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Abstract In contrast to conventional serial robot arms, a cable robot
offers special characteristics which make it predestined for
usage in automated construction: Cable robots use a robust and simple mechanical layout, including a frame, motordriven winches, pulleys and cables connected to the end effector in a parallel kinematic structure. Derived from BIM data,
suitable trajectories need to be generated for every payload,
e.g. as set values for the robot control. This paper focuses on
the generation and optimization of such trajectories, considering several requirements and optimization criteria, using
a hybrid particle swarm algorithm for global optimization.
The optimization costs include transportation time, cable
forces, collision avoidance, stiffness and movements of the
pulleys. Some of these criteria are in conflict of aims, e.g.
a short transportation time and low cable forces, which is
resolved by weights in the cost function.
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1

Introduction and State of Art

Over the last decades, repeatedly, the automation of
bricking was considered. Projects in the 1990s, such as
ROCCO, with a payload of around 500 kg and a range of up
to 8.5 m [1], and BRONCO [2], use modern and economic
approaches, using conventional industrial robots, partly on
mobile platforms.
At ETH Zurich, mobile platforms have also been
equipped with robot arms to investigate automated construction processes, initiated by Gramazio and Kohler in
2011. Different sensor concepts and tools were tested in
installations such as “Endless Wall”, “Stratifications” and
“Fragile Structure” [3, 4].
Currently, the Australian company Fastbrick Robotics is
developing large manipulators called Hadrian and HadrianX , which are designed to bring building blocks along
a large manipulator arm via belt conveyors to a desired
position on the building site, using special bricks.
In parallel, the American company Construction
Robotics LLC offers the SAM (Semi-Automated Mason).
SAM employs a conventional serial robot on a movable
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platform or mounted on a large manipulator to achieve all
the necessary poses on the construction site. According to
Brehm [5], SAM is designed as a semi-automated system
that is able to increase the productivity of a bricklayer by
a factor of five, whereby the bricklayer is still responsible for creating the calibrating layer, the joints and setting
the corners. SAM works with small-format bricks with
grouted butt joints, which are applied using the dipping
method.

2

Concepts for Bricking using Cable Robots

To construct a building by a robot, the size of the required workspace is supposed to be one of the dominant
technical challenges. Here, cable robots offer outstanding
advantages in terms of workspace size, stiffness, modularity and mobility [6, 7, 8]. Currently, first feasibility
studies on cable robots for application in bricking have
been done in lab scale. To extend this to practical full
scale experiments, recently projects have been initiated
that face specific technical challenges for the prototype,
which are discussed here in short.
To allow for fast assembly and dismantling, and easy
adaption to variable dimensions of the building to be constructed, the frame of the cable robot providing suspension
of the end effector must consist of lightweight modular elements. Still, stiffness and constructive accuracy should
not be less than with a fabricated steel construction. Here,
good calibration procedures for setting up the geometric
parameters (e.g. pulley positions) are needed in the future. Furthermore, the lower cable deflection pulleys –
see Figure 1 – must be vertically movable in order to avoid
collisions between cable and building during the construction process with a growing building structure. For good
model accuracy – and thus for good positioning accuracy
of the system – the guides of the deflection pulleys must
be correspondingly precise.
Furthermore, the robot’s end effector – realized as a
platform connected to the cables, carrying the brick gripper and a set of sensors – needs a home position, e.g. for
revision purposes. As the ground is blocked by the building, it is necessary to construct a set-down position on the
upper frame structure.
Another component specifically to be developed for this
application is the brick gripper. For the exact positioning
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Figure 1. Principal CAD drawing of a cable robot
for automated construction sites
of the brick, the brick must be gripped in a precisely defined way in order to guarantee a defined brick placing
process. A sophisticated sensor concept for detecting both
the stone to be gripped, as well as the objects and bricks
already placed, is essential. In addition, the stone gripper must generate the gripping force passively to avoid
the brick falling down in the event of power loss. Still, a
form-fit gripping of the stone is not possible when using
conventional bricks and mortar to be applied to the brick.
The use of a cable robot on a site also places special
demands on the protection class of any components. The
robot must be designed to be protected against dust and
dirt and the influence of different weather conditions. The
safety concept for working on a construction site must
also be reviewed, which may require the design of new
functions, such as the self-locking gripper.

3

Methodology

While the realization of the prototype components is
a complex mechatronic task, another open issue is the
model-based optimization of the robot and its behaviour.
In this work and as a first step, the motion of the endeffector as well as the motion of the lower four cable deflection pulleys is optimized for the bricking process. This
is resolved by a comprehensive physical model discussed
in this work, and the careful formulation of a numerical
optimization problem.

4

Numerical Optimization Approach

To be able to optimize the cable robot behaviour for
bricking, its physics and properties will be modeled in the
next sections.
The numerical optimizers to be used base on defining a
vector of scalar parameters to be optimized, their boundaries and a scalar cost function. Thus, the properties to be
optimized need to be modeled and evaluated resulting in a
scalar cost function for each property. The formulation of
those scalar cost functions will be given in the following.

Noteworthy, the different cost functions, each representing a property to be optimized, need to be merged. In this
work, the multiobjective optimization is resolved by simply adding the single cost values V𝜒 using weights W𝜒
where all properties changing along a robot motion are
discretized in 𝑛𝑠 time steps, see section 5.
Some properties are subject to physical limits. As some
of them are not parameters but result of the models to be
developed, the question of considering those boundaries
arises. Thus, this work uses penalty terms P𝜒 .
Accordingly, the total cost Vtotal is computed by summarizing the costs and penalties for all properties 𝜒 over
all 𝑛𝑠 time steps .

5

Trajectory Modeling

The trajectory describes the motion of the robot as a
path defined over time. Accordingly, it covers information
on pose, velocity and acceleration. Hence, a model for the
description of these quantities must be found that allows a
parametrization by the numerical optimizer. Here, splines
– i.e. a composition of interconnected polynomials – are
a popular choice. Within this work, only the platform
position 𝒓 𝑷 with three degrees-of-freedom (DOF) as well
as the lower four pulley positions 𝒔 may change over time
and thus are described by splines. As shown in table 1, for
the platform position, six parameters per DOF are added
to the optimization variables, resulting in 18 parameters
for the description of the translational movement in three
DOF. Note, rotations are not performed. Additionally,
per segment a time duration 𝑡 𝑘 , 𝑘 = 1, 2, 3, is defined as
an optimization parameter, which adds three parameters.
Resulting, the vector of optimization parameters contains
18 + 3 = 21 elements subject to numerical optimization.
Four parameters per pulley are added to the optimization
variables, resulting in 16 parameters for the description of
the movement of the four lower pulleys. The segment times
are copied from the platform motion. Summarizing, 21 +
16 = 37 parameters are used in the numerical optimizer.
To evaluate the properties of the robot along a motion
described by these splines, each spline needs to be discretized. Let 𝑠¤𝑖 (𝑞), 𝑖 ∈ {1, 2, 5, 6}, be the velocity of the
lower pulleys along the linear axis at the 𝑞 th discretization step of one spline segment, 𝑛𝑠𝑘 be the number of
discretization points along one spline segment and 𝑛 𝑘 the
number of spline segments.
While 𝒓 𝑃 and 𝒔 as well as their temporal derivatives can
be efficiently bound at the knots by limits (see table 3), they
need to be bound along the whole trajectory as well. Thus,
they are checked on each step and penalty terms Ptraj and
Ppulleys , respectively, are associated. Noteworthy, as high
robot dynamics per se are desirable, but already reflected
by time, Vtraj = Wtraj = 0.
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Table 1. Description of spline and optimizer parameters.
Start (1st knot)
Spline segment
Spline order
Constraints
of constraints per
DOF
Í
of optimization
parameters in total

1

2nd knot

2

of constraints per
pulley
Í
of optimization
parameters in total

Í

4

4

4

0

3×3

3×3

0

𝒔 is a parameter;
𝒔¤, 𝒔¥ are computed
from first segment

3

1 (1st segment); 3
(2nd segment)

𝒔 is a parameter;
𝒔¤, 𝒔¥ are computed
from last segment
1 (last segment);
3 (2nd segment)

4×1

4×1

4×1

To avoid collisions (see section 6.3), a reconfiguration
of the cables might be necessary. Yet, in terms of power
consumption, all movements of the pulleys require energy
and are thus associated with costs. A detailed dynamic
modeling of the pulley movement is neglected in this paper.
For simplicity, viscous friction with a friction constant 𝜇 𝑓
is assumed and results in costs for movement of the pulleys,
scaled down to one pulley.

𝑘=1 𝑞=1

6.1
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Figure 2. Cable-robot model parameters
robot is driven by 𝑚 cables and has 𝑛 degrees-of-freedom
and therefore a redundancy of 𝑟 = 𝑚 − 𝑛. The posture in
the inertial coordinate-system, consisting of position 𝐵 𝒓 𝑃
and orientation 𝝓 of the platform, is 𝐵 𝒙 𝑃 = [ 𝐵 𝒓 𝑃 𝝓] T .
The rotation matrix 𝐵 𝑹 𝑃 describes the orientation of the
platform with respect to 6
B
- , in the means of roll-pitchyaw angles. 𝐵 𝒍𝑖 are the cable vectors, obtained by the
inverse kinematic.
𝒍𝑖 = 𝐵 𝒃𝑖 − ( 𝐵 𝒓 𝑃 + 𝐵 𝑹 𝑃 𝑃 𝒑 𝑖 ) ,
|
{z
}
𝐵

Kinematics and Dynamics

3

𝑃

𝐵

Modeling

𝒔 is a parameter;
𝒔¤, 𝒔¥ are set to zero

𝑚𝑃, 𝑰


k 𝑠¤1 k + k 𝑠¤2 k + k 𝑠¤5 k + k 𝑠¤6 k 𝜇 𝑓 (1)

As the robot motion should be completed as fast as
possible, the segment durations 𝑡 𝑘 can be simply summarized to the total
 time 𝑡total . The cost function Vtime =
𝑡total − 𝑛 𝑘 𝑡min 𝑛𝑘 1𝑡min computes a value with respect to the
smallest possible time. Furthermore, it puts this difference
in relation to the smallest possible time, which allows an
interpretation. The minimum reachable cost value is zero.
As all 𝑡 𝑘 are directly defined as optimization parameters,
their limits (see table 3) can be directly considered by the
optimizer avoiding penalty terms, i.e. Ptime = 0.

6

𝒓 𝑃 is given;
𝒓¤ 𝑃 , 𝒓¥𝑃 , ¨
𝒓 𝑃 are set
to zero

4

𝒔 is a parameter;
𝒔¤, 𝒔¥ are set to zero

Constraints

1
4

3

Pulley position; one spline per pulley; four splines in total
3
5
3

Spline order

Vpulleys =

Goal (4th knot)

Platform position; one spline per DOF; i.e. three splines in total
7
7
7
𝒓 𝑃 , 𝒓¤ 𝑃 , 𝒓¥𝑃 are
𝒓 𝑃 , 𝒓¤ 𝑃 , 𝒓¥𝑃 are
𝒓 𝑃 is given;
parameters, ¨
𝒓 𝑃 is
parameters, ¨
𝒓 𝑃 is
𝒓¤ 𝑃 , 𝒓¥𝑃 , ¨
𝒓 𝑃 are set
to zero
set to zero
set to zero

Í

𝑛𝑠 𝑘
𝑛𝑘 Õ
Õ

3rd knot

1≤𝑖≤𝑚

(2)

𝒑 𝐵𝑖

The cable robot, as shown in Figure 2, is referenced The cables enter the workspace at the end of the base
in the inertial coordinate system 6
B
- . The end-effector vectors 𝐵 𝒃 𝑖 , which are derived by using inverse pulley
carries the platform-fixed coordinate-system 6
P
- . The kinematics, see [9]. As introduced, the system can be
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reconfigured by moving the pulleys along a straight line in forces along each spline segment is summarized and then
vertical direction. The attachment points of the cables at weighted using the time per spline 𝑡 𝑘 .
the platform are 𝑃 𝒑 𝑖 . The cable force vector 𝒇 ∈ R𝑚×1
𝑛𝑠 𝑘 𝑚
Õ
contains all cable forces 𝑓𝑖 in direction 𝝂𝑖 of each cable 𝑖.
1 Õ
𝑡𝑘
th
𝑓𝑖 (𝑞)
(6)
∗
∗
𝑓
(𝑘)
=
𝑤
Every 𝑖 cable exerts the tension 𝒇𝑖 on the platform.
𝑡
𝑛
total

𝒍𝑖
= 𝑓𝑖 · 𝝂 𝑖 ,
𝒇𝑖 = 𝑓𝑖 ·
k𝒍𝑖 k 2

1≤𝑖≤𝑚

(3)

𝑘

𝑞=1 𝑖=1

Based on the weighted forces 𝑓 𝑤 , the average cable force
with respect to one cable throughout the whole trajectory
The static force equilibrium at the platform is given by
is calculated using the total number of discretization points
𝑛𝑠 and the number of cables 𝑚. Further on, the value gets

 
  𝑓1 
normalized
with respect to 𝑓min to allow for zero costs
− 𝒇𝐸
𝝂1
...
𝝂𝑚
 .. 
−𝒘 𝐸 =
=
 .  = 𝑨T 𝒇 . when the optimal value is reached. The resulting costs for
−𝝉𝐸
𝒑 1 × 𝝂1 . . . 𝒑 𝑚 × 𝝂 𝑚  
 𝑓𝑚 
cable forces are
 
(4)
𝑛𝑘
Õ

1
1
1
Herein, 𝑨T is the structure matrix of the robot and the
Vforce =
𝑓 𝑤 (𝑘) ∗
∗ − 𝑓min ∗
. (7)
forces and torques at the platform are included in 𝒘. Set𝑛
𝑚
𝑓
𝑠
min
𝑘=1
ting up Newton-Euler equations [10] in 6
B
- , one obtains




To cope with invalid cable force distributions in the opti𝐵𝒓
¥𝑃
𝑚 𝑃 𝑬 3 −𝑚 𝑃 𝐵
𝑃 𝑹𝑆 H
mization process, a penalty term is added to Pforce as soon
+...
𝐵
𝝓¥
𝑚𝑃 𝐵
𝜽 𝑃H
𝑃 𝑹𝑆
as at one time step, the cable forces are beyond the force
|
{z
} | {z }
limits (see table 3) and thus invalid. To allow the opti𝒙¥𝑷
𝑴 (𝒙 𝑃)
mizer to iteratively resolve disadvantageous trajectories,



¤ 𝝓)
¤ × ((H 𝝓)
¤ × 𝐵 𝒓𝑆)
¤ × 𝐵 𝒓 𝑆 + (H 𝝓)
𝑚 𝑃 (H
each additional time step with invalid forces adds another
𝑃
𝑃
...
+
𝐵
¤ 𝝓¤ + (H 𝝓)
¤
¤ × ( 𝐵 𝜽 𝑃 H 𝝓)
𝜽 𝑃H
increment to Pforce .
|
{z
}
𝑲 ( 𝒙 𝑃 , 𝒙¤ 𝑃 )
6.2 Stiffness
𝐵
𝐵 T
. . . + − 𝒘𝐸 = 𝑨 𝒇 .
(5)
| {z }
Stiffness is a critical issue for large and elastic manip𝑸 ( 𝒙 𝑃 , 𝒙¤ 𝑃 )
ulators such as cable robots. Assuming a linear behavior,
the stiffness can be described by a spring equation such as
The mass of the platform is 𝑚 𝑝 and its inertia tensor is
𝐵
𝜽 𝑃 . 𝑬 3 is a 3 × 3 identity matrix. Matrix H and its time
𝛿𝒘 = 𝑲 (𝒙 𝑃 )𝛿𝒙 𝑃 ,
(8)
¤ can be obtained from the kinematic Kardan
derivative H
𝐵
equations [11]. Matrix 𝑃 𝑹 𝑆 is a transformation matrix where 𝛿𝒘 is the reaction force caused by a displacement
between the center of gravity and origin of the platform 𝛿𝒙 that occurs due to a stiffness defined in a diagonal
𝑃
coordinate system. 𝒙¤ 𝑃 and 𝒙¥ 𝑃 are the first and second time matrix 𝑲, where the latter is determined for a platform
derivative of the end-effector pose 𝒙 𝑃 . The vector from position 𝒙 . 𝑲 (𝒙 ) is computed according to [13, 14] as
𝑃
𝑃
the platform coordinate system to its center of gravity is
𝐵 𝒓 . 𝑴 (𝒙) is the mass matrix of the platform, 𝑲 (𝒙 , 𝒙
𝑃 ¤ 𝑃)
𝑃 𝑆
𝜕 𝑨T
𝒇 + 𝑨T 𝑲 𝑙 𝑨,
𝑲 (𝒙 𝑃 ) = −
(9)
contains Coriolis and centrifugal forces and torques and
𝜕𝒙 𝑃
| {z }
𝑸(𝒙 𝑃 , 𝒙¤ 𝑃 ) holds all remaining forces and torques includ| {z }
𝑲𝑐
ing gravitational forces, friction and disturbances.
𝑲𝑔
To obtain set point cable forces for the control, based on
a desired trajectory, eq. (5) needs to be solved for 𝒇 with which includes two matrices 𝑲 𝑐 and 𝑲 𝑔 . 𝑲 𝑐 denotes
a given 𝒘. As the cable can only pull put never push, a the so-called passive stiffness which simply describes the
minimum tension 𝑓min in the cables is necessary. To avoid elastic behaviour of the cable and might also include the
cable breaks, the cable forces must not exceed a maximum stiffness of the winch position controller. 𝑲 𝑔 is the active
tension 𝑓max . Several well-known methods exist to solve stiffness of the system. Contrarily to the passive stiffness,
this problem [12], which differ e.g. in real-time capability it does not depend on elasticity effects such as compliance
or the resulting force level.
of a material. Instead, it reflects the attempts of the system
As cable forces correspond to the power usage of the to return to its force and torque equilibrium position once
system, low cable forces are desired in terms of costs. Let the platform is subject to a position disturbance. This
𝒇 (𝑞) be the cable force distribution at the 𝑞 th discretization behaviour only depends on the geometry and pose of the
point of one spline. Per spline, the magnitude of the cable system, condensed in 𝑨𝑇 .
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Now compliance matrix 𝑪 allows to compute the dis- corners of the frame, avoiding interference – those cases
placement for a given disturbance wrench.
are neglected.
The employed approach bases on the Separated Axis
𝛿𝒙 𝑃 = 𝑲 −1 𝛿𝒘 = 𝑪𝛿𝒘
(10) Theorem as presented by [18]. Here, obstacle bounding
volume and end-effector bounding volume are calculated
As this includes both translational and rotational motions, by axis-aligned bounding boxes (AABB).
a diagonal homogenization matrix 𝑱 𝑣 according to [15, 16]
Using the AABB approach, intersection tests in all axes
T
can be employed, i.e. 𝑨Tℎ = 𝑱 −1
𝑣 𝑨 , which can be used are simple. Furthermore, the Euclidean distance 𝑑 beinstead of 𝑨T in eq. (9), allowing to apply eq. (10) to get tween two objects can be determined. Noteworthy, in this
a homogenized displacement Δ𝒙 𝑃 ℎ . The magnitude of work, the distance is measured using two approaches: For
this displacement 𝜅 = kΔ𝒙 𝑃 ℎ k 2 gives a scalar measure measurements between end-effector and obstacles, facefor the stiffness which can be used as part of a cost func- to-face distances 𝑑 𝑒𝑒 (𝑞) are computed. Face-to-center
tion. Within this paper, the disturbance force 𝒘 includes distances are applied for measurements 𝑑 𝑐𝑖 (𝑞) between
two wrenches: First, the gravity is included as it leads each 𝑖 th cable and obstacles. In case of multiple obstacles,
to relevant position deviations, espcially in upper parts of the smallest distance to the nearest obstacle in each disthe workspace, see Figure 3 and Figure 4. Second, it in- cretization step is taken into account for the cost function.
cludes the influence of constant cross wind of 7 𝑚𝑠 (4 Bft), If any of the distances falls below the minimum distance
modeled by the drag equation. Cross wind might lead to 𝑑min or 𝑤 min (see table 3), respectively, costs are applied
hardly predictable oscillations of the platform. For both to avoid collisions within the trajectory. To calculate the
wrenches, a high stiffness is desirable for the generated cost in each discretization step 𝑞, the distances 𝑑 are fed
trajectories to minimize their effects.
to an arbitrarily chosen nonlinear function
Let 𝜅(𝑞) be the displacement criterion at the 𝑞 th dis𝑑 𝑒𝑒 (𝑞)  3
cretization step of one spline. The sum of 𝜅(𝑞) over one
)
(13)
DEEOB (𝑞) = 3(1 −
𝑑min
spline segment is weighted using the time per segment.
𝜅 𝑤 (𝑘) =

𝑡𝑘
𝑡total

𝑛𝑠

𝑘
1 Õ
𝜅(𝑞)
∗
∗
𝑛 𝑘 𝑞=1

(11)

which avoids the objects getting close to each other. The
total costs for collisions between end effector and objects
are given by the sum

Following, the total cost for stiffness throughout the whole
trajectory is calculated based on the weighted sum 𝜅 𝑤 (𝑘).
Vstiff =

𝑛𝑘
Õ
𝑘=1

𝜅 𝑤 (𝑘) ∗

1
𝑛𝑠

(12)

As there is no bound defined for stiffness is this work,
Pstiff = 0. In future work, requiring a minimum stiffness
could be easily considered.
6.3

VEEOB

𝑛𝑠 𝑘
𝑛𝑘 Õ
1 Õ
=
DEEOB (𝑞).
𝑛𝑠 𝑘=1 𝑞=1

(14)

Similarly, the cost for collisions between cables and objects
are calculated by an arbitrarily chosen nonlinear function
that basically multiplies a weight to eq. (13)
DCAOB (𝑞) =

𝑚
Õ
𝑖=1

3(1 −

𝑑 𝑐𝑖 (𝑞)  3 1
∗
𝑤 min
10

(15)

and summarized as

Collision Detection

As cable robots might use a high number of cables,
collisions and their avoidance are crucial. The methods in
this section were derived from [17, 18]. Within this work,
only collisions between the lower cables and obstacles
as well as between platform and objects are considered.
In this simulation, the only obstacles on the site are the
bricks which might be either on a pallet delivered by the
supply chain, or already placed as part of the building.
Accordingly, the poses of all objects on this simplified site
are known. Generally, also collisions between the cables
with each other and between cables and platform can be
taken into account, but as the application at hand avoids
platform rotations and uses a simple geometry – where the
corners of the platform are connected to the corresponding
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VCAOB =

𝑛𝑠 𝑘
𝑛𝑘 Õ
1 Õ
DCAOB (𝑞).
𝑛𝑠 𝑘=1 𝑞=1

(16)

Whenever a step 𝑞 along the path leads to a collision,
penalties PEEOB and PCAOB , respectively, are added each
time. This holds for collisions between cables and objects
as well as the end effector and objects. To save computation times, all bricks of a completed layer in the building
are represented by a common box.

7

Discussion of Results

The models employed and the optimizer were set up using an installation plan for a small building. Table 3 lists
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5

position deviation [m]

z-axis [m]

0.4

Table 2. Costs V and weights W. *a) without stiffness optimization. *b) with stiffness optimization.
*c) save overhead trajectory
*a
11.8732
2.8247

*b
11.2863
3.0550

*c
39.0000
6.0302

W
0.5
1

0.0001

0.0021

0.0000

1

0.0000

0.0000

0.0000

1

0.0338

0.1100

0.0000

1

Vstiff

(0.1234)

0.1205

(0.2237)

50

 
𝑡1
𝑡2 =
𝑡3



V
Vtime
Vforce
VEEOB
VCAOB
Vpulleys
Vtotal

8.7952

14.8369

25.5302


 
 
0.4747
3.0000
0.5894
0.8683 s 1.3457 s 6.0000 s
3.0000
2.4043
1.8655

the applied parameters. For computational efficiency during the optimization, only few time steps were used within
the prime calculation of the optimizer, see table 3. Noteworthy, for higher accuracy, a final computation including
a penalty check was carried out with a increased resolution of [𝑛𝑠1 , 𝑛𝑠2 , 𝑛𝑠3 ] = [30, 29, 29]. For the numerical
optimization, MATLAB’s particleswarm() with a hybrid
setting – which basically appends a gradient decent using
fmincon() – was chosen. These methods support parallel
computing to speed up the simulation. The swarm population size was set to 60 and the maximum iterations to
1000.
Noteworthy, the moving masses of the platform change
if a brick is picked. In optimization procedure, mass and
inertia of both platform and brick are considered in the
dynamics model, transformed with respect to 𝒙 𝑃 located
at the bottom of the brick. The results reflect the compromise found as a consequence of the – partly contrary –
cost functions. Under the influence of platform and payload mass in gravity, the lower parts of the workspace are

0.15

5

0
10 0
5
0
y-axis [m] -10 -10 -5 x-axis [m]

Figure 3. Stiffness in the workspace with lower pulleys upwards. The applied wrench 𝛿𝒘 includes
crosswind of 7 𝑚𝑠 (4 Bft) and platform weight of
100 kg, but no brick.

position deviation [m]

0.2

0.5

0.1
10

0.05

Figure 4. Stiffness in the workspace with lower pulleys downwards. The applied wrench 𝛿𝒘 includes
crosswind of 7 𝑚𝑠 (4 Bft) and platform weight of 100
kg, but no brick.
favorable as they provide an advantageous angle of attack
for the cables and thus lower cable forces.
A trajectory not considering stiffness is shown in Figure 5. Here, brick no. 300 was arbitrarily chosen, starting
its motion at 𝑟 start = [−5.747, −0.876, 0.748] T and placing
the brick at 𝑟 goal = [0.0875, 6.922, 0.748] T after a motion
time of 3.8619 s.
As introduced in section 4, the total cost function chosen
in this work is
Õ
Vtotal =
W𝜒 × V𝜒 + P𝜒
(17)
𝜒

where 𝜒 ∈ {time, traj, force, EEOB, CAOB, pulleys}.
On the other hand, stiffness influences the result of the
optimizer, both regarding platform trajectory and lower
pulley motion. This is illustrated in Figure 3 and Figure 4. Obviously, the stiffness massively varies within the
workspace, and the pulley position has a major impact.
As a rule of thumb, the lower pulleys down configuration
shown in Figure 4 has clear advantages over the lower
pulleys up configuration shown in Figure 3. Noteworthy,
the active stiffness term 𝑲 𝑔 takes advantage from high
cable forces which on one hand, contradicts Vforce , see
eq. (7), and on the other hand increases stiffness at the
workspace boundaries. Still, eq. (17) applies where now
𝜒 ∈ {time, traj, force, EEOB, CAOB, pulleys, stiff}. Accordingly, including Vstiff in Vtotal , the motion of platform
and pulley for brick no. 300 changes, as shown in Figure 5.
Table 2 shows the resulting cost functions in comparison.
An interesting finding is, that for the chosen parameters
settings, the trajectory optimized for stiffness as well is
even faster requiring 3.6859 s, but at the price of generally
higher forces and faster pulley motions. Collisions were
totally avoided in both cases along all trajectory steps. All
penalty terms were zero upon convergence of the optimizing process.
While the spline-based approach provides maximum
flexibility for optimization, the resulting motions might be

470

5
0
-5
3
1
-1
5

5
0
-5
3
1
-1
5

0

0

-5

-5

3
2
1

3
2
1

𝒔 [m]

𝒓¥𝑃 [ sm2 ]

𝒓¤ 𝑃 [ ms ]

𝒓 𝑃 [m]

37𝑡 ℎ International Symposium on Automation and Robotics in Construction (ISARC 2020)

0

1

2 3
time [s]

4

0

of the German Bundestag. This funding is within the
project “Entwicklung von Seilrobotern für die Erstellung
von Kalksandstein-Mauerwerk auf der Baustelle” (IGF
Vorhaben Nr.: 20061 BG), supported by the German Federation of Industrial Research Associations (AiF).

References

1

2 3
time [s]

[1] Jürgen Andres, Thomas Bock, Friedrich Gebhart,
and Werner Steck. First results of the development
of the masonry robot system rocco: A fault tolerant
assembly tool. In The 11th International Symposium
on Automation and Robotics in Construction
(ISARC), pages 87–93. The International Association for Automation and Robotics in Construction
(IAARC), 1994.

4

[2] Günther Pritschow, Michael Dalacker, J. Kurz,
and Jörg Zeiher. A mobile robot for on-site
construction of masonry.
In Proceedings of
IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS’94), volume 3, pages
1701–1707. IEEE, 1994. ISBN 0-7803-1933-8.
doi:10.1109/IROS.1994.407628.

Figure 5. Optimized trajectories and pulley motion.
Left: without stiffness optimization. Right: with
stiffness optimization. Top three plots: Solid blue
line: 𝑥-component of the vector. Dashed red line:
𝑦-component of the vector. Dash-dotted orange line:
𝑧-component of the vector. Bottom plots: Pulleys
[1, 2, 5, 6]: Solid blue line, dashed red line, dashdotted orange line, dotted magenta line.
unintuitive for any potential personnel on the site. Thus,
in parallel, a slow simplified, unoptimized straight line
trajectory over head level with fixed time was performed
that is collision-free: It vertically lifts the brick to a height
of 2 m above current wall height, horizontally moves to
the goal position and vertically moves down to place the
brick. The pulleys remain at the current wall height plus
𝑠min . For completeness, the results are given in table 2 as
well. Clearly, since this trajectory is fully predefined at
low dynamics, it is not optimal in comparison.

8

Conclusion and Outlook
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