
S A J _ 2012 _ 5 _

194 Michael Hansmeyer, Benjamin Dillenburger Key words

additive manufacturing
3d sand-printing

computational design
digital fabrication

subdivision

DIGITAL GROTESQUE – TOWARDS 
A MICRO-TECTONIC ARCHITECTURE

A B S T R A C T

Computational design allows for architecture with an 
extraordinary degree of topographical and topological 
complexity. Limitations of traditional CNC technologies 
have until recently precluded this architecture from being 
fabricated. While additive manufacturing has made it possible 
to materialize these complex forms, this has occurred only at 
a very small scale. In trying to apply additive manufacturing 
to the construction of full-scale architecture, one encounters 
a dilemma: existing large-scale 3D printing methods can only 
print highly simplified shapes with rough details, while existing 
high-resolution technologies have limited print spaces, high 
costs, or material attributes that preclude a structural use. This 
paper provides a brief background on additive manufacturing 
technology and presents recent developments in sand-printing 
technology that overcome current 3D printing restrictions. It 
then presents a specific experiment, Digital Grotesque project, 
which is the first application of 3D sand-printing technology at 
an architecture scale. It describes how this project attempts to 
exploit the potentials of these new technologies.
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BACKGROUND

Developments in CAD software in the 1990s brought a newfound interest in 
freeform architecture and ornamented surfaces. The subsequent integration of 
scripting languages into CAD programs fostered further experimentation with 
parametric geometries and non-standard forms. Today computational design 
enables architectural forms with vastly increased topological and topographical 
complexity. 

Digital fabrication technologies have evolved in parallel at an equally brisk 
pace. Together, computational design and digital fabrication have indeed been 
the key drivers of the latest evolution in architecture. Digitalization of building 
processes has overcome many of the limitations of industrial mass-fabrication: 
it allows for a large degree of customization paired with high efficiency and 
precision. Yet, most fabrication technologies still limit the range of possible 
forms that can be produced. Therefore, designs have to be significantly adapted 
to their fabrication processes and material attributes. 

Today, additive manufacturing introduces a paradigm shift within digital 
fabrication: complexity is no longer a relevant constraint in design. This 
becomes clear when one considers the example of a laser printer: no matter 
what ink it prints on paper, the amount of information or complexity in what is 
printed is not a factor in terms of time and cost. With additive manufacturing – 
and particularly with sand-printing, the exact same holds true.

First attempts at printing spatial objects were made in the early 1970s. The 
term 3D printing appeared in 1995 in the context of Jim Bred’s and Tim 
Anderson’s experiments as they printed binder onto a powder bed1. 3D printing 
differs from other CNC methods in that it additively combines material, 
instead of subtractively removing or deforming it. It also introduces a new 
scale in computer-controlled fabrication: materialization occurs at a fraction 
of a millimeter. While traditional CNC fabrication methods still require 
prefabricated elements as a base for customization (milling, bending, and laser-
cutting all manipulate semi-finished materials), most 3D printing technologies 
directly solidify raw material. 

The application of this technology for architecture has up to now been limited 
to prototyping or small parts. Material costs are high, machines have limited 
scales, and the majority of materials are not strong enough to fulfill construction 
requirements. Recent research in large-scale printers, based for example on 
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printing concrete, has failed to achieve high resolutions and is subject to 
geometrical restrictions. This leads to a situation in which small-scale printed 
models of buildings can have a higher resolution than the actually constructed 
buildings. The potential of additive manufacturing is thus far from being used.

THREE-DIMENSIONAL SAND-PRINTING

Sand-printing technology has recently emerged as an additive manufacturing 
technique that overcomes these limitations. This technology is currently used 
primarily to produce casting forms for metal parts. The printed casting forms 
are destroyed as soon as the metal hardens. Yet, this technology has unique 
features that make it suitable to create durable architectural components. 
Specifically, the technology combines a very large printable space with a high 
resolution and accuracy. It allows for the fabrication of large-scale elements 
at a competitive price and in a short period of time. Printed elements can 
withstand significant loads and can thus be assembled as self-supporting solid 
constructions. 

Key attributes of sand-printing technology are: 
 − Scale: large printable space, with volumes of up to 8 cubic meters;
 − Accuracy: resolution up to 200 dpi and 0.13mm layer height;
 − Strength: structural capacity of 220-280 N/cm² bending strength;
 − Speed: 3cm per hour at a 4 x 2 meter layer area;
 − Cost: low cost material: silica sand;
 − Sustainability: natural material, efficient material use with few residuals.

The printed sand elements do not require any support material, as the loose 
sand fulfills this role. Loose sand is simply vacuumed off at the end of the 
printing process.  

DIGITAL GROTESQUE: PRINTING ARCHITECTURE

The Digital Grotesque project, developed at the Chair for Computer Aided 
Architectural Design at the Swiss Federal Institute of Technology (ETH) 
in Zurich, combines computational design and additive manufacturing to 
fabricate an entire room. It provides a glimpse of an architecture that becomes 
feasible through these new technologies. 

Digital Grotesque is the first human-scale immersive space entirely constructed 
out of 3D printed sandstone. A complex geometry, consisting of millions of 
individual facets was designed uniquely through customized algorithms. This 
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Figure 01. Schematic 
diagram of Digital Grotesque 
room

Figure 02. Construction 
schematic oaf two printed 
elements

Figure 03. Printed 1:3 scale model, white coating
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Figure 04. Front view of assembled Digital Grotesque wall

Figure 05. Inside Digital Grotesque room

Figure 06. Digital Grotesque detail
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geometry is printed at a resolution of a tenth of a millimeter to dimensions of a 
3.2-meter high, 16 square meter large room.

Design

Instead of being designed with mouse and CAD software, Digital Grotesque 
is created through an algorithmic procedure called mesh-grammars. This 
procedure consists of rules that articulate the structure out of a primitive input 
form, by recursively splitting surfaces into smaller surfaces analogous to a 
Catmull-Clark scheme2. In the mesh-grammars approach, differentiation is 
produced by adjusting the division ratios individually for each surface at each 
step of the process. Each surface’s topological and topographical attributes are 
measured in relation to the entire form, and rules specify how these attributes 
determine the surface’s further division ratios. 

This process allows for highly specific local conditions with complex 
topologies to be generated. As surfaces become smaller through repeated 
division the single process functions at multiple scales: from the specification 
of broad curvatures down to the creation of microscopic textures. Even when 
designing at the scale of an entire room, these algorithms allow the specification 
of details that match the 3D printer layer height of 0.13mm. As surfaces can 
become porous at any stage of the division process, this process can produce 
complex multi-layered and branching topologies that fully take advantage of 
the 3D printer degrees of freedom. 

The resulting form, consisting of a mesh of 260 million individual facets, 
has a resolution and level of detail that would be impossible to specify using 
traditional means, whether drawn by hand or mouse. It provides a glimpse of 
the potentials of additive manufacturing. 

Fabrication

Unlike with the use of traditional CNC technologies, it is not necessary to 
model a separate fabrication process to materialize the form. Adaptation of the 
calculated geometry is limited to transforming the surface so that it describes a 
volume. The articulated mesh is self-intersecting and does not enclose a volume 
(is not a differentiable, orientable manifold). In order to turn the geometry 
into a topologically buildable volume, the mesh is voxelized at a resolution 
of 1mm, yielding a total of 30 billion voxels. The final geometry of each part 
is turned into a clean, watertight mesh with a marching cube algorithm3 and 
exported as an STL file.
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Using technology that is available today, the entire room could be printed out 
of just six large elements. The limiting factor for the size of the elements is no 
longer the printable volume, but rather logistics: parts need to be transportable, 
and they need to be lifted and positioned for assembly. We chose to restrict 
dimensions of elements so that they would fit onto 120 x 120 cm pallets.

The weight of the elements was minimized in order to make them more 
compliant and to reduce the floor load of the overall structure. Elements were 
hollowed out and the thickness of their walls was reduced to one centimeter 
in non-critical areas. In lieu of the solid mass, an internal structural grid was 
introduced to provide stability. In the design of the elements, two different load 
cases were taken into consideration: their orientation in the 3D printer as they 
are being lifted out, and their loads as assembled elements. Each element has 
simple printed details for lifting it and for joining it with neighboring pieces:

 − Truncated cones and funnels, for accurate and stable vertical alignment.
 − Horizontal shafts, allowing steel bars to pass through for lifting and 

transport. These shafts are distributed along the center of gravity of the 
object. 

 − Vertical shafts, allowing the introduction of a steel support structure. 

These details were simply added to the voxelized form using Boolean 
operations. The vertical shafts turned out to be superfluous, as the truncated 
cones and funnels are of such a high precision that the vertical alignment is 
entirely stable. 

In order to increase the structural stability, the printed sandstone was infiltrated 
with resin. A coating consisting of pigments, alcohol and shellac was applied 
to achieve a consistent, smooth, white covering.

CONCLUSION

This project shows that 3D sandstone additive manufacturing opens the door 
to the printing of architecture. This method can be applied both to restoring 
historic buildings or constructing new ones. 3D printed elements are within 
reach not only as façade modules but also as construction systems. 

In combining computational design with 3D sand-printing, it is possible to 
materialize architecture without any manual intervention. As a consequence, 
a new logic for architectural design is introduced: it is possible to design not 
in plan, sections, and elevations, but fully in three dimensions. Construction 
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drawings become largely obsolete. The three-dimensional form can be brought 
to reality in an unseen level of detail and control. 

Printing the most elaborate form imaginable costs no more than printing a 
solid cube of the same dimensions, and it requires the same amount of time. 
Printing a hundred highly individualized forms costs no more than printing 
the same one over and over again. On the manufacturing side, the cost for 
complexity has vanished. The cost for individualization has disappeared as 
well. On the design side, computational processes with their permutability are 
in the position to take advantage of these new freedoms. 

Despite this thoroughly positive outlook, challenges remain to further 
application of sand-printing in architecture:

 − Further evaluation of material properties (fire resistance, weather 
resistance, insulation, etc.), specifically in regard to longevity. 

 − Improvement of the surface-quality, allowing smooth and sealed 
surfaces without a loss of resolution. 

 − Structural optimization and weight reduction.
 − Development of stronger binders to preclude additional resin 

impregnation. 

In using these technologies, ornamentation and complex freeform geometries 
are no longer hindered by prohibitive costs. The scale of three-dimensional 
articulation and tectonic can be brought to the scale of millimeters. Together, 
computational design and additive manufacturing promise a vastly increased 
compositional and constructive freedom, and they allow for the rationalized 
fabrication of unique, non-standardized architectures. 

N.B. 

1

2

3

NOTES
Research for the Digital Grotesque project was carried out at the Chair for CAAD at the Swiss 
Federal Institute of Technology (ETH) in Zurich. All components were printed by Voxeljet AG. 
The first part of the grotto is a commission by FRAC Centre for their permanent collection. 
[Fabrication: Maria Smigielska, Yuko Ishizu, Miro Eichelberger, Jeanne Wellinger, Tihomir 
Janjusevic, Nicolás Miranda Turu, Evi Xexaki, Akihiko Tanigaito. Video / Photo: Demetris 
Shammas, Achilleas Xydis.]

Timothy Anderson et al., “Method and apparatus for prototyping a three-dimensional object,” 
U.S. Patent 6,007,318 filed Dec. 20, 1996 and issued Dec. 28, 1999.
Edwin Catmull, E.and Jim Clark,” Recursively Generated B-spline Surfaces on Arbitrary Topo-
logical Sur faces,” Computer Aided Design 10 (1978):350-358.
William E.Lorenson and Harvey E. Cline, “Marching Cubes: A high resolution 3D surface con-
struction algo rithm,” Computer Graphics Vol. 21, Nr. 4 (1987).
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ključne reči: behaviorizam, digitalni materijalizam, projektni agent, 
adaptivna ekologija, kibernetika

OBLICI ZASICENOSTI
Diskretni i neprekidni događaji u arhitektonskom 
projektovanju

Johan Bettum

Ovaj esej se bavi mogućnostima i ograničenjima arhitektonskog projektovanja 
na spoju tehnologije i disciplinarno specifičnih razvoja u arhitekturi. Teoretski 
model koji se razvija sažima suštine toga šta znači raditi sa odnosnim digitalnim 
i analogim sistemima modeliranja. On predstavlja oslobađanje od neprekidne 
krize u arhitektonskom obrazovanju boreći se sa naletom digitalnog. Osim 
toga, on se bavi nekritičkom opsednutošću koju arhitektonska akademija ima 
u vezi sa tehnologijom bez zapadanja u različite oblike reakcionarnih praksi 
koje se trenuto pojavljuju u struci kao i u školama.
Diskusija se fokusira na sisteme i režime predstavljanja u arhitektonskom 
projektovanju i proizvodnji i problematizuje ulogu digitalnih i računarskih 
projektantskih postupaka u odnosu na analoge sistema predstavljanja, 
arhitektonske beskrajne izgradnje naše fizičke sredine i svojstvenih ograničenja 
digitalnih sistema s’ obzirom na njihov ‘racionalan’ karakter.
Ovaj esej pokušava da se razreši uticaj i status digitalnog fokusiranjem na 
inkluzivni pojam prostora. To je i arhitektonski prostor ali isto tako i prostor 
produktivnog dizajniranja/projektovanja u kome arhitekte rade. Razvijajući 
ovaj argument, prodiskutovana su tri umetnička dela i početna pretpostavka za 
taj argument se zasniva na teoriji umetnosti.

ključne reči: analogi sistemi predstavljanja; digitalni sistemi predstavljanja; 
diskretan, neprekidan, inkluzivan; zasićenje, učesnik. 

DIGITALNA GROTESKA – KA MIKRO-TEKTONSKOJ ARHITEKTURI

Michael Hansmeyer, Benjamin Dillenburger

Računarski dizajn omogućava arhitekturu sa izuzetnim stepenom topografske 
i topološke složenosti. Ograničenja tradicionalnih CNC tehnologija su sve 
do nedavno sprečavale arhitekturu da bude fabrikovana. Iako je proizvodnja 
aditiva omogućila da se ovi složeni oblici materializuju, to je ostvareno 
samo u veoma maloj razmeri. U pokušaju da se proizvodnja aditiva 
primeni na konstrukcije arhitekture u punoj razmeri, nailazi se na dilemu: 
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postojeće 3D metode štampe u velikoj razmeri mogu da štampaju samo vrlo 
pojednostavljene oblike sa grubim detaljima, dok postojeće tehnologije visoke 
rezolucije imaju ograničeni prostor, visoke troškove ili materijalne atribute 
koji isključuju strukturalnu upotrebu. Ovaj rad daje kratak osvrt na tehnologiju 
proizvodnje aditiva i predstavlja nedavne razvoje u pesak-tehnologiji štampe 
koja prevazilazi trenutna ograničenja 3D štampe. Nadalje predstavlja jedan 
specifičan eksperiment, Projekat Digitalne groteske koji je prva primena 3D 
pesak – tehnologije štampe na nivou arhitekture. On opisuje kako ovaj projekat 
pokušava da iskoristi potencijale ovih novih tehnologija.

ključne reči: proizvodnja aditiva, 3d pesak-štampa, računarski dizajn, digitalna 
proizvodnja, podpodela

CITA | RADECI ZA PERFORMANSU I SA PERFORMANSOM 
MATERIJALA 

Martin Tamke

Razumevanje materijala kao aktivnih, bilo da su komprimovani, zategnuti ili 
savijeni, omogućava nova rešenja koja se šire i predstavljau izazov prostoru 
projektovanja. Pristupi ka integraciji ponašanja materijala na konceptualnom, 
konstruktivnom i proizvodnom nivou, kao i na nivou sistema digitalnog 
projektovanja, mogu da posluže kao  obrazac kako projektovati sa složenošću 
koja karakteriše trenutni prostor projektovanja građevinske prakse. Ovaj rad se 
fokusira na četiri različita pristupa kako bi se performansa materiajla integrisala 
u digitalno projektovanje koje je predstavljeno u četiri fizička demonstratora od 
strane CITA, Centra za informacionu tehnologiju i arhitekturu u Kopenhagenu.   

ključne reči: materijal, simulacija, povratne informacije, složeno modelovanje, 
digitalna izrada

4od7, DNEVNIK ELASTICNOSTI U ISTRAŽIVANJU PUTEM 
PROJEKTOVANJA

Djordje Stojanović, Milutin Cerović

Ovaj rad će predstaviti specifičnu postavku Istraživanja kroz projekat na 
Arhitektonskom Fakultetu Univerzitetu u Beogradu koju sprovodi 4od7, 
inicijativa koja istovremeno obuhvata aspekte arhitektonske prakse, istraživanja 
i obrazovanja. U uvodnim pasusima je razmotren  program rada 4od7 kroz tri 
povezane oblasti: razumevanje i primena algoritamske logike u okviru procesa 


