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Abstract: As automated construction processes require large workspaces and high payloads, the
use of cables is a reasonable approach to span wide distances and share loads. Therefore, a cable-
driven parallel robot is a suitable choice for automated masonry construction. Another possible
robotic system for this task consists of a set of cooperative drones, each connected to the end
effector and the payload by a cable. Because of the similarities between the two robotic systems,
the same object-oriented programmed software can be used for trajectory planning and subsequent
investigations, making minor adjustments. The implemented optimizing path planning algorithm
takes into account the physical boundaries, motion time, collision avoidance and energy requirements.
Thus, a simulation-based comparison of the characteristics of both systems can be made. In this
paper, the necessary physical models for both the drone system and the cable robot are derived in
detail. Based on the common framework, this paper presents a comparison between the two robotic
systems, defining two different scenarios. The first scenario demonstrates the functioning of the
optimizer approach. The second scenario is used to compare the two systems. For this purpose, the
trajectories for all 1720 masonry units of the first floor of a house are optimized. The analysis of the
results shows that both systems can transport heavy loads, with the cable robot having advantages
on smaller sites, while the drone system covers larger distances for the price of slower performance
and higher energy consumption.

Keywords: cable robot; drone cooperation; numerical optimization; path planning; robotic
construction; construction automation; automated masonry; modeling and simulation

1. Introduction and State of the Art

In the modern component manufacturing industry, the use of CAx software is widespread,
especially in automated series production. The advantages are an improved quality, re-
duced costs and shorter manufacturing time. In contrast, the design and construction
of buildings are mostly individual and thus still require the execution of work on site,
typically based on traditional manual processes using printed two-dimensional technical
drawings. However, in recent years, digital process chains are also being developed in
the construction of modern buildings using the Building Information Modeling (BIM)
method [1]. Analogous to the process in component manufacturing, one core method of
BIM is the digital modeling of buildings. The modeling in BIM is based on parameteriz-
able objects, functions and logics. Further advantages for the user include the creation of
requirements and drawing plans, the possibility to calculate costs, simplified scheduling
and the visualization of the building. At the end of the modeling process, manufacturing
data can be generated from the digital models. These data sets might serve in the future
as the basis for automating certain work processes and executing them by using different
robots [2,3].

Notably, a major challenge in the design of automated construction systems is the
extremely large volume of typical sites, which has to be covered by the automated con-
struction solutions. Conventional robot arms fail, which is why special robot arms of
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large scale or mobile platform bases have been presented [4]. Furthermore, the typical
mass of construction elements is a challenge for those robot systems employing serial
kinematic structures.

Alternatively, the use of multiple cables is an efficient approach to share payloads and
to span large distances. Therefore, the concept of automated masonry using a cable-driven
parallel robot (CDPR) has been presented recently [5,6]; see Figure 1a. CDPRs are a special
form of a parallel manipulator and thus share fundamental kinematical properties with
hexapods. The workspace of the CDPR is spanned by a mobile frame which makes it
attractive for construction processes. Within this workspace, the end effector of the robot
can be freely positioned in all six degrees of freedom by individually changing the length
and tension of the cables. The cables run from motor-controlled cable winches via guiding
pulleys to anchor points on the end effector. The guiding pulleys are attached to the frame,
either fixed or on movable mechanisms. The actual task of the cable robot for masonry
works is then to pick up the bricks e.g., at an automated mortar system, and to place them
in the defined poses according to BIM model data. Typically, this should be done in the
shortest possible time. The CDPR has two properties that make it particularly suitable for
this application. On the one hand, overactuation (e.g., using more actuated cables than the
end effector’s number of Degrees-of-Freedom) can be used to enhance the stiffness of the
system, which is crucial for outdoor applications. On the other hand, the movable masses
are extremely low as these are essentially limited to the end-effector and the payload. Still,
a CDPR has drawbacks, where the most obvious drawback is the high number of cables
that may even run below the end effector level, which introduces a risk of collisions with
already built structures or moving objects. This has to be handled, e.g., by vertically moving
pulleys. Moreover, cables are unilateral constraints in general. This needs to be considered
while path planning and control. In addition, the purchasing costs as well as the setup
costs for the assembly and disassembly of the cable robot must be taken into account,
when checking the economic feasibility [7]. Still, a first prototype for automated masonry
has been presented and technically validated [8,9] as shown in Figure 1a, including an
automated mortar station which delivers masonry units to the CDPR using a lifter. Notably,
this prototype is designed for single-storey experiments and thus only the lower pulleys
are actuated to move vertically. Due to their advantages, CDPR have been investigated also
for other relevant construction processes such as 3D printing of concrete [10-14] or curtain
wall installation as demonstrated in the EU project, Hephaestus [15].

(b) A Lz

Figure 1. A cable-driven robot in (a) and a drone system in (b) used for the autonomous masonry of
a building.

In contrast, a multicopter or drone is a spatially unlimited applicable robotic system
with comparatively low set-up costs. Since the beginning of their development, multi-
copters have been used to transport lightweight objects. A significant application example
is a camera-carrying drone. In the film and advertising industry, drones are now pre-
dominantly used instead of helicopters because they offer much more versatile camera
settings and are significantly less expensive. At large events, camera drones are used by
the police and event organizers to monitor the event area and direct the stream of visitors.
Another application scenario, although not yet as widespread, can be found in agriculture.
Here, drones are used for example as an equipment carrier for pest control [16]. In the
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construction industry, drones are primarily used for land surveying, documenting the
progress of construction work or assessing damage of hard-to-reach places or areas [17-19].
Additionally, they are used for active monitoring of construction sites to achieve an increase
in construction site safety. For an overview, see [20]. All previously mentioned use cases
have in common that the payload of the drone is comparatively small.

Over the years, however, the payload for drones increased continuously, so that,
nowadays, heavy-lift drones with a maximum payload of up to 100 kg can be purchased.
The reason for this are, among other things, increasingly better lithium-ion batteries, which
enable the use of more powerful motors [21]. Due to these developments, drones are
thus becoming increasingly interesting for the transportation of heavy loads or for the
use in internal logistics [22]. Research in the field of alternative energy sources, such as
the use of a fuel cell, may increase the operating time in the future [23]. A multicopter
might be equipped with an end effector that is able to pick up a payload. Essentially, three
different approaches are pursued; see [24]. In the simplest case, the end effector is firmly
connected to the drone [25-28]. However, when using underactuated drones, this method
has the disadvantage that the payload cannot be fully oriented. One way to overcome
the underactuation is to use a rigidly mounted end effector in combination with a full-
or overactuated multicopter [29]. A different approach discussed in [30,31] is the use of
drones with robotics arms. This second approach also allows the independent movement of
the payload in all six degrees-of-freedom. The approaches described so far are particularly
suitable for the transport and /or manipulation of lightweight objects.

One disadvantage, however, is that the payload is usually located very close to the
drone. This might be an issue in specific applications (e.g., in cluttered environments).
Therefore, another frequently investigated use case is the transport of a payload that is
connected to a drone via a cable. This allows the adjustment of the distance between
the drone and the payload almost arbitrarily. As a major advantage, by using multiple,
cooperating drones connected to a common payload using cables, the maximum payload
weight can be drastically increased and the maneuverability can be enhanced. In the
past, drone cooperation has already been investigated repeatedly. In [32], the transport
of a payload, which is still considered as a point mass, is investigated using two drones.
However, this does not increase the controllability and, furthermore, the drones have to
be far enough apart. If the distance of the drones is increased, the cable forces increase
as well since the system is closer to a singularity of the second kind. The transport of a
rigid beam using two quadrocopters is demonstrated in [33]. With the use of three or more
drones, the payload is kinematically underconstrained [34] but statically determined with
the help of gravity. Moreover, it can be fully controlled, as the three drones in total have
more controllable degrees of freedom than the end effector. As examples, flight maneuvers
with three drones are presented in [35-37]. When using three or more drones, there is
also the possibility to reconfigure them in space without moving the payload. With these
maneuvers in null space, the properties of the system can be influenced. This fact and the
relation to cable robots is considered in [38]. The goal of planning an optimal trajectory
in terms of the cable angles and energy efficiency is considered in [39]. Path planning
under external disturbances is shown in [40]. Planning a trajectory for the specific task of
flying through a window is the subject of the work [41]. In addition, [42] deals with highly
dynamic trajectories. The procedure of lifting the payload is analyzed in [43,44].

In the scope of this paper, another possible scenario would be using cooperating drones
on large construction sites to handle internal logistics or to do simple construction tasks,
such as the automated masonry already mentioned, see Figure 1b. Unlike cable robots,
drones are not locally bound. Furthermore, the space and infrastructure requirements on
the construction site are easy to provide.

Accordingly, while both systems use cables to share the load of high payloads, they
still have inherent technological differences, leading to differing characteristics when used
for automated masonry. As for this application, both systems have only been tested in
very early technological stages, but might be very promising to be developed within
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future research projects, it is reasonable to create approaches to evaluate and compare
their potential performances in automated masonry using simulation tools. Thus, this
contribution aims at comparing the two presented cable-based systems in predefined
scenarios using numerical model-based simulations. Due to the model-based approach,
the physical models for both the drone system and the cable robot need to be derived in
detail. Based ona software framework, the two robotic systems are evaluated, defining two
different scenarios. The first scenario demonstrates the applicability and capabilities of the
optimizer approach. The second scenario is used to compare the two systems in terms of
several performance indices such as required construction time and energy requirements.

The paper is structured as follows: In Section 2, the methodical approach and the used
optimization framework are presented. Section 3 introduces the cost functions used for
the path planning algorithm. The approach is then demonstrated in Section 4 to optimize
trajectories for a cable robot and a system of cooperating drones. The optimization results
and the different characteristics of both systems are discussed. The paper is summarized in
Section 5.

2. Methodological Approach
2.1. Setup of the Software Framework

As introduced, the analysis of the robot systems is supported by a software framework
implemented as a generic trajectory optimization tool. To be as flexible as possible, the
framework uses an object-oriented architecture. Through the object-based software design
the workflow of the transport of a masonry unit can be split up into several trajectories,
in which each movement such as lifting, moving to a target position, placing down and
moving back to the starting position becomes an own independent optimization problem
with its own parameterization. Note that BIM data are used to provide the information
required for this purpose, which among other things, include the target position and
orientation of each brick used in the building. For this purpose, a BIM postprocessing
algorithm was created to derive masonry laying plans from a given BIM model.

Figure 2 shows the general workflow using the framework.

Initialization Optimization task Process data

Define start
and target position

Optimizer

Total costs

Define static obstacles Visualize results

Choose and parameterize

optimization algorithm Costs | Evaluate results
Forces
Define the robot to be used Cot e mesullis
Define trajectory and op- T(i);leb
timization parameters
Define cost functions Costs C ollision
Avoidance

Figure 2. Key steps in optimization process.

The core of the framework includes a number of optimization algorithms, both from
the Optimization Toolbox and the Global Optimization Toolbox of MATLAB® [45]. For
trajectory optimizations, which require the tuning of multiple parameters per spline-
segment, a global optimizer is useful, such as a Particle Swarm Optimizer. On the other
hand, a gradient-based optimizer might reduce computational costs and can be applied in
special cases, e.g., when a spatial fixed trajectory should be time-optimized only. Based on
this, cost functions representing technical criteria can be created. These can be evaluated for
a number of trajectories. The properties and parameters of each trajectory can be defined
independently, including the definition of the start and target position (e.g., based on the
BIM data provided), the specification of the robot used and its properties, the optimized
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parameters, the cost functions to be applied per trajectory, the static objects that must
be considered for collision avoidance as well as the definition of the payload. For each
trajectory, the parameters and properties are updated before the optimization starts. As
multiple cost functions might be needed, they are added to a single overall cost function
using weights which allows to vary their influence.

Due to the object-oriented approach, only the models for the individual physical
behavior of the robot and the corresponding cost functions have to be adapted to compare
automated construction system for a given masonry laying plan.

2.2. Parametrization of Trajectories

A trajectory describes the motion of the robot and its components over time. Ac-
cordingly, it contains information about the pose and its time derivatives. In general,
the trajectory will be optimized in the world reference frame based on the framework in
Section 2.1. The mathematical description of the trajectory must be defined in a consistent
manner that allows the variation of its parameters by the chosen numerical optimizer. For
this issue, splines—i.e., a chain of interconnected polynomials with common knots—are a
popular choice. The coefficients of the polynomials are determined by the numerical solu-
tion of a system of equations Ax = b, whereby the vector b contains initial variables, some
of which are optimization parameters. By changing these parameters using an optimization
algorithm, a different trajectory is generated which can be evaluated with respect to the
cost functions. The total costs are the sum of the individual costs, where each individual
cost function evaluates a single technical criterion of the trajectory such as time, energy
requirements and avoidance of collisions.

To allow for a precise masonry process including the required intermediate pose
measurements, alignment processes and masonry process steps (such as application of
mortar), the transportation task is decomposed into 15 consecutive segments for each
masonry unit. For each partial step, an individual trajectory is created and registered for
the optimization process. Table 1 gives an detailed overview.

Table 1. Transportationsequence for each masonry unit.

Trajectory Function Payload Time [s]

1 Measuring the dimensions of the masonry unit no 32.7

2 Slowly move down to the pickup position no 9.12

3 Pick up the masonry unit no 5.54

4 Slowly move up half a meter yes 4.89

5 Move up to transition height yes optimized
6 Transition through workspace to target yes optimized
7 Move down to half a meter above target position yes optimized
8 Measuring the target position yes 20.64

9 Slowly move down half a meter yes 2.62

10 Placing down the masonry unit yes 11.78

11 Slowly move up half a meter no 1.31

12 Move up to transition height no optimized
13 Transition through workspace no optimized
14 Move down to half a meter above next masonry unit no optimized
15 Wait until the mortar system has finished no externally defined

Essentially, the trajectories differ in whether the end effector is currently transporting
a masonry unit or not and whether the time for a path segment is optimized or not. A
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full collision check is performed for all path segments. In the case of the cable robot, both
the pulleys of the lower cables and the mortar system must be raised with increasing
height in order to avoid a collision between cables and the already completed part of the
masonry which is also reflected by a trajectory computed for each moving pulley. In the
measuring process during trajectory 1 and 8, the end effector is aligned over the start and
target position using laser sensors. While most of the other trajectories are predefined due
to process conditions, the duration of trajectory 15 is defined by the external mortaring
system. In addition to a fixed time t)s, which the mortar system needs to apply the mortar,
the lifting of the mortar system also requires a certain time tg. The time f. 15 that the cable
robot has to wait is therefore calculated by

14
te1s =t +tH— Y ti - (1)
i—1

In case of the drone system, the risk of a cable collision with the already completed
part of the masonry is reduced as there are no cables below the current masonry layer.
Accordingly, the mortar system must not be lifted. Thus, the duration t4 15 of the 15th
trajectory is calculated for the drone system as

14
ta1s =t — Yt - )
i=1

In case t 15 or t4 15 becomes negative, the 15th trajectory is skipped and its duration is
set to zero. As long as a single trajectory is independent from the other ones, the evaluation
sequence is arbitrary which can be very beneficial for parallelization of the computations.

Dependent on the robotic system, up to fp = 6 degrees-of-freedom (DOF) of the
platform pose #p can be independently specified over time by splines. All trajectories with
the exception of trajectories 6 and 13 have no additional knots between their start and target
position and are therefore represented by a single segment. As for trajectories 6 and 13,
a certain variability of the trajectory is demanded, but a high number of spline segments
would increase the number of optimization variables. Hence, three spline segments were
chosen to compromise between flexibility and computation time. For the trajectories, the
following constraints are given:

*  Atstart: Position is given, the velocity and all higher order time derivatives are set to
zero, i.e., no optimization parameters.

*  Atfirst and second knot: Position, velocity and acceleration are parameters, subject
to numerical optimization, i.e., three parameters in total, per DOF and knot. In the
case of six DOFs, this leads to 18 parameters per knot. Jerk and higher order time
derivatives are set to zero.

* At goal: Position is given, the velocity and all higher order time derivatives are set to
zero, i.e., no optimization parameters.

A trajectory with n additional knots has 3 fpny optimization parameters for the
description of the movement. As already introduced, the transition time per path segment
can be defined as an optimization parameter. This adds up to ny + 1 additional parameters.
To evaluate the cost functions and do a proper collision check for a trajectory, each spline
is discretized in ng time steps along the spline where ts(k), k € {1,. .., ns} is a specific
time step.

2.3. Definition of the Optimization Parameters

The resulting optimized trajectory for a robotic system massively depends on the
specific technical criteria such as low transition time, low energy consumption and collision
avoidance. Each property that should be taken into account or optimized is considered as a
criterion ), valued by costs at the end of each optimization step. The costs of each criterion
X are calculated as the sum of a cost value Vy, multiplied by the weight V,, and a penalty
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term P,.. While the cost value V, rates a continuous optimization parameter, the penalty
term P, is only non-zero when physical boundaries are not met. Note that tasks (such as
of collision avoidance) may include both summands. Furthermore, the weights contain
the respective physical units, such that the costs for each x become dimensionless. The
value of the total costs Vi, for a trajectory is computed by summing up each single costs
of a criterion x. Therefore, the task to find the best trajectory in terms of the defined cost
functions can be formulated as the unconstrained optimization problem

X

This approach allows the multi-criteria optimization procedure to have very different
weightings in order to meet a wide range of priorities, such as productivity (time optimiza-
tion), economic efficiency (energy optimization) or safety (collision avoidance). Moreover, it
is simple to understand and enables for flexible tuning to represent individual preferences.
Note that the criteria (cost functions) in general are within a conflict, since the improvement
of one cost function at some point (e.g., a short transition time) will degrade another (e.g.,
cable forces). However, the criteria are physically independent and cannot be transformed
into each other. Hence, the weighting factors are arbitrary and influenced by the subjectiv-
ity of the user. Moreover, the subjectivity influences the solution which is considered as
optimal. A useful approach for future work would be the investigation of Pareto optimal
methods. Here, a quantity of solutions to the optimization problem is determined, where
an improvement of one cost value results in a degradation of another. This quantity, which
consists of all optimal compromises, is called Pareto front. This front allows an individual
selection of an optimal solution under given preferences for the optimization criteria [46].

Here, the following criteria are considered as cost functions:

e  Trajectory time: The robot motion should be as fast as possible. This can be achieved
by defining Viime = )_ ts. Since the time has no upper boundary, it follows Pgime = 0.

* Maximum end effector position, velocity and acceleration: For each time step in
which the boundaries of the position, velocity or acceleration of the end effector are
exceeded, the associated penalty term Ppos, Pyel OF Pacc is charged. The boundaries of
the position are derived from the robot’s frame, the ones of the velocity and accelera-
tion depend on the motor specifications but can also be limited for safety reasons. A
limitation in task space is intuitive.

e Actuator forces: In the case of the cable robot, the costs Vggree include the cable forces
as a major criterion. The physical boundaries fiin and fmax of the cable forces should
not be exceeded to avoid cable breaks and cable slackness, respectively [47]. Therefore,
the penalty term P, is added whenever a cable force violates the boundaries. In
the case of the cable robot, the necessary cable forces are generated by the torque of
the winch motors. As the winches have masses, they introduce their own dynamics
and boundaries. Hence, the additional cost value Viorque as well as the penalty term
Prorque are defined. Note that, for simplicity, the motor torque limits are considered
constant. The modeling of complex motor effects, such as field weakening, iron losses
or temperature dependencies is part of future work. In the case of the drone system,
the forces are generated by propellers. This leads to the cost function V,, and the
penalty term P,,.

*  Power and energy consumption: An electrical power source has technically defined
limitations. To protect the source from overload, the total power demand needs
to be limited. This is taken into account by the penalty term Ppower. A cost value
Vpower might be used, e.g., to consider thermal load. Within this work such effects are
neglected, i.e., Vpower = 0. The energy consumption is one out of many factors which
influence the economic efficiency of a robotic system. Hence, this parameter can also
be considered by a cost function Venergy. Since there is often no physical boundary, it
usually follows Penergy = 0.
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. Self-collision of the robots: For both robotic systems, the self-collision of cables
are investigated. Whenever a cable collision is detected, the penalty term Pc,c, is
assigned to the costs. In the case of the drone system, the self-collisions of drones are
considered as well and, if necessary, are taken into account by the penalty term Ppp.

*  Collisions of the robot with its environment: This includes collisions between objects
in the workspace and

—  the end effector or payload (ObEE),
— the drones (ObD) and
—  the cables (CaOb).

Note that collisions between cables and the end effector (CaEE) can be treated as
CaOb collisions.

During the optimization process the penalty terms are used as follows: If a boundary
violation for the considered cost function occurs, a constant penalty value is applied as
given e.g., in Table 3. Consequently, the optimizer tends to move in the direction of penalty-
free trajectories, i.e., solutions where P, = 0. At the end of the optimization, a penalty-free
trajectory is considered valid.

3. Modeling and Cost Functions

This section discusses the fundamentals to represent the relevant technical criteria by
appropriate cost functions for optimization of the trajectories. Both the cable robot and the
multicopter drone system are presented.

3.1. Modeling of the Platform Dynamics

The feasibility of a trajectory depends on the ability of the robotic system to apply the
required forces to the platform. The derivation of the necessary equations is based on the
schematic illustration in Figure 3.

(a) (b)

Figure 3. Schematicillustration of the transportation of a platform using cables in (a) and the definition
of the necessary vectors in (b).

The unit consisting of the actual end effector—which is an actuated gripping device
plus the required sensors (as shown e.g., in [8])—and the masonry unit to be transported
is called a platform. Accordingly, its properties differ depending whether the platform is
moving a masonry unit to its goal position or returning empty to the mortaring station,
which is why they must be recalculated at the beginning of each trajectory. Each rigid body
K can be described by the Newton—Euler equation

meE bl [#c —max@ibsc| | | [fE @)
mibse O | W] | —@xOxw T T}
kbsk Ok |wk KkOkxwi K K

N

My Fic fr fr fr
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Now, the platform P is considered, i.e., K = P. The platform dynamics with its mass
mp are described in the platform-fixed coordinate system £. The origin of the coordinate
system is centrally fixed below the gripping unit. Hence, if a masonry unit is fixed in
the gripper, £ coincides with the center of the masonry unit’s bottom. Note that this
holds for all masonry units within the building employed in this work. The inertia of the
platform ©p with respect to the coordinate system £ is obtained considering the inertia
of the end effector @5 and the masonry unit with respect to their centers of gravity and
the Steiner-Huygens relation, if a masonry unit is gripped. The vector bgp points from
the platform’s coordinate system to its center of mass. The matrix E € R3*3 is an identity
matrix. The second time derivative 7p of the pose #p consists of the second time derivative of
the position vector rp and the first time derivative of the angular velocity wp. The platform
dynamics in Equation (4) can be summarized using the mass matrix Mp, the vector ff,,
which is composed of the Coriolis and centrifugal force f5 = —mp@pwpbsp and torque
75 = —@p@pwp, the vector f5, which is composed of the applied force £§ and torque T,
and the vector fIE, which is composed of the constraint force f7 and torque 5. Products of
type ab with the skew-symmetric matrix

0 —Aas ar
a= | as 0 —-m 5)
—ay m 0

correspond to the cross product a x b. With respect to Equation (4), the constraint force at
the platform can be calculated for a given trajectory by

f6 = Mip(#p)ép — f5 (P, #p) — f5 (Pp, #p) . (©)

The constraint force f1§ must be applied by the cables, which are attached to the
platform. The kinematic modeling (both for a CDPR and the drone system) is similar
to conventional Stewart Gough platforms. As rotation requirements of the platform are
limited, simply roll-pitch-yaw angles have been applied. Kinematic modeling details can
be found in [48]. Note that, for the drone system, the base points are moving. Each cable in
the parallel mechanism is described by the vector I; = rg; — rp — pr;. Here, the vector pg;
points from the platform’s coordinate system to the attachment point R; of the i-th cable,
while the vector rg; points from the origin of the world reference frame B to the point B;.
The cable attachment point R; can also be described with regard to the origin of the world
refence frame B by the vector rg;. In the case of a cable robot, at point B; the i-th cable
enters the workspace. In the case of a drone system, the i-th cable is fixed at the i-th drone
at this point. While in the case of the drone system the platform is connected to each drone
by a cable of the constant length Iy; = ||1;||,, the cable length is variable in the case of a
cable robot. The resulting constraint conditions are given by the algebraic equation

It — lé,l

1
81 ? T 2 0
82 s\l =15, 0
g = . = . = . . (7)
' 0
ne % (lgc lnc — lé,”c)

Equation (7) states that each of the n¢ cables reduces the platform’s degrees-of-freedom
by one. It is well known that the constraint forces can be expressed by f* = CTA, where
the matrix is calculated by C = g—f. Note that the constraints introduced by the cables are
holonomic, since they are not velocity dependent. The result shows that the reaction forces
point in the direction of the cables. Thus, each cable force fr; can be described by the unit
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cable vector vg; multiplied by the magnitude of the cable force fg;. Therefore, the constraint
forces can be expressed as

v v fra fi
fz . R1 Rnc . . with vg; = Ri
f |:ﬁRlUR1 f’RncanC:| : K | frill2
AT Ri’lC
8)

fri
. { E ... E } :
P PrR1 - PRac :

fRTlC

PT

Since the assumed ideal cables cannot apply any torque, there are not any direct
constraint torques. Equation (8) can be solved for the actual cable forces e.g., by using the
Moore-Penrose pseudoinverse of PT. Note that, for the cable robot, an active-set method
is used to compute the scalar cable forces using AT, which is a common approach for
CDPRs [49]. As long as the end effector is in the workspace, the algorithm generates forces
between the given limits fmin and fmax [49]. Further, note that the cable force calculation is a
separate algorithm (e.g., based on active set optimization), which is called by the trajectory
optimizer to validate a trajectory for feasible cable forces at each time step. Typically, when
low forces are demanded, this will lead to cable forces close to or even at fmn for some
cables. Therefore, in practice, fimin is chosen slightly above the physically required value
to leave a margin for control purposes. Since all cables need a minimum tension fiin to
avoid slackness and obtain a valid solution, the costs for the cables forces can be taken into

account by
Viorce = L <ZS ZC fRz(k)_frmn> . )

nchs \ . 253 fmax*fmin

Every time the cable forces are beyond fmin Or fmax a penalty term Py is added
and Viorce is not assigned. Therefore, the costs for this criterion cannot be negative. Note
that this also holds for similar cost functions. Considering singularities, three kinds need
to be taken into account for parallel robots as explained in [49]. Serial singularities (first
kind) can be neglected from a practical point of view, since the cable lengths are fixed
for the drone system and will never drop to zero for the CDPR. Parallel singularities
(second kind), which coincide with a loss of rank within the platform’s Jacobian AT, will
cause an error when trying to compute cable forces, leading to a penalty. Consequently,
the optimizer will avoid such configurations throughout a trajectory, even if they exist.
Moreover, the CDPR design has been analyzed for feasible cable forces throughout the
required workspace [48]. Architectural singularities (third kind) are avoided by carefully
choosing the design parameters of the system. For the drone, for example, the cables
are arranged on the platform in such a way that two cables never converge at one point.
Furthermore, the only desired rotation is about the vertical axis in order to place a masonry
unit. Note that this is done by a rotational gripper in the case of the CDPR. This reduces
the set of required configurations drastically from a practical point of view.

3.2. Modeling of the Drone Dynamics

The considered drone system consists of a platform K = P with the mass mp and
i = 1,...,nc drones D; with the mass mp and the inertia ®p. Within this work, we
considered quadrotors for a first implementation and verification of the optimization
algorithm. Based on the object-oriented structure of the optimization framework, the
quadrotor can be easily replaced by more complex drones in future work. The coordinate
system of each drone D; is located at its respective center of mass. The pose of a drone is
defined by the vector #p;. The vector bg; points from the center of the coordinate system D;
to the cable attachment point of the drone. The orientation of each drone is described by



Robotics 2022, 11,119

11 of 30

Cardan angles (axes x,y, z and angles ap;, Bp;, Ypi), where, by definition, the angle around
the drone-fixed zp;-axis 7yp; is zero for all times. This leads to the transformation matrix
OPiT = Ty(ap;)Ty(Bpi) Since the derivation of the inverse model is the same for every
drone, the index i is omitted from now on in this section. The Cardan angles ap and Bp
are related to the angular velocity wp by the so-called kinematic Cardan equation. For the
representation of the angular velocity wp in the coordinate system of the drone, it holds

ap 1 1 0 0 Pwpy
Bp| = ——— 0 cos (Bp) 0 Pwp, | - (10)
73 cos (Bp) —sin (Bp) 0 ’ cos (Bp) Dwgz

The drones must be able to carry the required forces at any time. To check whether
a trajectory is feasible, the rotor angular velocities of all motors must be determined and
evaluated for each drone at each time step. This implies that an inverse model of the
system dynamics must be found based on Equations (4) and (8). For the drone modeling
simplified equations are used. This implies the consideration of a drone as a rigid body
using the thrust of each propeller as a direct input value. The thrust Fo and the drag Ty of
each propeller are each approximated by quadratic functions [50]

Fap = c1wy, (11a)
Twp = CWW5, (11b)
in terms of the propeller speed w),, p = M1, ..., M4. The parameter ct is the thrust and the
parameter cy is the drag coefficient. These quantities depend mainly on the propeller used,
but also on other factors such as the shape of the drone frame, which influences the air flow
at the mounting position of the motor. The translational movement of a drone follows from

Equation (4). Using the mass mp, the acceleration due to the gravity g and the total thrust
of all propellers Fy leads to

ip Fasin (Bp) 0 fRx
mp |yp| = | —Facos(Bp)sin(ap)| + | 0 | = |fgy| - (12)
Zp Fa cos (ap) cos (Bp) —mpg 1z,

since ff = 0 due to bsp = 0. Equation (12) can directly be solved for the Cardan angles

mp¥p + fg,
ap = —arctan - / 13a
° <mD(ZD+8)+fﬁz (15
ijC'D + fl%x )
= arctan | cos (« - , 13b
Bp ( ( D)mD(ZD+g)+fﬁz (13b)
and the norm of the total thrust
Fa= \/ (tomp + fi)" + (Jomp + f,)” + (20 + )mo + f.)" (14)

Under the assumption that the Coriolis and centrifugal forces can be neglected, the
rotational movement of a drone follows from Equation (4) and is given by

iwa cr(wWig, — wigs) D — TRy
Op Dd.)Dy = *ZCT (CUM% — CUM%)TD , + | Ry | - (15a)
Wpz —tw (le — Wiy T Wiz — ‘UM4)

Note that this equation provides a direct link between the angular velocity of the
drone wp in the drone-fixed coordinate system and the motor speeds. In Equation (15a),
rp is the radius of the drone, defined as the distance in the xy-plane of the drone between
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the z-axis of the coordinate system D and the axis of rotation of each propeller. The vector
TR is the constraint torque with its elements

Tre = b ( ff, cos (ap) + f. sin (ap)), (15b)

TRy = bR: (fﬁx cos (Bp) + fry sin (ap) sin (Bp) — fg; cos (ap) sin (,BD)) (15¢)

Equation (15) can now be solved for the angular velocity of each motor

M1 \/ rpewFa + 2ew TRy — 2@pycwwWpy — r'DOpzCTWD,
wn — (M2 _ 05 | —=VrpewFa + 26w TRy + 20Dy cw@py + "D®OpCTD, (16)
4 wWm3 VIDCTCW \/TDCWFA — ZCWTRy + 2®DchwDy — rpOpLCTWD,
Wm4

—VDewFa — 2cw TRy — 20pycwWpy + rpOpzCTWD,
It has to be stated that the inversion of the drone’s model only succeeds if r](;;) = r]gni)
holds for the n-th time derivative. Hence, the vector brp should be as short as possible.
With the knowledge of all cable forces fg;, the trajectory of the cable attachment point and
the relating time derivatives can be calculated by
n n n
) = réi) + lO,ivl(zi) : (17)

In cases where two or more drones are used, Equation (8) leads to an underdetermined

system of linear equations. As already mentioned, its solution can be found by

fr = (PT) i (E - (PT) +PT> Ao, (18)

where (PT) * € R310%6 ig the Moore—Penrose inverse, E3y x35, the identity matrix and
A € R¥X1 an arbitrary vector. The time derivatives of fg can be calculated by differenti-
ating first (8) with respect to time using the Leibniz rule

=3 ()P, 19

k=0

and solving this equations analogous to the procedure of (18) afterwards, concerning that
the vectors A; for the time derivatives are chosen equal to zero.

For the modeling of the drone dynamics, it is assumed that the coordinate axes of £ are
aligned with the platform’s principal axes of inertia. This also holds for the homogeneous
masonry unit. Assuming that a masonry unit is always gripped centrally, this yields

bs = 1[0 0 bSZ}T and @p = diag(Opy,, Opyy, Opz;). Note that bg and @p have to be
recalculated for every trajectory. Additionally, by default the platform performs only
rotations around the body-fixed zp-axis. Thus, the orientation of the platform can be
described by the matrix Tp(yp). That means that there is the direct relation wp = p
between the angular velocity and the time derivative of the platform angle around the
z-axis. This simplifies Equation (6) into

f& = Mpip — 5, with fs=0. (20)
The necessary time derivatives of Equation (20) in Equation (19) can be calculated by

fo" = Mo @)
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since the product Mp?p of the time derivative of the mass matrix

: 0  mpb! [0 0
Mp = o S| = - - 22
P [mpbg Op ] 0 @pOp — Opwp (22)

and the acceleration vector #p = [i‘p 0 0 CUPZ] Tis always zero. This follows because

0 Wpz (®Pxx - ®Pyy) 0
wpOp — Opwp = | wp; (@Pxx - ®Pyy) 0 0f . (23)
0 0 0

Moreover, the time derivatives of the vector of the applied force f;(n) are always zero,
since the constant gravitational force is the only applied force which is taken into account.
Note that the calculation of the propeller speeds w), in Equation (16) depends on
wp. Solving Equation (10) for wp states that the calculation of wp requires the second

time derivatives ip and ﬁD. Therefore, Equation (13) must be differentiated twice, which

means that the fourth time derivative r](j) = rgl) has to be determined. Furthermore, it

follows from Equations (8) and (17) that 01(3 ) and flg4) must also be known. Equation (18)

states that this requires knowledge of the fourth time derivative of the constraint force fI§
Finally, it follows from Equation (21) that the sixth time derivative of the platform pose #p
is needed. For each trajectory and its six time derivatives, the boundary conditions at the
beginning and end of the trajectory must be defined (i.e., two times a set of one plus six
conditions) to ensure continuity, resulting in a total of 14 boundary conditions per DOF.
Using polynomials for the trajectory, a polynomial of the 13th order provides 14 coefficients.
Solving a system of these 14 unknown coefficients and the 14 boundary conditions thus
defines the trajectory meeting all conditions at the start, the end and in all time derivatives.
An example of the use of a polynomial function for a trajectory can be found in [51].
Equation (16) leads to the cost function

s 1D M

3
wWwM,i 1,] — WM, min
Vo = — (Z ) 2 ) . (24)

1i=1j= WM, max — WM,min

If the actual speed wy, is above the maximum speed wp max Or below minimum speed
WM min, the penalty term P, is applied and V,, is not assigned.

3.3. Modeling of the Cable Robot’s Winch Dynamics, Power and Energy Consumption
Winch dynamics: The moment of inertia of the drive train, reduced to the winch side,
is computed as
J=Jw +Jc+ Imig; + Jcic , (25)

by taking into account the moment of inertia of the winch [y, the clutch Jc, the motor shaft
Jm and the gearbox Jg with its gear ratio ig. Using the winch drum radius ry and the cable
acceleration 4, one finds for the total motor torque of the i-th cable

:fR,iVW e JiRi . (26)
IG1NG IGHNGTW

The friction of the overall drive train is modeled by an overall efficiency 7 (theeffi-
ciency 5 can be derived from the manufacturer’s catalog data at full load of the gearbox).
As the drive train torques are limited by i max, a penalty Ptorque is set in case T ; exceeds
the capabilities. Note that, in this work, Viorque = 0.

Power and energy consumption: The used electric motors are highly efficient perma-
nent magnet synchronous motors. The detailed electric modeling of the motor is simplified
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by a power balance approach. The mechanical winch power per cable at time step k can be
computed as

Pypi(k) = Ti(k)ww,i(k) (27)

where wyy; is the angular velocity of the i-th winch drum. Considering the motor’s phase
to phase winding resistance Rpp and its motor torque constant k¢ from the specifications in
the data sheet, the copper losses

3 Tt,i 2
Pei=5 <kt> Rpp (28)

can be computed [52]. Note that the motor has three phases and is star connected. Taking
into account also the inverter efficiency #7gsc and the recuperation efficiency #g leads to the
total, needed or recuperated winch power

Po; = (Pm,ing + Pci) nescr - for Py + Pei <0 29)
T (Pmigs + Poi) e for Py, +Pci >0
For every time step, an overall power
N
P(k) =} Pw,(k) (30)
i=1

can be computed. In case P (k) exceeds the maximum power Pnax provided by the power
source at any time step k, a penalty Ppower is set. From the power requirements over time,
the energy consumption is approximated using the trapezoidal rule [53]

s P(k)+P(k—1
Etotalzz () 2( )

k=2

At, (31)

where At = t*Z—t:l is the step size of a time step. If used, the total energy consumption defines
its costs Venergy = Eiotal- Later on Eyyy1 is used to compare both systems. Notably, neither
Vpower, Venergy NOT Penergy is employed within the optimization and is thus set to zero.

The considered CDPR has eight cables in each corner of the frame, which are guided
into the workspace using pivoting deflection pulleys. The four lower pulleys (see
Equation (47), By B rpo,B 15,5 rpe) can be moved vertically. They are lifted as soon as
a layer of masonry units has been finished. The movement needed is done between tra-
jectories 14 and 15. Therefore, it is assumed that these pulleys are attached to slides that
may move along vertical rails, powered by external drives. The dynamic effects and power
consumption is neglected. Note that the details on the modeling of these effects can be
found in [48]. The actuated sliding motion of the pulleys under cable tension and alongside
a trajectory has already been demonstrated [54].

3.4. Modeling of Collisions

The following collision detection formalisms are based on geometric considerations.
The necessary fundamentals can be found in [55].

Self-collision of the robot and collisions of the robot with its environment: For colli-
sion avoidance, all relevant objects such as drones, end effector, payload and static obstacles
are represented by cuboid geometries called Axis-Aligned Bounding Boxes (AABB) [56].
As these boxes are aligned with the three axes of the inertial system, both distance compu-
tations as well as collision checks are massively simplified. In case relevant rotations of the
bodies involved are planned, the AABBs can be replaced by so-called Oriented Bounding
Boxes (OBB) [56] for the price of slightly increased computation costs.

Collision on AABBs can be trivially checked using the Separating Axis Theorem [56].
Two convex objects can not collide if a separating (hyper-)plane and its normal—the
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separating axis—exist. Accordingly, if in at least one axis no overlap of the boxes can be
found—which is trivial to check per-axis of the inertial system—the AABBs do not collide.
Given two AABBs 1 and 2, their center coordinates r; = [x1,y1,z1]T and r, = [x2,y2,22]T
as well as their halfwidth extends e, €1y, €1z and ey,, €2y, €2z, respectively, the following
distances can be computed

dy = abs(x1 — x2) — (e1x + €2x),
dy = abs(y1 — y2) — (e1y + ezy),
d, = abs(z1 — x2) — (e15 + €2,). (32)

If all distances dy, dy, d. become negative at the same time, a collision occurs. This
allows to check the potential collisions xy € {DD, ObEE, ObD} where, in case of collision,
Pop, Pobet or Pobp, respectively, receives penalty terms.

Furthermore, the distance of the AABBs is checked to support the convergence of
the optimizer. Thus, the costs of Vpp, Vopee and Vopp are calculated by observing the

smallest distance
dij = \/d +dj +d2 (33)

of each two AABBs, which generally is the distance of the two closest corners. The costs

1 no—1 ne ng d:(k
Ve =— (Z Y Y 1- ;(4 )>, oo = <”2°> x € {DD,ObEE,ObD} . (34)
s7h00 \ i=1 j=14ik=1 min

are respectively assigned as long as the condition 0 < d;;(k) < dpin is met. Distances of
two AABBs larger than a predefined distance dp,, are treated as uncritical. In this case
(dij(k) > dmin), VDD, Yobee and Vopp are set to zero to avoid negative cost values. Note
that the binomial coefficient 1,, equals the number of collision checks for 1, obstacles.

Self-collision of cables: The method for detecting self-collisions of cables takes
advantage of the fact that the end effector follows a continuous path. Whether during
the last time step At a collision might have happened or not, can be checked by simple
geometric considerations using the given quantities in Figure 4a.

X
Bi B
Biki1 ¢ ikl : X
[ ]
D.i&/.Bj'k .

%

. ® X
R; ; / .
\ R; | 3
(a) ’ (b) x

Figure 4. Schematic illustration of the method for collision detection between a cable and (a) another
cable and (b) an obstacle.

Accordingly, it is assumed that the time interval is chosen sufficiently small so that the
motion can be considered as linear between two time steps. Two cables S; and S; are shown
in the platform-fixed coordinate system & for the two successive time steps t; and f;, 1. In
this coordinate system, the vectors pg; and pg; to the end effector’s cable attachment points
Ri = Rix = Rijxy1 and R; = R = Rjx1 are constant. However, the cable attachment
points at the drones B; and B; with their associated vectors rg; and rg; move relatively to
the end effector within the time step on an circular arc with the radius ly. Thereby, the cable
S; sweeps out the sector area K; defined by the three points R;, B;; and B, ;1 while the
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cable S; sweeps out the sector area K; defined by the three points R;, Bjx and Bt 1. Thus,
for a collision test, the four cable vectors

Lik =rBix —"Ri, Lik+1=7"Bik+1 —TRir Lik = 1Bjk — TRjs Lik+1 =7Bjkr1 —1Rj  (35)

must be defined. Given that the two sector areas are not parallel to each other, a point of
intersection between the sector area K; and the cable S; as well as between the sector area K;
and the cable S; can always be calculated for each time step. A collision can only be entirely
excluded if the calculated points of intersection D; ; and D; ;1 between the sector area K;
and the cable S; as well as the calculated points of intersection D, x and D; 1 between the
sector area K; and the cable S; are all outside the sector areas.

For the actual collision check, the two sector areas are treated as planes, expressed

by their normal form (x — p)Tn = 0. Here, x is the vector to an arbitrary point on the
plane, p is the vector to the cable attachment point of the considered sector area and # is the
normal vector of the plane. In a first step, the intersection points D; ; and D; ;1 between
the plane K; and the cable S; expressed by the vector /; are calculated separately for the
two time steps t; and t; 1. For this purpose, the vector x in the normal form of the plane is
successively substituted by the parametric equation of the cables. The vector rg; is chosen
as p. This yields the two vectors

T
. (rri —1Rj) i
di,k =1Rj + Sj,klj,k/ with Sik = Tij, (36a)
l]-,kl’li
. (rri = i)',

digr1 =1Rj + Sjkr1ljkr1,  withsjrg = T . (36b)

jk1Mi

of the intersection points D;. The first condition

Clij: (0 <sjk < 1), Cliky1: (0 <Sjjp1 < 1) (37)

checks separately for each time step whether the point of intersection is within the free
cable section between the last pulley on frame side and the platform. Otherwise a collision
can be excluded. If one of the conditions Cy; x or Cy; k41 is fulfilled, the second step is to
check if the calculated points of intersection are inside the sector area. For this, the sector
area is defined by its parametric equation x; = pgr; + s; ¢li k + i k411 k+1, with the affine
coordinates of a point s; x and s; ;1. Inserting the points of intersection d; ; and d; ;1 from
Equation (36) in the parametric equation leads to their position vectors

spik =S (dix —rri)  spx € R¥, (38a)
ki1 =S (dixs1 —1Ri) Spiki1 € RPN (38b)

Herein, the matrix S;" is the pseudo inverse of the matrix S; = [l;x  I;+1]. The inter-
section point is within the sector area, provided that for the two timesteps the conditions

Coik : ((sp,ik(1) > 0) A (sp,x(2) > 0)), Gaik : ||Sispjikll, < o (39)
Coikr1: ((spjiks1(1) > 0) A(spijks1(2) >0)),  Caipr: ||Sispiksall, <o (40)

are true. This procedure must be repeated for the sector area K; and the cable S;. This
results in the conditions Cyjx, Cyjx and Cs; for the time step fx and Cyjxy1, Cojk41 and
C3j k41 for the time step f; 1. The overall condition can be defined as
Cges =(Crik A Coif A Caik) V (Crigs1 A Coiera A Caijer1) V
(Crjk A Cojk A Cjk) V (Crjpra A Cojesn A Cajgesn)- (41)

Finally it can be stated that
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* acollision can be excluded, if Cges = 0 and that
* acollision has happened within the chosen time step, if Cges = 1.

Provided that a collision took place, it can be useful to repeat the collision check with a
reduced step size. In the case of a cable collision, the penalty Pc,c, is added. For cable—cable
collisions, no costs are calculated, which is why Vc,c, = 0. Inspired by Gouttefarde [57]
and due to its simplicity, an approach easy to implement was chosen. More sophisticated
approaches can be found in [58-61].

Cable-obstacle collisions: For a collision check between a cable and an obstacle
according to Figure 4b, all f = 1,...,6 faces of a AABB are checked individually for a
collision with every cable i. The vector ¢y points to the center of each face, which can be

derived using the halfwidth extends e; = [efx efy efz] T of the AABB. Analogous to the
procedure for a collision of type x = CaCa, each face of the AABB is defined as a plane in

its normal form (x; — ¢ f)Tn £ = 0. The cable under consideration S; is again expressed by
its vector I;. With these two definitions, each point of intersection

T
Cfr—TR;)) N
di,f =1Ri + Si,fl,‘, with Sif = 7( / RZ) f, f

=1,...,6, i=1,...,n (42)
T 7 4 7 7 EC
linf

is calculated for all n. cables. From the center of each face, the vector

qi,fx
qif = |qify :(di,f_cf> (43)
qi,fz

points to the point of intersection of the considered cable and face. Provided that the
conditions

) A (5] < i) A ( ). (a42)
<l (44b)

Clz((

sz‘d

if — TR )

are both satisfied, there is a collision and the procedure is terminated with the penalty
term Pc,0p for the considered cable. In contrast to the cable—cable collision, for the cable—
obstacle collision a cost function is defined. For this purpose, for each cablei =1, ..., n.
the closest distance to one of the surfaces of all objects j =1,...,n, is defined by

) w

d]—m}n<‘ ij.f — Cij,

This leads to the total cable-obstacle collision costs for one time step

Nne No MNg )
V = 46
Caob = = 121 ]Zi L i (46)

Here, analogous to Equation (34), the value of d,in specifies a boundary above which
the costs are zero.

4. Discussion of the Optimization Results

The following scenarios under consideration deal with the automatic construction
of a building consisting of 1720 calcium silicate units. These mainly include calcium
silicate masonry units of the type 6DF [62,63], as well as flat lintels and masonry units to
compensate height differences. Note that, for all units, the optimization has ended penalty-
free for both systems, i.e., all undesired events could be avoided and all final optimization
runs terminated with valid trajectories.
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In the first scenario, a drone system with three quadrocopters as shown in Figure 1b is
used to transport the payload past some already erected buildings to the actual construction
site. In this case, the optimizer is forced to plan a path which avoids collisions. The scenario
is used to verify the functioning of the implemented algorithms. The drone system used
in this first scenario has the parameters listed in Table 2. Notably, with the given drone
system, the platform is kinematically underconstrained [34], which means that the system
might oscillate in case of disturbances. Applicable control approaches are subject to future
work, where e.g., flatness-based approaches are promising [64].

To identify and compare the advantages and disadvantages of each robotic system,
the second scenario deals with the optimization of the entire construction process for all
1720 masonry units for this drone system and the cable robot presented in Figure 1a. For
the optimization process, all trajectories are employed as given in Table 1. Note that the
mass of the platform is subject to instantaneous changes after gripping the masonry unit
between trajectories 3 and 4 and after placing the masonry unit between trajectories 10 and
11. This inevitably leads to discontinuities, e.g., in cable forces or propeller speeds. Such
discontinuities might as well lead to theoretically infinite accelerations, e.g., at the motors
of the drones. However, since the simulation framework is using an open loop physical
model and calculates each trajectory independently, this does not lead to problems within
the simulation. The effects of this short time period were assumed to be negligible in terms
of energy consumption and overall construction time. Thus, a modeling of such effects was
not included within this work. Future work includes the modeling of the contact forces
when gripping or releasing a masonry unit.

Table 2. Drone system parameters.

Parameter

Value

Number and type of drones

np = 3 quadrocopters

Platform mass mp = 20kg

Drone mass mp = 14.26kg
Masonry unit mass mp = 10.7 kg-53.7 kg
Length of the i-th cable lp; =57m

Vector from the drone’s center of gravity to the attachment point of the cable ~ bg; = [0m 0m —0.04m] T

Tensor of inertia of the drone

Op ~ diag(0.33kgm?,0.33 kgm?, 0.78 kgm?)

Tensor of inertia of the platform Op ~ diag(0.2kgm?,0.2kgm?,0.2kgm?)

Thrust coefficient

cp =7.243 -10~* Ns2 /rad?

Drag coefficient

cw = 3.137 - 1075 Nms? /rad?

Rotor speed WM,max = 560rad/s
pri = [034m  —0.1525m 0.6m]"
Vector to the cable attachment points of the platform prz = [0m 0305m 0.6m] T

prs = [<034m  —0.1525m 0.6m]"
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The cable robot’s parameters are given in [48]. The most important ones are

051 —051 051 —051 051 —051 051 —0.51
Epri-- Sprel = | —0.0315 —0.0315 —0.445 —0.445 0.0315 0.0315 0.445 0.445 | m,
| 0714 0714 0324 0324 0714 0.714 0.324 0.324

48 —48 433 —433 48 —48 433 —433
[Brgi...Breg] = | —6.996 —6.996 —7.096 —7.096 6.996 6.996 7.096 7.096 |m,
05 05 51875 5.1875 0.5 0.5 5.18755.1875

Bhgp = [—0.0078 —0.0074 0.4059] 'm,

[11.0424 0.3203 0.4189
865 = | 0.3203 10.8053 0.3697 kgmz. 47)
| 0.4189 0.3697 9.8329

The end effectors of both systems differ in their ability to rotate the masonry unit. In
the case of the drone system, the rotation comes from the absolute positioning of the drones.
In comparison, the end effector of the cable robot can actively rotate a masonry unit. For
this reason, the end effector of the drone system can be built much lighter since the rotation
unit, using a powerful electric motor, heavy bearings and an extra frame [9], is omitted.
Moreover, the frame of the end effector for the drone can be built using more lightweight
elements since the expected cable forces are lower in comparison to the CDPR and the
cables are not tensed against each other. Additionally, five cable attachment points and five
cable force sensors are not needed. Therefore, it is assumed that the weight mgg = 100 kg
of the end effector of the cable robot can be reduced to mpg = 20 kg for the drone system.

Notably, in both scenarios, the 6th trajectory—which is basically the motion across the
site—of the 1000th masonry unit is discussed in more detail with its starting position A
and its target position B. Apart from the lateral movement from its starting position rp 5 to
its target position rpg, the masonry unit is additionally rotated by ¢ = —90° around the
zp-axis. Hereby, the target position and the rotation angle result from the masonry laying
plan. Note that cable angles g, Bg are used for evaluation. These angles are defined as the
Cardan angles analog to Section 3.2, such that the initial unit cable vector vgg = [0 0 1] T
is mapped to vg;.

First scenario: For the first scenario, the 6th trajectory starts at point A with
rpa = [30m —6m 245m]’ and endsatpointBwithrpg — [2.8625m 39m 245m]’
passing two additional knots S; and S;. These knots with their vectors rpg; and rpg; are
optimized as well as the platform’s velocity and acceleration at these points. The relative
position of the drones to each other is influenced by the definition of the vector A in

Equation (18). The choice
Aoa sin (60°) 0 — sin (60°)
/\0 = Ao,z As, AO,l = [ —cCOos (600) ’ AO,Z = |1 ’ /\0/3 = | —COS (600) . (48)
1 1

Ao/g 1

results in solutions where the drones are as close as possible to an angle of 120° around the
zp-axis to each other. The scalar value Ag € R can be used to adjust the spreading between
the drones, since the force fr calculated with Equation (18) is the one that has the smallest
distance to Ag with respect to Euclidean norm. Therefore, an increasing value Ag results in
a greater distance between the drones.

The optimization is done using the introduced Particle Swarm Optimizer of MATLAB®
with its default settings [65] and the parameters of the cost functions as shown in Table 3.

Note that the comparatively high value of W,, results from the power of three in
Equation (24) and the need for small drone angles ap and Bp to meet the assumption

A =)

. Figure 5 shows the optimization result for trajectories 4 to 10.
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Table 3. Optimization parameters for the drone system.

Cost Function Cost Weight Penalty Limits

Time 1 11 -

Propeller speed 1 21,952 10,000 5...560rad/s
DD 1 1 1-10° Amin = 1m
ObEE 1 1 1000 dmin = 0.1m
ObD 1 0 1-10° Amin = 0.1m
CaCa 1 0 1-10° Amin = 0.1m
CaOb 1 1 1-10° Amin = 0.1m
Position end effector 1 0 1000 rp,=0...45m
Velocity end effector 1 0 1000 |Umax| =3 5
Acceleration end effector 1 0 1000 |dmax| =5 sz

zinm

Figure 5. Optimization result for the 1000th masonry unit for scenario 1, using a drone system.

As desired, the optimized trajectories avoid all obstacles.

For the 6th trajectory, the transition time is reduced by the optimizer from initially
ty = 50s to ty = 27.02s. The platform is with ffg)A = ffgl)g = 0 in perfect rest at the start and
target position. The optimizer changed the initial position, velocity and acceleration vectors
of the platform at the additional knot S1 and S2 to the vectors given in Table 4. To obtain a
better impression of the actual platform and drone speeds, the calculated position of the
drone’s cable attachment points are additionally highlighted at constant time intervals. For
the rotation of the masonry unit, the whole end effector has to be rotated. Therefore, the
drones must change their absolute position to each other in a coordinated manner.

This fact can be seen in Figure 5 by the intersections of their flight paths. Moreover,
the relative alignment of the drones at approximately 120° is clearly visible. After the
optimization, the spreading factor has the value Ag ~ 33.06. This value is mainly affected
by two cost functions. The costs of the rotor speeds V,, are increasing as Ag becomes larger
and, thus, the optimizer tries to achieve the smallest possible Ag. The cost function Vpp has
the opposite effect and increases when Ag decreases, as the AABBs get closer. Thus, Ag can
be influenced by the weights of W, and Wpp.
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Table 4. Optimizationresult for the 1000th masonry unit for scenario 1 at the knots S1 and S2 of
trajectory 6.

Knot Position Velocity Acceleration

16.32 —0.96 0.861
Knot S1 at t51 ~ 10.81s rps1 = 2.08 |m fP,Sl ~ 0.16 % fP,Sl ~ | —0.10 sz
2.45 —0.08 0.10

11.57 —1.26 —0.03
Knot S2 at tsz ~ 16.21s rps2 ~ 2.82 |m 1.‘1),52 =~ 0.17 % .fP,SZ ~ | —0.01 sz
2.33 0.03 0.00

The associated cable and drone angles are shown in Figure 6a—c.
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Figure 6. Drone and cable angles in (a—c) and rotor speeds (d—f) for the optimized scenario 1.

As an example, the curves for the drone D2 are considered in more detail at the start
and target position. From Equation (48), it follows that at the starting point, the cable vector
of this drone lies within a plane parallel to the yz-plane of the inertial frame, pointing
in positive y- and z-direction. This requires a single rotation around the x-axis of the
inertial frame with ag, < 0° and Bs, = 0°. To achieve a stable system behavior while
hovering, the drone must be tilted less than the cable and, therefore, |ap,| < |asp| must
hold. Both conditions are confirmed by the angles calculated by the optimizer. At the target
position, the drone D2 is oriented in such way that the cable lies within a plane parallel to
the xz-plane of the inertial frame, pointing in positive x- and z-direction. This requires a
single rotation with Bg; > 0° and gy = 0°. Furthermore, |Bpy| < |Bsz| must hold. These
considerations are also confirmed by the results in Figure 6b. The same procedure can be
used to check the other cable and drone angles at the start and target positions. During the
trajectory, maximum angles of agp, Bsp < 15° occur. The differences between the cable
and drone angles are Aagp = |ag — ap| < 6° and ABsp = |Bs — Bp| < 6°. The results of
the required rotor speeds are shown in the Figure 6d-f separately for each drone. It can be
seen that, due to the arrangement of the cables at the end effector, all drones must carry the
same load in stationary case. To reach ag, < 0° and |apy| < |asp|, the rotor speeds of drone
D2 must satisfy the conditions wy; = wys and wy > wma. This is the only possibility to
generate a counter reaction torque to the constraint torque applied by the cable. For the



Robotics 2022, 11,119

22 of 30

given trajectory, only small differences in rotor speed of about |wy| ~ wy + 15rad /s from
the hovering speed are necessary. The hovering speed can be derived for the stationary
case from Equation (16), which simplifies to

(mp + )8

i (49)

wmo =

For the 1000th masonry unit the hovering speed is wyyg ~ 308.47 rad/s. The curves of
both the cable and drone angles as well as the rotor speeds have the desired smooth curve.
In total, the optimization result of scenario 1 shows that the path planning framework works
as expected. This means that a penalty-free solution for a complex maneuver was found.

Second scenario: The second scenario is a comparison between the drone system
already presented and a cable robot. The cable robot mainly consists of a base frame
to which pulleys are attached. The cables enter the actual workspace via pulleys. The
platform is moved by changing the length or tension, respectively, of each of the . cables
in a coordinated manner [66]. For the drone system, the movement of the platform results
from the movement of each individual drone for constant cable lengths. The masonry units
are fed to the construction area via an automated mortar system. Since the mortar system is
also responsible for applying the mortar in addition to feeding the masonry units, it is also
used for the drone system. For a comparison of both robotic systems, the trajectories for all
1720 masonry units of the first floor are optimized and compared in terms of time required
and energy used. Due to the natural boundaries drawn by the workspace of the cable
robot frame, the danger of a personal injury is little. Since it can be assumed that there are
no obstacles in the workspace other than the masonry units already placed, the masonry
units are transferred from the start to the target position using straight trajectories. As
this simplifies numerous operations, and to maintain comparability, this trajectory shape
is also used for the drone system. Accordingly, for the cable robot, the only optimization
parameter is the transition time, which is why a gradient-based optimization method is
suitable. For this purpose, the optimizer fmincon of MATLAB® is used with its default
settings [67]. The parameters for the cost function are listed in Table 5.

Table 5. Optimization parameters for the cable robot.

Costfunction Cost Weight Penalty Limits

Time 1 11 - -

Cable force 1 0 10,000 150...4500 N
Cable velocity limits 1 0 1000 6%

ObEE 1 0 1000 Ain = 0.1m
CaCa 1 0 1000 -

CaEE 1 0 1000 din = 0.1m
CaOb 1 0 1000 Amin = 0.1m
Position end effector 1 0 1000 rpz=0...45m
Velocity end effector 1 0 1000 |Umax| = 3 &
Acceleration end effector 1 0 1000 |dmax| = 5 sz
Motor torque 1 0 1000 7t = —10...110Nm
Power 1 0 1000 Pmax = 32,000 W

Although a lower cable force limit of 150 N seems to be excessive, it is well chosen from
practical experience (and thus also include a practically identified safety margin for control
purposes). The drone system has the same characteristic as in the first scenario. In addition
to the actual transition time ¢, the spreading factor Ag is also optimized. In this case, as in
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scenario 1, a particle swarm optimization is preferred. The parameters of the cost functions
are the same as in Table 3, with the exception that W, = 0 for x =€ {ObD, CaOb}.
Figures 7 and 8 show the optimization results for trajectories 4 to 10.

—6 k6 4 yinm

Figure 8. Optimization result for the 1000th masonry unit for scenario 2, using a drone system.

For both systems, the optimization results in the desired straight trajectories. Based on
the AABBs for the end effector and the masonry unit, the result shows the different rotation
methods for the masonry unit around the platform’s zp-axis. For the cable robot, it can be
seen that the end effector maintains its orientation throughout the transportation while the
masonry unit rotates. For the drone system, however, the rotation of the masonry unit is the
same as that of the end effector to which the masonry unit is attached. For both systems, the
expected change in the size of the AABBs can be seen during the rotation. Furthermore it is
obvious that the cables of the cable robot are blocking relevant volumes within workspace
during the motion. This increases the risk of cable collisions, to be avoided by the optimizer.
For the scenario at hand, the lower pulleys have already reached a certain height. Note that
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the pulleys are lifted with a rising building between two masonry units of different layers.
Moreover, the transfer position of the mortar system is lifted accordingly. In contrast, the
cables of the drone system are always above the end effector. Hence, cable collisions with
an obstacle are almost impossible if a certain laying plan is maintained.

The resulting cable forces are presented for the cable robot in Figure 9. Analogously,
the rotor speeds for the drone system are shown in Figure 10d—f.
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Figure 9. Calculated cable forces of the cable robot for the 1000th masonry unit.
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Figure 10. Resulting drone and cable angles in (a-c) and rotor speeds in (d-f) for the 1000th masonry
unit using the drone system.

For the cable robot, the highest calculated cable forces are below fRr max. This means
that the optimizer was not able to accelerate the trajectory any further due to the defined
penalties, although the cable robot still has cable force reserves. For both systems, the
curves show a smooth course, with the exception of the transition during gripping or
placing the masonry unit. The force of gravity of the platform varies in dependence of
the actual masonry unit mass. For the cable robot this varies between Fgp = 1050 N and
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Fgp = 1508 N and for the drone system between Fgp = 301 N and Fgp = 723N. Due to
the movement of the drones along with the platform, the cable forces are only slightly more
than one-third of Fg p each. In the case of the cable robot, the cables often have a unsuitable
flat angle at the platform due to the cable pulleys fixed at the frame. As a result, the net
cable forces of the cable robot to carry the platform tend to be in the lower kN range and
are thus many times larger than the cable forces of the drone system. Another reason for
the high cable forces is that the lower cables additionally pull the platform downwards.
Therefore, it follows that the cables of the drone system are subjected to much less stress.
On the other hand, however, each drone of the drone system has to carry its own weight
on top of the platform’s weight. Depending on the platform’s mass, this results in the
hovering speeds |wy| ~ 308.18...362.59 rad /s which are, compared to the theoretical
speed for applying the force of gravity, slightly increased. The deviation depends on the
spreading factor Ag. Using the lift coefficient, the theoretically required force per drone of
Fa = 275.16 N to Fa ~ 380.90N can be calculated. The significantly better ratio of the force
needed to carry the platform is solely due to the cable angles at the platform.

Despite the significantly larger necessary cable forces, the cable robot is more efficient
due to its drive concept. With the given quantities of the cable robot, the resulting force per
watt of applied power can be calculated for the stationary case. Using Equations (26)—(29)
leads to the relation

[Nl 2(ignck)®resc _ 2(10-0,8941-1.4)*-0.95 453745
Teable =W = T 32 Rpfx | 3-013%-0.12fx  fr

(50)

From the manufacturer’s data sheet for the drive unit of the drone system the same
relationship can be derived with

IN] 4\/% 1243 51)
T TIW] T 2ewvER VEn

Common to both systems is that the ratio decreases with an increasing force. A
comparison of the ratios #c,ple and #grone i done for the initial position of the 1000th
masonry unit, which can be seen in Figures 9 and 10. For the cable force fg; = 1586 N, one
can calculate #,pe = 28.61 N/W, which is over 329 times more effective than the ratio of
Hdrone = 0.087 N/W for the total thrust of FA = 205N of the drone D2. Another advantage
of the cable robot is its ability to recuperate energy when lowering or decelerating the
masonry unit. Recuperation of stored kinetic or potential energy is currently not realistic in
the case of the drone system.

Integral comparison and conclusion: From the optimization results, it follows that
the overall construction time for all 1720 masonry units is tc = 58.85h for the cable robot
and fp = 83.09h in the case of the drone system. Hence, the drone system requires
approximately At = 24.4h more time, which corresponds to a value of over 41 %. With a
total of 25.48 h, a lot of time is needed for the measurement processes during trajectories
1 and 8. Therefore, the actual time for moving the platform from A to B is comparatively
small compared to the waiting and measurement time. Especially for the drone system,
this has a very negative effect due to the high energy demand. The drone system with
Ep = 602.15kWh requires more than 44 times as much energy as the cable robot with
Ec = 13.68 kWh. This fact is mainly due to the bad ratio of applied power to the resulting
lift force. In practice, this results in 186 battery changes for each drone during construction.
Assuming that two minutes are needed to change the batteries of all three drones, this task
would add another tg = 6.2h to the construction time. Looking at the recuperated energy
of the cable robot, the amount of energy over all masonry units is Eyec = 7.94 kWh, which
is about 36.72 %. Accordingly, the recuperation capability contributes significantly to the
low energy consumption of the cable robot.

Another disadvantage of the drone system is its significantly more complex position-
ing. While the positioning of the end effector in the case of the cable robot can be directly
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determined with a high accuracy via the cable lengths, complex methods must be applied
to determine the position of the drone system. Conceivable options are, for instance, the
usage of satellite navigation with the application of real-time kinematic positioning or
an optical tracking system. In addition, the platform with only three cables is statically
indeterminate in the case of the drone system, which is why it can always be stimulated to
make undesired movements by disturbances such as wind. In contrast, the platform of the
cable robot with eight cables is even statically overdetermined. The drone system, however,
has its advantages when it comes to flexibility, beginning with its much faster setup time.
Moreover the drone system has great advantages whenever spatially flexible transports
over long distances are required, as in the application of scenario 1. Here, the cable robot is
not an alternative. The same applies to very large buildings. Here, the frame of the cable
robot, the mortar system and the pulleys would have to be constantly readjusted. Due to
the limited workspace and the unsuitable cable angles, it is even important for the cable
robot that the masonry is centered in the construction space of the cable robot (which might
have a climbing frame to support e.g., high rise buildings). In conclusion, it can be said
that both systems are suitable for transporting heavy loads, whereas the cable robot might
as well transport masonry units significantly heavier than in this scenario. In conclusion,
due to the discussed differences in their characteristics, their fields of application also differ
widely. While the cable robot is predestined for the movement of very heavy loads within a
defined and limited workspace with a very high accuracy and/or over a long time period,
a drone system has its advantages above all when the transportation has to take place over
longer distances for a limited period of time.

5. Conclusions and Outlook

This paper dealt with the investigation of two different robotic systems for automated
masonry construction. The comparison is based on an object-oriented programmed frame-
work for model-based dynamical path planning. The main advantage of the object-oriented
approach is the easy adaption of the framework to different scenarios, new robots or cost
functions that have to be taken into account. Overall, the software tool has proven to be an
efficient tool for the investigation of robots which transport a common load using cables.

The optimization result greatly depends on the definition of the cost functions and
penalty terms. While the penalty terms ensure that physical boundaries are met and
collisions are avoided, the quality of a penalty-free trajectory is rated by the total scalar
value of the cost function itself. For the consideration of the physical boundaries like cable
forces, motor limits or energy consumption, the inverse model of each robotic system
was derived in detail. Additionally, the modeling for cable—cable collisions as well as
cable—obstacle collisions and robot—obstacle collisions were presented. The optimization
of a first scenario demonstrated the full functionality of the optimizer for transporting a
payload in a complex environment using a drone system.

In a second scenario, the construction of the first floor of a building was compared
for both a cable robot as well as a drone system by optimizing the trajectories of all 1720
masonry units. The result shows, on the one hand, that both robotic systems are able
to transport heavy loads, but on the other hand, that they have also great differences in
their characteristics. The major differences are the energy consumption and the overall
construction time. These lead to different fields of applications for the two systems.

In the future, the resulting optimization data for the drone system has to be validated
using a dynamic physical simulation model, which contains less simplifications. This
implies, for example, that the drones cable attachment points may not coincide with
their center of gravity. Moreover, the acting Coriolis and centrifugal forces of rotating
parts like the propellers should be considered. In case the deviations between the rotor
speed determined by the optimizer and the resulting propeller speeds from the accurate
simulation model are too big, the inverse model has to be investigated for the cause. In a
further step, a prototype of the drone system has to be set up. In the case of the cable robot,
the next step is to validate the calculated data on a full erected prototype. This includes
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mainly the cable forces and the energy consumption. To speed up the overall construction
time, one future investigation will deal with the improvement of the positioning process of
the end effector while gripping or placing the masonry units. This should be reached by
optimizing the measurement routine of the laser sensors, in order to speed up the detection
of the masonry unit’s pose, as well as the detection of the erected building structure.
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Abbreviations

The following abbreviations are used in this manuscript:

BIM Building Information Modeling
CDPR Cable-Driven Parallel Robot
AABB  Axis-Aligned Bounding Box
OBB Oriented Bounding Box

DOF Degree-Of-Freedom

EU European Union
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