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Abstract
The article presents a cable-driven parallel robot for the in situ construction with designed granular materials at full archi-
tectural scale. Granular materials are defined as high numbers of particles larger than a micrometer, between which only 
short-range repulsive forces are acting. Therefore, they can have the properties of both a solid and a liquid. These materials 
are, thus, highly pertinent as construction materials, since they are fully recyclable and reconfigurable. Going even beyond 
these basic properties, a designed granular material allows to tune its overall characteristics through the design of the indi-
vidual particle. Granular materials can only be deployed in situ and at full scale. Suitable robotic construction systems need 
to be developed. Cable-driven parallel robots are defined as robotic systems, in which an “end effector” is operated by a set 
of cables, which are driven by computer numerically controlled motors. The cables are running through elevated pulleys. 
A cable-driven parallel robot, thus, allows for a “working space”, which covers an entire building site. It is comparatively 
lightweight and, thus, transportable between different construction sites, it is rapidly deployable, since the entire set-up takes 
one day only, and it is adaptable, since the pulleys can be installed in various geometric configurations. The results of this 
investigation show that cable-driven parallel robots are suitable as construction systems for the full-scale in situ construc-
tion of spatial enclosures with designed granular materials. This opens up a new field of research into the potentials of these 
full-scale, lightweight, rapidly deployable and adaptable robotic construction systems.
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1 Introduction

Designed granular materials are an entirely new class of 
material systems in architecture. They consist of large num-
bers of custom-designed particles, which are not bound to 
each other but are lying only in loose contact (Andreotti 
et al. 2013; Duran 2000; de Gennes 1998, 1999; Law and 
Rennie 2015; Jaeger et al. 1996a, b). Since these granular 
materials can only be poured in situ on a given building 
site, robotic systems need to be developed, which allow for 
a large “working space”, and which are lightweight, rapidly 
deployable and adaptable. The paper presents the develop-
ment and the final full-scale demonstrator of such a designed 

granular material and matching robotic system. It is the first 
successful validation at full architectural scale of in situ con-
struction with designed granular materials using a cable-
driven parallel robot, see Fig. 1.

Four scientific sub-questions were investigated in the con-
text of this overarching contribution: (1) Which designed 
granular materials are suitable to construct spatial enclosures 
using a cable-driven parallel robot? (2) Which “end effector” 
(ISO8373 2012) is suited to distribute these designed granu-
lar materials? (3) How does the cable-driven parallel robot’s 
hardware need to be configured for full-scale construction 
with designed granular materials? (4) Which robot software 
is suited to operate the robot using both non-“sensory” and 
“sensory” control (ISO8373 2012) in an open interface?

These four questions are evaluated against the follow-
ing criteria as defined in ISO8373 (2012) (1) The required 
or specified dimensions of the “working space”, (2) The 
required or specified “rated loads”, (3) The required or speci-
fied “path accuracy”.
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Granular materials are defined as particles in high 
numbers, which are in size above a micrometer. Between 
these particles, only short-range repulsive forces are acting 
(Andreotti et al. 2013; Duran 2000; de Gennes 1998, 1999; 
Law and Rennie 2015; Jaeger et al. 1996a, b). In nature 
they occur in systems such as sand or snow (Andreotti 
et al. 2013; de Gennes 1998, 1999; Law and Rennie 2015; 
Jaeger et al. 1996a, b). Granular materials are the sub-
stance which is second most handled by humans after 
water, and in architecture granular materials are most com-
monly known in their bound form as an aggregate in con-
crete construction (Gorse et al. 2013; Hensel et al. 2010; 
Hensel and Menges 2008b, a; Duran 2000; de Gennes 
1998, 1999). In their unbound form, they are seldomly 
deployed in architectural construction (Hensel et al. 2010; 
Hensel and Menges 2008b, a). Yet, especially the unbound 
state of a granular material is highly pertinent in this spe-
cific field, as it allows to move between liquid- and solid-
like states (de Gennes 1998, 1999; Jaeger et al. 1996a, b). 
The resulting architectural structures are, thus, entirely 
recyclable and reconfigurable (Hensel et al. 2010; Hensel 

and Menges 2008a, b; Aejmelaeus-Lindström et al. 2016; 
Keller and Jaeger 2016; Dierichs and Menges 2012, 2016).

If the individual particle composing a granular material 
is artificially made and defined in its geometry and mate-
rial, one speaks of a designed granular material: the design 
of the particles affects the properties of the overall granular 
material (Dierichs and Menges 2016; Jaeger 2015; Athanas-
siadis et al. 2014; Hensel and Menges 2006; Matsuda 2006). 
Consequently, specific characteristics of the granular mate-
rial can be defined, which are pertinent for the construction 
process or for the performance of the resulting architectural 
structure (Keller and Jaeger 2016; Dierichs and Menges 
2015, 2016).

Designed granular materials in architecture are a rela-
tively new area of research in architectural design and con-
struction (Aejmelaeus-Lindström et al. 2016; Keller and Jae-
ger 2016; Dierichs and Menges 2016; Hensel and Menges 
2006, 2008a, b). Precedent projects have been conducted at 
Cranbrook Academy of Art, the Architectural Association, 
Rice University, the Swiss Federal Institute of Technology 
in Zurich and the Massachusetts Institute of Technology 
(Aejmelaeus-Lindström et al. 2016; Dörfler et al. 2014; 

Fig. 1  ICD Aggregate Pavilion 2018. a The ICD Aggregate Pavil-
ion 2018 is the first architectural spatial enclosure constructed with 
designed granular materials. b It has been constructed using a cable-
driven parallel robot, which has been installed in an industrial hall. c 
The cable-driven parallel robot was controlled through a custom-writ-
ten interface, which was embedded in a parametric modeling soft-

ware. It allowed to define positions in the x-, y-, z-coordinate space. 
Designed granular materials were deposited in layers. (C.1) The inner 
spatial contour was laid first with non-convex particles at high resolu-
tion. (C.2) The outer boundary was filled in with non-convex particles 
at low resolution. (C.3) Convex particles were filled in as a removable 
formwork in the core of the structure
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Piskorec 2014; Hensel et al. 2010; Tsubaki 2009, 2011, 
2008; Hawkins and Newell 2008; Matsuda 2006, 2008; 
Hensel and Menges 2006, 2008a). In granular physics quite 
a wide range of relevant designed granular materials have 
been investigated (Meng et al. 2017; Murphy et al. 2016; 
Miskin 2016; Athanassiadis et al. 2014; Franklin 2014; 
Miskin and Jaeger 2013; Gravish et al. 2012; Trepanier and 
Franklin 2010; Malinouskaya et al. 2009; Galindo-Torres 
et al. 2009; Wouterse et al. 2009; Blouwolff and Fraden 
2006; Philipse 1996).

The results presented in this article are part of a larger 
research project into “granular architectures” conducted at 
the Institute for Computational Design and Construction at 
the University of Stuttgart (Dierichs 2019).

Due to the fact that granular materials are loose, they 
need to be poured in situ into a desired stable state. Suit-
able robotic systems, thus, need to have a “working space” 
that covers the entire construction site, and which are light-
weight, rapidly deployable and adaptable.

A set of construction systems for designed granular 
materials in architecture has been explored in the course of 
the overarching research into designed granular materials 
(Dierichs 2019; Dierichs and Menges 2016). These range 
from locally effective systems, such as six-axis robots to 
globally effective ones such has vibration-induced aggre-
gation and disaggregation (Dierichs 2019; Dierichs and 
Menges 2016). Out of all construction systems investigated 
so far, cable-driven parallel robots best meet the previously 
mentioned performance criteria of a large “working space”, 
a light weight, rapid installation and adaptation to various 
site constraints. Therefore, the aim of the research was to 
validate the use of these specific robots for the construction 
with designed granular materials through the realization of 
a full-scale demonstrator. Cable-driven parallel robots are 
defined as robotic systems, in which the flexible parallel 
links are driven by actuated spools, where the position of 
the “end effector” can be controlled by extending or retract-
ing the cables while maintaining a positive tension in all of 
them (Tempel and Pott 2016; Michelin et al. 2015; ISO8373 
2012; Collard et al. 2011; Merlet and Gosselin 2008; Merlet 
2000; Landsberger 2005). They allow for a large “working 
space”, which is determined by the amount and the length 
of the cables, the fixing height of the pulleys, the weight 
of the “end effector” and its moving speed (Tempel et al. 
2018; Tempel and Pott 2016; Lau et al. 2016; Bruckmann 
and Pott 2013; Bruckmann et al. 2008; Verhoeven 2004). 
They are comparatively lightweight and in addition, their 
total packing volume is circa 2.25 cubic meters. This makes 
them highly transportable between different construction 
sites. They are also rapidly deployable with the set-up of the 
entire system taking circa one day. Lastly, they are adaptable 
to various site conditions since the motors and cable pulleys 
can be arranged in different configurations matching each 

specific construction site (Lau et al. 2016; Bruckmann et al. 
2008; Albus et al. 1992), see Fig. 2. The computation of the 
tool center point (TCP) is mostly conducted using inverse 
kinematics (Tempel and Pott 2016; Merlet and Gosselin 
2008). Calculations consider the cable tensions, the cable 
forces and the cable dynamics (Tempel and Pott 2016; Mer-
let and Gosselin 2008). A purely geometrical approach, such 
as the trilateration model deployed in this project, is rarely 
deployed. Yet the advantages of such a geometrical model 
are the ease of application and calculation speed.

The cable-driven parallel robot developed for this pro-
ject has four cables and three Degrees of Freedom (DOF). 
An idealized mathematical model is used for the purpose of 
this project where the material of the cables is being con-
sidered as perfectly flexible and non-stretchable. It allows 
for “spatial motion of a point” as defined in Bruckmann 
et al. (2008). The robotic system can be classified as an 
Incompletely Restrained Positioning Mechanism (IRPM) 
(Bruckmann et al. 2008; Ming and Higuchi 1994a, b). This 
means that the manipulator is under-constrained, as it works 
only with additional wrenches acting on the “end effector” 
(Bruckmann et al. 2008). In the case presented here, gravity 
is taking the role of an additional wrench. The weight of the 
“end effector” is, therefore, crucial and the mechanism will 
not work if the mass of the “end effector” is too little. The 
number of cables (m) is larger than DOF (n). The additional 
fourth cable is not used for expanding the amount of DOF 
but rather to expand the “working space”. By adding only 
one more cable, the theoretical ideal “working space”, which 
is disregarding cable weight and slack, can be doubled.

The research presented in the following, thus, introduces 
new results both on the level of the designed granular mate-
rial and on that of the related robotic construction system. 
These two aspects can only be developed and evaluated in 
close interrelation: the designed granular material becomes 
an integral part of the construction system and the construc-
tion system is developed to suit the requirements of the spe-
cific designed granular material. Eventually, the tendency 
would be to even further merge the particle- and the con-
struction system, with the particles becoming more and more 
construction machines in themselves and the construction 
system becoming more and more minimally integrated into 
the particle system.

2  Results

Designed granular materials can only be poured in situ on a 
given building site. Thus, robotic systems need to be devel-
oped, which allow for a large “working space”, which are 
lightweight, rapidly deployable and adaptable to different 
site conditions. The paper presents the development and the 
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realization of a full-scale demonstrator of a designed granu-
lar material and a custom-built robotic system.

2.1  Sub‑question 1: designed granular material

Two different types of designed granular materials were 
deployed for this project: one consisting of non-convex par-
ticles and one consisting of convex ones. Non-convex parti-
cles allow for increased stability in a granular material and 
are thus suited for the formation of domes, vaults and arches. 
Convex particles render a granular material less stable and 
consequently can be deployed as a removable formwork.

The non-convex particles are mainly hexapods. Their pre-
cise geometry has been developed through statistical series, 
which relate packing density of a granular material to the 

composing particles’ geometry. The hexapods have a diam-
eter of 300 mm. They are fabricated using injection molding 
and are made from recycled plastics. One particle weighs 
circa 30 g, see Fig. 3. The hexapods are partially mixed with 
decapods. The decapods have a diameter of 115 mm and 
weigh circa 5 g each. They have also been produced with 
injection molding.

The convex particles are inflatable spheres with a 
diameter of circa 260 mm, see Fig. 3. They are inflata-
bles, which are made from polyvinyl chloride (PVC) 
foil. Other than in this case study, they do not need to 
be sourced from industry but also could be custom made 
to further calibrate the characteristics of the granular 
material, which is consisting of them. To form a visual 
contrast for image segregation, the convex particles are 

Fig. 2  Different configurations of the cable-driven parallel robot. a 
Combinations in different pulley heights for the four motors set-up. 
The highlighted configuration [a, b, c, d] is explained in greater detail 

in Fig.  8. b Combinations in different pulley heights for the three 
motors set-up. c Combinations in different pulley heights for the two 
motors set-up
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chosen in yellow and the non-convex particles are white. 
The particles have been tested for packing density, arch 
formation and coordination number.

The two particle geometries can be evaluated against 
the three criteria of “working space”, “path accuracy” and 
“rated load”. The required “working space” is affected by 
the total volume of the available granular material, which 
is circa 155–120 cubic meters for about 70,000 hexapods 
and circa 12 cubic meters for roughly 50,000 decapods. 
The spheres, which form a negative volume, are not con-
sidered in this assessment of the “working space” in order 
to allow for a safety margin. In principle, the entire built 
volume could, thus, be filled with non-convex particles. 
The minimum path width, that the material allows for 
is in the range of 150 mm respectively 130 mm, which 
is the radius of the convex hull of the hexapods and the 
spheres. In combination with the “path accuracy” of the 
robot, this affects the overall accuracy of the construction 
process. The maximum load added by the particle to the 
construction system’s “rated load” is around 3–4 kg for a 
full large box of either hexa- or decapods.

2.2  Sub‑question 2: “end effector”

The storage boxes of the designed granular material are 
becoming part of the “end effector”, which dispenses the 
particles, see Fig. 4. For that purpose, a frame is fitted to 
the flange of the cable-driven parallel robot, which allows 
to hold two different box sizes: 800 by 600 by 420 mm and 
600 by 400 by 320 mm. The boxes are fitted to the frame 
with their opening lid to the bottom. The lid is held by two 
clamps, which can be opened and closed by a pneumatically 
actuated parallel gripper. The entire “end effector”, thus, 
consists of the pneumatically actuated gripper, the aluminum 
frame and the storage boxes.

The “end effector” without boxes weighs circa 10 kg, the 
large box weighs circa 10 kg and the small box circa 4 kg.

Four different plot styles were established: a large box 
with mixed decapods and hexapods, a large box filled with 
hexapods only, a small box with hexapods and a large 
box with spheres. Several tests were conducted to define 
the density of the drop pattern for the different box sizes 
and fillings. The two “end effector” sizes can be evaluated 

Fig. 3  Non-convex and convex particles. a Hexapods (A.1) The hexa-
pods are based on a parametric model, which allows to specify long-
est diameter of the convex hull (dm), the arm amount (aa), the axis 
length (al) as well as the arm taper (at). (A.2) The hexapods interlock 

and can thus form stable structures. b Spheres (B.1) The spheres are 
defined by their diameter (dm) only. Here diameter of the convex hull 
and particle geometry coincide. (B.2) The spheres do not interlock 
and can be used as a formwork, which can flow out of the structure
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against the three criteria of “working space”, “path accu-
racy” and “rated load”. The “working space” of the robot 
is sub-divided into the modular sizes of the “end effector” 
boxes. The accuracy, with which the boxes are depositing 
the particles, is given by their width vertical to the robot’s 
direction of travel. This plot width is 600 mm in both cases. 
Sway of the “end effector” is accommodated for by overlap-
ping neighboring plot lines. The “rated loads” of the robot 
were developed to match the requirements of the filled large 
box “end effector”. This was mainly achieved by doubling 
the potential “rated load” per cable, see Sect. 2.3.

2.3  Sub‑question 3: robot hardware

The cable-driven parallel robot is a highly dynamic system 
and the “path accuracy”, “working space” and “rated load” 
depend strongly on the actual setup and the speed, at which 
the system is operated. The system is, therefore, demon-
strated referring to the setup deployed for this project.

The cable-driven parallel robot consists of 5 sub-ele-
ments, see Fig. 5. These are the control cabinet, the four 
winches, the pulleys, the steel cables and the flange. The 
key elements of the control cabinet are the CNC controller, 

the frequency inverters, solid-state relays and the stepper 
motor drives. The four winches are driven by one 750 Watts 
(W) alternating current (AC) servo motor each. They have 
a reel drum, a reel drum bearing and a pressure cylinder. 
Each winch is equipped with an Electromechanical Brake 
(EMB4). The winches are encased in custom-made base 
constructions, which allow to anchor them to the ground 
with weights. The pulleys consist of a pulley wheel with 
a custom-made rotary wheel holder and a bearing. These 
are fixed into a custom-made pulley base, which allows to 
mount the pulleys to structures on site. The steel cables have 
a length of 51 m and a thickness of 1.8 mm. Two “end effec-
tor” flanges were custom made for the robot: one for a three-
motor setup and one for a four-motor setup.

The robot hardware can be evaluated against the criteria 
of “path accuracy”, “working space” and “rated loads”. The 
key challenge with respect to “path accuracy” is the stretch 
of the cables under the load and vibrations during the opera-
tion. On the one hand, those issues could be reduced using 
a cable material with little stretch as well as using thicker 
cables so that the material stretching does not influence the 
whole system. On the other hand, operating under lower 
speed allowed to decrease vibrations and the spring effect of 

Fig. 4  “End effector”. The particles are dropped directly from their storage boxes, which are fitted to the flange of the cable-driven parallel robot. 
The release of the lid is controlled by a parallel pneumatic gripper
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the cables. In future applications, the “path accuracy” could 
be further increased by attaching a stabilizing mechanism to 
the “end effector”, such as a gyroscope.

The dimensions of the “working space” were increased 
horizontally, that means in x- and y- direction, by extending 
the distance between the pulleys and vertically in z-direction 
by using higher fixing points for the pulleys. As a further 
development with respect to an increased “working space”, 
several cable-driven parallel robots could be grouped to 
work in clusters.

The potential “rated load” has been increased by switch-
ing from a fixed pulley system to a block and tackle and thus 
theoretically doubling the available “rated load” per cable. 
The “rated load” could be further enhanced by increasing 
the performance of the setup through the use of stronger 
motors, cables, gearboxes and so forth. Additional hardware 
mechanisms like additional pulleys and winches or the block 
and tackle system deployed in this case study can help to 
increase “rated load”.

2.4  Sub‑question 4: robot software

The robot software consists of four servo drives controlled 
by Pulse Width Modulation (PWM) signal connected to a 
computer numerically controlled (CNC) card that can be 
programmed with an external system by sending move data 
via Universal Serial Bus (USB) or Ethernet connection.

There are two different approaches for trajectory plan-
ning of the cable-driven parallel robot: The trajectory can 
be either planned beforehand in offline mode, stored in a 
plain text using a G-code syntax and later translated by a 
CNC G-code translator (CNCUSB software) into machine 
instructions; or it can be planned in real-time using a 

Custom Server Controller (CSC) that is able to commu-
nicate with external clients via User Datagram Protocol 
(UDP) or Websocket protocol. The server is parsing the 
movement commands from the clients and sending them 
to the movement buffer of the CNC controller card via 
an Ethernet connection. The latter method allows a better 
integration of various sensors as well as modifying the 
robot path during execution.

The project presented in this article has been conducted 
using the custom server controller (CSC). The CSC main-
tains cyclic communication with the CNC controller card 
reading the real-time information about the robot and send-
ing the corresponding movement and input/output (IO) com-
mands to the command buffer of the CNC controller card.

The communication with the external clients is based on a 
publisher–subscriber pattern using either UDP or Websocket 
protocol. The CSC, therefore, functions as a mediator layer 
between the CNC controller card and clients that are inter-
ested in controlling the robot or simply want to listen to the 
real-time status messages. As soon as a client subscribes, it 
starts to receive a real-time status messages and can send 
control commands. Clients that did not send a control com-
mand or a sign-of-life message for a specific period of time, 
which has been set to 2000 milliseconds (ms) in this case, 
will get automatically unsubscribed from the list.

Communication between the subscribers and the server 
is provided by sending simple JavaScript Object Notation 
(JSON) encoded messages. Communication between the 
server and the CNC controller card is a subject to a propri-
etary library shipped with the specific controller card used. 
The library has an exposed public Advanced Programming 
Interface (API) but it is not open sourced. The server con-
troller can send a linear motion to the robot either in an 

Fig. 5  Robot hardware. a The robot hardware consists of the con-
trol cabinet, the winches, the pulleys, the steel cables and the flange. 
b The assembled robot hardware requires the operator to be seated 

close to the control cabinet. The pulleys are mounted in an elevated 
position on top of the winches. The flange is mounted in the intersec-
tion of all four steel cables inside the “working space”
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absolute coordinate system of the robot or in relative delta 
movements with respect to the current position.

As the CNC card can processes only movements in 
the axis coordinate space each linear movement has to be 
divided to an axis-specific movement with some resolu-
tion. The movement is, therefore, only linear with certain 
precision.

The inverse kinematics of the robot is calculated based 
on the angular position of the servo motors provided by 
the resolvers. From these data, a length of the cable can be 
obtained and later translated to a distance between the “end 
effector” and the anchor of each cable that has a known posi-
tion, see Fig. 6.

To simplify the calculation, the system is being con-
sidered as an ideal system in a static or quasi-static state 
with all cables being stretched, that means without slack. 
A geometric trilateration method is being used for calcu-
lating the Cartesian position of the “end effector”. This 
is implementing an established calculation based on the 
Pythagorean theorem, which is using the intersection of 
three spheres with known radii and centers. Performing the 
calculation based on four anchors instead of just three has 
the advantage of determining the error during the initial 

system calibration, that means the position of the anchors 
and initial length of the cables.

The basic algorithm is based on a sphere–sphere inter-
section as outlined in Weisstein (2019a, b).

The combination of Eqs. 1 and 2 results in:

Equation 3 can be rewritten as:

Equation 4 can be solved for x:

Such an idealized model, however, does not fully correspond 
with the real-life setup where a cable slack, cable flexibility 
and the weight of the “end effector” play a significant role 
for a IRPM type of cable-driven robot, such as the one used 
in this project. A valid solution that can improve precision 

(1)x2 + y2 + z2 =R2

(2)(x − d)2 + y2 + z2 =r2

(3)(x − d)2 + (R2 − x2) = r2

(4)x2 − 2dx + d2 − x2 = r2 − R2

(5)x =
d2 − r2 + R2

2d

Fig. 6  Trilateration. a The trilateration algorithm computes the cable 
lengths based on the desired location of the tool center point (TCP) 
through the intersection of four spheres, which have their midpoints 
in the four anchors of the pulleys. b The intersection of three spheres 

renders the lengths of the cables based on the position of the TCP. 
c The calculation can be double-checked by the intersection of the 
fourth sphere with the result of the trilateration
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significantly especially for larger spans is to minimize cable 
stretch and include a slack rope model in the TCP position 
calculation li et al. (2013). Such optimization cannot only 
improve positional accuracy but also can help to define the 
“working space” of the cable-driven robot setup more pre-
cisely. Another useful addition to the current software solu-
tion would be the calculation of a load distribution on cables 
based on the position of the robot TCP within a “working 
space” of the robot. As a load distribution changes with 
changing cable length and angle, the effective “rated load” of 
the overall setup changes as well. By calculating load distri-
bution, it is, therefore, possible to further improve the deter-
mination of a possible “working space” with respect to an 
actual weight of the “end effector” and attached workpiece.

However, with respect to the evaluation criteria of “path 
accuracy”, “working space” and “rated load”, the proposed 
model offers an approach, which is sufficiently accurate for 
the purpose of construction with designed granular materi-
als, while at the same time being fast to compute and rela-
tively simple to implement. This is due to the fact that these 
construction materials do not require very high degrees of 
precision.

2.5  Integrated project

The realized project, the ICD Aggregate Pavilion 2018, inte-
grated the sub-aspects of the system: the designed granu-
lar material, the “end effector”, the robot hardware and its 
software.

The pavilion was constructed in horizontal layers. A fixed 
pickup point was given for loading and unloading of the 
box “end effector”. Altogether four different plot styles were 
deployed: three for non-convex particles with different box 
sizes and particle mixes and one for convex ones. The non-
convex particles were laid first, and the convex ones were 
deposited in the core of the structure, see Fig. 7.

The drop pattern was adjusted to deviations in height 
during construction. The entire process was surveyed using 
image segregation. For that purpose, the software allowed 
the integration of image data obtained from a remote cam-
era, which was fixed on top of the construction space. The 
image data were used as a base for the image segregation. 
This process allowed to filter out yellow values of the convex 
spheres and consequently adjust the geometry of the struc-
ture, in case there were outlying particles.

Fig. 7  Design model and drop pattern. a The design model con-
sists of two intersecting closed Non-uniform Rational B-Splines 
(NURBS). These are layered in height with varying width and con-
stant length. b The drop pattern is based on the design model and 

allows for four different plot styles: Large boxes with spheres, small 
boxes with hexapods, large boxes with hexapods and large boxes with 
hexapods and decapods
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One of the greatest challenges was the “rated load” of the 
cable-driven parallel robot, which decreased with increasing 
height of the structure and which was lower at the edges, 
see Fig. 8. This required to switch to the use of small “end 
effector” boxes only in the upper layers.

During construction, the boxes were used as a container 
on the outside of the pavilion. Once construction was com-
pleted, these containing boxes were removed and the convex 
particles flowed out, respectively, could relatively easily be 
removed, if they were clogged inside the structure. Alto-
gether, circa 1,20,000 non-convex particles and 725 convex 
ones were deployed. The structure weighed around 2300 kg.

3  Discussion

Cable-driven parallel robots can be deployed to construct 
with designed granular materials for full-scale architectural 
structures, the calibration of “path accuracy”, “working 
space” and “rated loads” needs to be conducted integrat-
ing all system components: the designed granular material, 
the “end effector”, the robot hardware itself, and its soft-
ware. This implies that even larger-scale structures can be 
constructed using cable-driven parallel robots either with a 
larger “working space” or combining several robots. Due to 
being lightweight and rapidly deployable, these construc-
tions systems can be easily transported from one construc-
tion site to the next. Their configuration is adaptable to 

different site configurations, using four, three or even just 
two motors. Cable-driven parallel robots are thus highly 
suited for in situ construction in general and with designed 
granular materials in specific. In the following, the results 
are discussed with respect to the three evaluation criteria 
of “path accuracy”, “working space” and “rated load” in 
the system categories of the designed granular material, the 
“end effector”, the robot hardware and its software.

The “path accuracy” can be tuned towards both less 
control with respect to the designed granular material and 
towards more or more refined control on the robot hard-
ware and software. This implies that the designed granular 
materials also allow for emergent behavior, with little or no 
control of the geometric outcome. This would need to be 
coupled with a very precise cable-driven parallel robot using 
additional motors and cables as well as a design model that 
is based on the emergent behavior of the designed granular 
material, potentially integrating machine learning.

The “working space” for designed granular materials is 
indefinite as the granular materials can be expanded by sim-
ply adding more and more particles. The robot hardware can 
meet this demand by increasing cable length, by combining 
several cable-driven parallel robots or by moving one robot 
along the construction site.

The “rated load” needs to be increased so that the box 
“end effectors” can become larger for areas of the structure 
which does not need a high resolution. This will rapidly 
decrease construction time. Increasing the “rated load” of 

Fig. 8  Distribution of “rated load”. This graphic illustrates that differ-
ent loads could be placed in different places of the “working space”. 
A correlation between position of the pulleys and the load is obvi-
ous. a Perspective view of the distribution of points in the “working 

space”, which can be reached with the load of a large box “end effec-
tor”. b Top view of the points in reach with a large box “end effec-
tor”. c Side views of the same points. (C.1) Front view, (C.2) Back 
view, (C.3) Right view, (C.4) Left view
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the robot implies larger motor, higher fixing points of the 
pulleys or the multiplication of pulley in one cable. The 
designed granular material can be developed for low pack-
ing and high deployed volume so that the “rated load” of the 
construction system is used to achieve as much built volume 
as possible.

Further research will, thus, be directed towards merging 
the designed granular material and its construction system 
towards an even higher level of integration.
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