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Abstract

The paper seeks to investigate the potential dbgically inspired multi-agent systems for architeal applications. The
generation of ‘form’ through the process of ‘rigmding’ represents a complex architectural procedwhich we seek to
perform by employing a number of simple collabamtagents. Through a prototypic approach, closeljched with the
constraints of a real world application, we wantlemmonstrate that the central architectural neédtsrim adaptability and
resilience can be increased with this method. Té$tabéished prototype is intended to serve as thebéeliment’ for
different codes and strategies to test. Its shagesitions are based on the principal of foldimgwhich the triangle mesh
topology serves as the basis for its folding pager
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1. Introduction

Rigid folding in architecture has been recognized gromising form-determining principle for a lotimge
— yet its potential has not been fully tapped. Tdmmplex operations require the designer to pursue
sophisticated geometrical computation, while the/spdal production of folded structures demands high
technical skills resp. manufacturing technologyisTtas been done intuitively by hands-on experimgnbn
physical models, by material “sketching”, and ofis® the spatial imagination in the designer’'s mihlde
understanding and evaluation of the folding chamdstics in a given geometry proceeds step by $taphold
that the use of algorithmic and generative modetogjs can bring a shift in the cognitive proce$sthe
designer. On this assumption, we formulated an raxgatal setup in which this process can be aidged b
artificial intelligence. The setup combines twofeliént biological phenomena into one approach: evtike
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physical body and its movement is based on theogichl process of folding (as it can be found ie th
unfolding of blossoms or leaves from a bud), itatol mechanism takes inspiration from biologicaguitive
processes and general phenomena of collectiveligeiete, where characteristics of ‘emergence’ cen b
observed.

In the following paragraphs we will take a closeok at folding processes in nature. Thereupon wk wi
introduce the combination of the two principlesvigy of a ‘free form generating robot'.

2. Folding in nature

In developing blossoms and leaves in a compadatgtbktate until they are almost entirely completétin
a bud, plants found a very efficient strategy teestheir most fragile parts from the hazards ostiyoveather
and predators. It is not until these parts havehea a certain level of attractiveness to pollirat@r an
effectiveness in collecting energy through sunlightit — triggered by a certain environmental digeag.
increasing temperature during spring time) — tlaphctivates the process of unfolding. The blossoirave
reaches full size within a very short time anchisriediately able to fully benefit the plant.

The correlation with architectural demands is obsiol' he need to “grow” — or better: to arrangeracstire
to a far extend under convenient conditions, anddiivate its structural potential thereafter agckly as
possible in-situ, is a common modus operandi inyremchitectural and engineering tasks. Prefabocatif
concrete pieces, wooden framework and basicallyyemee-assembly operation could be interpreted bm-a
inspired process in this sense.

The folding patterns on which plant-folding is bdism, are a subject of research itself widely dised in
the respective scientific fields. However it is sav say that most of these folding patterns asedban the
principles of symmetry and repetition. It is alswlwn, that most of these patterns can unfold insiap, i.e.
they do not require an order or coordination in seguence of unfolding. From the moment, the sigmal
unfold is given, all folding edges simultaneoushfald to their final state. These aspects havengtpractical
implications: On one hand a repetitive, symmettiacture is much easier to produce than a irregualaaotic
assembly of parts. This counts for both naturermaad made environment. On the other hand, the dowftiz
one step folding can’t be simplified any further.

These benefits aside, the range of forms whichbeaerected in this simple folding process is ralingted.
In other words: not every imaginable free form getmncan be generated by unfolding a symmetricetitpe
folding pattern in one step. Examples for the zdiion of regular folding in design are not hardina. Yet the
generation of free form demands the utilizationireégular folding patterns and a sophisticated raiép
folding control. Here the folding pattern derivasrh the target shape that is to be achieved. Spaityf
spoken, we can discretize a free form surface wraghesents our target surface, to obtain therigléidges
needed to (un-)fold this geometry. This procesthldescribed in detail in section 4.1.

3. Control mechanism

As mentioned before we need to coordinate seveegissof unfolding in order to achieve free form
geometry. The most obvious approach would be tscgpitee a certain program in which the control ofhea
folding edge is defined and followed to completafrfolding. This approach, however, proves veryerxible.
As soon as we change the initial state or the tatgge of this process, the whole program haeteebised. A
promising approach is the application of origansdthmethods. A framework for the systematic desighe
crease patterns has been proposed at RTWH AachenTfie constraints for such form-finding are
developability and flat-foldability. This howeveniits the range of possible shapes. Once the apiinshape
has been determined the erection of the strucsyperformed by a crane-robot in a one-step-prodéss.
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method requires the knowledge of sophisticated ematttical descriptions of origami folding such as
description through crease angles [2]. We hold thaission of the constraints developability and-fla
foldability results in higher range of shapes toabhieved. Thus we propose to rather apply conedptelf-
organization’ for form-finding. This will reduce g¢hsystems’ reliance on the knowledge of mathematica
models. It will rather be enabled to adapt its vérato its inherent physical structure as weltlaes changeable
given tasks represented by a multiplicity of fremnis to create.

Concepts of self-organization and distributed cotaien have been successfully implemented in many
fields. The Ant Colony Optimization algorithm [3jptroduced in 1993 by Marco Dorigo et al. became a
prominent example of a logical mechanism in whibb tnteraction of simple agents leads to a relbtive
intelligent collective behavior to optimize foodtps.

In robotics the concept of ‘Swarm Intelligencetlesely related to the term ‘unpredictability’ ahds often
been conceived in the form of cellular robotic eyss [4]. These concepts employ the cooperationoof n
synchronized, autonomous, non-intelligent, kinetitd heterogeneous robots to achieve global tasks. T
characteristics of self-reconfiguration rendersséheystems very potent for architectural problefvirsg as
described above. Latest developments propose svadrots like the integrated project “Symbrion” o§eoup
of European universities [5] or the project “Terfhes Harvard University [6]. The translation of g
concepts of ‘self-organization’ in architecture glees from urban scale developments to micro-materia
concepts. High potential is seen in methods ofvghoand adaption’ [7]. However the concepts foidiing
geometry are mostly concerned with origami foldiegy. in the ‘programmable matter’ of shape-shiftin
sheets [8]. Latest material developments and tdobies related to 4D-printing have fostered consegt
‘self-assembly’ and especially ‘self-folding’ [9However the self-organized folding of rigid plaieso free-
form structures is still an unsolved problem. Teraach this given task we took the basic idea fmeeach
folding edge as a single agent with the targetetich a certain angle between its adjacent facéexeTare
numerous ways to achieve the final folding statee limitations of the respective movements wouddri their
physical interconnections. The means of solving ldidie in direct communication and collaboratiortyeen
the agents. The aim of the following work was talda prototype with the respective physical praiesr
(irregular fold patterns, reconfigurability, intemmnection) and to test different code sets with fbtotype.

4. Digital Setup

As a framework, a physical embodiment to geomdtyiadescribe, optimize, steer and to test the idefas
decentralized self-organization against, we proposeulti-agent folding robot in the topology ofraabgular
mesh. This device was established and built inoéopyping process at the chair of Knowledge Ardititee at
TU Dresden. In the following we will describe itadic function and geometry, the simulation of ihdwior
and how it influenced the prototyping process, atectronic setup and coding and finally evaluate it
performance with a brief discussion of the mainstints.

4.1.Underlying mesh topology — the folding pattern

Simple robotic agents are aligned to form a tridmgiolding pattern. In fact they are located oe thner
edges of a virtual triangular polygon mesh. Thentgular alignment proved most suitable, sincepintrary to
qguad or hexagonal meshes, its facets are alwayspbnd therefore the structure is much easiemtulle.
Derived from the needs of an architectural utii@athis underlying mesh had to fulfill certain ditions:

1. Limitation: In computer graphics, triangle meshssally employ an infinite variety of edge lengths
and connectivity maps to regenerate and depictréspective surface as smooth and accurate as
possible. If we were to rebuild this kind of meshaictual prototypes and models, we would have to
build a vast amount of unique pieces, which leadsimense cost. In order to reduce cost, we had to
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reduce the amount of unique pieces by increasiagiégree of repetition. To do so, we established a
triangulation algorithm which only makes use ofemylimited amount of available edge lengths (for
example: four different edge lengths) to generaefolding pattern from a predefined free form &drg
surface. This leads to a reduced amount of possihalegle configurations. With this operation mode,
however, the accuracy of the surface triangulatind the smoothness of its result represent an issue
of optimization. Specifically spoken, not all nod&#ghe generated mesh necessarily lie exacthhen t
surface to triangulate. We were willing to accaptl tolerances to dramatically reduce cost. Fidure
shows the triangulation of a free form using thistlmod and the results in accuracy and smoothness to
be achieved.
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Fig. 1. Triangulation of a sample surface

2. Perforation: Every triangular mesh consists of kimds of nodes: “closed” nodes which are entirely
surrounded by adjacent mesh facets and “open” netieh are adjacent to a hole or the border of the
mesh. In [10] the discrete Gaussian curvatuia a nodep in polyhedral surfaces is defined through
the sum of the angleq; between neighboring edges adjacent to this pode

K(p)=2p- a,

This equation obviously only applies to “closed’tles, in which the angle sum is fixed. Thus,
“closed” nodes have a precisely defined discretes&an curvature. In “open” nodes, however, there
is no fixed discrete Gaussian curvature. Thusgtimesles are much more flexible in their folding
behavior. We increased the amount of these “opedés in our mesh by leaving certain mesh edges
out. In other words: We perforated the mesh anddatereby increase its overall folding flexibility
Through physical mockups, we found, that a suitgblgsical behavior and flexibility is achieved, whevery
closed node is adjacent to at least one open node.
Due to this modifications, we decided to call thyeometrical structure the perforated, limited,rgalar mesh
(short:p-I-t mesh of the rankx, wherex defines the number of unique edge lengths utilingtlis mesh.
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4.2.Simulation

Beside the prototypic approach in which the modephiysically built, tested and improved, a soptéséad
simulation can represent a short cut in the devetoy of a dynamic model. If we refrain from elakiorg an
extremely complex simulation, however, this toaolsfan depicting the physical behavior in the semde
material yielding, motor strength and force traosit Nonetheless we could use it to check somehef t
principles we wanted to apply.

The topological equivalence of our folded structirériangular polygon meshes reveals a great piatén
simulating the folding behavior. It enabled us & uhe particle spring engine Kangaroo in Grasshofgy
Rhino 5 for the dynamic simulation of rigid folding

4.2.1.Check for approach sufficiency

Figures 2 to 5 show the key frames of the simufatibthe collapse and re-erection of a rank 4 pressh. It
was intended to avoid any deviations in the lengththe mesh edges during the simulation. Thereby a
movement and shape transition of the structureleysbased on the rotation of adjoining mesh faegbund
their common edges — folding. Since the utilizedipl@ spring engine was merely designed to sineuddéstic
networks, it fails to depict the behavior of 1008fid material. In other words, when strong forces applied
to the fold structure, it is not possible in thenslation to avoid edge length dilatations. We néill this
property to interpret edge length deviations askgawithin the respective agents when they exceegrrtain
threshold value.
In the very beginning (figure 2) the folded struetihhas the shape of the free form to be regene(ttedarget
shape). For this folding structure the informatmmout the number of nodes, the way they are coedect
(described with a connectivity map) and the distalpetween nearby nodes (mesh edge lengths) forbratie
unalterable information we need to describe andilsita how the shape can be transformed througimfpldh
our assumption, the knowledge of the angles betveggmining facets of the mesh is enough informatmn
explicitly describe the mesh’s state, and therdilgyactual form of the folded structure. In otherag While
node connectivity and edge length remain invardaming the simulation, every transformation throdglding
can be described explicitly with the variation bétangles between adjoining mesh facets. We asbidpie
angle ; to the respective mesh edgabout which these adjacent facets rotate andetadhotic agent located
on this edge. If our assumption is true, the tastgtie of the folding structure can be reached veveny agent
i has reached its individual target angle. Thenngéiforce applied over every mesh edge, pushingvibhe
adjoining mesh facets until they span their indinidtarget angle, should, if it's strong enoughrcéothe
folding structure to generate its target shape.
During the simulation the trajectory of the anglesvere recorded. Figure 6 exemplarily shows the angle
trajectory curve of edge (=agent) number 108. Nod¢, since the simulation starts in the targdesthe angle
108Nt = 0 is the target angle for this agent (green in fig. 6
From the initial state (fig. 2) to the moment aofaiccollapse (fig. 3; the moment marked “A” in figis 6 and 7)
no other force than gravity is applied. The strueteollapses only through folding. Note how thelanglue
of agent nr. 108 arbitrarily changes. After thidlajose, in figure 3 (resp. the moment “A”) the hénfprce
mentioned earlier is applied between neighbor nfieséts to restore their initial angle value. Refgssl of the
mesh’s topology this force is equal in every edge eonstant over time starting from moment “A” (rethe
logic of a one step folding, see section 2). Figbirehows the complete re-erection of the struciote its
initial state. Note how the angle nr. 108 in figjuenps back towards this value in green. In figioti can see
how the edge length nr. 108 abruptly changes imthment A. The value in magenta marks a deviatfal?e
of the edge’s length. This value was defined ds@shold not to be exceeded to avoid cracks isystem.
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The complete re-erection of the structure showat the information about the individual target asgis
enough to achieve the overall target state. Onother hand, a simple hinge force applied constaatigt
equally in all agents, will most likely cause cradék such a folding mechanism.

Fig. 5. Complete re-erection

Fig. 4. Moment of first hinge force application (ment “A”)
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Fig. 6. angle curve of agent nr. 108
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Fig. 7. Length deviation of edge nr. 108

4.2.2.Guide simulation for the prototype

The purpose of this simulation setup was to depietehavior of the actual prototypic setup. this digital
counter part of the physical prototype that wadtbater. While the simulation described in 4.2dn&d to
give a general insight in the p-I-t mesh’s behawod therefore utilized a very large amount of &gethis
simulation served as a guideline for the prototigpée built. Therefore a smaller amount of mesletaevas
used (to reduce cost in the prototype). Nonetheléssalso built on the principles of a p-I-t meshrank 3. In
this digital model we could play with the geomefiold it virtually and observe the individual chasgin edge
lengths and agent angles Figure 8 shows different states of an exemplalgifig process with 8.a) showing
the state defined as the initial state and 8.éjsamrget shape. This particular shape transittas recorded in
the agents’ angle trajectories to be repeated dpthtotype as an exemplary folding program.

Fig. 8. Folding mechanism in different state:tayts b) intermediate state, c) final state

5. Physical Prototype

Through a spindle drive mechanism mounted to adrameach mesh face, the agents are able to ampigha
or pull force to the frame and thereby change tiglea ; between two adjacent mesh facets. With this method
each agent is capable to modify the overall sthteeodevice. Figure 9 shows the basic idea.
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Fig. 9. Basic idea of the mechanism

Each of the 21 inner edges of the mesh structuegugpped with an electric motor integrated in argeox
and mounted to a rotating threaded shaft to pushpaii its counter piece. Furthermore every agégt (0)
provides a potentiometer with its rotation axisgming with the folding edge. With this orientatidhe
potentiometer gives a feedback over the angulée stad rotation of the agent. The model mainly =iaf
light weight foam board and the more stable MDRha highly stressed parts (the motors’ gear bottes,
potentiometers mounts etc.). It was designed asnatruction kit to be reconfigurable and to be reged in
any manner, as long as the three different pree@fadge lengths are being used. Figure 11 showgdg of
21 agents combined to the mesh structure resfgucef8 a). The target for this specific setup veashift into
the state resp. to figure 8. c).

Fig. 10. Single agent Fig. 11. Entire devaé@1 interconnected agents
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5.1.Electronic components
Following electronic components were installedhie tevice:

Motors: 21 x Johnson 20543, 21 x Murata Z5U-5 cérarapacitor 1 F

Motor drivers: 12 x L298N two channels, up to 2A&lea

Potentiometer: 21 x Piher PT-15 10 k

Control: 1 x Arduino Duemilenove (for global con)dl1x SparkFun Pro Micro 5V 16MHz
Power supply: 2x LPK2-23 400W power supply, 12V 22#ch

A notebook is used to send global timing and ON/QfgmRals to the Arduino Duemilenove using the Hyref
interface in Grasshopper for Rhino 5. From heresghgignals are distributed to the smaller SparkiFtm
Micro boards, each of which control two motors. Tdmenmands of the two motors run independently withi
the code resulting in 21 quasi-independent robagients with an input from the respective potenti@mean
ON/OFF switch and a global timing input.

5.2.Current code setup

The first coding uses the simplest strategy asriest in section 4.2.1. in which a hinge force ¢antly

pushes the agent towards its target angle valugrésumed from the simulation this strategy causedry
agile movement of the structure but also led teksaThe initial target set for this experimento—réach the
target shape — could not be achieved with thispsétua certain point the device stops moving amaltanove
further towards its destined position due to latkhower.

The second coding setup, however, is based on angleol curves recorded from the simulation dématiin

4.2.2. These curves were implemented in the codhanform of 10-bit integer arrays and intendecbé&
followed by each agent synchronized by the gloisaihg signal. This kind of choreography merely egants
a predefined program, the device follows to regslydal. However, due to its lack in strength atadbitity the

robot was not yet able to reach its goal this caitleer. It gets stuck in the same manner as it ftwes

5.3.Evaluation

In our opinion this failure does not necessarilyl é@r stronger motors or stronger frames but fomare
intelligent control mechanism. Just like ants aseable to optimize their food paths on their ahe, agents in
this setup need to distribute loads or find anrojigd strategy to reach their goal even if theyvamy weak.
In a simulation this goal can be abstracted intotsk for the agents to coordinate their contuoves with
those of their neighbors under inconsistent comgaThe advantage of our prototypic approacihas tve are
now able to directly test the sufficiency of suabde experiments in the actual device. Also an aggiro
without any previous simulation but with try andagris possible.

6. Conclusion

An important advantage of the setup lies in thealglism of its components. While the agents act
independently through their own processing unityas shown in 4.2.1, that if every single agentieds its
individual goal to reach its target angle valuee tommon goal of regenerating the target surfacalsis
reached. This aspect simplifies the issue. On therchand, this goal can't be reached without thents
collaborating, as the simulation in section 4.2rd dhe failure in the prototype suggest. The agamnés
theoretically able to send, receive and interpigniads among each other. This gives the deviceabikty to
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act as a multi-agent system. Besides it gives asctiance to play with algorithmic tools under rsadi
conditions and with a very sharply defined goal.

The chosen geometry of the mesh has shown to kabkifor architectural applications. Further
development needs to continue on two levels: a) ithegration into building technology and b) the
improvement of the algorithms for control. Someiaps for a) include:

* folded roof structures which could interact ditgavith the buildings climatic parameters

* sound modulation through adaptive geometriesciiitectural spaces

* a modular, reusable concrete form-work which vdouvénder concrete shells efficient through drastic

reduction of the otherwise immense formwork costs

* construction automation and change of relatiopdiatween assembler and assembly

Since the physical characteristics greatly infleettte behavior of the system, the use of elastieniats
could be interesting as well as the applicatiomigh performance textiles. This might aid in oveniog the
observed rigidity in the system and lead to différgcenarios of problem-solving. For the aspects)af broad
range of optimization algorithms could be benchredriknd compared. In our opinion, promising appreach
lie in the utilization of machine learning strategand swarm optimization.
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