle between the first link L; and
the second link Lo is denoted by ¢2;. As the fixed base and
moving base are constrained to remain parallel to each other,
the next joint after link Lo is equal to ¢1;+¢o;. Finally, the last
joint is equal but opposite in direction to the first passive joint
¢3;. With these geometric definitions, the Denavit-Hartenberg
transformations are defined and the transformation matrix from
origin O to point P for one leg of the manipulator is shown
below.

T, =T,,T,.T...T,

Tyo

TtLlTTlethT

Ty2

T,

T2

p Tzo 1, Try, (1)

From this matrix the equations describing the end-effector
position as a function of the joints and geometric properties
of the manipulator are extracted and reported below.

rpg =1ACO; —rgCO; + L1C¢1,CO;4
+ LaC¢p11Cha1 CO; — LaCO1S 115021
— L1S¢115¢3150; — LaC¢115¢215¢$3156;
— LyC¢215¢115¢3156;
yeE = 1A50; —1850; + L1C¢1156; 2)
+ LyC¢11C 21565 + L1CO1S 115031
— L2S¢115¢2150; + LaC¢11CO:Spa1S¢31
+ LaC¢21C01S¢11S¢31
zpg = CP31L25¢11 + ¢21 + L1.So11

Where S() and C() denote the sin and cos functions
respectively.

Unlike other parallel manipulators[19][20] since the active
joint comes after a passive joint the inverse kinematics cannot
be solved analytically[16]. Hence, to find a solution for the
end-effector position with respect to the active joints geomet-
rical reductions are necessary. First, it can be seen that the
length of vector S; P is not dependent on ¢s3;, therefore by
squaring and adding xgg, YpE, 2 We obtain an equation
for the passive joint ¢9i as a function of ¢1,. By substituting
this equation in the equation for zpp we obtain a relation
between the passive joint ¢3; and the active joint ¢;. Finally
by replacing the relations between the passive joints and the
active joint in the original set of equations for g, YrE, 2EE,
an equation between the desired end-effector positions and the
active joint ¢; is found.

Front View

- b1t

@ Passive Revolute Joint @) Active Revolute Joint

Fig. 3: Schematic diagram of the lower portion of one of
the pantograph legs which make up the parallel manipulator.
Geometric definitions for the links and joints in the diagram
are used to formulate the kinematic model of the manipulator.

Although this can be numerically solved it was found that as
the relation is highly non-linear numerical solvers struggle to
find the correct solution even for various initial conditions. A
different approach was used to numerically solve this problem.
From a starting solution space of ¢; angles, the passive joints
are iteratively solved from the relations previously described.
Since ¢3; = arccos f (¢1i,2EE, YEE, 2EE) for each ¢1;, two
sets of solutions exist:(¢1,02:,¢3;) and (p14,¢2;,—d3;). The
joint angles are checked to be within the joint limits of
the manipulator and the end-effector position is computed
(*EE, YEE, 2EE). If the computed position corresponds to
the desired end-effector position the solution is found.

B. Workspace analysis

To determine the dimensions of the manipulator a sensitivity
analysis on the workspace was performed by studying the
effect of varying the geometric parameters r4, rg, L; and
Ls. The workspace is found by solving the inverse kinematics
iteratively for various locations in the positive XZ quadrant.
This leads to an outline of the reachable workspace. The total
workspace corresponds to this outline revolved around the Z
axis.

A smart search is used to find this outline efficiently. First,
the vertical bounds are found by solving the inverse kinematics
close to the Z-axis line. A search space between the top and
bottom z limit is created. From the top limit, the algorithm
searches outwards on the x-axis until the kinematics return
no solution. From this point, the search moves to the next z
position in the search space. If the kinematics are solved for
this location the search moves outwards (positive x direction).
If no solution is found for the location the search moves
inwards (negative x direction). This process continues for the
entire search space.

To compare the workspace across different manipulator
configurations, two metrics are used: (1) the maximum area
of a rectangle that fits within the workspace, representing
the overall workspace size, and (2) the maximum width of
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Fig. 4: Results for sensitivity analysis show the effect of
varying manipulator parameters r4, rp, Lj, and Lo on
workspace characteristics. The maximum area represents the
largest rectangle fitting within the workspace outline, while
the maximum width represents the widest rectangle at least
10 mm high that fits within this outline. Both metrics increase
with r4, L1, and Lo, but decrease with rpg.

a 10 mm-high rectangle that fits within the workspace. The
latter metric is particularly relevant because the manipulator’s
workspace should prioritize width over height. While the aerial
platform can easily adjust its vertical position, lateral move-
ments require roll or pitch adjustments, which are undesirable
for a parallel manipulator with only translational degrees of
freedom.

The workspace was computed for an initial manipulator
configuration with the following parameters: r4 = 160mm,
rg = 140mm, L1 = 220mm, and L, = 250mm. Each
parameter was individually varied: 4 and rp between 0.5 and
1.5 times their initial value, and L; and Lo between 0.5 and
2.0 times their initial values. The sensitivity analysis results
are shown in Figure 4.

This figure shows that increasing r4 more than 180 mm
or decreasing rp more than 120 mm provides no additional
benefit. Conversely, increasing L; and Ly improves both
metrics, with the maximum area metric benefiting more than
the maximum width. Based on this analysis, r 4 and r, were set
to 180 mm and 65 mm, respectively. The base platform (r4)
was maximized to accommodate the drone’s electronics, while
the end-effector base (rp) was minimized to reduce weight,
improving the pantograph design’s force balancing properties,
as discussed in subsection III-C. The dimensions for L, and
Lo will be determined in the next section.

Fig. 5: Schematic diagram defining the mass properties of the
force-balanced pantograph mechanism

C. Force-balancing optimization

Our manipulator configuration achieves force-balancing by
taking 2D planar force-balanced elements and combining them
to create a 3D mechanism. In this case, the planar force-
balanced elements are the pantographs, which make up the
three legs of the manipulator. Hence, by ensuring each panto-
graph is force-balanced the resulting manipulator is also force-
balanced. The force balancing conditions of the pantograph
mechanism were formulated by Van der Wijk [21] and are
reported below. Figure 5 shows the dimensions describing the
pantograph mechanism.

mip1 = Maa1 + Mmaps
miq1 = Mm3qs
MaP2 = M1a2 + MyPy

maqz2 = MM4q4

3)

From the pantograph design, we assume that the the center
of mass (COM) of the links lies on the axis of the links which
leads to q1, g2, ¢3, 4 = 0. This reduces the system of equations
to the following two equations.

mip1 = Maa1 + Mmaps

MopP2 = M1G2 + MyPy

“)

For the entire manipulator to be force-balanced the mass
value m; encompasses the mass of the end-effector, hence for
each pantograph a third of the weight of the end-effector is
counted in the m; term. This is then balanced by introducing a
counter mass on the opposite side of the pantograph. It can be
seen that given fixed dimensions for p; and po the pantograph
is balanced only for one configuration of the manipulator.
Hence, if the mass at the end-effector changes, for example
during a pick-and-place task or if the end-effector is replaced
the manipulator would not remain force-balanced. To make
this manipulator reconfigurable to mass changes at the end-
effector, moving counter masses can be placed on the P;(Q)
and P> links.

The m1p1 and mapo terms can be split in two, namely m;p;
and m;cmpicm Where @ = 1,2 and my;p; = mMP; + MicmpPicm-
The first term encompasses the mass and COM position for
all fixed components of link ¢ and the second corresponds to



the mass and COM position of counter mass ¢. Furthermore,
the mo term can also be split such that mgy = nis +m, where
Mg is one-third of the mass of the end-effector structure and
my, is the mass change equal to the payload picked up by the
end-effector. p, is the location of the payload mass which
is assumed to be equal to the link length L. With these
modifications, the force-balancing equations can be rewritten
to find the relation between the counter mass locations picwm,
pacm and the payload mass .

Pp moay1 + Mm3ps — Mip1
PIecM = —5——— "Mp +
3micm micMm
az (M1 4+ micm) a2 + Maps — MaPs
Pacm = — “mp +
3mocMm MacMm

®)

To determine the required mass of the two counter masses
an iterative search is performed such that the pantograph
remains force-balanced for both a minimum payload of 0 [g]
(no payload) and a desired max payload of 60 [g]. A mass
of 60 [g] was chosen, as it increases the end-effector mass by
66%, which was deemed sufficient to observe a measurable
effect during testing. With these limits on the payload the
required limits for the counter mass positions picm, P2cm
are determined. The lightest sum of mjcy and mecy Which
satisfies the geometric limits of the pantograph is the solution
for the counter mass weights.

To determine the dimensions of links L; and Ly an opti-
mization based on the force balancing relations was performed.
These links correspond to the dimensions a; = ay and P;Q
in Figure 5. From an original prototype of the pantograph the
mass and COM positions of all joint components were deter-
mined. The mass properties for all the links with dimensions
ai, az, P1Q, and P, R were all determined as a function of
their dimension. From this, the force-balanced configuration
of the pantograph can be determined as a function of L,
Lo, L3 (corresponding to link P, R), and 3my (corresponding
to 3 times the end-effector structure mass). The goal of the
optimization is to minimize the total manipulator weight which
accounts for the joints, links and counter masses weight.

The optimization variables were fixed between the following
limits. L; and L3 were varied between 100 [mm] and 160
[mm]. Lo was varied between 280 [mm] and 330 [mm]. 3mio
was varied between 90 [g] and 150 [g]. The optimization
was run for these constraints and yielded the following final
dimensions: L; = 130 [mm], L, = 310 [mm], L3 = 160
[mm], and 3ms = 90 [g]

From the optimization it was noticed that a local optimum
exists for Ly and Lo, however maximizing L3 and minimizing
the mass of the end-effector yield lighter manipulator configu-
rations. For this reason, the end-effector structure was designed
to minimize its mass resulting in a final value of 90.27 [g].
Furthermore, L3 was limited to a maximum value of 160 [mm]
as this was found to be a suitable value for which the top end
of the pantograph does not interfere with the body of the aerial
platform.
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Fig. 6: 3D workspace plot (left) and workspace outline (right)
of the final manipulator design.

With all the dimensions defined the workspace of the final
manipulator was calculated and is shown in Figure 6.

D. Fast linear actuator design

The counterweights require a mechanism to move them into
the desired balancing positions, as outlined in subsection III-C.
This necessitates a fast, lightweight linear actuator to minimize
reconfiguration time and avoid adding excess weight to links
Lo and L3, which would reduce the counterweight’s effective-
ness. Additionally, the system’s length should be minimized
to maximize the counterweight’s movement range.

To meet these design criteria, the actuator in Figure 7 was
developed. It uses a servo to turn a spool, which moves a
string through pulleys to convert rotational motion into linear
movement. The spool has two compartments, each with a
string attached. The string in the top compartment passes
through a pulley to align with the actuator’s cylinder axis,
attaching to the bottom of the counterweight. The string in the
bottom compartment is recentered by another pulley, running
through a carbon tube and a pulley at the end of the actuator,
before attaching to the top of the counterweight. When the
servo rotates clockwise, the top string winds onto the spool
and the bottom string unwinds, moving the counterweight
downward (negative p;cm). Counterclockwise rotation moves
the counterweight upward (positive p;cm).

E. Aerial platform design

In addition to the novel manipulator design a custom aerial
platform was developed specifically for this manipulator mor-
phology. A tradeoff table was used to select the configuration
of the drone by selecting relevant criteria, adding a weight
(between 1 and 5) and scoring each concept on the criteria
(ranging between 1 and 3). The possible drone configurations
selected for the tradeoff are tricopter, Y-4 quadrotor, quad-
copter, and hexacopter. Under-actuated configurations were
selected as these would benefit the most from a force-balanced
manipulator. Ease of integration is the first criterion and is
scored with a weight of 5. This criterion represents how
compatible the drone configuration is with the manipulator
morphology. The second criterion is the complexity of the
drone configuration which is weighed 3. Since the manipulator
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Fig. 7: Render details of the fast linear actuator (left) and the aerial platform (right).

requires nine servos to work the complexity required to
manufacture and set up the aerial needs to be minimized.
Finally, the last criterion is the cost for each platform, based on
the quantity of required components. This criterion is weighed
3. The resulting trade-off table is shown in Table I.

The Y4 quadrotor configuration won the tradeoff as its
three-arm morphology leaves most clearance to the three
manipulator legs, the complexity is low as similarly to the
quadcopter it only requires four motors and electronic speed
controllers (ESCs) which limits cable routing issues. For the
same reason, the cost of the required components is satisfac-
tory. The tricopter configuration scores similarly in the ease
of integration and cost criteria but since the yaw is controlled
by angling the back rotor using a servo the complexity is
scored low. Finally, the hexacopter configuration requires more
components and does not benefit the ease of integration due
to the six required arms and therefore scores the lowest.

With the aerial platform selected and the manipulator design
completed an initial estimate for the maximum weight of the
entire aerial manipulator was calculated. From this estimate,
the drivetrain of the aerial platform was sized using a minimum
required thrust-to-weight ratio of 2.

TABLE I: Tradeoff table for the selection of the aerial platform
configuration.

Weight Tricopter Y4 Quadcopter Hexacopter

Ease of

Integration 3 3 3 ! 2

Complexity 3 1 3 3 2
Cost 3 3 2 2 1
Score NA 27 30 20 19

The frame of the aerial platform consists of a triangular-like
equilateral frame where the vertexes are the attachment points
for the pantographs. The arms for the motors span from the
center of the frame through the midpoints of the sides of the
triangular frame. The front two arms span 260 [mm] whereas
the back arm which has the coaxial motor configuration spans
an extra 75 [mm] to account for the landing gear clearance.
The motors are mounted at a distance of 200 [mm] from the
center of the base. The top and trimeric views of the custom
aerial platform are shown in Figure 7.

F. Control

A custom ROS2 (Humble) code base, running on an Orange
Pi, was developed to control both the drone platform and ma-
nipulator. The Pixracer flight controller on the aerial platform
runs the PX4 flight stack and receives position estimates from
the Mocap Optitrack system via the Orange Pi. The manip-
ulator and linear actuators are controlled through a ROS2
node, which sends arming, position, and speed commands
to a servo driver node. This node communicates with the
Teensy microcontroller via UART, which uses asynchronous
serial communication to send commands and receive feedback
from the servos. The servo feedback is then sent back to the
manipulator controller to complete the loop.

A Finite State Machine (FSM), shown in Figure 8, was
developed to initialize and control the manipulator and linear
actuators. The manipulator controller has two phases: initial-
ization and execution.

Initialization Phase:

o Arm: The controller requests an arming command from

the user. If received, the servos lock the end-effector in
place.
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Fig. 8: Finite State Machine diagram for the control of the
robotic manipulator. The FSM has two phases: an initializa-
tion phase, which manages arming, linear actuator homing,
and initial counter-mass positioning; and an execution phase,
where the user can request actions such as trajectory execution,
counter-mass repositioning, position trimming, and disarming.

« Homing: All six linear actuators simultaneously perform
a homing procedure to identify counter mass position
limits. This is done by moving the counter mass in both
directions and using the load feedback to identify the
limit. This procedure is necessary as the servos encoders
only provide feedback between 0 and 360 degrees.

o Initial CM Positioning: Using the equations from sub-
section III-C, the required counter mass positions are
calculated and converted from the reference frame to
servo positions interpolating between the known geomet-
ric limits of the actuator and the measured position limits
of the servo. The servos are controlled through speed
commands via a proportional controller.

Execution Phase:

« Request Input: The user inputs the desired next state.

« Execute Trajectory: The end-effector follows a precom-
puted trajectory. The inverse kinematics of each setpoint
are solved numerically (as described in subsection III-A)
and saved onto a file read by the manipulator controller
which sends the desired servo angles to the servos.
The next trajectory setpoint is published when the error
between the actual and desired servo angles falls below
a threshold.

o CM Repositioning: The counter masses are repositioned
based on a new payload inputted by the user.

o CM Position Trimming: The counter mass positions are
adjusted individually by a desired distance inputted by
the user.

o Disarm: The servos are disarmed and the system returns
to the arm state. After initialization, subsequent arming
commands skip the homing and initial CM positioning
states, as they are already saved.

IV. EXPERIMENTS

Two sets of experiment setups were performed to test the
performance of the aerial manipulator. The first consists of
hanging the system using three ropes to mimic a floating base.
This setup is used to evaluate the force-balancing performance

=i

Fig. 9: Floating base experiment setup showcasing the aerial
manipulator hanging from three ropes, allowing the whole
system to sway horizontally.

of the manipulator. The second series of tests has the aerial
manipulator flying in a hover. These tests were performed
to evaluate the influence of disturbances generated by the
end-effector movement on the position tracking of the aerial
platform. The results from these two setups are presented in
the following two subsections.

A. Floating experiments

The aerial manipulator is suspended from a custom plat-
form by cables, allowing the system to swing laterally. The
accelerations introduced by the end-effector movement on the
floating base are recorded from the Pixracer flight controller’s
accelerometer. Using this setup, the manipulator performs a
predefined end-effector trajectory, and the accelerations are
logged for analysis. The force-balancing performance of the
manipulator is then evaluated by comparing four configura-
tions: unbalanced, balanced, unbalanced with payload, and
balanced with payload.

o Unbalanced: The manipulator with all counterweights
removed.

« Balanced: The force-balanced configuration with no pay-
load.

« Unbalanced with Payload: The same as the unbalanced
configuration, but with a 53 g payload attached to the end-
effector. This configuration is not force-balanced, as the
counterweights are not adjusted to their balanced position.

« Balanced with Payload: The force-balanced configura-
tion, adjusted for the 53 g payload.

For all four configurations three different end-effector tra-
jectories were performed, a line trajectory in the x-direction
(in the manipulator coordinate frame of reference), a line in
the y-direction and a square trajectory on the X/Y plane. The
line trajectories were performed at a z coordinate of 275 [mm]
and extended from -100 [mm] to 100 [mm]. The square
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Fig. 10: Box plots for floating base tests showcasing the measured acceleration in x (first column of subplots) and y (second
column of subplots) directions for a line trajectory in the x direction (first row), a line trajectory in the y direction (second row)
and a square trajectory in the x-y plane (third row). Each trajectory was performed for each configuration of the manipulator
(unbalanced, balanced, unbalanced with payload and balanced with payload) and three different end-effector speeds (0.1, 0.2
and 0.4 [m/s]). From this figure, we can see that the measured accelerations generally increase for end-effector speed and that
the balanced configurations produce lower accelerations than the unbalanced ones.

trajectory was performed at a z coordinate of 300 [mm] with
the following vertex (X,y) locations, (-100,-100), (100,-100),
(100,100), (-100,100) [mm]. Each trajectory was performed
for three different average end-effector speeds, 0.1 [m/s], 0.2
[m/s], and 0.4 [m/s]. A boxplot comparing the accelerations
for different manipulator configurations in the x and y direc-
tions is shown in Figure 10.

In Figure 10 the first row of boxplots shows the results
for the tests performing the line trajectory in x direction,

the second row of plots shows the results for the line in y
trajectory, and the last row presents the results for the square
trajectory on the X/Y plane. The first and second columns of
subplots show the measured and mean corrected accelerations
in the x direction and y direction respectively.

From these results, it is evident that the measured accelera-
tions increase when the end-effector speed increases. As end-
effector speed increases, the acceleration to reach successive
end-effector position setpoints also increases, producing larger



reaction forces on the manipulator base. This is reflected in
the measured accelerations. By looking at each individual
manipulator configuration at increasing speeds, we see that
the interquartile range and the range of whiskers increase.
This behaviour is reflected in all trajectories and for both the
acceleration components in X and y.

Furthermore, this figure shows that the measured accel-
erations decrease between the unbalanced configuration and
its balanced counterpart. This is also seen for configurations
with payload. Although the accelerations produced by the
balanced configurations are not zero a significant decrease
is shown therefore demonstrating that the manipulator has
force-balancing capabilities. It can also be seen that when
adding a payload to the balanced manipulator configured for
a payload of 0 [g] the measured acceleration also increases as
the manipulator is no longer balanced.

Looking at the magnitude of the accelerations we can also
see that for the trajectory in the x direction, the magnitude
of measured accelerations is largest in the x direction. This
is also seen for the line trajectory in the y direction. For the
square trajectory as expected the magnitude of accelerations
in the x and y directions are similar.

In addition to the manipulator being force-balanced, it
must also be statically balanced. This means that a statically
balanced object remains stationary without the need for any
braking force such as friction. When the manipulator is in
a non-balanced configuration the end-effector drops, fully
extending the pantographs. To verify whether the manipulator
is statically balanced the counter masses are moved to their
balancing locations and the end-effector is moved around its
workspace. From this simple test, it was shown that the end-
effector remains in the last location it is placed meaning that
the manipulator is indeed statically balanced. This test was
also repeated adding a payload mass to the end-effector and
by reconfiguring the counter mass positions the manipulator
also remains statically balanced.

B. Flight experiments

Similar end-effector trajectory tracking experiments were
performed with the aerial manipulator in flight. The drone
is fixed to hover in position at a height of 1 meter from
the ground. Position estimates from the Opitrack system for
both the drone position and the end-effector position were
collected. The same four manipulator configurations were
tested. However, to account for the additional weight of the
structure supporting the reflective markers for end-effector
position tracking, only a 35 [g] payload was used.

Two trajectories were performed, a square trajectory on the
X/Y plane and a line trajectory in the z direction. The square
trajectory was performed at a z coordinate of 350 [mm] with
(x,y) vertex coordinates: (-80,-80), (80,-80), (80,80), (-80,80)
[mm]. The line trajectory in the z-direction ranged between
300 and 400 [mml].

The results for the square trajectory and the line trajectory
in z are shown in Figure 11 and Figure 12 respectively.
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Fig. 11: Position plot and Box plots for a flying test per-
forming a square trajectory on the x-y plane. These plots
showcase the results for all four manipulator configurations
(unbalanced, balanced, unbalanced with payload and balanced
with payload) at a 0.1 [m/s] end-effector speed. For clarity,
only one repetition of the trajectory is showcased in the
3d plot. The figure shows improved drone position tracking
for balanced manipulator configurations compared to their
unbalanced counterparts.
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Fig. 12: Position plot and Box plots for a flying test performing
a line trajectory in the z-direction. These plots showcase the re-
sults for all four manipulator configurations (unbalanced, bal-
anced, unbalanced with payload and balanced with payload) at
a 0.1 [m/s] end-effector speed. For clarity, only one repetition
of the trajectory is showcased in the 3d plot. The figure shows
improved drone position tracking for balanced manipulator
configurations compared to their unbalanced counterparts.

Both figures present a scatter plot at the top of the figure
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with the desired position and true position tracking of both the
drone and end-effector. For clarity, only one repetition of the
trajectory is showcased. The bottom part of the figures contains
boxplots displaying the absolute position error (absolute value
of the desired position minus true position) in X, y, and z.

From the square trajectory results presented in Figure 11 we
can see that the absolute position tracking error for the drone
platform in all directions is larger for the unbalanced configu-
rations compared to their balanced counterpart. Furthermore,
the tracking error in z is particularly larger for the unbalanced
configuration with the payload. This shows that the force-
balanced configurations reduce the disturbances introduced to
the aerial platform, yielding better position-tracking results.

The end-effector tracking error is calculated by subtracting
the drone position error from the true end-effector position.
This is because the end-effector position setpoint is considered
fixed with respect to the drone’s hover position setpoint, mean-
ing that the drone position errors also affect the end-effector
position measurement. As expected this error is consistent
across manipulator configurations. This is because the end-
effector error is a systematic error resulting from kinematic
inaccuracies from imperfect manufacturing.

From the line trajectory in the z direction results presented
in Figure 12 similar conclusions to the square trajectory can be
made. For the z direction, the drone position error decreases
when comparing the unbalanced configuration to its balanced
configuration. For the two other directions, this is not always
the case however excluding the error in the x direction for
the unbalanced configuration the position error magnitudes are
lower than the error in the z direction. This is likely because we
are measuring mostly the drone controller’s inherent tracking
error.

For the z direction, the difference is mostly noticeable
between the unbalanced and balanced configurations with pay-
load. This highlights the necessity of being able to reconfigure
the manipulator for different payloads.

Similarly to the square trajectory results the end-effector
tracking error is also consistent across manipulator configura-
tions.

Finally, the mean and standard deviation for the drone’s
and the end-effector’s absolute position errors are presented in
the table below. These statistics are computed for a complete
trajectory with movement in all axes. The trajectory first
performs a line in the z direction, then a line in the x direction
followed by a line in the y direction. lastly, a square trajectory
on the X/Y plane is performed. Each trajectory is repeated
three times.

From these results, it is easier to see that the force-
balanced configurations are successful in reducing the drone
position tracking error. Between the unbalanced and balanced
configurations, a 19% decrease in the error was noticed and
between the unbalanced and balanced configurations carry-
ing the payload a 34% decrease in the error was noticed.
Regarding, the end-effector tracking the errors are consistent
across different manipulator configurations again highlighting



TABLE II: Mean and standard deviation of the drone and
the end-effector position tracking errors. The results pro-
vided in this table show improved drone position tracking
for balanced manipulator configurations compared to their
unbalanced counterparts.

Unbalanced Balanced Unbalanced Balanced
payload payload
Drone position mean [m] 0.043 0.035 0.047 0.031
error std [m] 0.021 0.014 0.015 0.016
End-effector ~ mean [m] 0.047 0.051 0.048 0.049
position error st [m)] 0.016 0.013 0.015 0.016

that the imperfect mechanical construction of the manipulator
produces a systematic error.

V. DESIGN LESSONS

The results presented in section IV demonstrate that the
manipulator developed is force-balanced and is capable of
reconfiguring itself to maintain its force-balancing properties
for different payloads. Furthermore, in the force-balanced
configurations, the aerial manipulator yields better position-
tracking. This design, however, is not perfect as in the floating
base tests it did not reduce the measured accelerations to zero
and during the flight experiments it was noticed that the end-
effector tracking contained noticeable errors.

During testing, it was noticed that the quality of construction
and specifically the alignment of the pantographs greatly
affects the force-balancing performance of the manipulator
and the end-effector tracking. The material used, PAHT-CF,
has a high moisture absorption rate. During printing of the
main joint components for the pantograph mechanism, these
would tend to warp due to their elongated shape. Although
immediately after printing these parts were clamped between
two straight surfaces to straighten them, with time as the
parts absorbed moisture the warping would return. A future
redesign could benefit from using another filament such as
carbon-reinforced PLA or even manufacturing the parts out
of aluminum, although the latter will require a significant
redesign of the joints.

The end-effector occasionally loses parallel alignment with
its base, affecting its overall tracking performance. This was
noticed mostly for higher-speed trajectories likely because
the end-effector position setpoints are spaced further apart to
achieve the higher end-effector speed. Whilst moving between
setpoints the manipulator may enter a mixed freedom mode of
operation which allows for the tilt of the end-effector platform.
This should occur when the z axis of the end-effector platform
and the z axis of the base coincide however it was also noticed
when the end-effector was not in this condition. Furthermore,
this switching between operating modes was more prevalent
during tests where the counter masses were removed. This may
be due to the mass distribution of the unbalanced pantograph
mechanism. This issue could be improved by solving the
Jacobian of the kinematics and developing a controller which
controls the joint speed instead of the joint position. In
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addition, better manufacturing of the pantographs could also
limit this undesired switching between operating modes.

The balancing performance is also very sensitive to the
counter mass positions hence these were often manually
tweaked until static balancing of the manipulator was reached.
This was exacerbated by the homing position limits often
varying between homing sequences. This is because there is
backlash in the linear actuators when the counter mass is
starting to touch a limit. Stretch in the string makes it such the
servo rotates further than required producing this inconsistency
between different homing procedures. In addition, this makes
it such that the desired counter mass position is not exactly
the one reached in reality. Further work on the linear actuator
and homing sequence would yield better results. This can be
done by using a different string such as a kevlar which has
less stretch or fine-tuning even further the limit detection.

Furthermore, one of the assumptions in subsection III-C is
that the COM for the pantograph links lies in the same axis as
the link (g1, q2, g3, 94 = 0). This assumption, however, is not
true as the servo and servo joint for the linear actuator is offset
with respect to the links axis. The COM is nevertheless close
to this axis but an improvement could be to place a counter
mass opposite to the servo to ensure the assumption holds.
This could lead to potentially better results.

Finally, once a payload is picked up the position of the
payload cog is not equivalent to the one of end effector which
also breaks the assumption that the weight at the end-effector
is located at the end-effector kinematic origin. This can be
easily integrated as an input to the force-balancing equations
governing the position of the counter masses.

VI. CONCLUSIONS

This work presents the design, fabrication and testing of
a novel aerial manipulator equipped with a reconfigurable
force-balanced manipulator. The design of the force-balanced
manipulator, a custom linear actuator, a custom aerial plat-
form, a control architecture for the entire system, and the
fabrication of the system were described. Testing on a floating
base setup demonstrated the manipulator being statically and
force-balanced. Tests with the system hovering demonstrated
significant improvement in the position tracking of the drone
whilst being disturbed due to end-effector movements. Design
lessons and future recommendations were discussed for better
end-effector position tracking and to further enhance the force-
balancing quality of the manipulator. In conclusion, this paper
showcased that a smart mechanical design for the manipulator
is capable of improving the performance of an aerial manipu-
lator without requiring complex control of the aerial platform.
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APPENDIX

The following appendix describes the fabrication of the different components making up the reconfigurable force-balanced
aerial manipulator.

A. Aerial Platform

The aerial platform is fabricated by waterjet cut carbon fiber plates, 4 [mm] thick for the motor arms and 2 sandwiched 2
[mm] thick plates for the manipulator frame. The coaxial motor mount, electronics mounts and cover are 3-D printed out of
PAHT-CF material on the Bambu Lab Carbon X1 printer. The linear actuator shaft is made of 14 [mm] outer and 10 [mm]
inner diameter carbon fiber tube. The landing gear is also manufactured from the same dimension carbon fiber tube. The
landing gear joints and feet are made out of TPU 95A to be more compliant and absorb the impact of harder landings.

B. Robotic Manipulator

Each joint and component of the manipulator is 3-D printed out of PAHT-CF material. This excludes the linear actuator
shaft which is made of 14 [mm] outer and 10 [mm] inner diameter carbon fiber tube and the counter masses which are made
out of PLA. Bearings were used for every passive joint and the linear actuator pulleys to reduce friction in the manipulator
movement.

Each pantograph is composed of 15 3D printed parts, three servos, some string for the linear actuator and 2M hardware.
During assembly, the mass of each component was measured and the final parameters defining the force-balancing properties
of the manipulator are reported in Table III.

TABLE III: Measured parameters of the force-balanced manipulator.

Pantograph 1 Pantograph2 Pantograph 3

my [g] 135.2 135.0 134.7
Py [mm] 132.2 1323 132.5
micm [g] 56.0 56.0 56.0

My [g] 99.1 98.6 98.8
P [mm] 51.7 51.7 51.5
Maem [8] 114.0 114.1 114.0

ms [g] 323 32.4 325
p3 [mm] 68.1 68.4 68.4

my [g] 313 31.2 31.2
D4 [mm] 69.1 69.0 69.1
Meorar (€] 467.9 4673 467.2
Muman. [8] 1402.4

To add the required mass to the counter masses 2.71 mm diameter bearing balls were used. The counter mass consists of
three components: a container, a lid and a tightening mechanism. The bearing balls are contained within the container and lid.
The tightening mechanism is used to increase tension on the string which drives the counter mass motion.

C. Electronics

The electronics used to control the aerial manipulator are an Orange pi 5 for the onboard computing, the mRo Pixracer
r15 as the flight controller, the Teensy 4.0 micro-controller which handles the communication with the servos, and the FrSky
R-XSR receiver to control the vehicle through remote control (RC). The servos used are the Feetech STS3032 servos and they
are used both for the linear actuator and the manipulator movement. As the manipulator is designed to perform pick-and-place
tasks, the end-effector is outfitted with a small electromagnet and relay switch. To power the Orange Pi 5 and the Pixracer
the CastleCreations 10 amp BEC is used. The servos and electromagnet instead are powered through a 12 amp UBEC. These
components and the ESCs receive power directly from the battery through a custom wire harness. For battery monitoring, a
voltage checker is directly connected to the balance port of the battery.

The drivetrain of the drone is as follows: The motor and propeller combination selected are the T-motor Velox 2808 1500kv
motors and Gemfan 8040-3 propellers which produce 985.8 [g] of thrust at 40% throttle and 25.1 [V]. The motors are capable
of drawing 70 amps of current at max throttle therefore the 70 amp DYS AM32 Aria ESCs were selected. To power the entire
system a 6s 6000 mah battery was selected which yields an estimated flight time of 10 minutes.
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1

Introduction

The miniaturization of electronics[7] and the improvement of electrical power supplies, such as the
development of lithium-based batteries[62], promoted vast advancements in Unmanned Aerial Vehicles
(UAVs). UAVs, commonly referred to as drones, are defined as "aircraft that can navigate without a
human pilot on board’[22]. This class of aircraft has multiple uses both in the military and civil sectors
such as law enforcement[12], surveillance[33], filmmaking [54], environmental monitoring[44], cargo
transport[28], search and rescue[24], and agriculture[23]. The global market for UAVs has shown
remarkable growth and is expected to keep growing with an expected Compound Annual Growth Rate
(CAGR) of around 10% in this decade[59][29].

With the development of new UAV systems and with their increase in applications the field of Unmanned
Aerial Manipulation, also referred to as Aerial Manipulation, has seen sustained growth during the past
decade[63]. Aerial manipulation encompasses "aerial robots equipped with robotic manipulators to
perform tasks”[67]. Typically UAV systems have been employed in sensing tasks but more research is
currently being done to use UAVs for contact-based tasks.

Examples of applications for aerial manipulators are non-destructive testing [1], aerial repair [16], load
transportation [8], inspection [75], sensor installation [34] and more. These systems now allow UAVs
to perform more interactive roles and are bringing forth new and more complex morphologies of aerial
vehicles.

The purpose of this report is to identify a knowledge gap in the field of aerial manipulation and what
novel designs are yet to be explored. The goal is to search for design opportunities which consider
a smart design approach which views aerial manipulators as an individual system instead of a sim-
ple combination of a UAV with a robotic arm. Current research will be analysed to determine what
morphologies and design approaches can yield a novel and well-integrated aerial manipulator.

1.1. Research Question

To further expand the research in the field of aerial manipulation the following research question was
formulated. This research question is further divided into subquestions to more easily identify concrete
solutions which can answer the main question.

How can a smart mechanical design limit coupling effects between the individual subsys-
tems of an aerial manipulator and be paired with a control scheme to perform dynamic pick-
and-place tasks requiring fast manipulator movements?

» What manipulation task would be well-suited to showcase the benefits of an innovative aerial
manipulation system?

» What type of manipulator morphologies would limit the effect of dynamic end effector movements
on its base and how can this be integrated with an aerial platform to achieve a streamlined design?

» How can state-of-the-art force balancing mechanisms be adapted to tasks with time-varying pay-
loads?

* What type of aerial platform would benefit the most from an active force balancing system, eg.
quadrotor, tiltrotor etc.?

» What control approach is best suited for a well-integrated force-balanced aerial manipulator?
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1.2. Content Outline

This literature review is divided into four chapters. Chapter 2 provides a general introduction, a brief his-
tory, and current developments in the field of aerial manipulation. Furthermore, it discusses the different
tasks tackled by aerial manipulators. Chapter 3 discusses the working principle of robotic manipulators,
the two types of robotic manipulators, a special category of manipulator mechanisms and grippers typ-
ically used for pick-and-place tasks. Chapter 4 presents the different types of aerial platforms used in
aerial manipulation and their actuation capabilities. Chapter 5 presents the two control approaches in
aerial manipulation and different position controllers for aerial platforms. Finally, Chapter 6 provides a
conclusion to the literature review.
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Aerial Manipulation

Research in the field of aerial manipulation has seen a constant influx of publications including multiple
literature reviews[63][70] and a book[67], consolidating this as an essential and independent field of
research. The following sections aim to give a general introduction to the field of aerial manipulation
and what work has been published by the community.

This chapter begins with a brief history of aerial manipulation in Section 2.1, followed by the different
tasks performed by aerial manipulators in Section 2.2.

2.1. Brief History

Physical interactions between the environment and aerial systems have been accomplished in the past
by manned aircraft such as slung load transportation by helicopters and air-to-air refuelling. These
applications originally laid the groundwork to perform physical interaction tasks using unmanned aerial
systems.

2.1.1. Flying Hands

Flying hands, namely aerial vehicles for which the payload cannot be moved independently from the
drone, constituted new developments for aerial manipulation. This class of aerial manipulators can
be subdivided into two classes: platforms with tether/cable mechanisms and platforms with grippers
attached to the aerial frame.

Slung load transportation is an example of a platform with a cable mechanism. This application has
been achieved using unmanned autonomous helicopters as presented in the article by Bernard et al.
[8] where the authors described a control approach for load transportation. The algorithm showcased
could work for single or multiple coupled helicopters. This work was further developed for the appli-
cation of search and rescue within the framework of the AWARE project which was funded by the
European Commission[9]. The accurate deployment of small payloads such as sensors and the slung
load transportation by one and three coupled helicopters was showcased in this work.

The European-funded PLANET FP7 project showcased an example of a platform with a gripper directly
attached to it[46]. Laiacker et al. worked on an unmanned helicopter solution with a gripper capable
of deployment and retrieval of a mobile ground robot. This work employed accurate target location
using a camera and a gripper design inspired by the probe-and-drogue aerial refuelling system to
retrieve/deploy the ground robot.

Amongst the first uses of multi-rotors as aerial platforms is the work of Albers et al. [4] where a quadrotor
was used to apply force to a wall while maintaining flight stability. This type of aerial manipulator may
also be classified as a flying hand as it is equipped with a rigid tool whose movement is dependent on
the aerial platform.

Furthermore, a quadrotor aerial platform with an attached gripper was used in the work of Mellinger et
al. [56]. Their work addressed the design and control for aerial grasping showcasing a design capable
of perching on beams or branches and grasping and transporting payloads.
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Figure 2.1: Example of a flying hand aerial manipulator from Mellinger et al. [56]

The use of flying hands is not only limited to the grasping and transport of payloads but as Lindsey et al.
[51] showed such aerial vehicles can also be employed in the construction of simple structures. In their
work, they used a quadrotor equipped with a gripper to pick up, transport and assemble a structure
out of basic members and node blocks. They developed a control algorithm capable of coordinating
multiple quadrotors to perform the assembly of structures.

2.1.2. First Generation Aerial Manipulators

With flying hands, the only possible tasks are pick-and-place or load application to the environment
and the accuracy of such tasks is fully dependent on the accuracy of the position control and stability
performance of the aerial platform. Hence, to overcome these limitations aerial platforms have been
combined with multiple Degrees Of Freedom (DoFs) robotic manipulators. This type of aerial manipula-
tor is more complex but the manipulation capability is no longer solely dependent on the aerial platform.

Amongst the first aerial manipulators equipped with multiple DoFs robotic manipulators is the work
of Suseong et al.[41]. They presented a quadrotor with a two-DoF robot arm capable of picking and
placing a wooden block within a shelf. Such a task would not be possible with flying hand vehicles such
as the ones previously presented.

Another example is the work of Fumagalli et al. who designed a different aerial manipulator equipping
a three-DoF delta manipulator on a quadrotor platform[30]. This aerial manipulator was designed to
carry out physical interaction tasks for aerial inspection of industrial plants. Their work showcased that
the end effector position error is decreased with the active manipulator compared to its fixed configura-
tion relying only on the aerial platform’s position controller. Furthermore, their design was capable of
applying forces on the environment while maintaining flight stability.

Figure 2.2: Example of a first generation aerial manipulator from Fumagalli et al. [30]

Furthermore, helicopters were also equipped with multiple DoF manipulators such as the work by Kon-
dak et al. [43] who combined a helicopter with an industrial seven-DoF serial manipulator. This in-
tegration was motivated by the industry’s desire for high payload weight and advanced manipulation
capabilities, which this type of robotic arm is capable of achieving.
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2.1.3. Second Generation Aerial Manipulators

These first types of aerial manipulators equipped with multiple DoF manipulators were mostly developed
and tested to work indoors however, soon after efforts were made to adapt these aerial manipulators
for outdoor operation such as in [39]. Jimenez-Cano et al. worked on a quadrotor with a multi-link arm
for assembly tasks. This aerial manipulator was equipped with a Global Navigation Sensing System
(GNSS) and tested outdoors.

Figure 2.3: Example of a second generation aerial manipulator from Jimenez-Cano et al. [39]

Furthermore, Morton et al. [60] developed a framework for an outdoor mobile manipulation UAV. Their
work focused on creating an easy-to-modify system which supports multiple aerial vehicles, manipu-
lators and control methods. This was done by designing a hardware and software architecture and
multiple other subsystems using a modular framework allowing for robust system expansion.

2.1.4. Current Aerial Manipulators

More recent UAM designs encompass indoor and outdoor operation and more complicated morpholo-
gies, multiple arms, and more advanced navigation capabilities. These advances also led to testing
more complete and comprehensive real-world applications compared to previous tests mostly show-
casing accurate positioning or stability capabilities.

The use of fully-actuated aerial platforms was showcased in the work of Ryll et al. [71] where they
developed a six-DoF aerial platform with a rigid end effector. Their work aimed to develop a UAM
capable of fully controlling its position and orientation and of exerting forces and torques independently
on the environment. This morphology enabled this aerial manipulator to perform tasks which would
require a manipulator of multiple DoFs on a traditional multirotor configuration.

In [76] Suarez et al. showcased the design of an aerial manipulator equipped with a dual-arm robotic
manipulator. Their work aimed to design a lightweight and compliant manipulator to be used by a
multirotor platform. Later, in [79], their design was tested in pipe inspection tasks involving the grasping
and installation of sensors and inspection tools.
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Figure 2.4: Example of a current generation aerial manipulator from Suarez et al. [76]

Another example of developing and using these aerial manipulators for more extensive practical tasks
is the work of Chermprayong et al. [16]. They presented an aerial manipulator equipped with a delta
manipulator and a foam extruder specifically designed for the aerial repair of pipes by depositing a PU
foam.

Since aerial manipulators require accurate localization for manipulation Pumarola et al. developed a
new Simultaneous Localisation and Mapping (SLAM) technique called PL-SLAM for the precise localiza-
tion of aerial manipulators[69]. Their method aimed to improve point-only based methods in scenarios
such as poorly textured scenes or motion-blurred images where they perform more poorly.

Furthermore, many works focus on complex control architectures to accurately control aerial manipula-
tors and specifically to model and limit the influence of the manipulator on the aerial platform. Recently
a group within the aerial manipulation community has been working on implementing better designs
for robotic manipulators to limit this influence. For example, the work of Hamaza et al. presented the
design of an aerial manipulator with a parallel robotic arm and an omnidirectional workspace. The
mechanical design implemented a moving counterweight mechanism making the system dynamically
balanced. This mechanism enables the vehicle to be uninfluenced by the destabilising momentum
created by loads on the end-effector.

This design was later showcased in the work of Abu-Jurji et al. who developed a sensorless impedance
control scheme for this aerial manipulator for curved surface inspections[1].

2.2. Aerial Manipulation Tasks

Aerial manipulators are designed for multiple applications which require different tasks to be performed.
This section classifies typical robotic tasks which are typically tackled in the aerial robotics community.
The different tasks described in the following subsections are pick and place, point contact, pulling
and pushing, sliding, peg-in-hole, and manipulation. These tasks all focus on the physical interaction
between the vehicle’s manipulator and the environment.

2.2.1. Pick and Place

The aim of this task is to take, move and put down a movable object. The interaction forces are typically
assumed to be negligible as the interaction time of picking and placing is usually short. This specific
task has been performed both by flying hands such as the previously mentioned work by Laicker et al.
where a helicopter with a gripper would pick up and place a mobile ground robot[46].

More complex manipulators have been used for pick and place tasks such as the work of Garimella
et al. where a quadrotor was equipped with a two-DoF manipulator with a gripper[31]. This aerial
manipulator was tested in a scenario where it would fly towards a marked point in front of an object and
use its manipulator to retrieve it.

2.2.2. Point Contact

Point contact tasks aim to maintain contact between the end-effector of the aerial manipulator and a
single point on the environment, for example, a surface. For this type of task, interaction forces are not
negligible and many factors affect performance, such as the transition between contact-free and contact
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flight, bouncing effects and friction. The aerial manipulator must be capable of correctly applying forces
without slippage or destabilizing the aerial platform.

Hamaza et al. presented an aerial manipulator for sensor installation and retrieval[34]. Their work
showcased a vehicle capable of placing a sensor on a surface and applying the required force to
ensure good adhesion. In addition and for the same reason, the system had to ensure good control of
the direction of the force application.

2.2.3. Pulling and Pushing

This task is similar to point contact tasks with the difference that the point of contact is not fixed but
moves in space. This presents an additional challenge as the dynamics of the object need to be taken
into account. For a pulling task typically the end effector and object are constrained however, for a
pushing task this is not necessarily the case and the interaction force generated should be sufficient to
generate enough friction.

An example of such a task was presented in [48] where Lee et al. developed an aerial manipulator
capable of opening a hinged door. A controller was developed taking into account the simplified coupled
dynamics between the UAM and the door. Furthermore, this work considered crash prevention with
the moving door and door frame for a collision-free trajectory.

2.2.4. Sliding

For sliding tasks, the aerial manipulator tries to maintain contact between the end-effector and the
environment while the end-effector itself is in movement. This task is performed on static surfaces and
the effects of static and dynamic friction between the end-effector and the surface must be taken into
account to ensure proper trajectory tracking, contact and no slippage.

This type of task has been tackled by Hamaza et al. in [35] where a force controller on an aerial
manipulator was implemented for aerial contour follow. This work strived for the aerial manipulator to
apply a continuous shear force ensuring the end-effector maintains contact with the surface.

2.2.5. Peg-in-Hole

Peg-in-hole tasks aim to insert an object or the end-effector inside a hole for which the difference in
size between the two is small. This task proves challenging as during the inserting motion some of the
DoF of the manipulator becomes constrained and high-frequency vibrations and resonant effects can
occur.

The work previously presented by Ryll et al. which showcased a fully actuated aerial manipulator with
a rigid end-effector was tested on a tilted peg-in-hole task[71]. The aerial manipulator was tasked with
inserting and removing its end-effector from a tilted standing funnel, however, the planned trajectory
for this manoeuvre expects an upright funnel. This work showcased the system’s ability to adapt to an
unexpected scenario while performing a complex task.

2.2.6. Manipulation

This category of tasks encompasses physical interaction tasks which require the application of different
forces and torques. These tasks often require different manipulators designed specifically for a particu-
lar environment with different degrees of complexity. The end-effector as well is also be tailored to the
specific task and may be made of soft material or include a spring mechanism such as in the previously
cited work of Fumagalli et al. developing a compliant end-effector for aerial inspection[30].

Other examples may be the dual-arm aerial manipulator turning a valve showcased in [65], a tree
inspection aerial robot in [75] and the previously mentioned work by Chermprayong et al. for aerial
repair in [16].

2.3. Research Opportunity

This chapter discussed a brief history of the work done in the field of aerial manipulation and the different
tasks performed by aerial manipulators. The aim of this chapter was to give some context on this field
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of research but also to identify a research opportunity to further develop the applications achievable by
aerial manipulators.

Referring to the first sub-question in Section 1.1: What manipulation task would be well-suited to show-
case the benefits of an innovative aerial manipulation system? it can be reasoned that an innovative
aerial manipulator should be able to tackle innovative tasks which require a larger degree of complexity.

As discussed in this chapter the current trend of research is to develop more complex aerial manipu-
lator morphologies, test more realistic scenarios and perform tasks with a strong interaction with the
environment. An example is the work of Lee et al. [48] mentioned in Section 2.2.3. A task such as
opening a hinged door presents additional challenges as discussed in the section. Tasks such as pick
and place are less commonplace compared to the first generations of aerial manipulators.

However, to the best knowledge of the author, pick and place tasks tackled by previous research were
all performed statically, meaning the object to be grasped or the surface upon the object rested is static.
In order to add a degree of complexity a novel dynamic pick and place task could be tackled where
an object is grasped or placed on a moving surface. Such a task would require fast and accurate end
effector movements without affecting the stability of the aerial platform.
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Robotic Manipulators

Robotic manipulation refers to how robots interact with objects in the environment and has been a
well-established field for some time. These types of robots are used for various applications such as
on production lines in factories, surgery, bomb disposal, marine exploration, and on space vehicles.
By attaching robotic manipulators to UAVs the number of locations accessible for robotic manipula-
tion increases leading to new applications for these systems. The following sections discuss robotic
manipulators for aerial manipulation.

This chapter begins with a description of the working principles of robotic manipulators in Section 3.1.
This is followed by the classification of different manipulator types in Section 3.2. Section 3.3 showcases
a specific kind of robotic manipulator which is promising for aerial manipulation. The chapter ends with
Section 3.4 briefly explaining grippers used for pick and place tasks.

3.1. Working Principle

Robotic manipulators are robotic mechanisms formed by multiple rigid bodies connected through joints.
The mechanical structure of the robotic manipulator is composed of structural elements such as beams,
links, castings, shafts, slides, and bearings. Typically, these elements are assumed to be rigid.

The elements of the structure which allow movement are the joints. Typical types of joints are prismatic
joints and revolute joints. The first allows linear movement and the second enables rotary movement.
Other existing joints are ball-in-socket also known as spherical joints and the Hooke-type universal
joints. For the joints to move actuators are used. These can be electric, hydraulic and pneumatic
motors.

Important for the function of a robotic armis its end effector, which is defined as any equipment mounted
on the end of the robotic arm which enables it to interact and manipulate objects and/or the environment
[57]. Examples of end effectors may be a simple rigid point used to perform tracking and interaction
tasks as seen in [71] or more complex foam extrusion tools for aerial repair as seen in [16].

To understand how robotic manipulators move their end effector the kinematics need to be studied.
Kinematics is the study of the movement of bodies or systems without taking into account the forces
and torques generating them [11]. Therefore, robotic kinematics describes the position and orientation,
also known as pose and their derivatives of all the bodies that make the robotic mechanism.

Important elements of a kinematic analysis are the forward and inverse kinematics of the robotic manip-
ulator along with the workspace and singularities. These terms are further elaborated in the following
subsections.

3.1.1. Forward Kinematics

By forward kinematics, we refer to the problem of finding the position and velocity of the end effector,
relative to the base, from the positions of all the joints and the geometry of the rigid bodies connecting
them [11].

The forward kinematics problem is typically solved by calculating the transformation matrix between
a coordinate system defined at the end effector and the coordinate system defined at the base of the
robotic manipulator. For serial-chain manipulators, this is often done by computing and concatenating
individual transformations between coordinate systems defined at each joint of the manipulator. For
closed-chain manipulators, the problem is more complex due to additional constraints.
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3.1.2. Inverse Kinematics

The inverse kinematic problem is the counterpart of the forward kinematics. Inverse kinematics aims
to solve the required joint positions to achieve a specified end effector pose.

For serial-chain manipulators, this problem requires solving a set of non-linear equations. With such
non-linear equations, it may be that multiple or no solutions exist. For these to exist the desired position
and orientation of the end effector must lie in the achievable workspace. Often these solutions are found
through the use of numerical methods.

Contrary to the forward kinematics problem, the inverse kinematics of closed-chain manipulators is
more straightforward and in many cases can be found analytically.

3.1.3. Workspace

The workspace in robotic manipulation is defined as the “total volume swept out by the end-effector
as the manipulator executes all possible motions” [11]. This volume of space is determined by the
configuration and the joint limits of the robotic manipulator.

Different types of workspaces can be defined, namely dextrous, maximal, and orientation workspaces.
The first defines the locations that the end effector can reach in any orientation, the second defines all
locations that can be reached with at least one orientation and the last type of workspace encompasses
the set of orientations that can be achieved from a given end effector position [11].

Typically, dexterous workspaces exist only for some ideal geometries, therefore in practice, serial-chain
robotic manipulators partition their joints into a regional and an orientation structure. Regional structure
joints take care of the positioning of the end effector in space whereas orientation structure joints take
care of the orientation of the end effector [11]. Thanks to these definitions by integrating through the
possible joint movements the regional workspace can be found and the orientation structure is typically
given by the centre of rotation of the wrist of the manipulator.

For closed-chain manipulators the workspace is usually more complex to define as the motion capabil-
ities are typically coupled. The workspace for these manipulators is the intersection of the workspaces
of the individual supporting chains [11].

Intuitive ways of solving for the workspace of a manipulator can be solving the forward kinematics for
end limits of all joints in the manipulator. Furthermore, the inverse can be done by solving the inverse
kinematics for a given position and checking whether this is a reachable position [52].

3.1.4. Singularities

The workspace of a robotic manipulator is also limited by singularities. These are configurations ”in
which the robot end-effector becomes blocked in certain directions” [55]. Singularities arise when two
or more joints become aligned or nearly aligned leading to unstable end-effector movements.

A particular robot configuration is singular when the Jacobian matrix representing it is rank deficient,
meaning that in such configuration there are no solutions for the velocities and accelerations in a specific
direction. Hence, it is possible to identify the locations of singularities by deriving locations where the
determinant of the Jacobian is equal to zero.

Identifying singularities is important as the motion of the robotic manipulator should not enter or pass
too near a singular configuration. Hence motion planners for robotic manipulators should take them
into account to generate singularity-free motions.

3.2. Manipulator Types

As alluded to in the previous sections robotic manipulators can be differentiated into two categories
namely serial-chain or serial manipulators and closed-chain or more commonly referred to as parallel
manipulators. Some of their most defining characteristics and differences are briefly described below.

Serial manipulators typically have a large workspace, their end-effector positioning error is the sum
of the joint position errors, their mass is distributed along the manipulator and they are typically more
compliant.
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Parallel manipulators on the other hand have a smaller workspace, their positioning error is the average
of the joint position errors, their mass is concentrated at the base and they are typically more rigid.

These types of manipulators are defined and elaborated further in the following subsections.

3.2.1. Serial Manipulators

Serial manipulators are composed of sequencing links and joints in series. Typically such manipula-
tors as previously mentioned separate rotational and regional structures. The first three joints of the
manipulator take care of the positioning of the end-effector and the last three handle its orientation.

Examples of serial manipulators are the Da Vinci surgical robot [38] which uses multiple robotic arms
equipped with different tools to perform minimally invasive surgery. The serial-chain robotic arms are
equipped with a wrist with no singularities which is important during delicate operations such as surgery.

Typically serial manipulators are employed for industrial activities. Examples of this are the SCARA
robot which is an industrial robotic manipulator for small robotic assembly [26]. This manipulator has a
cylindrical workspace and is mostly used for pick-and-place tasks.

Larger serial manipulators are used in the automotive industry for the production of cars. An example
are the KUKA arc welding robots used to automate welding [45]. These are large, expensive, and stiffer
systems which can achieve high precision and accuracy efficiently.

Serial manipulators are effective in industrial applications as they can have a large workspace and
achieve accurate positioning through the use of stiff materials and expensive and accurate actuators.
Although these manipulators have been used in aerial manipulation systems, such as in the work of
Cataldi et al. [15], they introduce several challenges. As the weight of the manipulator is spread along
the manipulator and not the base this induces stability issues and strong coupling effects between the
manipulator and aerial platform. This leads to more complicated controllers which take into account
the full dynamic model of the aerial manipulation system as done in this paper.

Figure 3.1: Serial manipulator by Cataldi et al.[15].

An attempt to solve such challenges was performed by Suarez et al. [77] by designing a lightweight
and compliant arm in order to reduce the coupling effects between the manipulator and aerial platform
through weight reductions of the manipulator.

Furthermore, as the positioning error of a serial manipulator is the sum of the errors of all the joints,
accurate positioning through inverse kinematics can only be achieved through the use of heavy and
precise servo motors at the joints of the manipulator. This further leads to an unfavourable mass
distribution.
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The work of Imanberdiyev et al. [37] attempted to solve this issue by developing a lightweight dual-arm
manipulator. The actuators of the arms are placed near the base of the manipulator and the joints
are actuated through the use of transmission systems. This improves the weight distribution of the
manipulator.

Numerous works have also employed serial manipulators for their large workspace and their consider-
able reach capabilities. An example is the work of Danko et al. [21] where a hyper-redundant manipula-
tor was developed with redundant degrees of freedom. This work showcased that its redundancy could
reduce negative impacts on the aerial platform’s stability and result in a highly reachable workspace.

3.2.2. Parallel Manipulators

Parallel manipulators are achieved by combining two or more serial chain manipulators at the end-
effector, hence their name closed-chain manipulators. Each chain that makes a parallel manipulator
may have six DoFs, however, typically only six joints may be actuated out of all joints in the system.

As previously discussed, the workspace of an individual serial chain may be geometrically defined but
for a closed-chain manipulator, the workspace encompasses the set of solutions that satisfies all serial
chains together. This leads to a more complex solution to the workspace problem and often to a smaller
workspace for this type of manipulator.

Parallel manipulators are also employed in industrial applications such as manufacturing and assembly.
An example is the Adept Quattro [64] which is a four-axis parallel manipulator that can achieve high
speeds and precision typically used for assembly applications.

Contrary to serial manipulators this type of manipulator has its actuators closer to its base. This creates
a more favourable mass distribution as the movement of the end effector has less of an influence on
the base. An example is the FLSUN SR 3D printer [27] which is a Fused Deposition Modelling (FDM)
printer which uses a parallel manipulator to extrude material. Thanks to its design it is one of the fastest
commercially available FDM printers.

Furthermore, parallel manipulators can also be used for more load-intensive applications such as flight
simulators. The closed-loop kinematic chain which defines parallel manipulators leads to high load-
carrying capacity while achieving good positioning accuracy. An example is the CAE 7000XR [13],
which is a full-flight simulator which is recognized as the "gold standard” for the high fidelity and reliability
it is capable of achieving.

Being closed chain systems makes finding the arbitrary set of DoFs describing parallel manipulators
hard to describe. This is because the DoFs are dependent on all actuators of the different serial
chains composing it leading to a highly coupled system. Therefore, few well-studied configurations
exist. These are the Gough-Stewart platform, five-bar linkage and delta robot.

Gough-Stewart platform
The Gough-Stewart platform is a parallel manipulator typically composed of six limbs connecting the
base to the end effector. Each limb is made of a spherical, prismatic and universal joint. This manipu-
lator is actuated through the prismatic joint by linear actuators. This configuration allows for six-DoFs
and is characterized by its high load capacity, and low positioning error but a small workspace.

Five-bar linkage
Contrary to the Gough-Stewart platform the five-bar linkage uses only revolute joints, of which the two
adjacent to the base are actuated by servo motors. This type of parallel manipulator is composed of
five links and five joints, one link serves as the base and the revolute joints attached to it are actuated
to control the two-dimensional position of the end-effector.

Delta robot
The Delta robot has similar mechanics to the five-bar linkage with the addition of a third limb which
enables motion in three dimensions. The limbs of the Delta robot are composed of an actuated revolute
joint at the base, two links connected through spherical joints, and a universal joint connecting to the
end effector. The mass distribution of this configuration is concentrated at the base leading to fast
movements of the end effector. On the other hand, this type of parallel robot has a lower load capacity
compared to other configurations and has singularities present in the workspace.
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Figure 3.2: Gough-Stewart platform [6] (left) Five-bar linkage[36] (centre), Delta robot [20] (right).

Parallel manipulators are often used in aerial manipulation, in fact as introduced in Section 2.1.2
amongst the first generation of aerial manipulators Fumagalli et al. [30] developed an aerial manip-
ulator equipped with a parallel manipulator with a three DoF delta structure. The delta manipulator was
equipped with a three-passive-DoF end effector which allowed for a more compliant behaviour during
interaction with the environment.

Another example of a delta manipulator used in aerial manipulation is the work of Danko et al. [20]
where they presented an aerial manipulator with a larger delta manipulator on a quadrotor. Their work
showcased that the faster dynamics of this parallel manipulator were able to compensate for impreci-
sion in the aerial platform’s positioning and improve disturbance rejection with respect to end-effector
positioning.

Hamaza et al. [36] showcased the design of an aerial manipulator using a five-bar linkage mechanism
for accurate aerial interaction tasks over curved surfaces. By mounting the five-bar linkage mechanism
to a rotational flange mounted at the body of the aerial platform, an omnidirectional workspace was
achieved. This innovative design increases the size of the workspace which is typically limited for
parallel manipulator configurations.

3.3. Force Balanced Manipulators

When robotic manipulators move their end-effector they introduce forces and moments on their base.
In the case of aerial manipulation, these effects on the base introduce disturbances and stability issues
on the aerial platform carrying the robotic manipulator. Often this results in a highly coupled system
which may lead to the design of complex controllers to control them.

Force balanced manipulators are a class of manipulators which aim to eliminate or reduce the reaction
forces generated by their movement. This class of manipulators is attractive for aerial manipulation
purposes as it is often desired to eliminate or reduce coupling effects between the robotic manipulator
and aerial platform.

Three different definitions of balancing exist namely, static, force and dynamic balancing. Static bal-
ancing occurs when a system counters the forces of gravity and remains stable in any configuration,
hence the system’s potential energy is zero. Force balancing instead entails that the net forces acting
on the base of the system are zero. Finally, Dynamic balancing occurs when both the net forces and
moments acting on the base are zero. Therefore, a dynamically balanced system is a force-balanced
system and a force-balanced system is also a statically balanced system. However, the opposite may
not be true.

The following subsections will further elaborate on mechanisms which can achieve force and dynamic
balancing and applications of force balancing in aerial manipulation.

3.3.1. Force Balancing Mechanisms

Force and dynamic balancing can be achieved in two ways, balancing prior to the kinetic synthesis and
balancing after the design.

With regards to balancing after the design this often entails the addition of separate counter masses,
counter rotations, special combinations of linkages springs and masses, Counter Rotary Counter-
Masses (CRCM), or Active Dynamic Balancing Blocks (ADBB). All of these mechanisms render a ma-
nipulator design force or dynamically balanced. However, a flaw with this design strategy is that they
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often add more weight and actuators which make the system much heavier compared to the balancing
prior to the kinetic synthesis approach.

An example of a dynamically balanced manipulator after the design is in the work of van der Wijk et
al. [83] where they showcased the design of an ADBB unit which balances both the net forces and
moments acting on a base. This unit works using a planar 2 RRR manipulator (a similar mechanism
to a five-bar linkage) that moves a CRCM. Using the dynamic model of the manipulator to which the
ADBU is attached it generates the same forces and moments in the opposite direction to create net
force and moment equal to zero.

This design was later attached to a robotic manipulator used for pick and place tasks. The entire
system was suspended by cables. The pick and place manipulator moved the end effector around its
workspace with the ADBU off and on. Whilst the unit was off the system would oscillate but when the
unit was turned on the base would remain almost entirely still.

With prior knowledge of the mass of an object that is picked or a method to measure it during opera-
tion the ADBU system is also capable of balancing with variable payloads. This was also showcased
performing the same test as previously described while the pick and place manipulator picked up an
object.
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Figure 3.3: Active Dynamic Balancing Unit by van der Wijk et al. [83]

Such balancing systems, as seen through the work of van der Wijk et al., are very effective at rendering
net forces and moments equal to zero but come at the expense of having to mount heavy systems.
This is acceptable in scenarios where weight is not of concern such as in static robots for industrial
applications but it is much less favourable for aerial manipulation. For such an application balancing
prior to the kinetic synthesis can yield more suitable designs.

Balancing prior to the kinetic synthesis can be achieved in three different ways, namely, through prin-
cipal vectors, balanced four-bar mechanisms, and the leg-by-leg approach.

Principal Vectors
Principal vectors or also known as Fisher’s method proposes that by adding auxiliary parallelograms
to the linkages in a system the centre of mass can be fixed to a determined location [68].

A practical application of this method for robotic manipulation was showcased in the work of van der
Wijk [84] where a design for a dynamically balanced delta robot was presented. This was achieved
by adding a pantograph mechanism with a counter mass on each limb of the delta robot. The panto-
graph mechanism settles the centre of mass of the delta robot at a stationary point which leads to a
force-balanced system. This however does not result in a moment-balanced system as the angular
momentum is dependent on the velocity of the mechanism. Nevertheless, the force-balanced delta
robot can be made moment balanced by the introduction of a single actively driven inertia disc.
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Figure 3.4: Design for force-balanced delta manipulator by van der Wik et al. [84]

Balanced Four-Bar Mechanisms
Another method to create a dynamically balanced mechanism is by combining balanced four-bar mech-
anisms. These are similar mechanisms to the five-bar linkage but consist of four links and revolute joints.
Furthermore, these are dynamically balanced linkages. As seen in the work of Moore et al. [58] where
they determined a set of conditions, derived from solving the kinematics of this mechanism enforcing
force and moment balancing constraints, describing balanced four-bar mechanisms.

These planar mechanisms are both force and moment balanced without the use of additional linkages
or counterrotations, however, it was found that by combining these planar mechanisms balanced ma-
nipulators could be synthesized creating both planar and spatial mechanisms.

An example is the work of Wu [86] where a six DoF parallel mechanism was derived from three 3-DoF
parallel mechanisms. Since balanced four-bar linkages are dynamically balanced only in the planar
configuration a three-DoF mechanism called the parallelepiped mechanism was designed using three
balanced four-bar mechanisms. This was then used as a building block to produce a six DoF dynamic
balanced parallel manipulator. The overall system showed to be reactionless at the base but at the cost
of a higher degree of complexity. This increased the difficulty to perform the kinematic and dynamic
analysis.

Figure 3.5: Six DoF dynamically balanced manipulator by Wu [86]
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Leg by Leg Approach
The leg-by-leg approach follows a similar idea as combining balanced four-bar linkages. In this ap-
proach, each leg of a manipulator is dynamically balanced and combined to create a higher DoF dy-
namically balanced manipulator. This approach however applies to parallel manipulators.

An example of such a system is the PAMINSA robot [10]. This manipulator is composed of pantograph
linkages to decouple the vertical and horizontal directions. These are coupled with counter masses
to force balance the robot. Moment balancing is instead achieved through motion control of the end
effector.

Figure 3.6: PAMISA robot [10]

3.3.2. Force Balancing for Aerial Manipulation

Force-balanced manipulators are attractive mechanisms for aerial manipulation as they limit coupling
effects between the manipulator and the aerial platform. This allows for smarter designs which do
not rely on complicated control algorithms to counteract such coupling effects. However, the designs
implementing this principle are still not vastly adopted in the field of aerial manipulation.

Amongst the first works to address force balancing is the work of Abuzayed et al. [2] where a design
for a lightweight aerial manipulator with a Centre of Gravity (CoG) compensation mechanism. A CoG
compensation mechanism was developed which worked using a pantograph mechanism and a coun-
terweight. This mechanism would actively compensate for CoG offsets induced by motion or payload
variation. This was done in order to increase the stability of the aerial platform by reducing the work
the controller needed to do to compensate for CoG offsets.

Another early design taking into account similar CoG considerations is the work of Hamaza et al. [36]
with the design of the Omnidrone. The Omnidrone is designed using a five-bar linkage on a rotational
flange which enables the manipulator to have an omnidirectional workspace. Furthermore, the manip-
ulator is equipped with a counter mass mounted on a linear bearing allowing it to compensate for CoG
offsets produced by the movement of the end effector.

CoG compensation was also implemented for serial manipulator configurations on aerial manipulators.
An example is the work of AlAkhras et al. [3] where they showcased the design of a CoG compensation
mechanism that could be easily integrated on multirotor platforms. They implemented the mechanism
including a design with a serial manipulator for construction inspection purposes. They showcased
that even using a serial manipulator which, due to an unfavourable mass distribution, introduces strong
coupling effects, the CoG offset mechanism could counteract any offset produced.

A recent innovative design was also produced by Imanberdiyev et al. [37] in which a lightweight dual-
arm manipulator was mounted on a hexarotor. In this work, the dual arms were mounted on actuated
prismatic joints which could independently move the arms forward and backwards. This is a similar
approach to the previous work but instead of moving a mass for CoG compensation the arms would
move. Furthermore, having two arms means one arm could be mirrored in the opposite direction as
the other to limit shaking forces on the base.

The design and development of a force-balanced delta manipulator based on the previously cited work
of van der Wijk [84] was performed by Suryavanshi et al. [80] with the development of the ADAPT
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manipulator. ADAPT is a three-DoF reconfigurable force-balanced parallel manipulator which removes
reaction forces on the base of the manipulator using a delta configuration with pantographs as limbs
and counter masses. This work was designed specifically for aerial manipulation applications but was
only tested on a floating base.

Figure 3.7: ADAPT three-DoF reconfigurable force-balanced parallel manipulator [80]

Clark et al. [17] tested a similar balanced delta robot configuration to Suryavanshi’s et al. work on
a quadrotor aerial platform. Their work showcased that the balanced manipulator effectively reduced
perturbations on the aerial platform but did not show significant improvement in flight accuracy. This
was attributed to a large and heavy design of the overall system and a poor integration between the
aerial platform and manipulator.

Figure 3.8: Force-balanced delta robot on aerial manipulator by Clark et al. [17]

Itis important to note that robotic manipulators such as the ADAPT manipulator [80] or the aerial manip-
ulator presented by Clark et al. [17] remain force balanced only with a fixed payload. Given a variable
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payload, the counter masses would need to be reconfigured to achieve a force-balanced mechanism.
This issue is not present in aerial manipulators such as the one presented by AlAkhras et al. [3] as the
CoG mechanism is independent of the end-effector itself.

Although no practical implementations have been published so far to the best knowledge of the author,
articles tackling force-balanced mechanisms for variable payload have been published. An example is
from van der Wijk et al. [85] where three approaches to force-balanced reconfiguration were discussed.
These were reconfiguration by relocating the balancing mass, reconfiguration by relocating the centre
of rotation of the link with balancing mass, and reconfiguration by changing the value of the balancing
mass.

It was discussed that the first method would be effective after reconfiguration and lead to less complexity
but would not be able to perform the reconfiguration in a force-balanced way. The second method
discussed would be able to perform a reconfiguration in a force-balanced manner but would not be
able to compensate for drift in the centre of rotation in a force-balanced manner. The final proposed
method did not encounter either issue but could produce undesired shaking forces induced by the
moving mass.

3.3.3. Payload Estimation

Reconfiguration of force-balanced mechanisms which handle variable payloads requires a fast and
accurate estimate of the mass of the payload they manipulate. This section will briefly present methods
to estimate the mass of a payload.

Le Rall's work [47] proposed a method to measure the mass of the payload picked up by a robotic
manipulator by estimating its inertial parameters. This was done using a Force/Torque sensor and
a recursive total least squares algorithm. This method could effectively estimate the mass and iner-
tial properties of the grasped object during the motion of the manipulator. The performance however
decreased noticeably during higher-speed operations and short recording times.

Falezza et al. [25] followed a different approach to identify the payload mass of a delta robot. By
modifying the model equation of the delta manipulator to account for payload mass, a least square
regression algorithm was implemented to estimate the mass from the torque measurements of the
actuators. This approach showed satisfactory results but the performance would degrade with larger
payloads.

The methods presented show that active reconfiguration of a force-balanced manipulator is possible
without prior knowledge of the mass of the object being grasped. However, the performance of such
methods should also be tested on a mobile platform.

3.4. Grippers

Thus far only robotic manipulator mechanisms were discussed, so this section will briefly outline tools
that are mounted on the robotic manipulator’s end effector, specifically, grippers typically used for pick
and place tasks.

Pick and place tasks are common in industrial applications and many different types of grippers are
used to interact with objects. The most common types typically used in industrial applications are
vacuum grippers, pneumatic grippers, hydraulic grippers, and electric grippers [81].

Vacuum grippers work by creating a pressure difference between atmospheric pressure and a vacuum
which allows the gripper to hold and move an object. The vacuum can be generated by an electrome-
chanical pump or compressed air pump.

Pneumatic, hydraulic, and electric grippers instead work by closing and opening fingers or jaws. This
method is more similar to a human hand grasping an object. The difference between the three is the
method of actuation that closes and opens the fingers. Pneumatic grippers use compressed air while
hydraulic grippers provide more gripping power through hydraulic fluids. Electric grippers use electric
actuators which produce less gripping force but are much lighter.

For aerial manipulation pick and place typically electric grippers are used as they are lighter and less
complex to integrate on an aerial platform compared to other solutions. Furthermore, for research
purposes, many works do not focus on maximizing the payload capacity during pick and place tasks
therefore electric grippers have sufficient gripping force for their purposes.
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Examples of grippers for pick and place tasks in aerial manipulation are the works of Cao et al. [14] and
Garimella et al. [31] where both works used an electric gripper to move and grab objects. The first work
attached a gripper to a delta manipulator and the second attached the gripper to a serial manipulator.

In addition to electric grippers with jaws, magnetic grippers have also been used in the field of aerial
manipulation. These facilitate picking an object without requiring a high degree of precision in end
effector positioning. Examples of designs which implemented such grippers are the works of Garimella
et al. [32] and Jiménez-Cano et al. [40].

Figure 3.9: Magnetic gripper and object from Garimella et al. [32]

3.5. Research Opportunity

This chapter discussed the working principles of robotic manipulators, two different types of manipula-
tors and force-balanced manipulators which are a promising class of manipulators for aerial manipu-
lation. The aim of this chapter was to define and showcase different robotic arms which are typically
used in the field of aerial manipulation and to showcase potential robotic designs which would benefit
aerial manipulation applications.

The second sub-question presented in Section 1.1 asked: What type of manipulator morphologies
would limit the effect of dynamic end effector movements on its base and how can this be integrated
with an aerial platform to achieve a streamlined design? Dynamic end effector movements introduce
reaction forces and moments on the aerial platform. However, as discussed in Section 3.3 force bal-
anced robotic manipulators reduce or remove induced reaction forces. This is a favourable property
as it reduces the strain on the position controller for the aerial platform and allows for simpler controller
designs. Hence, to reduce the effect of dynamic end effector movements force balanced manipulators
should be implemented in the aerial manipulator’s design.

The cited work of Clark et al. [17] showcased an aerial manipulator design using a force-balanced
robotic manipulator. However, the large and poor integration between the manipulator and aerial plat-
form did not show significant improvements in flight accuracy. This indicates that good integration is
key to achieving a streamlined design which yields good performance. In order to accomplish this the
manipulator base and aerial platform should coincide and an approach similar to the one presented by
Suryavanshi et al. [80] should be considered. Finally, a good design philosophy should consider the
aerial platform and manipulator as one mechanical entity.

Referring to the third sub-question presented in Section 1.1: "How can state-of-the-art force balancing
mechanisms be adapted to tasks with time-varying payloads?” three approaches to handling reconfig-
uration of a force-balanced mechanism were discussed at the end of Section 3.3.1.

Amongst the three methods reconfiguration by relocating the balancing mass is the most suitable for a
force-balanced manipulator such as the design proposed by Suryavanshi et al. [80]. In such a design
a linear actuator could move the counter masses on each pantograph leg.

Finally, a research opportunity to design a well-integrated force-balanced manipulator which uses re-
configuration by relocating the balancing masses is available. This design would limit coupling effects
between the aerial manipulator and aerial platform and perform dynamic pick and place tasks.
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Aerial Platforms

UAVs have various different configurations spanning from single-rotor such as helicopters and multiro-
tors which achieve flight solely using their propulsion system to fixed wings which take advantage of
the aerodynamic lift generated by the wings, hybrid Vertical Takeoff and Landing (VTOL) platforms or
even smaller flapping micro air vehicles. This chapter aims to describe the aerial platforms used for
aerial manipulation and their different capabilities.

The outline for this chapter is as follows, Section 4.1 describes the different morphologies for rotor aerial
platforms, and Section 4.2 defines the actuation capabilities of such platforms.

4.1. Rotor Platform Types

In aerial manipulation single-rotor or multi-rotor platforms, are mostly used whereas fixed-wing, hybrid
VTOL, and flapping-wing aerial vehicles are typically excluded in the selection for a UAM design. This
is because these configurations are not as effective in maintaining a fixed position compared to single
and multi rotor morphologies. In addition, flapping wings are further constrained from their load payload
capacity.

Amongst single and multirotor aerial vehicles different morphologies can be classified. These are he-
licopters, ducted fans, parallel propellers, tilted propellers, tiltable propellers, multirotor morphing, and
multi-platform systems. These are described in the following sections.

4.1.1. Single Rotors

Single rotors encompass configurations such as helicopters. These typically have only one main hori-
zontal rotor or shaft, generating the lift to achieve flight. If necessary in order to counteract the torque
from the main rotor a tail rotor, mounted vertically, is used. As described in Chapter 2 these platforms
were amongst the first to be used for aerial manipulation, however, in more recent years they have
been used less due to their higher mechanical complexity compared to other platforms. Furthermore,
helicopters can present a larger risk while flying closer to surfaces.

Examples of helicopters as aerial manipulators are the previously cited works by Bernard et al. [8] and
Laiacker et al. [46] where they were used for slung-load transportation and pick and place applications
respectively.

Another example of single-rotor configurations are ducted-fans. These consist of a main ducted fan
producing lift for flight and other control surfaces which allow it to manoeuvre and stabilize. An example
of a ducted-fan used for aerial manipulation was presented in the work of Naldi et al. where the con-
trol for a ducted-fan equipped with a parallel delta manipulator was designed for physical interaction
tasks[61].

4.1.2. Parallel Multirotors

With parallel multirotors, we define platforms with multiple rotors mounted such that their thrust direction
is the same among all of them. Common morphologies for parallel multirotors include quadrotors,
hexarotors, and octorotors which have four, six and eight rotors respectively. This category of aerial
platform has been commonly used in aerial manipulation due to the low complexity of the system.

Two examples of parallel rotors used for aerial manipulation are the previously cited work of Hamaza
et al. where a quadrotor was used for sensor deployment[34] and the work of Suarez et al. who
showcased a hexarotor design equipped with a lightweight dual arm manipulator{78].

20



4.2. Actuation Capabilities 21

4.1.3. Tilt Multirotors

Tilt multirotors encompass multirotor designs for which rotors are tilted or are capable of tilting during
flight. For these morphologies, the rotors point in different directions which as will later be discussed in
Section 4.2 increases the actuation capabilities of the aerial platform.

An example of a tilted rotors aerial manipulator is the previously cited work by Ryll et al. where a hexaro-
tor was used which had all actuators tilted about two axes [71]. This particular multirotor configuration
enabled this UAM to perform a peg-in-hole task on a tilted funnel which typically would not have been
possible using a parallel multirotor equipped with a rigid end-effector.

For a tilting rotor configuration, Cuniato et al. showcased an aerial manipulator which uses a tricopter
frame design with two coaxial rotors which are capable of tilting[18]. This configuration does not have
rotors with a fixed tilt but they can adjust their tilt angle.

4.1.4. Morphing Multirotors

Morphing multirotors are aerial platforms with a main body that can reconfigure itself. They can also
have tilted or tiltable rotors. These characteristics allow the platform to not only change the direction of
thrust of the actuators but also to change the relative position between each actuator. This allows it to
better adapt to the environment.

An example of a morphing aerial platform used for aerial manipulation is the work of Zhao et al. who
showcased a transformable aerial robot composed of two-dimensional multilinks [87]. The morphology
of this platform was taken advantage of to perform whole-body grasping tasks by morphing the body
around an object.

4.1.5. Multi-platform systems

This last category of aerial platforms describes vehicles created by physically interlinking multiple rotor
platforms such as all of the previously mentioned. The physical interlinking creates a new platform for
which the control scheme is different compared to the individual sub-platform and requires the coupling
effects between them to be considered for safe flight.

Slung-load transportation by multiple unmanned helicopters is an example of such an aerial configura-
tion. This was showcased in the previously mentioned work by Bernard et al. [8]. A similar example
is the work by Sanalitro et al. where the position and orientation of a cable-suspended load are fully
controlled by multiple quadrotors[72].

4.2. Actuation Capabilities

The previous section discussed different types of configurations for aerial platforms, however, another
way to classify them is by their actuation capabilities. By actuation capabilities, it is inferred the set of
feasible wrenches a platform can achieve. For this the allocation matrix, which defines how a variation
in inputs affects the total wrench generated by the vehicle, is important. Furthermore, the actuation
capabilities are not necessarily dependent on the category of rotorcraft as two different aerial vehicles
belonging to the same category as defined in Section 4.1 may have different actuation properties.

4.2.1. Uni-directional Thrust

Uni-directional thrust platforms are capable of generating thrust only in one direction. This allows the
platform to produce a force in the vertical direction and torques in all directions. This entails that the
allocation matrix has rank four.

Aerial platforms in this category are single rotors or parallel multirotors as for both these vehicle config-
urations the actuators that generate the lift required for flight are pointing in the same direction. Aerial
vehicles with unidirectional thrust capabilities encompass a vast majority of commercial UAVs and are
frequently used for aerial manipulators. Examples of such aerial manipulators can be found in Sec-
tion 4.1.1 and Section 4.1.2.
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4.2.2. Multi-directional Thrust

Multi-directional thrust platforms instead are capable of generating thrust in multiple directions. Hence,
such aerial platforms have an allocation matrix with rank between five and six. Within this category
three more definitions can be made namely fully actuated, over actuated, and omnidirectional platforms.
These are defined below.

Fully Actuated
Fully actuated platforms have an allocation matrix with a rank of six. This means that the thrust can
be varied in all directions independently from the generated moment. This allows for more control over
the position and orientation of the vehicle which is ideal for some aerial manipulation tasks as seen
in the previously mentioned work by Ryll et al. which showcased a fully actuated hexarotor[71]. The
hexarotor being fully actuated is what enabled the UAM to perform the peg-in-hole task on a tilted funnel
using a rigid end-effector.

Over Actuated
Over actuated platforms are fully actuated platforms which have more actuation inputs than DoFs. This
means that for a given wrench there is more than one combination of inputs which can realize it. An
example of an over actuated platform is the work of Watson et al. where they presented an aerial
manipulator using a tricopter configuration with two main thrusters capable of thrust vectoring around
two axes[82].

Omnidirectional
Omnidirectional platforms are capable of moving in any direction from almost any orientation. This
category is not exclusive from over actuated platforms, in fact, the aerial manipulator mentioned to be
over actuated is also omnidirectional. Another example of an omnidirectional aerial platform is the work
by Allenspach et al. showcasing a tilt-rotor micro air vehicle with omnidirectional capabilities[5].

Figure 4.1: Under-actuated parallel multirotor aerial platform [34] (left) Over actuated tiltable rotors aerial platform [82] (centre),
Omnidirectional tiltable rotors aerial platform [5] (right).

Figure 4.2: Under-actuated ducted fan aerial platform [61] (left) Multiplatform aerial system [72] (centre), Under actuated
morphing aerial platform [87] (right).

4.3. Research Opportunity

This chapter discussed different rotor platforms commonly used in the field of aerial manipulation and
their actuation capabilities. The aim of this chapter was to showcase these different aerial platform
morphologies to determine a suitable match for a well-integrated aerial manipulator design which should
perform dynamic pick and place tasks using an active force-balanced manipulator.
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Recent research of aerial manipulators focuses on complex aerial platform morphologies using multi-
direction thrust actuation properties to develop aerial manipulators. However, as the research opportu-
nity thus far is to develop an active force-balanced aerial manipulator, multi-directional thrust platforms
would not give an added benefit but instead add unnecessary degrees of complexity for the purpose of
this research.

Furthermore, underactuated platforms such as parallel multirotors cannot control translational motion
and attitudes independently therefore, they would benefit from a reduction in coupling effects generated
by a robotic manipulator.

Hence, answering the fourth sub-question presented in Section 1.1: What type of aerial platform would
benefit the most from an active force balancing system, eg. quadrotor, tiltrotor etc.? An under-actuated
parallel multirotor would benefit the most from an active force balancing system.
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Aerial Manipulation Control

Control in aerial manipulation requires the control of aerial platform and the robotic manipulator attached
to it. Two main approaches can be taken, namely, centralised and decentralised control. The first
regards the two systems as separate whereas the second considers them as one. This distinction
yields very different controller architectures as will be discussed below.

This chapter will discuss centralised control and decentralised control in Section 5.1 and Section 5.2
respectively. Section 5.3 will dive deeper into position controllers for aerial platforms.

5.1. Centralised Control

Centralised control also known as coupled control treats the aerial platform and robotic manipulator
as a coupled system. This requires the full dynamic model of the coupled system. This entails that
the resulting forces and moments introduced by the movement of the robotic manipulator are modelled
within the system.

An example of an aerial manipulator controlled with a centralised approach is the work of Kim et al.
[42] where they designed an aerial manipulator using a quadrotor with a two DoF robotic arm. The
controller was developed considering the quadrotor and the robotic arm as a combined system. The
coupled kinematic and dynamic models were derived and an adaptive sliding mode controller was
implemented.

The kinematic model derived included the positions of the quadrotor in the inertial frame, the Euler
angles of the quadrotor and the joint angles of the robotic manipulator. To derive the dynamic model the
Lagrange-D’Alembert equation was used. Finally, an adaptive sliding mode controller was implemented.
This is a type of nonlinear control algorithm which alters the dynamics of the system by applying a
discontinuous control signal. This allows it to be more robust to disturbances.

Furthermore, an adaptive controller was implemented as the aerial manipulator was designed for pick
and place tasks. Accurate position hold was required for accurate manipulation hence an adaptive
controller was desired in order to handle disturbances derived by the additional torques generated by
picking up an object.

Results showcased that even without prior knowledge of the mass or inertia of the object being picked
up the controller was sufficiently robust to these perturbations leading to a root-mean-squared error in
the position hold of the quadrotor of only 2.56 cm.

Another example of a centralised control approach is the work of Cataldi et al. [15] who developed an
impedance controller for an aerial manipulator. Their controller was tested on a quadrotor aerial plat-
form with coaxial motors and a six DoF serial manipulator. An impedance controller aims to control the
relationship between motion and force and it is typically employed for interaction tasks. An impedance
controller can lead to more compliant behaviour with the environment.

Similarly to the previous work the position, orientation of both the aerial platform and end-effector are
considered in the kinematic and dynamic model of the coupled system. The proposed controller is
composed of three modules, namely, an impedance module, an inverse kinematic module, and a motion
controller.

The impedance module filters a desired trajectory, generated by an offline planer, in order to achieve a
compliant behaviour. The second module generates the required control inputs for the coupled model,
and finally, the third module ensures correct motion tracking.

Their work showcased that compliant behaviour was achievable and that the interaction forces with the
environment could be effectively absorbed by the manipulator. Furthermore, when compared to a rigid
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controller the impedance controller could handle disturbances which would lead the rigid controller to
instability.
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Figure 5.1: Example of a centralised control architecture from Cataldi et al. [15]

Another example of a centralised control approach for a pick and place aerial manipulator is the work
of Garimella et al. [31]. Similarly to the work of Kim et al. [42], a quadrotor with a two DoF manipulator
was used and the coupled kinematic and dynamic model was used.

This work however implemented a nonlinear model-predictive controller. This type of control algorithm
uses a process model to predict the future behaviour of the system. The implemented model predictive
controller generates optimal reference trajectories and as it cannot run online in real time it is coupled
with a high-frequency low-level controller which tracks the generated reference trajectories.

This controller was tested against a simpler PID controller which was outperformed as the model predic-
tive controller could perform the retrieval task much faster than the PID controller. This was attributed
to the fact that the simpler controller did not take into account the dynamics of the arm which would lead
to non-smooth end effector positioning which would take longer to converge to the grasping location.

The examples presented showcased good performance however they came at the cost of complex
kinematic and dynamic modelling and elaborate control architectures. As seen in the work of Garimella
et al. [31] the model predictive controller which relies on solving an optimisation problem could not
be used for real-time control due to computational limitations. Although a high performance can be
achieved through centralised control architectures this may also come at a high cost, especially for
aerial manipulators with a high degree of complexity.

5.2. Decentralised Control

Decentralised control also known as decoupled control treats the aerial platform and robotic manipula-
tor as a decoupled system. This means that the robotic manipulator and aerial platform are seen as
separate entities and each is controlled individually. Hence, the resulting forces and moments gener-
ated by the manipulator’s motion are treated as disturbances by the control scheme.

An example of an aerial manipulator controlled through a decentralised is the work of Zhang et al.
[16] where they showcased a design for aerial repair. The controller developed considered the delta
robot manipulator and quadrotor platform as decoupled systems. Therefore, different controllers were
implemented for each.

The aerial platform controller was a model predictive controller which enabled high-precision position
control. Multi-sensor fusion was also implemented for the state estimation of the platform pose. Further-
more, their design could work with a motion capture system and VI odometry. When using VI odometry,
a vision-based positioning technique, a marker system called ARTag was also used to reduce inertial
frame shifts over time.

The delta manipulator uses an inverse kinematics controller which uses the inverse kinematic model
to command actuator inputs to achieve the desired end effector position. Furthermore, as the delta
manipulator has higher dynamics than the aerial platform it also corrects for UAV fluctuations.

As the aerial platform’s position and orientation will suffer from fluctuations from the optimal desired
trajectory, a compensation approach was implemented. This works by computing the offset in position
and orientation between the true and desired UAV positions. A new vector between the true position
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and target location is generated and the delta manipulator uses this as the input to the inverse kinematic
controller.

This design was tested in multiple realistic tests and the performance was evaluated. It was seen that
the random mean square error of the end-effector positioning was at most 2.28 mm for hovering tasks.
This test was also repeated with 1 m/s wind which showcased a small increase to a random mean
square error of 5.19 mm. Furthermore, the delta manipulator with the compensation approach reduced
the random mean squared error by at most 81.4% compared to no compensation.

Another example of an aerial manipulator which increases positioning precision by using a parallel
manipulator is the work of Danko et al. [20]. The aerial manipulator design uses a six DoF paral-
lel manipulator with six legs and a decentralised control approach. The aerial platform is controlled
through a low-level autopilot and the manipulator is controlled through an eye-in-hand image-based
visual servoing controller and the inverse kinematic model.

This work also showcased that the positioning precision of the end effector increases compared to
the achievable positioning accuracy of an aerial platform with a rigid tool. The higher dynamics of the
manipulator and accurate visual servoing control yield a random mean squared error of at most 1.9 cm
in still air and 2.9 cm in wind.

Furthermore, the parallel manipulator was compared to a standard six-DoF serial manipulator. It was
found that the serial manipulator would need to exert larger torques to achieve the same end effector
positioning compared to the parallel manipulator. This introduced larger coupled effects between the
manipulator and aerial platform for which the UAV’s controller needed to exert greater effort to maintain
a stable hover.

Although both the parallel and serial manipulators were able to perform the tested maneuvres and over-
all improved the positioning accuracy, the configuration of the parallel manipulator was more desired.
This was due to the smaller impact induced on the system’s CoG. For such a parallel manipulator most
of the mass is located near the base of the manipulator so it induces less coupling effects which is a
desired property for decentralised controllers.

A more recent application of a decentralised control approach was showcased in the work of Cuniato
et al. [19] where they presented a design for an aerial manipulator with an origami delta manipulator.
The aerial platform is a tricopter configuration with tiltable coaxial front rotors and a bidirectional rear
propeller. The manipulator is an origami delta manipulator optimised for interaction with the environ-
ment.

The aerial platform uses a nonlinear geometric tracking controller adapted to the over-actuated platform.
The robotic manipulator instead uses an inverse kinematics controller for end effector positioning. Fur-
thermore, this design uses a similar approach as the work from Zhang et al. [16] by taking into account
UAV positioning fluctuations. The position input to the inverse kinematics controller is a corrected target
position for position and orientation errors of the aerial platform.
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Figure 5.2: Example of a decentralised control architecture from Cuniato et al. [19]
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The results from this work also showcased a decrease in position error when using the active delta
manipulator. Furthermore, results showcased that a good design with good integration between the
aerial platform and robotic manipulator can yield accurate end effector positioning even when treating
coupling effects as disturbances.
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5.3. Accurate UAV Positioning

Typically Aerial platforms are controlled using simple PID schemes to track a position or velocity error.
This approach has worked well for many applications however more complex, model-based, adaptive
and nonlinear controllers also exist for improved performance and disturbance rejection. This section
will showcase some different controller algorithms developed for multirotor platforms for good distur-
bance rejection or applied to aerial manipulation.

An example of a PID controller used for aerial manipulation is the work of Orsag et al. [66] where they
showcased a cascaded controller with a Proportional controller for the velocity loop and a Proportional
Integral controller for the position loop. This particular structure can also be seen as a single PI-D
position controller.

Results showcased satisfactory position tracking and stability, furthermore due to the symmetrical de-
sign of the three-armed serial manipulator coupling effects did not lead to instability. On the other hand,
some oscillations were also present which were not damped out by the controller.

A more complex controller is the backstepping control with sliding mode. This is a powerful nonlinear
controller with great stability as it aims to stabilize the whole system through Lyapunov stability theory.

The work of Lee et al. [50] showcased the control of an aerial manipulator using a backstepping con-
troller with sliding mode. They developed the controller for cooperative transportation between aerial
manipulators with two DoF robotic arms.

The results obtained showed that even during such a complicated task where the controller needs
to handle the additional disturbances introduced by the nature of the cooperative task, the controller
achieved satisfactory position and velocity tracking.

Lee et al. [49] also presented a comparison between a classic PID position controller and a backstep-
ping controller with sliding mode. The experiment showcased that in a moderate waypoint tracking
task, both controllers achieve satisfactory tracking performances. However, when fast waypoint track-
ing missions are performed the PID controller behaves worse. This is because PID controllers cannot
handle non-linearities and strong disturbances well.

In Section 5.2 a nonlinear model predictive controller implemented by Zhang et al. [16] was introduced.
This type of nonlinear controller uses a nonlinear system model to optimize current behaviour based
on a prediction of future behaviour. This is achieved through the iterative solution of optimal control
problems on a finite prediction horizon.

Another example of a nonlinear model predictive controller is the work of Lunni et al. [53] where they
showcased a model predictive controller for the coupled model of the aerial manipulator.

Furthermore, by including all the DoF in the model they implemented an approach to limit CoG shifts
in the system. Results showed satisfactory position tracking but slower responses when aligning the
robotic arm CoG.

Another nonlinear control algorithm is Incremental Nonlinear Dynamic Inversion (INDI). This control
algorithm is more robust than its precursor Nonlinear Dynamic Inversion (NDI) and does not require a
full model. These algorithms work by creating a virtual control input from a nonlinear system and using
it to control the entire system in a linear way.

Smeur et al. [73] implemented a cascaded INDI controller on a quadrotor aerial platform. The controller
uses the INDI algorithm for both attitude control and position control. The results presented showcased
this algorithm to be effective and to converge faster than a PID alternative even in windy conditions.
Furthermore, Smeur et al. [74] also worked on an Adaptive INDI algorithm for attitude control which
estimates the control effectiveness of the system online. The control effectiveness encompasses values
such as a system’s inertia and actuator parameters. This is an attractive property for aerial manipulation
as the inertia properties change as the robotic manipulator moves.

Nevertheless, INDI to the best knowledge of the author has not been implemented on aerial manipula-
tors. This may be due to not sufficient adaptability during interaction with the environment.

5.4. Research Opportunity

This chapter discussed the two control approaches for aerial manipulators and control algorithms for
accurate position tracking of aerial platforms used for aerial manipulation. The aim of this chapter



5.4. Research Opportunity 28

was to discuss the main control philosophies and determine the most suitable control approach and
architecture for a force-balanced aerial manipulator.

As discussed in Section 5.1 centralised controllers consider the aerial manipulator as an individual
system. This approach models the coupling effects between the manipulator and aerial platform and
leads to good performance but more complex controllers.

By integrating the aerial platform with a force-balanced manipulator the coupling effects between them
should be eliminated or reduced by the force-balancing mechanism. Hence, a centralised control ap-
proach would be redundant.

Furthermore, with regards to position controllers complex nonlinear control algorithms were presented.
The higher degree of complexity of these controllers was often required to compensate for disturbances
or to fully control the full model of an aerial manipulator.

Therefore, also in this case implementing a complex position controller with strong disturbance rejection
properties would defeat the purpose of integrating a force-balanced manipulator. The simpler PID would
provide a better control approach to better showcase the benefits of a smart and well-integrated aerial
manipulator design. In addition, the cited INDI-based controllers could also be good position control
candidates as they have not yet been proven and tested in the field of aerial manipulation.

To answer the final sub-question presented in Section 1.1: What control approach is best suited for a
well-integrated force-balanced aerial manipulator? A decentralised control approach using a simple PID
or an unproven INDI position controller is best suited for a well-integrated force-balanced manipulator.
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Conclusion

This literature review covered the field of aerial manipulation as a whole and the key features of the
design of an aerial manipulator, namely the robotic manipulator, the aerial platform and the control
architecture. First past and current developments in the field of aerial manipulation were discussed.
The different tasks tackled by aerial manipulators were also presented. The working principle and
the two types of robotic manipulators, namely serial and parallel manipulators, were then discussed.
Force-balanced manipulators were then introduced as an attractive class of robotic mechanisms for
aerial manipulation. This was followed by a brief introduction on grippers for pick and place tasks. The
different aerial platforms and their actuation properties were showcased next. Then the two different
control approaches used in aerial manipulation, namely centralised and decentralised control, were
presented. Finally, different position control algorithms were discussed.

This thesis project aims to develop a well-integrated design for an aerial manipulator which limits the
induced forces and moments generated by manipulator movements and is capable of performing fast
dynamic pick-and-place tasks. After performing extensive research no other aerial manipulation sys-
tem was found implementing a mechanism to counteract coupling effects during variable payload tasks.
Furthermore, no research was found on dynamic pick-and-place tasks where the object to be grasped
and placed was not static prior to manipulation. From this research gap, the following research question
was formulated: How can a smart mechanical design limit coupling effects between the individual
subsystems of an aerial manipulator and be paired with a control scheme to perform dynamic
pick-and-place tasks requiring fast manipulator movements?. In order to tackle this research ques-
tion the problem was split between the robotic arm mechanical design, the aerial platform configuration,
and the control approach.

In order to limit coupling effects induced by the end effector a force-balanced manipulator can be used,
specifically a force-balanced delta parallel manipulator. By using such a robotic manipulator the strain
on the flight controller of the aerial platform is reduced. Furthermore, in order to maintain the force-
balanced properties during variable payload tasks reconfiguration by relocating the balancing masses
can be implemented using linear actuators to shift the counter masses.

In order to highlight the influence of the active force-balanced manipulator and to produce a well-
integrated with a low degree of complexity aerial manipulator an under-actuated parallel multirotor
aerial platform will be used in the design.

The aim of this project is to develop a design which creates a well-integrated system which does not
require complex systems with many degrees of freedom to obtain good performances. Furthermore, a
smart design should lead to a less complex controller architecture. In order to accomplish this a good
design philosophy should consider the aerial platform and manipulator as one mechanical entity. This
approach ensures that the desirable properties from each subsystem can cohesively create a system
which performs equivalent to more complex designs.

Finally, a decentralised control approach will be used. Since the coupling effects between the robotic
manipulator and aerial platform are limited by the force-balancing mechanism a centralised controller
would be redundant as the main idea behind this type of controller is to model the entire system which
includes these coupling effects. Therefore, the robotic manipulator will be controlled using an inverse
kinematics controller and the aerial platform will use a position controller. The position controller, for
the same reason why a centralised control architecture is not used, should have a simple architecture
such as a PID controller or should be a novel algorithm which has not been implemented on aerial
manipulators such as INDI.

In conclusion, a novel aerial manipulation design will be developed using a parallel multirotor aerial plat-
form and an active force-balancing delta manipulator. The design will follow a smart design approach
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for a well-integrated system which will be tested on a dynamic pick-and-place task.
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