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Abstract

In this work a novel dual-functioning rotorcraft undercarriage is developed. The design is a re-
con gurable delta robot which allows for transformation between Adaptive Landing Gear for vertical
take-o and landing and 3DOF| Aerial Manipulation mode. To re-con gure between operation modes
without reaching singularities, a guideline to nd a singularity-free geometry is presented. An
adaptive landing control was developed and validated on a test-stand. For the manipulation
of the delta-structure, a third-order smooth trajectory was presented and integrated. The prototype,
also depicted in the accompanying video, is then presented in free ight experiments demonstrating

the advantages of the dual-functioning system.
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Glossary

ABS Acrylonitrile Butadiene Styrene. 43

ARM Advanced RISC Machines. 67

DARPA Defense Advanced Research Projects Agency. 6
DC Direct Current. 67

DOF Degrees-of-free-dome number of independent parameters that de ne its con guration. ii

ETH Eidgemessische Technische Hochschule. 6

KUKA Keller und Knappich Augsburg. 89

LIPO lithium polymer battery. 67

MAR Mission adaptive rotor. 6

MBZIRC Mohamed Bin Zayed International Robotics Challenge. 1

NASA National Aeronautics and Space Administration. 5

PCB Printed circuit board. 69

UAV Unmanned aerial vehicle (an aircraft piloted by remote control or onboard computers).. 1

USB Universal Serial Bus. 67
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1 Introduction

Human beings have always dreamt about ying. Since it became a reality over a century ago, people
have been developing new and diverse ight machines. These machines can be broadly categorized
into rotorcrafts and xed-wing aircraft: the helicopter and airplane respectively being the best
known. Rotorcrafts can hover as well as take-o and land vertically, which allows them to operate
and land in narrow spaces. One of the most serious disadvantages of the vertical takeo and landing
of rotorcrafts is the requirement of a at area for safe landing. Organisations such as Militaries,
Search and Rescue, and Logistics have recently shown an interest in using rotorcrafts in more
diverse landscapes including natural-disaster zones or rural areas where landing is challenging, or
prepared landing sites are time consuming to locate [5]. Extremely high safety standards in manned
rotorcrafts prevented the inherently complex adaptive landing gears from being adopted. Nowadays,
however, this technology can be employed in unmanned aircrafts (UAVS) since they allow for higher
risk-taking [6]. The functionality of adaptive landing gears is a proven concept and can at least be
dated back at least into the 70s when a modi cation of an air/oil strut landing gear for helicopters
was patented which allows the rotorcraft to land on a slope [7]. Even today, the ine cient hovering of
rotorcraft makes the increase in weight of an actuated landing gear a challenge for the mostly battery
powered unmanned vertical lander [8]. In contrast to the landing gear where simple light weight
options are primarily adopted, added weight and complexity are essential to a di erent eld of UAV
research. Research in aerial manipulation tries to manipulate objects from a ying platform but
this requires the rotorcraft to lift the inherently heavy and complex robotic arm. Nonetheless, some
researchers see that the use of aerial manipulators is just the natural next step for ground-bound
robots [9] enabling applications like inspection, delivery, construction, maintenance, and even ying
additive manufacturing [10]. A big nancial supporter is the MBZIRC competition [11] which has

twice awarded a ve million dollar prize for the best unmanned aerial vehicle (UAV) to perform in a



variety of scenarios with physical interaction such as aerial manipulations. Fueled by the increased
commercial interest, this paper develops a novel dual-functioning system on the base of the delta
robot platform by utilizing the existing components of adaptive landing gears and extending them
for 3DOF manipulation functions. The new system would o er a better feature-to-complexity ratio,

making it a competitive system for a new range of applications.

1.1 Goal of Research

The goal is to design a dual-functioning landing gear system that will increase the usability with-
out substantially increased weight and complexity compared to exclusive Adaptive Landing Gear
Systems. The system needs to combine the functions of an adaptive landing gear and a 3DOF
Manipulator while being able to be integrated into an existing rotorcraft. The design should be

derived from the delta-robot structure, facilitating its excellent capabilities for aerial manipulation.

1.2 Requirements

This section describes the objective of this project. For a successful design process, it is hecessary
to describe the scope and requirements of the system. The desired system will meet all conditions
shown in Table 1 integrated into a novel dual-functioning system based on a delta robot. Table
presents the requirements for the Manipulator and the Adaptive Landing Gear separately. The
primary function of the system is to nd a dual-functioning system that can recon gure itself
between adaptive landing gear and robotic manipulator. As a base requirement the system should
be derived from the delta-robot structure. Overall should the design be integrated into the DJI
Matrice 100 UAV design which is limiting weight and spatial dimensions. As mentioned in the
introduction, in order to be a competitive solution, the design should not increase its complexity

compared to common adaptive landing gear solutions. A very common requirement in aeronautics



Requirements

Overall:

Primary

Mechanism based on Delta-robot structure
Recon guration between Adaptive Landing Gear & Manipulator
Integrated into DJI Matrice 100 UAV
Secondary

Simplistic and robust design

Low energy consumption

Use in Indoor environment

Manipulator:

Primary

3DOF X,Y,Z Cartesian coordinate system
Secondary

Fast and precise

Low moving masses

Adaptive Landing Gear:

Primary

Retractable Landing Gear

Adaptive Landing Gear

Secondary

Warning of unsafe landing

No energy consumption when landed

ANANANEEANANAN

AJAN

NAVEANAN

Table 1: Requirements overview

is the low energy consumption since the battery capacity is always a crucial factor. Further it should

be mentioned that the system will be designed for the pure indoor use, so external in uences such
as wind or rain are excluded from this investigation. The Manipulator should have as a primary

requirement 3DOF in the X, Y, Z -Cartesian coordinate system. As secondary requirement for

the manipulation are fast and precise actuation of the robotic manipulator which will allow for

a great range of application. Also, low moving masses are crucial to keep the rotorcraft stable
during motions of the moving platform and will increase the precision of the system while reducing

the energy consumption. The Adaptive Landing Gear should be primarily be able to be retracted

allowing for better aerodynamic performance. As a secondary requirement the robotic landing
gear is supposed to adopt to uneven surfaces, which will enable it to operate in rough terrains.

Furthermore, when the landing surface is too steep the system should be able to detect this situation



and stop the landing sequence. When landed the mechanism should be able to self-lock disabling

all active components on the mechanism stopping the system to drain power from the battery.

1.3 Thesis Organization

The remaining of this thesis is organized as follows. Chapter 2 reviews background of Adaptive
Landing Gears, Aerial Manipulation Systems and Re-con gurable mechanism. Then it will intro-
duce the Concept of the developed mechanism. Chapter 3 presents the Mechanical Design starting
with the general constraints based on the rotorcraft's dimensions. This includes a mechanical in-
vestigation of the delta robot's kinematics and workspace. Further introducing the recon guration

of the mechanism and proving the structural integrity with a Finite Element Analysis. Chapter 4
outlines the control of the Manipulation mode and the Self-Leveled Landing. While focusing on
the reaction torque on the rotorcraft and the ability to convert impact energy into electric energy.

In Chapter 5 the construction and the development process are outlined. Electric and mechanical
components are described in detail. Chapter 6 shows experiments on the build prototype. Measure-
ments on the Interaction forces during adaptive landing are presented. Further a comprehensive
comparison to existing of Aerial Manipulators and Adaptive Landing gears systems is given. A fully
functioning prototype tested in free ight experiments where it demonstrates all operation modes.
In Chapter 7 are possible applications for the mechanism presented. The last Chapter summarizes

the outcomes and presents possible directions of future work.



2 Literature Review and Concept

Since this work is designing a new concept of fusing Adaptive Landing Gears with Aerial Manipula-
tors, the Literature review is split in two sections. At rst the history of landing gears is explained
and current research in building Adaptive Landing Gears is discussed and evaluated. The next
section discusses di erent approaches of aerial manipulations and explains the concept of how a

dual-functioning system is created.

2.1 Adaptive Landing Gear

For landing, conventional rotorcrafts use simple skids or xed wheel designs as landing gear. For
better aerodynamics, engineers have further enhanced those mechanisms by adding retractable
landing gears. The ability to conceal the landing apparatus rst appeared in racing air-crafts in the
1920s [12] and was 1965 adopted to rotorcrafts and rst seen in the Bell 209 prototype helicopter.
However, these machines are limited by the fact that they require a level plane to take o and land.
To protect the rotorcrafts from static or dynamic rollover, research focuses on adaptive landing
gears. In 1977 a modi cation of an air/oil strut landing gear for helicopters was patented which
allows to land on a slope [7]. The system requires only simple changes to the landing gear but
was to the knowledge of the author never deployed on a rotorcraft. Later in 1990 as mentioned
in the Introduction 1 a tripod landing gear was proposed to do coring exploration on the moon.
Since we all know that to the current date there has been no coring exploration on moon, this
concept may hold potential to get recycled for a new system used in modern rotorcraft systems.
In 2010 the interested of the military turned towards adaptive landing gears to stabilize its ducted
fan hovercrafts and eld a patent which uses a lightweight spring loaded vertical legs [13]. Another
passive adaptive landing gear was presented by NASA in [14] which would allow lunar modules to

land on slopes of up to 12 When DARPA then funded a grand to develop an adaptive landing



gear MAR in 2013 research on Adaptive landing gear got more active. The result was a four legged
robotic landing gear that is able to land on uneven surfaces and retract its legs as retractable landing
gear [15]. In [16] a dynamic model was presented to control an adaptive landing gear depending on
di erent landing condition which can be easily adopted for di erent systems. Another research built

a functioning model of a \DroneGear" which allows to compensate for uneven surfaces using an
optical torque sensor which also protects the multirotor from rollover and allows to absorb impact
energy [17] which is similar to the results shown in the previously presented DARPA mechanism [18].
Another recent patent [19] shows a mechanism used to allow UAV to land on house roofs allowing
for surveillance missions. Not just the military has shown interest in these mechanism Amazon has
led a patent for its package delivery system that could allow their rotorcraft to deliver packages
even on uneven surfaces [20]. And University ETH Zurich has built in 2017 an almost full sized
helicopter with adaptive landing gear for search and rescue missions in the mountains [21],[22].
The presented research progress and the higher frequency of publications in the recent years clearly
shows, that there is an emerging interested in operating rotorcrafts as well as space probes in areas

without per-paired landing sites.

2.2 Aerial Manipulation Systems

In this paragraph we talk about di erent approaches to manipulate objects form a rotorcraft. The
ability to perform object manipulations from a ight vehicle enables a range of applications for
rotorcrafts and research has already investigated in this area. A comprehensive overview of the
systems is given in [23]. The report shows that between 2008 to September 2017, outlining an
increasing interest in this technology. Similar to ground bound robots the robotic mechanism used
for aerial manipulation can be generally categorized into parallel and serial robots.

Serial Mechanism:



Serialrobots have an open kinematic chain where the actuators are on the joints forming a series
of articulated linkages where the end forms the robot end-e ector. A rst example where one of
this classic robotic mechanism was tted to a UAV was in 2013 shown in [24] where a two-DOF
robotic arm was mounted below a rotorcraft. An adaptive sliding mode controller was designed
and showed promising results in order to conduct autonomous pick up of objects. In [25] was a
similar two-DOF mechanism used but uses an Integral Backstepping controller which outperforms
the common PID controller in aerial manipulation applications. A 7-DOF serial robotic arm was
tted to a rotorcraft which demonstrated a great range of motion. However, due to the fact that
the serial manipulators protruded from the rotorcrafts, the considerable change of centre of gravity
interfered with the rotorcraft's ight [26]. Another interesting approach is shown in [27] where a
serial arm was tted under the rotorcraft which would allow to grasp larger objects. A similar
approach takes this idea even further and uses a dual serial arm as gripper but also uses it as a
landing gear where the rotorcraft perches bird like onto a cylindrical object like a pipe or branch
[28]. To reach objects in great depth [29] presents an origami inspired robotic arm to reach very far
straight below the UAV. The opposite approach is taken in [30] where the gripper is tted right onto
the lower side of the rotorcraft to minimize dynamic load disturbances. Also, interesting approach
was taken in [31] where a hybrid system composed of drone and snake robot was created. Two snake
robots are integrated into the rotorcraft and the tails of the snakes are used as four contact points
of the landing gear. When landed the snakes are disconnected from the rotorcraft and operate
independently.

Parallel Mechanism:

A parallel robot is not as frequently seen in the application of aerial manipulating even-though
their structure holds potential advantages for this eld. A parallel manipulator can be de ned as a

closed-loop mechanism composed of an end-e ector having n degrees of freedom and a xed base,



linked together by at least two independent kinematic chains [32]. This allows for high accuracy
and actuation speed but generally reduces the workspace compared to serial arm robots. A three-
DOF planar parallel mechanism was attached to a drone in [33] to perform light inspections. It
has a large workspace horizontally extending in-front of the rotorcraft. The parallel design allows
for high dexterity and maximum singularity-free workspace. A classic parallel mechanism are the
delta robots attached to UAVs shown in [34] and [35]. The classic parallel kinematics allows for
fast and precise three-DOF which is demonstrated with a feedforward control. In [36] was a "H-
Delta" a novel ve-DOF delta derivative attached to a rotorcraft. A six-DOF parallel mechanism
was shown on a rotorcraft in [37] which allowed to stabilize the endefector during crosswinds in
a prede ned position. This mechanism also folds the mechanism upwards much like a retractable
landing gear for better ight capabilities. An application for aerial manipulation is shown by a
company [38] where they use a delta robot on a rotorcraft to disarm landmines. In normal ground
bound applications, the less frequent use of parallel robots can be concluded to: “...parallel robots
o0 er potential advantages compared with serial, with higher overall sti ness, higher precision, low
inertia, and higher operating speeds and accelerations. However, these advantages could be easy
relativized by reduced workspace, di cult mechanical design, and more complex kinematics and
control algorithms." [39] Deployed on a rotorcraft, parallel manipulators can compensate for their
small workspace and suddenly become an attractive system for aerial applications. Utilizing their
lower moving masses, higher precision and end-e ector bandwidth, makes them, in the authors'

view, a better t for aerial manipulations compared to serial manipulators.

2.3 Concept of Dual-Functioning System

After review of the literature and previous works a new concept is presented that combines landing

gear and aerial manipulation. For the adaptive landing gear, it was required to be retractable while



having an overall robust and simplistic design. The new landing gear is inspired by the the tripod
landing gear from NASA for lunar coring explorations. It has a tripod geometry which convinces
with its simple but functional structure. For the aerial manipulations a general best suited system
seems to have not been found yet. Researcher use serial as well as parallel mechanism for equal
tasks. But the analysis of the literature review shows that parallel mechanism seems to be better
suited for this application. Their key advantages of high-performance manipulation while reduced
disruption of the ight performance of the rotor-craft give parallel structures a general advantage
over serial structures since the rotorcraft can compensate their limited workspace. Therefore, this
research will advocate for the implementation of delta structures in aerial manipulation which
hopefully helps parallel-structures to more popularity in aeronautics. Hence, a dual-functioning
system that can operate as adaptive landing gear and aerial manipulator in form of a novel re-
con gurable delta robot was designed. The base of inspiration was a tripod landing gear and a
delta-robot manipulator. The three arms of the delta robot will be transformed into landing legs
creating a re-con gurable mechanism which can switch between manipulation and adaptive landing
gear. Researcher have already developed re-con gurable delta mechanism to adjust workspace and
payload-capacity [40], but no work has been found to recon gure it into a landing gear structure or
similar. This novel dual-functioning system has the advantage of giving the ight vehicle an increase
in exibility by combing a tripod landing gear and a delta robot. Unlike the previous systems, the
recon guration of a delta robot allows for the e cient integration of both functions (Landing Gear
and Aerial Manipulation) in one system while keeping the overall weight low. In the following this
re-con gurable system is referred to as "Manipulander" which is a portmanteau for Manipulator

and Landing Gear.



3 Mechanical Design

3.1 De ning Basic Dimensions - Integration into Rotorcraft Design

Figure 1. DJI Matrice 100 dimensions of Mainbody (m = 210 mm) and Rotorcraft Wheelbase
(w = 650 mm). (from[1])

To nd the optimum design of the Manipulander dimensions it is essential to consider the
integration of the Manipulander into the rotorcraft. In this example we are considering a UAV
rotorcraft from DJI, a popular drone manufacturer. The DJI Matrice 100 is a typical example of a
quadcopter shown in Figure 1. The total weight of UAV is 2431 g where it can carry payloads of up to
1200 g. It consists out of a main body which hosts energy control and communication and four rotor
blades which are equally distributed around the main body to generate thrust. The Manipulander
replaces the position of the standard landing gear central below the rotorcrafts main body. To nd
the best dimensions for the Manipulander one must consider the main objectives of a rotorcraft. The
Manipulander should be compact, nor should it add too much weight to the system. On the other
side allows a bigger Manipulander for a greater workspace and better landing capabilities. In the

following we introduces some design guidelines on how to incorporate the Manipulander design into
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a generic rotorcraft. These design guidelines are then presented at the example of the DJI Matrice
100 rotorcraft. Figure 2 shows a schematic illustration of the integration of a Manipulander with a
rotorcraft. The base platform of the Manipulander is chosen to be the same diameter as the main
bode of the rotorcraft. This allows for the most stable attachment to the rotorcraft design. The
length of limb a of the rotorcraft is de ned by the wheelbase of the rotorcraft. When the rstlimb a
is in complete horizontal position ( 1; = 0°) it should not reach outside of the rotorcraft wheelbase.
This ensures that the ight vehicle is still compact during ight while allowing for best landing and
manipulation performance. Those relatively simple considerations allow to de ne lengthr & a of

the Manipulander platform.

Figure 2: Manipulander dimensions in relation to Rotorcraft.

3.2 Delta Robot Kinematics

In this section a schematic illustration is used to analyze the kinematics of the 3-DOF delta mech-
anism which is in this research used for manipulation and later recon guration into a landing gear
system. The moving platform can only perform three transnational motions in x y and z. lllustra-

tion 3 below shows the geometric con guration of the delta mechanism. The two main components
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are the Base Platform and the Moving Platform. The Base Platform would later be attached to the
bottom of the rotor-craft and is the reference frame of the coordinate system O. For manipulation
the delta mechanism has three actuated joints atA; which are equally distributed over the plane by
the constant parameter ;. It is worth mentioning that di erent actuation joints are possible but
this con guration allows to hold all actuators close to the rotor-craft which enables better ight per-
formance as described in section 2.3. The actuated joinA; then nests a second coordinate system
Xi:Vi: zi which is shifted from O by OA. For convenient calculation the orientation of the z;  axis

is parallel to the z axis, andy; axis is parallel to the revolving joint axis at A; accommodating

1i-

Figure 3: 3D visualization of Delta Concept.

The connection from B; to C; is formed by a parallel four bar mechanism which contains four

ball joints. It forms the angles 5 & 3 shown in Figure 4. The length of the mechanism can be
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Figure 4: Detailed description of joints and angles. (Similar in [2])

described asr which is the distance to the centroid and can be seen a®A as well asAB which
describes the length of the rst lega. BC is the length of the four bar mechanismb. The point
C connects to the centroid of the moving platform over the lengthh. The centroid of the moving
platform is described by the position vector p. For further investigation of the mechanism the

loop-closure equation for each limb is:

AiBi+ BiCi= OP + PC; OA (1)
2 2 3 2 3
S 3ic( 1+ 2) Cxi
S as( 1+ 2) Csi
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2 3 2 32 3 2 3

Cxi C i si 0zgapx h r
Cyiz=g si ci 0zgpz*a O (3)
Cyi 0 0 1 p; 0

To compute the workspace of a mechanism it is necessary to solve the inverse kinematics. The

delta concept is a well-studied mechanism and a solution for inverse kinematics is found in [2].

3.2.1 Forward Kinematics

For the calculation of the position of the centroid P of the moving platform, in the cartesian
coordinate system ;y; z), depending on the actuation angles 1;; 2i; si, it is required to solve the
problem of the forward kinematics. Due to the pure translational nature of the 3DOF mechanism
the moving platform is always planar. We consider a virtual point K; which is on a parallel plane
to the moving platform and is shifted by length h from point B;. Hence, limb b can be virtually
shifted to the centroid and connects toP. Introducing spheres nesting atK; with the radius of limb
length bit is possible to determine the position of the moving platform depending on the actuation
angles. The intersection points of the spheres represent the possible platform position. The open
loop vector equation 4 is used to determine the position oK; in the original coordinate system.

The intersection points of the three spheres are calculated from the spherical equations 6.

Ki = OAj + AiBj + BiK; 4)
2 3 2 3 23 2 3 2 3
Kxi C i S 0 ( 1 coy 1i) 1 )
KyZ=8 s c; 07 rgoz+a 0 +hgo (5)
K, 0 0 1 0 sin( 1) 0
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Figure 5: Line symmetric schematic of geometry for forward kinematics.

The analytic equation (x x1)2+(y V1)2+(z z1)? = r? describes a sphere with centerxs;y1; z1)
and radius r. Three sphere equations are introduced nesting aK; and radius b shown in equation
6. Solving the non-linear equation system forP results three di erent scenarios. No solution
when the platform is out of reach. One solution if there is only one possible con guration for the
mechanism. Or two solutions when two di erent con gurations for the mechanism exist. For the
last case it is necessary to consider a known initial position of the mechanism to determine which

of the con guration is possible at this instace.

(Px le)2+(Py Ky1)2+(Pz Kzl)z =
(Px Kxl)z'i'(l:)y Ky2)2+(Pz KZZ)2 = I (6)

(Px Kx1)2+(Py Ky3)2+(Pz Kz3)2=b2
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3.2.2 Inverse Kinematics

The Inverse Kinematics describes the relation of the moving platform positionp in relation to the
joint angles of the motors at the base platform. This description is later used to realize a position
control of the moving platform. The input is the desired goal position p of the moving platform
while the output is the angle position for the active joints 1;. This allows an easy position control

of the mechanism as well as workspace analysis, which are described in the next section. To isolate

1i we leave only one term on the left side of 2 and squaring all components in the matrix.

2 3 2 3

Ps? 5ic?( 1+ 2) (Cxio ac 1j)?
P2 sic = CZ (7)

b’s 5is?( 1+ a) (Czi as 1j)?

When subtracting row 1 from row 3 it is now possible to eliminate part of the equation due to

the Trigonometric Identities sin? + cos = 1. Resulting in the following equations.

2 3 2 3
PPs® 5ic®( 1+ 2) (Cxio ac 1)

P sic = CZ 8)
Ps® & (% i+ 2)+ P 1+ 2) (Czi as 1)

Subtracting now row 2 from row 3 in 8 leaves us with an expression only depending on the

variable ;.

b = (Cxi ac li)2 +(C, as li)2 + Cgi ©

Due to the complexsin and cosexpressions in the equation a control in real time with this expression
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is not possible. Therefore, the equation was further simpli ed using the Weierstrass substitutions.

sin( ) = lfittz (10)
2
cos() = 1+ :2 (12)

This results in the following expression which can be executed in real time with low processing

power.
t2

1 2t
1+ t2

b2:(Cxi a 1+t2

)2+(Czi a

)2+ C5; (12)

3.2.3 Jacobian Matrices

For the analysis of the mechanism it is necessary to derive a connection between the angular speed
of the actuators and the resulting velocities of the moving platform. This is done by deriving the
close-loop equation with respect to time [41]. Therefore, the close loop equation 3.2 is rewritten in
vector components. Since the delta robot is extensively studied robot those derivation have been
already shown in [42].

ptr=h+a+h (13)

Di erentiating this equation with respect to time will give us the Jacobin equation. To simplify
the equation we consider that the velocity of any point at the base platform as well as the moving
platform is the same. Therefore, we can derive the expression of the velocity of the moving platform

as:
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Now & & B can be rewritten in form of angular velocities. Which allow then to make the equation

only depending on ;.

v=Ilw &+l B (15)
v=Il% &+l B (16)

We need to get rid of the dependency ot ,; since it is would mean dependency of 5 and 3.

Therefore we multiply everything with B and obtain a triple product with identical vectors.

B v=!lu &+l B0 (17)

6B v=0 = & (18)

This results to the compound form of:

B v=s 30 1i+ 2) VXC i+ WS |
+C 3 WS i+ WC | (19)
+ S 3is( 1+ 2) V2= JixWx t JiyVy + Jiy vy

And this can be written as:

3

S 3ic( 1+ 2)S i)+t C 3C (20)

2
Jix S 3iC( 1it+ 2)Ci) C 3S

HOOCOOOD N

Jiz s ais( 1t 2)
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And the Jacobin J, can be written as:

3

2
Jlx le le
Jp = (21)

J 2X J 2y J 2z

J 3x J 3y J 3z

The calculations on the right hand side of equation 18 are as follows. Sincey; describes the
angular velocity around the resolute joint at the coordinate system it can be simply written as _;

about the x; axis.

2 3
azj i
I~ &= 0 (22)
Axi i
B !~ & = as S 3 (23)
So the soJ can be written as:
2 3
S 2iS 3 0 0
J :ag 0 S 2iS 3 0 (24)
0 0 S 2iS 3
The complete solution can be written as:
Jo¥=J = (25)

3.2.4 Singularities

Form the Jacobi matrices which relate the input speeds with the output speeds we can obtain

singular positions of the mechanism. These positions occur when the Jacobi matrices becomes rank
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defection. These are usually unwanted con gurations since the mechanism losses degrees of freedom.
In order to nd those positions, there are two di erent types of singularities for close-loop chains
[43].

Inverse kinematic singularities

An inverse kinematics singularity occurs when the inverse Jacobian matrix from equation 25 is zero,
hence det( ) =0. When this condition is satis ed the mechanism reaches boundary conditions

or internal boundary limits. Typically, these positions represent locations where the velocity is

directed outside the workspace and result therefore in no movement.

2i =0 or for any of the i (26)

or

3i=0o0r for any of the i (27)

Condition 26 describes the position when limba and b are parallel. This can mean that the arm
is fully extended and the joint is at the pivoting point of going. Or when the leg is fully collapsed
and limb a lies on limb b.

Condition 27 describes the position when the four bar linkage at limb b is completely collapsed
either to the left 3 = 0 or to the right side 3 = . In this position the moving platform is in a
pivoting position and losses a degree of freedom.

Direct kinematic singularities

Direct singularities relate to the Jacobian matrix from equation 21. A singularity occurs when the

determinant of the matrix equals zero. Condition 28 implies that the third column of J, is zero.
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Also Condition 29 eliminates the third column.

3 =0or for any of the i (28)

or

it 2i=0o0r for any of the i (29)

Condition 27 is identical to Condition 28. While Condition 29 describes a singularity plane within
the workspace. The mechanism gets into this singularity when limb b is horizontal. This Singularity

is also further investigated in the Section 3.4.
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3.3 Workspace

\The workspace of robot manipulator is de ned as the set of points that can be reached by its end-

e ector."[44] In this paper we refer to the \end-e ector" as \moving platform", more speci cally the
center-point of the moving platform describes the reached position of the mechanism. Restrictions
to the motion of the moving platform can result from several factors. There are geometric limits in
the reach of the mechanism as well as in the joints of the mechanism. Mechanism can self-collide or
encounter singularities within the workspace. Limitations in the actuation can additional reduce the
reachable area of the mechanism.[45] In this paper we use the discretization method where a regular
grid with nodes around the mechanism is tested whether each node is in reach of the mechanism
or not. Therefore, the calculation of the inverse kinematic from 3.2.2 is used to determine the joint
angles of the mechanism (3;; »2i; 3i) at each node. The workspace consists out of hodes with valid

joint angles which satisfy all conditions described in section.

3.3.1 Reduced Total Orientation Workspace

Since the delta mechanism does not constitute any rotational motion the calculation of the inverse
kinematics results directly in all possible rotation con gurations at this position which represents
the \reachable workspace". Since the mechanism su ers from possible self-collisions and has me-
chanical joint limitations a further investigation is necessary to calculate a reduced total orientation
workspace. Figure 4 shows all angles and helps to understand the next assumptions for the mech-
anism. Due to the mechanical implementation 3 is not able to reach more than 20° from its
centred position. Also, it is not possible to bring the moving platform above the base platform
since this would result in a self-collision. Therefore, only negative z values are possible positions.
Another restrictions are singularities obtained in section 3.2.4. The extreme positions of complete

extension as well as complete contraction needs be avoided and is governed by condition 32. Fur-
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ther the singularity plane, shown by equation 33, in the middle of the workspace also represents
unconditional positions which needs to be avoided. The singularity on O< 3 < 180 is already

covered by condition 31 described above.

Z < O(self-collision) (30)

3 =90° 20°(joint limitation) (31)
0> 5 < 18C°(extension and contraction singularity) (32)
( 1 + 2i) = 180°(singularity plane) (33)

The inverse kinematics is calculated and only nodes which full- [l the above-mentioned requirements
are stored as valid positions. The resulting area is described as reduced total orientation workspace

shown in Figure 8 and 10 (green).

3.3.2 Generic Geometry

The objective of this paper is to develop a delta mechanism geometry which can convert between
landing gear and manipulator. The rst approach was to pick a delta mechanism which allows to
bring the moving platform below the base platform. To obtain this con guration the length ratio
between the rst limb a and the second limbb is picked to be equal. The con guration of this

geometry in manipulation con guration is shown in Figure 6 below.

length | unit in [mm]

r 105
h 35

a 220
b 220

Table 2: Dimensions of generic, non optimized geometry
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Figure 6: Delta robot with non-optimized geometry.

When the moving platform is then borough closely blow the base platform, the mechanism has
transformed into landing mode. In landing con guration, the ends of the rst limbs a are providing
contact points to the ground and establish a tripod geometry. Further the actuation of the rst
joints 41; allows height adjustment of the contact points. The capability to adjust three contact
points is su cient to de ne a plane and therefore, allows to adjust to any landing surface. Further
it can be stated that as soon as three points are in contact with the landing surface the position
is fully geometrically de ned, shown in Figure 3.3.2. This property is used to determine if a stable

landing position is reached. To evaluate feasibility and performance of this concept a rst workspace

Figure 7: Tripod recon guration during ight & adaption to uneven surfaces for landing.

calculation is done. With the use of the described Reduced Total Orientation Workspace all possible
positions of the moving platform are calculated. Figure 8 shows the nal results. The green area
represents the reachable workspace and the anchor-points of the rst joints are shown for better

special orientation.
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3.3.3 Evaluation of Workspace from Generic Geometry

The workspace calculations show that a great range in the z-Axis. The mechanism can reach from
0 mm up to -450 mm below its base platform. Further it is shown that the workspace is limited
in the x-, y-Axis. It can only reach about 50 mm in each direction. This is mainly caused by
the passive joint limitations 3 which only ranges between 20°. Most notable is the interruption

of the workspace between -200 mm and -100 mm. This is caused by the singular position when
(2+ 2)> 180.

Since there are no valid position in this range, a transfer of the moving platform from the lower
area to the upper area and vice versa is not possible. This represents a major limitation of the dual-
function properties of the mechanism. An operation in the landing con guration (moving platform
in the upper area) as well as operation in pure manipulation (moving platform in lower area) is
possible yet a transfer from one mode to the other mode would require a crossing of a singularity
plane. Theoretically it is possible to overcome this singularity by transferring the area with great
speed by using the inertia of the moving platform to quickly cross the area-of-no-control [46]. This
method of overcoming the singularity has been tested but lacks practical implementation. In the
singular position additional rotational motions of the moving platform are possible. When swinging
the platform through this area it is possible to reach a di erent rotational con guration. This event
is hard to control and especially during an in- ight situation with unpredictable accelerations in
all directions particular hard to manage. Another downside is that once the moving platform is
rotated away from its planar position the mechanism can not recover and remains in this unwanted
con guration. After conducting several tests this approach has been therefore deemed not to be
promising. A more reliable and stable solution needs to be developed to ensure safe transmission

between the operation modes.
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Figure 8: Reduced Total Orientation Workspace calculations with non-optimized geometry (a = b).
3.4 Singularity free Workspace for Recon guration

In order to allow a safe recon guration of the mechanism between manipulation and landing mode,
the main objective of the optimization is to eliminate the singularity in the middle of the workspace
shown in Figure 8. A geometrical analysis is carried out to understand the relation between the
dimensions of the mechanism and the appearance of this crucial singularity. Figure 9 shows a 2D
schematic of one leg of the mechanism. The problematic singularity occurs when {; + ) = 180°
for a better visual description this can be characterized as the pose when limib is horizontal.
Thus, the approach is to mechanically avoid limb b reaching the horizontal con guration. In the
left schematic illustration, the condition is shown which describes a possible con guration when
b can reach the horizontal position. The geometric condition of this con guration is described as
b b whereb = a+(r h). Inthe boundary condition of (b= b ) b would be exactly horizontal

when limb a reaches its maximum distance from the originO. From this observation it can be stated
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that for:

b>a+r h (34)

the condition ( 1+ 2j) = 180°is geometrically impossible. This condition assigning the mechanism

with a non-interrupted workspace.

Figure 9: Line symmetric schematic of optimization of geometry. (left with singularity, right without
singularity)

The size of the moving platform r is typically chosen to be smaller than the base platform.
The author recommends a ratio ofr = h=3 as and educated assumption which has not been further
investigated. With the described conditions for the attachment to the ight vehicle it is now possible
to fully de ne all geometries of the Manipulander based on the rotorcraft given. In this paper we
present the calculation for the DJI Matrice 100 drone. The only dimensions necessary are the
diameter of the wheelbase and the diameter of the main body. Consequently a optimized geometry
for the mechanism was developed. For the realization of the dual-functioning of the mechanism

limb a was picked to optimize the workspace. To satisfy the boundary condition 34 while using
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previous dimensions 2, lengtha was determined to beb > 290. To ensure safe operation under all
conditions length a is with 300 mm 4% bigger than necessary. Other dimensions remain unchanged.
The achieved optimized geometry shown in Figure 16 has a continuous workspace but further
changes are necessary to satisfy the dual-functioning capabilities. When the moving platform is
brought to the locking position below the base platform, limb a is folded upwards. Hence, without
further changes, the ends of limba are no longer able to function as landing contact points. Later
prismatic joints are introduced to extend and retract limb a shown in Section 3.5.1. This additional
degree of freedom will only be used to transform the mechanism from a manipulator to a tripod
landing gear and remains retracted and locked during manipulation mode. In consequence only the
retracted con guration of limb a is considered for the workspace calculation, shown in Figure 10.
A guideline to calculate all dimensions depending on the given rotorcraft is presented in Table 3.
This calculation refers to a mechanism which is in manipulation mode, hence limka is retracted.

With the guidelines shown in the table it is now easily possible to calculate the basic dimensions of

Rotorcraft DJI Matrice 100 calculation unit in [mm]
w - 650
m - 210
Manipulander calculation | unit in [mm]
r m/2 105
h r/3 35
a w/2-h 220
b > a+r-h >290

Table 3: Dimensions of Manipulander depending on rotorcraft geometry. Lengtha is retracted.

a Manipulander mechanism for any rotorcraft dimensions. The next section presents the workspace

calculation of a Manipulander designed with the presented dimensions from Table 3.

3.4.1 Evaluation of Workspace from Recon gurable Geometry

When the inverse kinematic is calculated with the new geometry and the condition for the Re-

duced Total Orientation Workspace are applied, we are left with the workspace. The workspace
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calculations with the new dimensions are shown in Figure 10. The maximum reach in z is like
the workspace of the generic mechanism. The reach in x- and y-axis remains unchanged. But, as
predicted, the workspace is continuous, and the lower platform can be navigated below the base
platform without crossing a singularity plane. At it centre the mechanism can come close (-80 mm
in z) to the upper platform which is used to convert between manipulation mode and landing gear
mode. On the top right side next to the workspace calculation is an illustration of the mechanism
reaching the upper position where a locking mechanism keeps it in the central position to eliminate
all DOFs. The lower illustration shows the mechanism performing normal 3DOF manipulations

while the length of limb a remains retracted.

Figure 10: Optimized continuous workspace withb=300; b>b .
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3.5 Tripod Landing Gear Kinematics

The optimized geometry creates a continuous workspace and allows to manipulate the moving
platform right below the base platform, but it also changes the geometry in a way that limb a is
unable to be utilized as landing leg. An additional passive prismatic joint with a locking mechanism
is introduced to limb a. Further a locking mechanism to lock the moving platform below the base
platform is added. Unless for the conversion to the Landing Mode, limba always remains retracted
and the prismatic joint is locked. To convert from common delta robot manipulation to Landing
Mode the moving platform is brought centrally close to the base platform where the new locking
mechanism locks it in place. Once the moving platform is locked, the mechanism loses all DOFs
and is fully constrained. Figure 11 shows the kinematics when the mechanism transformation into
the landing mode. Since in this con guration C; is locked the 4-bar parallel mechanism at limb
b is replaced with a simple rod connection and the mechanism is treated as planar. With these
simpli cations it can easily be state that when the prismatic joint in landing mode is locked, the
mechanism loses mobility. Once the prismatic joints are unlocked each leg gains an additional DOF,

which allows it to rotate clockwise downwards to form the landing legs.

X
M =3n @ f)=3(N 1 j)+ f (35)
i=1 i=1

" prismatic joint unlocked: j=4,n=3, M =1
" prismatic joint locked: j=3,n=2,M=0

Since the motion of this kinematic chain is interdependent the actuation motors for the manipulation

at 3j can also be used to control and sense the legs motion in this landing mode.

30



3.5.1 Forward Kinematic of Landing Mode

In order to allow for the actuation of the landing leg, it is necessary to investigate the kinematics
of this recon gured mechanism. Especially for the safe guarded landing control in section 4.2 it
is required to sense the position of its legs as a function of the encoder at;. The calculation

of this forward kinematic is as follows: Since pointC; remains in a de ned position it is used as

Figure 11: Line symmetric illustration of kinematics when recon gured to Landing Mode.

centre-point to sweep a sphere with the radius of the xed lengthb shown in Figure 11. This sphere
represents any possible position of limtb. Since the angle but not the length of limb a is known, it
is represented by a ray nesting atA; and direction from unit vector | (de ned by ). The ray is

used to intersects the sphere aroundC;, shown in equation 36 with the following parameters:

" @ - distance along line to intersection from starting point.

" I} - unit vector from A; indicating direction of ray.

~

b - radius of sphere
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iAi+a i Gj*=1 (36)

Sincel represents a unit vector with length one we can simplify to:

p
a = (I (O C)) (i (O GC)?jj O Gj2+1? (37)

were g; represents the length of the telescopic limb betweer; and B;. Which is used to calculate

the position of Bqrg; in the original coordinate system whereT; is the translation matrix.

2 3
C i S 0 (r h)
S C i 0 0
Ti = (38)
0 0 1 0
0 0 0 1
Borg; = Ti (Ai+ & 1) (39)

3.5.2 Inverse Kinematic of Landing Mode

In this chapter we solve the inverse kinematics when the mechanism is in its landing con guration.
For the inverse kinematic is the position of B; given and we are searching for the corresponding
angle 3;. Since the mechanism of the leg can be seen as a planar mechanism dhdis only moving
on a xed circle around C;j, there are only a limited amount of valid position for the landing leg and
we would have always to use the exact correct coordinates for the inverse kinematics otherwise the
calculation would result in an error. Hence, it is not practical to solve the inverse kinematics with

a speci ¢ XYZ-coordinates of Borg, and we use instead only the Z-coordinate which represents the

height of the moving leg B;, in respect of the Base platform. After providing the Z-coordinate the
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kinematics will nd the only valid point on the landing leg trajectory and return the corresponding
angel ;i and the X,Y-coordinate of the landing point Borg;. The inverse kinematics calculations
start at the coordinate system nesting at Point A;. From here a circle with the radius of b and the
centre point at C; marks all possible points on the trajectory ofBi. To nd the right position to the
given leg height of B; we intersect this circle with a horizontal line. The line illustrates all points
with the given height of Legend B; and can be described ag = B,. The quadratic equation below
will now result in the unknown x value of Bj. Because of the quadratic nature of this equation it can
result real or imaginary values. Imaginary values can be discarded since they represent positions
outside of reach of the landing leg. The real values can be distinguished between a single or a double

real value which represents one or two intersections points on the circle.

(Bi, Ci)?+(Bi, GCi,)?=1 (40)

To decide which value to use when the equation results in two values we can easily only use the
solution with positive values Bj, since negative X-Values would mean that 1; is extended more
than 55° which is mechanically not possible. This can be seen in Figure 11. Now as soon as the
given Z-Coordinate results in a valid position all coordinates ofB; are known. (Y-coordinate of the
endpoint is in respect of the coordinate system nested af; always zero since the landing mechanism
can be considered planarB; = ( Bj,;0;Bj,). The angle at j; can now be calculated as follows:

Bi,
Bi,

1i = arctan(

) (41)
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With the use of the transformation matrix from equation 38 we can converter the results ofB; in

the original coordinate system getting Borg; for each leg.

3.5.3 Conclusions Tripod Landing Gear Kinematics

With the complete inverse kinematics, we can calculate the positions of the landing leg. We can now
present the basic dimensions of the landing gear in retracted (compact ight mode) and extended
(landing mode) position. The Table below shows the basic dimensions. The maximum reach of
the landing leg in z direction is from 0 to 260 mm. The angel for the extended con guration is
particularly crucial for the landing gear behaviour and stability of the landing position. Due to the
limited scope of this project the angle was set as an educated guess to°5%hich demonstrates as
compromise between a bigger clearance below the rotorcraft and stability of the landing position.
A bigger angle would, therefore, allow for a better adaption to the landing surface where a smaller
angel would decrease the span of the landing gear which leads to a more unstable landing position.
To determine the optimal landing angle further investigations are needed. The current con guration
will allow the landing gear to compensate for angels of up to 23% or objects with up to 225 mm

height considering 35 mm as safety bu er between rotorcraft and ground.

Status of Landing Gear Dimensions
Retracted i =0° a =220 mm | Bj; =0 mm
Extended 1) = 55° a =307 mm | Bj; =260 mm

Table 4: Basic dimensions of Landing Gear con guration - Centroid P of moving platform is me-
chanically locked 80 mm centrally below the Base platform. Shown in Figure 11

Additional limitations are to consider when landing on uneven ground. Even if the landing gear
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compensates for the slope of the ground it is only practical to compensate for slops to up to a
certain steepness. The friction between the ground and the landing gear contact points allow to
calculate the maximum angle until the rotorcraft would slide o the slope. A typical friction factor

s between rubber and wet asphalt ranges between 0.25 and 0.75 [47]. The following equation let
us directly calculate what the maximum slope angle could be before the system would slide o the

slope.

m g sin = s g cos (43)
sin( ) _
cos() - an( ) (44)
arctan(0:25) = 14° (45)

So, it becomes evident that the capabilities of the mechanism to compensate for up to 2are
more than su cient. Depending on the material paring, it would be unsafe to land on slopes with
inclines of 23. We showed that with a material paring of rubber and wet asphalt, a landing would
only be possible to an incline of 14 This shows that the ability to compensate for slopes is more

than given with the current mechanism.
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3.6 Recon guration of Mechanism

This section describes how the mechanism uses recon guration to gain dual functioning as Manipu-
lator and Adaptive Landing Gear. The Compact Flight Mode is seen as the default position of the
Manipulander since it o ers conversion to each con guration. Figure 12 shows how the mechanism
can be converted. The compact ight mode is the default position. From here, the mechanism can
be converted into Landing Mode or Manipulation Mode. In the following the transformation to the

di erent con guration is described and characteristics of each mode are shown.

Figure 12: Recon guration of Mechanism between Manipulator and Landing Gear.

3.6.1 Compact Flight Mode as Recon guration Position

In Compact Flight Mode the legs of the mechanism are fully contracted and the moving platform is
in its central locking position below the base platform illustrated in Figure 13. Since the telescopic
joints on limb a are locked as well, the mechanism is fully geometrically de ned and has zero DOF.
Hence, the actuation motors on 4; can be deactivated. This position represents the default position
of the mechanism and allows the direct conversion into 3DOF Manipulator or Adaptive Landing

Gear. Using this con guration for ight holds additional advantages, in summery as follows:
~ Direct recon guration to 3DOF Manipulator or Adaptive Landing Gear

" Lowest energy consumption due to deactivated actuators
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" Masses closest to rotor-craft for best maneuverability

Best aerodynamically characteristics

" Smallest geometrical food-print

Figure 13: Compact Flight Mode for energy saving and recon guration of mechanism.

3.6.2 Landing Mode

From the Compact Flight Mode, the mechanism directly recon guration to the Pre-Landing Mode.
Since the locking mechanism attached to the base platform ensures that the moving platform stays
in this position, by unlocking of the prismatic joint, each leg's kinematic chain develops one DOFs.
This enables the extension of the prismatic joints as the leg rotates downwards, driven by the motors
at 1;. This motion stops when the prismatic joint becomes fully extended. In order to ensure that
each leg is able to adapt to uneven surfaces, the limbs remain unlocked in this pre-landing stage.
Each endpoint of the prismatic limb is a contact point for the landing gear shown in Figure 15. The
actuation Motors exert a minimum torque to the legs for better in- ight control of the extremities

as well as dampening of the landing impact. The control for the adaptive landing is described in
Section 4.2 where the adaption to uneven surfaces is described in detail. The conversion process is
illustrated in Flowchart 14 below. The landing gear con guration holds additional advantages, in

summery as follows:

~ Adoption to uneven surface

" Determining unsafe landing condition
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Figure 14: Flowchart describing the conversion to Landing Mode

Stable tripod geometry

" Lowest energy consumption due to deactivated actuators

" Dampening of legs can be used to absorb impact energy

Figure 15: Adaptation to uneven surfaces in Tripod Landing Con guration.

3.6.3 Leaving Landing Mode

After lift-o, once the mechanism is in midair, the conversion from tripod con guration to the
manipulating geometry is reversed to what is described above. The prismatic joints unlock, and the
motors at j; rotate limb a while retracting its prismatic joint. In the end position of the prismatic
joint, the locking mechanism locks limb a from extension and the mechanism is converted back to

its Compact Flight Mode, shown in Figure 13.
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3.6.4 Manipulation Mode

To bring the mechanism into Manipulation mode, it is necessary to release the moving platform
from its looking position. When the platform is released the mechanism gains 3DOF and represents
a customary delta mechanism. To maneuver the moving platform to the manipulation position
shown in Figure 16 the inverse kinematics described in Section 3.2.2 can be used to determine the
actuation angles on ;;. A position control (Section 4.1) is introduced to allow controlled movements
with constant velocity. Due to its parallel design the delta robot holds great advantages for the
application attached to a rotor-craft. As all actuators remain during actuation in the same plane
very close to the rotor-craft, the delta mechanism has very small moving masses. This minimizes
the disturbance of the rotor-craft ight behaviour during manipulation of the moving platform. The

delta mechanism holds additional advantages for aerial manipulation, in summery as follows:

~ Low moving masses, therefore, less disturbance of rotor-craft ight behaviour.

" Low energy consumption

" Precise manipulation

" High velocity

" Wide reach below rotor-craft for distant manipulation

Figure 16: Manipulation Mode as Delta Mechanism allowing 3DOF.
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3.6.5 Leaving Manipulation Mode

After manipulation or when an object needs to be transported over longer distances, the mechanism
is brought back into its default con guration, the Compact Flight Mode. Due to the continuous
workspace, the moving platform can be brought from any position of the workspace below the base
platform and be locked in place. When objects need to be transported over long distances this
allows for signi cant energy savings since the actuation motors can be deactivated and the freight
is mechanically locked below the base platform. The prototype in Figure 50 and the accompanying
video show a cable connecting the moving platform and the base platform. A winch at the base
platform is used to help bring the moving platform below the base platform. This serves several
purposes: it increases payload and compensates for low accuracy of the prototype when the moving
platform is brought to the compact ight position, and in combination with a circular dock below

the base platform, it serves as the locking mechanism for the compact ight mode. The winch
mechanism is also shown in Section 5.2.3. However, the delta mechanism is able to bring the

moving platform into the locking position without the use of a winch.

3.6.6 Conclusion of Novel Recon gurable Delta Robot Mechanism

In this section a new mechanism was developed which is particular designed for aerial application.
The advantages of each operation modes where shown and the con guration strategy between
the modes is explained. It integrates a delta manipulator with an adaptive tripod landing gear.
The Adaptive Tripod Landing Gear convinces with its compensation for uneven surfaces and a
stable geometry while the Manipulation mode can use the advantages of the classic parallel delta
manipulator and its high velocities and low moving masses. The recon guration position, which
is taken during longer ights, holds the assembly without further energy consumption and reduces

aerodynamic drag due to the compact con guration.
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3.7 Finite Element Analysis

In this section we investigate the structural integrity of the mechanism. The von Mises yield criterion

is used to determine critical areas of the mechanical design and possible ways to optimize the design
to reduce weight without compromising stability. Van Mises is a computational method which allows

to convert principal stresses 1; » into a scalar values . This allows to compare the computed
results to the yield strength  of the speci ¢ material [48]. In this very basic stress analysis, we
only simulate static structural loads to get a basic understanding about the structural stability
and week-points of the mechanism. Both operation modes, Landing Mode and Manipulation Mode
were simulated to investigate the fundamentally di erent load scenarios of manipulation payload

and landing the rotorcraft on an even ground.

3.7.1 Stress Analysis Manipulation Mode

In this scenario we simulate the manipulation of payload. Since the payload is mostly restricted
by the lifting capabilities of the rotorcraft, we assume the payload to be 10 N which is equivalent
to roughly 1 Kg of payload. A static force of 10 N downwards describes a typical situation where
payload is held in the centre of the workspace while no accelerations occur. The Base platform
is therefore xed, and the only force applied to the mechanism is the force caused by the payload
vertically downwards towards the ground. In this scenario the maximum stress occurs in the par-
allel bar linkages between the moving platform and the ends of limba shown in the gure below.
Comparing the van Mises stresses to the maximum tensile stress of low qualityy, ABS polymer

at 46 MPa we can see that we archive a safety factor of 27. Hence, we can assume that the static

stress in the Manipulation Mode is uncritical and does need to get further investigated.
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Figure 17: Von Mises Stress Analysis of Mechanism in Manipulation mode.

3.7.2 Stress Analysis Landing Mode

This scenario describes the mechanism during a landing on an even surface. To make a realistic
simulation there are some assumptions made. The used DJI 100 Matrice setup has a maximum take-
o weight of 3.6Kg. In order to simulate a rougher landing, the occurring forces are calculated as if
the platform would fall out of 0.4 m height. One of the interesting features of the adaptive landing
gear is that it allows to absorb part of the impact energy since limba can rotate adjusting the
landing leg height. This allows to absorb impact energy with the motors at ;. In this calculation
this is accounted for by a compression of the landing gear bgcomp=10 cm. With this assumption

we come to an average impact force at the landing gear legs &f,.=141N. Hence, in the simulation
we use 50 N at each leg. The simulation is set up such that the Base platform is xed, and the

force is vertically applied at the landing legs. The simulation setup is shown in in Figure 18.

m = 3.6 kg; h =0.4 m; deomp = 0.1 m

Epot =m g h
Fave= G2
Fave = 141N

The results of the simulation show the highest stresses in the parallel linkages similar to the
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Figure 18: Von Mises Stress Analysis of Mechanism in Landing mode.

results from the simulation of the manipulation mode. But in this scenario the stresses are order
of magnitude higher then stresses simulated in the manipulation mode. The maximum van Mise
stress is 22 Mpa which would only result in a safety factor of 2 if we would use ABS polymer for
the parallel linkages. Therefore, it is recommended to use stronger materials like the commonly
used 6061 aluminum for those parallel bars. This aluminum has a ve times higher yield strength

with 120 MPA. This results in a higher safety factor of 5.4 for the mechanism. The later build

prototype uses due to the lack of availability of aluminum rods, steel rods as connecting elements

which provide even higher strength but add unnecessary weight.

3.7.3 Conclusion Finite Element Analysis

This analytic study shows that the currently designed mechanism provides su cient structural
stability with a safety factor of 5.4 for static loads. Therefore, this mechanism can be used to
construct a physical prototype. Since the simulations of the Landing Mode results in order of
magnitude higher stresses than the Manipulation Mode further weight optimization only need to
consider stresses caused by the landing of the rotorcraft. This is an important advantaged since this
allows to weight optimize the dual-functioning system as if it would be a regular adaptive landing
gear. Simpli ed it can be stated that the Manipulander does not need a higher structural integrity

then regular adaptive landing gears which could bring future designs to similar nimbleness.
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4 Control

This Section will give a detailed description of the control of the mechanism both of the adaptive
landing and the manipulation mode. In the rst section is the motion control of the manipulation
mode explained. It covers the trajectory generation and gives an outlook for improvements. In
the following is the control of the Landing Mode investigated. While the basic work principle is
described, a closer look is given to the Safe Guarded landing feature which prevents the rotorcraft
from landing on dangerous slopes. Here are the Reaction Torque on the Rotorcraft during Self-
leveled Landing investigated. Further is the ability of the adaptive landing gear to absorb impact

energy during rough landing explained and in calculations elaborated.

4.1 Trajectory generation for Manipulation Mode

The trajectory generation is based on an initial path speci cation which provides the control with
initial and goal position in Cartesian coordinates. In the Cartesian space is then a third-order
trajectory calculated which ensues smooth transition between positions. All positions on this path
(Cartesian space) are then transformed to the joint space using the inverse kinematics from Section
3.2. When all positions lay within the workspace and no unreachable joint positions are detected
numerical methods are used to calculate angular velocity and angular acceleration to provide the
motor controller with a full set of instructions. This process is shown in Figure 19 which illustrates
a owchart for the trajectory generation. The following paragraph then describes the trajectory

generation and explains it on a general example.

4.1.1 Path Speci cation

The presented trajectory generation is an easy to implement Cartesian-based path-generation for

the manipulation mode. The method uses a point to point trajectory where the moving platforms
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Figure 19: Flow chart of trajectory generation.

is moving along a straight line connecting a starting position A with the goal position B via the
shortest path. In the following example we demonstrate the path planning for a motion between start
point A [0,0,-100] to the goal position B [30,30,-500]. Figure 20 shows the mechanism performing a

Cartesian straight-line motion [49].

4.1.2 Generation of Third-order position trajectory

Smooth motions are essential to reliable robot manipulation. Unsteady trajectories can decrease
the system lifetime but manly lead to a reduction in the accuracy of the manipulator [50]. A third-

order trajectory is used which increases precision due to zero velocity endpoints while the moving
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Figure 20: Manipulander performing point to point trajectory from point A to B.

platform accelerates steadily. For the generation of a trajectory an average speed for the moving
platform needs to be speci ed. In this example this parameter is conservatively chosen to be, =

20 cm/s. This reduced limit protects the actuators from reaching their performance limits. The
controller is set to operate with only 20 Hz. For the trajectory now several parameters need to be
calculated. In a rst step vector @ is calculated, connecting start and endpoint 46. This vector is
then used to determine the distance between the points. Using, the theoretical time time to reach
this position 47 is calculated. Due to the incremental approach of a controller the moving platform
likely does not reach exactly the desired position since the controller frequency (20 Hz) limits the
positing increments to 0.05s. Nevertheless, results come very close to the desired position. In this
example the calculated theoretical time ist; = 2.01s while the time to complete the trajectory for

the controller will be t. = 2.0 s.

B A=d (46)

9 _ 4 =2:01 (47)
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Now that the time to perform the trajectory is known the third-order trajectory can be calculated.

The equation for a third order equation is known as:

d(t) = ast®+ axt?+ agt + ag (48)

The function describes the distanced of the moving platform along a straight line in respect to
time t. To de ne this equation, it needs four boundary conditions. In terms of positioning it is
known that at time zero the moving platform has not traveled any distance from the starting point,
thereforejdj = 0. Attime t. the moving platform has traveled the full length of vector @. Therefore,

the condition for the equations are as follows for the start and end position:

d(0)=0 (49)

d(tc) = jdj (50)

When equation 48 is derived in respect to time it leads to the velocity of the moving platform.

Which can be written as follows:

d(t) = 3ast’> +2ast + ay (51)

The velocity equation allows us to de ne additional boundary condition describing the end point
velocities of the trajectory. In order to precisely reach the endpoints and to generate a smooth

transition to the end points we de ned the endpoints as zero velocity locations:

d) =0 (52)

47



ditc) =0 (53)

Now we can de ne all unknown factors to determine the third-order trajectory path which will

perfectly transfer the moving platform between the positions.

a=xa=0
a;=0

5 (54)
2= S(d(t)  d(0)

2= St d0)

Figure 21: Angles of actuators during trajectory from point A to B.

To create the trajectory, the third-order function d(t) describing the traveled distance, needs to
be converted into a trajectory containing Cartesian Space (xyz) information. A numerical approach
is used to nd this information. Only points within the controller time step are considered, therefore

the time points are t = 0:05s apart leading to t;=0:05 elements fort. At rst the di erence between
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adjoining elements from d(t) are calculated leading to an array of incrementss(i) wherei =t 1.

si)=d(i+1) d() (55)

Figure 22 illustrates the length of each segment calculated from the third-order trajectory. A di er-
ent way to look at this approach is to see the di erent segment length as the velocity of the moving
platform. This is can be compared to Figure 23 where velocity and acceleration were algebraically

derived and plotted from the third-order trajectory equation. The velocity and acceleration of the

Figure 22: lllustration of array s which holds the segment length of each step.

moving platform can be directly calculated from the position data shown in Figure 23. Since the dis-
tance equation is a third-order equation velocity of the moving platform is as expected a quadratic
equation while the acceleration is rst order equation. This shows that the trajectory provides a
very smooth transition of the moving platform since the acceleration is absolutely steady. Further
can this information be used for dynamic modelling which is not covered in this thesis. Unfortu-
nately, an easy derivative of the distance equatiord(t) is not su cient for the motors since they can

only use information in joint space. To get the joint space information for the motor controller, we

need to generate a vectos(i) which contains the distance between each position and when sent to
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the controller with the prede ned frequency, a trajectory with the acceleration and velocity de ned

in the third-order equation is formed. Since s(i) describes the section length of each time step along

Figure 23: Comparison of the segment length to moving platform velocity and acceleration between
point A and B.

the trajectory path. We can calculate the trajectory in form of an array of positions pogi) (xyz)
along the straight path between point A and B. Starting with the initial position A each pog(i) is
calculated by multiplying the unit vector “u with the ith increment of the section length arrays(i).

Calculating an array of positions describing the third-order trajectory is written as:

0= E ;
i
pos1) = A ; (56)

pog(i +1) = pos(i) + U s(i) ;

This calculation leads to pog(i) 3x(i+1) trajectory array which starts at position A. This trajectory

is visualized in Figure 24 where the unit vectoru'is illustrating the distances between each controller
step. With the generated position array pog(i) which represents start and end position but also
contains the timing, it is now possible to generate the joint positions forthetas; without worrying

about a smooth transition between the positions.
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Figure 24: lllustrating trajectory generation with unit vector and step length s(i) along the path.
4.1.3 Inverse Kinematics to joint space

Using the inverse kinematics from Section 3.2.2 we can now generate to arrgos(i) a corresponding
array of joint angels (i) ( 11; 12; 13). With the help of the inverse kinematics, it is possible to
determine whether the mechanism will cross an unpermitted area like a singularity or try to operate
outside the workspace. If points outside the workspace would be in the trajectory an error is send
back to the control requesting for a di erent Start and End point. The generation of the trajectory

in joint space the inverse kinematicsinv () calculates from each element of the position vectopog(i)

from the previous section the corresponding joint angles (i) ( 11; 12; 13)-

(i) = inv (pos(i)) ;

ONGEEYS (57)
t

TONE(IE N
t

(i) =

(i) =

After all positions are converted into joint space the numerical derivative is used to determine the
angular velocity i) while a second derivative determines the angular acceleratiofi(i). This allows
us to get all values of the motor controller without use of the Jacobin and the Jacobin Pus. But the

method has some limitations. When we use the numerical derivative, the resulting vector is always
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1 element shorter than the original vector. This is inherent to the method since only the di erences
between the positions are calculated and an average rate of change is calculated. This leads to the
issue that it is not possible to determine the exact speed at time 0 or the end position of the vector.
To overcome this issue of not matching vectors length we insert known positions at the end and the
beginning of the vector to match the result to the boundary condition of the trajectory. The angular
velocity is requirement to be zero at the start and end position. Therefore, the approach is to add
points to the angle array to get a velocity array of the same length with velocity zero at the ends.
Since di erence between the two points is used to calculate the speed two points with the same
position next to each other suggest zero speed between this position. Therefore, the second element
of the angle array is overwritten to be the same as the rst element. Then the a new element of
the same value as the last element is added to the angle array shown in equation 58. This leaves us
with us with an i+1 long position array. When this array is then derived it will result in an angular

velocity array with i elements where the rst and the last value is zero.

(i) = inv(Pog(i)) ;
(i+1)= (i) (58)

(end+1) = inv(B)

Figure 25 plots the position array (i) with i+1 elements. The rst section of the graph shows the
inserted plateau to achieve zero angular velocity at the beginning. Figure 26 show the resulting
angular velocity where unsteady behavior at the beginning and the end is visible.

In order to get the angular acceleration, we need to derive the angular velocity vector which
results in a i-1 long vector. Unfortunately, the value of the angular acceleration at the end is
unknown and cannot be easily inserted. Therefore, the most rudimentary approach is taken to just

copy the value of the last acceleration and extend the array by one with this value as shown in
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Figure 25: Angles of actuators during trajectory from point A to B with added positions at beginning
and end.

equation 59. The resulting of this operation is shown in Figure 26.

*(end+1) = °(end); (59)

4.1.4 Conclusion of Trajectory generation for Manipulation Mode

The presented controller for the manipulation mode demonstrates a simple but e cient way to
control the moving platform motion. It e ciently calculates a trajectory for point to point straight

line motion. Since this implementation only covers a very basic implementations there are a few
noticeable limitations.

Limitations:

Due to the numerical generation of the angular velocity and angular acceleration the values at the
end positions cannot be determined. This can be seen in the unsteady graphs shown in Figure 26
and 27. Resulting in slight unsteady behaviour of the moving platform at the end and the beginning
of each end position. Even-though those irregularities are minor and just last t = 0:05s it would

be easily possible to use post processing like smooth functions to reduce the irregularities. Since
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Figure 26: Angular velocity of actuators during trajectory from point A to B. Beginning and end
shows unsteady behaviour due to the manipulation of the angle array.

after testing those sudden speed and acceleration changes where due to the inertia of the system
not noticeable and the system was running on a simple microcontroller further post processing was
not implemented.

Future implementations:

Since the control allows in this state only point to point straight trajectory with constant speed

a newer version should allow for more complex path planning. For aerial application the dynamic
behavior is especially crucial since it impacts the ight behavior of the rotorcraft. Therefore, it
would be necessary to implement a dynamic controller which allows to plan for motions of the
moving platform. A base for this work could be found in [51] where a simpli cation of the dynamic
equations of the delta robot are found to perform real time control. Another interesting new aspect
for the control of the motion control of the moving platform would be an integration of a path
optimizing algorithm. This would also allow to avoid obstacles in the workspace which could be

bene cial for the aerial application [52].
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Figure 27: Angular acceleration of actuators during trajectory from point A to B.

4.2 Adaptive Landing

In this section several aspects of the landing mode are investigated. The principle of the adaptive
landing is explained in rst section while the following section explains the control of the motors
and investigates the reaction torque on rotorcraft during the self-leveled landing.

At this stage of the research the rotorcraft controller and the manipulander control operate inde-
pendently. For the self-leveled landing it requires the ight controller of the rotorcraft to balance
the ight vehicle in a horizontal position. The ability to counteract external disturbances di ers
greatly between rotorcraft type and design of the ight controller. To simplify the problem, it is a
main objective to keep the disturbance during landing to a minimum while it is assumed that the
rotorcraft is capable of balancing the system during the landing sequence. For later research it is
recommended to design a dynamic ight controller incorporating the manipulander control into the

rotorcraft.

4.2.1 Adaptive Landing Sequence

For the Adaptive Landing the unlocked prismatic joint allows a rotary motion of limb a enabling

for independent height adjustment of each leg to accommodate uneven surfaces. While the rotor-
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craft is lowering to the ground, it remains in a horizontal position as does the base platform of the
mechanism attached to it. Tactile contact sensors at the end of each leg detect ground contact.
When a leg touches the ground it, will not lock its position until all three legs have contact as the

rotor-craft continues to lower. If for example the ground is perfectly planar, all three legs will touch

Figure 28: Flowchart describing the Safe Guarded Landing sequence.

down simultaneously and will lock instantly upon contact. This continues until either all three legs
have made contact with the ground, thereby locking the legs in position, or until the mechanism
reaches an impermissible angle , meaning the ground is too uneven for safe landing. In this case
a signal can be send to the rotorcraft controller to aboard the landing. When the rotorcraft has
determined a safe landing position locking of the prismatic joints allows to deactivate all motors
for energy preservation. This sequence illustrated in the owchart in Figure 28 ensures that the
rotor-craft remains in a safe, horizontal position even when landing on uneven surfaces. An example

of a rotor-craft landing on uneven surface is given in Figure 15.
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4.2.2 Calculation of Landing Angle for Safe Graded Landing

For the calculation of the landing angle it is necessary to determine the position of the contact

points (B1; B2;B3) shown in Figure 29.

Figure 29: Determination of Surface plane and Landing Angle .

These three points de ne geometrically the surface plane which is then used to calculate the
slope with respect to the drone base platform. After calculation of the position of the leg ends
Bi, using the inverse kinematics from Section 3.2.2, the normal surface vectors is calculated,
characterizing the landing surface. Using the cross product with the base normal vector,, de ned

by the z-axis, we receive the Landing Angle with respect to the rotor-craft, see equation 60.

jAy  Asj
fp As

coy )= (60)

The geometry and the physical design allow for a maximum landing angle of up to 23°. Steeper
angles are not desirable since it reduces the ground clearance and incenses the risk of interference
of the mechanism with the surface. Steep landing angle also increases the risk that the rotorcraft
loses traction on the surfaces and uncontrolled motions on the angled surface become possible. The
extreme case of an adoption to a 23incline can be also compared to the landing of a 225 mm high

object. Here one leg would rest on the object while the other two are on a level plane.
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4.2.3 Motor Control for Adaptive Landing

To allow the landing legs to adapt to the landing surface a motor control for the main at motor ;;
was developed. The control regulates the leg length as soon as it gets into contact to the landing

surface. The main requirements to the control were as follows.

" Fast, responsive and reliable

Backdrivability to adapt legs length to uneven surfaces

Energy absorption of landing impact

" Providing su cient contact force for tactile contact sensors

A control which meets the requirements above is presented in the following paragraph. In Landing
Mode the angle i; of each leg is set to 5% This is describing the pre-landing position when
the landing gear is fully extended, and this angle is then used as reference for the motors' PID
controller. Such that this control tries to maintain this angle during the entire landing sequence.
During landing when a leg gets into contact to the ground, it rotates upwards bringing the motor
out of its reference position. Thus, the PID control tries to counter this by sending a current
counteracting this motion. In the presented control scheme, the maximum torque generated by the
motor is limited by a current limiter after the PID control. This causes the motor to generate a
constant torque which tries to rotate each leg back into its reference position. To set this torque
limit, it is important to keep several aspects in mind. A high torque limit to keep the leg in
reference position has the advantage of pro cient energy absorption of the landing impact, further
ensures it a su cient contact to the surface for the tactile contact sensors. As a drawback of a high
motor torque, destabilizes this interaction to the ground the hovering rotorcraft during the landing
sequence. To ensure a planar landing position the rotorcrafts ight controller needs to mitigate

this disruption which can potentially bring the rotorcraft o balance. Therefore, it is necessary to
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keep the motor torque to a level that allows the contact sensors to provide a su cient contact force
and best possible impact absorption while not disturbing the rotorcrafts ight behaviour. To nd
the best-balanced maximum motor torque a straight forward approach is presented. The minimum
force to trigger the tactical contact sensors atB; de nes the maximum torque max on the landing
leg. The this force is for the speci cally used tactile contact sensor N, compare to Section 5.2.1.
Hence the motors need to generate a torque which causes at poiBt; a force orthogonal to the base
platform of 1N in any position of the landing leg. Since the e ective length to generate this force
changes depending on the angle;; the position with the longest extension is used to de ne max
ensuring that the resulting force will be > 1N, shown in Figure 31. An illustration of the motor

controller is given in Figure 30. In Figure 31 the contact force is simpli ed to be orthogonal to the

Figure 30: Motor Control for Self-leveled Landing.

base platform at B;, which allows to assume that the lowest contact force would be generated when
link bis horizontal since ag; is here the longest. Hence, when the motor is able to generateNl
at this position, any other position would supply at least this level of contact force. Therefore, the
torque limit for the motors ax is de ned by this position. For this the e ective length acss needs
to be calculated. SinceC; and B; have the same Z-Coordinate we can use the inverse kinematic of
the landing mode from Section 3.5.2 to calculate the landing angle1; belonging to this position of

the landing leg. In order to calculate the e ective length causing the torque at the motor we use
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equation 41 from the forward kinematics to determine lengtha; . For the given geometric dimensions

Figure 31: Torque limit calculations. Landing leg in the position which provides the smallest force
at B;.

and the forward kinematics of the landing gear from section 3.4 we calculated an angle of; of 19°
which leads to an e ective length of a,; =231 mm. Now simple momentum calculations lead to
the maximum contact force of each leg depending on its motor position. Since the resulting force is
depending on ; and the greatest force is appears when the angle is the biggest, the landing position
of 55° will cause the greatest force, while wherb is parallel to the platform the force on the tactile

landing sensor is as expected the smallest.

max  Fsens Qeff (61)

max AN 0:231m (62)

With this control setting it can be ensured that when the motors keep the torque up t0 max =
0:23 Nm then the contact forces at the landing legs during the landing sequence will be greater

then 1 N.
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4.2.4 Reaction Torque on the Rotorcraft during Adaptive Landing

In this Section the reaction torque on the rotorcraft caused by the interfacing of the adaptive
landing gear and uneven ground is investigated. As previous described when the system is in
landing mode the motors are set to maintain the landing position of the landing legs at 55while
limiting the maximum torque t0 nax. The the theory of this control design is discussed in the
following paragraph.

For the adaptive landing it is necessary to consider the both the ight control of rotorcraft and
manipulander as a combined system. When the rotorcraft is lowering to the ground the ight
controller balances a horizontal ight position of the system while the landing legs mechanically
adapt to the landing surface. The adaption to the landing surface is caused by the mechanical
height adjustment of each landing leg which causes disturbance of the rotorcraft. The adaptive
landing sequence ends when all legs are in contact to the surface. A vertical force at each leg end
is generated when the landing legs are starting to get in contact to the ground. Each of these
forcesFi; F» causes a torque on the base platformy; ». This process requires the rotorcraft ight
controller to counter all forces Fres and torques es on the platform to ensure a horizontal landing
shown in Figure 32. To understand how the mechanical design and the motor control co-function to
ensure a con ned force and torque level at the system we need to look at the extreme situation for
the landing gear system. To investigate the greatest reaction forces and therefore the most di cult
situation for the rotorcraft to stabilize its position, the instance when two landing legs are in contact
to the ground to be most critical. This situation is the most critical since forces from both legs
introduce torques into the system. The instance when all three leg are in contact to the ground
is not interesting since the rotorcraft then has reached a stable landing position. If only one leg
has ground contact, there is only one leg generating force and torque destabilizing the rotorcraft.

Therefore, the following paragraph always relates to the instance of two legs in full contact to the
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ground while the third one is still in midair. For a better understanding, the following paragraph

separately analyzes the impact of torque and force.

Figure 32: Resulting forces on rotorcraft during touchdown of the rst two landing legs.

Force:

Since during the adaptive landing the torque on the motors is limited, the maximum reaction force
F1;F> of each contact point can be easily calculated using the forward kinematics for the landing
mode. The highest possible reaction force is therefore when the landing leg is in its default landing
position at 55° which results in a total vertical force Fes at the platform of 2x2N. When the legs
rotate during the landing further upwards the reaction force decreases with increasing; since limb
a; extends and the motor torques generate a lower reaction force. For the controller of the rotorcraft
a pure vertical force on the platform is easy to balance since it is generated by the weight of the
lowering rotorcraft. To increase the downwards force, the ight controller simply needs to reduce
thrust. The impact of pure forces introduced into the rotorcraft can be summarized in the following

statements:

~ Pure vertical forces are easy to compensate for the system.

~

Each leg causes a reaction force depending on.

Torque:
A more critical disturbance of the horizontal position of the rotorcraft is the generated torque from

the reaction forces of the extended landing legs. As previously discussed, we only investigate the
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worst-case situations since these are crucial for the ight controller. Figure 33 shows the maximum

Figure 33: Torques on rotorcraft platform during adaptive landing. On the left side is a spatial
overview of the motors on the platform while the right side shows the torque-vector summation.

torque on the system when two legs are in contact to the ground. The blue arrows indicate torque
generated from the motors while the grey arrow is just a place holder for the torque capabilities of
this motor. In this example leg 1 and leg 2 are in contact to the ground. Since the motor torque is
limited to max the torque during the instance of two legs in contact to the ground can only range
between 0 and nax depending on the de ecting of the landing legs. To allow for the best adaptive
landing performance of the system, it is important to reduce the torque input on the platform.
While one leg exerts up to max into the landing platform, the landing gear geometry is chosen to
compensate for the torque generated by the second leg in contact to the ground. This is achieved
by using a geometry that arranges the torque vectors in a way that adding two torque vectors never
exceeds the magnitude of the torque limit of each landing legmax. This can be proven with the
formula below, describing the addition of two equal torque vectors with an angel between them and

is also shown in Figure 33.

res = i2 + i2 +2 COSE (63)

We can simplify this common vector addition to the following, while we make the restriction that

the resulting vector should be the same as each individual vector; = (es. Using this formula, we
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can search for the angle between equal vectors so their addition will be equal their own magnitude.

res =2 | COSE (64)

1
= 2arccos > =120° (65)

The resulting spacing between the torque vectors of = 120° represents the same geometry of
the delta robot platform which describes an equilateral triangle. Therefore, the geometry of the
Manipulander allows for a landing gear which regulates the resulting torque on the system to the
maximum torque of each individual torque vector. Not just the magnitude of the torque is an
important factor for the rotorcraft controller also the shifting in direction of the torque vector
should be minimized. Since the torque on the platform is only generated by the motors of the
landing legs, a shift in direction occurs when two legs are in contact to the ground. Between two
legs are always 120hence, one would assume the torque can shit between this range. In practice it
is unlikely for the torque to shift more then 60°. As soon as the rst leg is in contact to the ground
and the rotorcraft lowers further it will exert the maximum torque and use its backdrivability to
adapt to the surface. When the next leg now gets in contact it is only possible to exert a torque
smaller or equal to the torque of the rst leg. When the second leg exerts not the maximum torque
on the platform, the torque only shifts to the center of both vectors which is equivalent to a shift
of =60° An example of this situation can be seen in Figure 33. When the second leg exerts a
smaller torque the shift in direction would be smaller then = 60°. However, a shift of the resulting
torque greater then 60 is theoretically possible if during a rough landing the rst leg in contact
would slip into e.g. a hole. In this scenario the torque would now only be generated by the second
leg shifting the resulting torque about 12C°. This describes a rather unusual but possible scenario

and is important to mention but will not be primarily investigated in this paper. The investigation
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around the platform torque during the adaptive landing can be can now summarized in the following

statements:

" The maximum torque on the platform is equal to the torque limit nax Set to the motor.

~ During landing the torque vector direction would only shift up to = 60°, with some unusual

exceptions.

4.2.5 Energy absorption during rough landing

An additional advantage of an adaptive landing gear is the ability of absorbing impact energy.
Rough landings cause vibrations and structural loads which are recognized as the signi cant factors
causing fatigue damage and damage in the electrical components [53] on a rotorcraft. The adaptive
landing gear prevents this since the main motors are set during the landing to exert a constant
torque to the landing legs allowing them to absorb and convert impact energy into electric energy.
As a simple investigation we follow the example from Section 18 and assume a rough landing as a
free fall from 0.4 m. The following calculations will show how much of the kinetic energy caused
by the free fall can be converted into electricity and which part will be absorbed by the structure
of the landing gear. The main motors at 1; are set to exert a constant torque of 0.23 Nm. Since
torque (Nm) is equivalent to energy (J) the exerted torque on the motors is the energy absorb by the
motors when the landing gear hits the ground. Therefore, we can calculate the part of the kinetic
energy which will be converted into electricity while the rest reaches the landing gear structure

where it is converted into heat and deformation.

3 max =3 0:23Nm =0:69Nm = 0:69] (66)
Emotor _ 069\] _ .Q0,
Epot 14130 =4:9% 67)
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The calculation shows that 4.9% of the energy from the impacts converted into electric energy.
However, this does not seem to be a signi cant amount but contributes to a more resilient structure
since not all energy needs to get converted by the structure of the mechanism. Further it should be
noted at this point that the introduction of dampening elements like air shocks into the prismatic
joint at a would allow for a far better dispersion of the impact energy which would prevent the

rotorcrafts from damage.

4.2.6 Conclusion on Adaptive Landing

The developed adaptive control allows for a safe and reliable Self-Leveled Landing on uneven terrain
with slops of up to 23 or similar the landing with one leg on a 225 mm high object. The physical
interaction to the ground allows to continuously monitors the landing incline and reliable detection
whether the landing gear has reached a safe landing position. The proposed control scheme bene ts
from the landing gear geometry minimizing the reaction torque on the rotorcraft. This integration

of motor control and geometry of the landing gear o ers an e cient reaction torque control on
the rotorcraft and allows for an easy integration into various rotorcraft types. In the event of a
rough landing, the adaptive control of the legs has the additional e ect of absorbing impact energy
during landing. A proposed design with air shocks at limba could signi cantly improve the impact

durability.
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5 Prototype Development and Construction

This Section will describe the construction of a physical prototype. At rst the electrical hardware
and then interesting mechanical components of the design are described. Majority of the structural
elements are 3D printed, except for the four-bar parallel mechanism which connects the rst limb
and the moving platform. This element is built of IGUBAL rod end bearings and steel rods. The
main motors at the rst limb of the mechanism are low cost Dynamixel AX-12 while the looking
mechanism and the centre winch is driven by micro gear DC motors. The tactile sensing elements
at the end of each leg are composed of a 3D printed structure and an o -the-shelf sliding joystick
as sensing element. The computation and control run on a Teensy 3.2 microcontroller. Via a
Bluetooth connection the prototype is remote controlled and can operate independent from any

physical connection.

5.1 Electrical Components and Circuit Design

For the electrical design, the setup consists out of a LIPO 1300 mAh battery which generates
between 11.1V and 12.6V. This voltage is then stabilized to a 5V and 10V connection using voltage
regulators. The 10V line is used to power the Dynamixel AX-12A motors while the 5V is used to
power the micro-controller bluetooth module, motor drive and logic level converter. The 12V micro
gear motors take their energy directly from the batteries which reduces the load on the voltage
regulators. Figure 34 shows the an overview of the hardware and the bus interfaces. The two main

components the microcontroller and the main actuator are brie y introduced in the following.

5.1.1 Teensey 3.2 microcontroller

The Teensy 3.2 is a USB Development Board with a Cortex-M4 is a 32 bit ARM processor. It has

a small form factor while o ering high processing power and memory. It is fully compatible with
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Figure 34: Electrical Hardware Architecture and Bus interfaces.

Arduino Software and Libraries which makes it easy to migrate code when a project matures from

the arduino board. [54]

5.1.2 Dynamixiel AX 12A Motor

The Dynamixel AX 12 A motor is used for the main actuation at jiont ;. It is an integrated
modular actuator that incorporates a gear reducer of 1/254, the maximum stall torque is 1.5Nm
and the encoder can pick up to a resolution of 0.29 The maximum speed of the motor is at 59 rpm.
A precision DC motor and a control circuitry allows to position control the motor position using a
PID control. The Controller allows a several of settings including limiting the motor torque which

is used in this setup.[55]

68



5.1.3 Circuitry design

The PCB layout was done using the open source software KiCad. The board is measures 65mm
by 70mm and facilitates all components to drive the system. It has 4 layers and connects to the
components via 32 standard pin-outs. This layout can be easily manufactured by PCB suppliers
and allows for a grate range of exibility to changes while achieving industry standard build quality.
The Teensy micro-controller is soldered on a socked which allows to swap the micro-controller in
case of a malfunction. Even-thou the micro-controller is integrated into the PCB board the on
board micro-usb port remains functional and can be used for ashing or debugging of the software.

The illustration shows a 3D rendering of the nished PCB layout. The two holes on the lower left

Figure 35: Electric circuity on PCB Board

side and the upper right are for the attachment on the prototype. The schematics diagram of the

electrical hardware can be found in the Appendix A.1.

5.2 Mechanical Components

This section will describe rst describe all meaning full components of the design and allow for a
detailed reconstruction of the mechanism. At rst the introduced tactile sensors at the end of each

landing leg are shown. Then the telescopic arm with its locking mechanism is illustrated as well as
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Figure 36: 3D rendering of PCB board

the centre locking mechanism to hold the design in place when in compact mode. It is shown how
the mechanism is attached to the DJI Matrice 100 drone and nally an overview of the complete
design is given. Additionally, to the core design of the Manipulander is an example for a functional

extension of the Mechanism given.

5.2.1 Tactile Sensors

There are three tactile sensors in the Manipulander system, they are connected to each leg end
and only used when the system is in Landing-Mode. To reach a stable landing position all three-
landing foot need to be in contact to the ground. Hence, for the adaption to the landing surface,
the information whether a leg has contact to the ground is necessary for the control system. Due
to the uncertainty of the ground conditions there are several requirements to the sensing element.

The most important are listed below:

" Adjustable response-force to neutralize soft or brittle surfaces

" Sensitive to forces from multiple directions

" Withstanding high impact forces
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To satisfy the requirements a tactile sensor was designed. It is composed of a simple 2 axis sliding
joystick which is in the centre of the inner drum of the sensor and used for the position feedback.
Connecting to the control button of the sliding joystick is a tactile element which is hinged on a
rotary axis. The rotary axis is spring loaded which centres the sliding joystick in its default position.
Due to the circular shape of the tactile element every radial force during landing on the sensor is

transferred to a transverse motion at the centered sensing element.

Figure 37: Tactile overview

To ensure that the ground is a solid landing surface a tactile landing mechanism is designed. A
tactile sensor has the advantage that the sensor is physically in touch with the surface. This allows
to get a rough estimate of the consistence of the surface. For instance, if the rotorcraft would land
on a grassy eld, the landing foot would compress the grass until it gives a basic resistance to the
tactile sensor. This ensures that the landing leg has a rm ground to land on. A capacitor or optical
landing sensor would feed back a stable landing position as soon as the landing gear becomes in
contact to the ground. The tactile sensor of each leg is composed of a tactile element which is in
contact to the landing surface. In the centre of the contact sensor is a 2 Axis sliding joystick which
functions as position feedback. Itis rmly attached to the inner drum of the textile sensor which is
attached to the end of the Manipulander leg. Contact to the ground allows to exert a radial force
from any positing of the half circle sensing element. The adjustable rotary is set to exert roughly

IN of force when a radial force is applied to the middle of the tactile element.
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Figure 38: Tactile before and after landing

5.2.2 Prismatic Arms

A core element for the recon guration of the delta robot
are the telescopic arms. The telescopic elements are
prismatic joints which allow to extend and retract limb
a. During the conversion from Compact Flight Mode to
Landing mode, the actuation is driven by the main mo-
tors at ;. Therefore the telescopic arm only needs to
lock and unlock this motion and no linear unit to drive
this motion is required. Further requirement to the tele-

scopic mechanism are:

Self-locking to reduce energy consumption
" Light weight

" Fast actuation

" High structural strength

Figure 39: Locking mechanism of Pris-

The gure on the right shows the developed mechanism. matic legs
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