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ABSTRACT
The proliferation of parametric tools has allowed for the design of previously impossible geom-
etry, but the construction industry has failed to keep pace. We demonstrate the use of industrial 
robots to disrupt the ancient process of casting concrete and create an adjustable formwork 
capable of generating various cast components based on digital input, crafting a new approach 
to “programmable matter.” The resulting research delineates a novel methodology to facilitate 
otherwise cost-prohibitive, even impossible design. The MARS Pavilion employs this methodology 
in a building-sized proof of concept where manipulating fabric with industrial robots achieves 
previously unattainable precision while casting numerous connective concrete components to 
form a demountable lattice structure. The pavilion is the result of parametric form finding, in which 
a catenary structure ensures that the loads are acting primarily in compression. Every concrete 
component is unique, yet can be assembled together with a 1/16-inch tolerance. Expanding 
Culver & Sarafian’s previous investigations, industrial robot arms are sent coordinates to position 
fabric sleeves into which concrete is poured, facilitating a rapid digital-to-physical casting process. 
With this fabrication method, parametric variation in design is cost-competitive relative to other 
iterative casting techniques. This digital breakthrough necessitated analogue material studies of 
rapid-setting, high-strength concrete and flexible, integral reinforcing systems. The uniquely shaped 
components are coupled with uniform connectors designed to attach three limbs of concrete, 
forming a highly stable, compressive hex-grid shell structure. A finite element analysis (FEA) was a 
critical step in the structural engineering process to simulate various load scenarios on the pavilion 
and drive the shape of the connective elements to their optimal form.
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INTRODUCTION
For millennia, concrete casting formwork limited variation in 
design because new forms had to be built each time, and perva-
sive breakage typically occurred whenever molds for compound 
shapes were removed. For most concrete fabricators, the 
adjustable mold remains an unattainable fantasy. Therefore, for 
almost all built projects, casting concrete remains labor-inten-
sive, repetitive and wasteful, making parametric variation often 
cost-prohibitive.

Of course, advances integrating industrial robots into construc-
tion assembly procedures have been made by many, including 
Achim Menges, Roland Snooks, Francoise Roche, and other 
noteworthy architects. Concurrently, fabrics have also been 
championed in the casting of concrete by noteworthy pioneers 
such as Mark West and Andrew Kudless, among others. Whereas 
these researchers focus on the use of robots to assemble and 
mill components or fabric to create organic structural and 
decorative elements, Culver and Sarafian ask, what if the ancient 
process of casting concrete itself could be disrupted by animating 
industrial robots retrofitted for that very purpose? Unlike other 
fabric and automation experimenters, their research couples the 
malleability of fabric with the precision of robots to achieve a 
robotic formwork that allows for the creation of programmable 
matter. 

While fabricating a pavilion for the 2017 MARS Conference 
(Machine-learning, Automation, Robotics & Space exploration), 
Culver and Sarafian’s company Form Found Design worked 
with Steve Lewis of Walter P. Moore Engineering to achieve 
heretofore-unattainable precision. They created multiple unique 
connective concrete components that not only formed the entire 
MARS Pavilion’s open lattice concrete structure, but also are 
simultaneously demountable. 

This paper reports the methods used to generate and optimize 
the elements of the pavilion, then examines the structural 
component design, followed by chronicling material composition, 
robotic fabric formwork, future improvements and conclusions.

METHODS
2.1  Form Generation and Optimization
Form Found Design derived the design criteria of the pavilion 
from the material properties exhibited by concrete. Loading 
the pavilion primarily in compression exploits the inherently 
compressive qualities of concrete and optimizes the overall 
geometry. To achieve this, a digital “chain model” was simulated 
to achieve the catenary curvature found in hanging cables, similar 
to the way Antoni Gaudí derived the structure of La Sagrada 
Familia. However, an upward gravitational force is applied to the 
chain model to create a compression structure. This optimizes 
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3     Kangaroo model

4 Robots, armature and cast wishbone

the structure to create a dominant axial compression load path 
with minimum tensile forces due to flexure. 

The design of the pavilion begins in Rhinoceros3D with a 
Y-shaped “wishbone” geometry as its starting component that 
populates a two-dimensional XY plane, forming a hexagonal grid. 
Some components are removed, allowing for the emergence of 
arched portals after it has undergone form finding. The perimeter 
of this grid is “anchored” in place, preventing displacement. Then 
an upward-acting uniform force is applied to the wishbones using 
Kangaroo3D for Grasshopper3D and the segments act as springs, 
lifting the structure upward. Once the form-finding process is 
complete, the final resting state of the geometry is used as the 
design of the pavilion, ensuring a compression structure. 

2.2 Form Finding
Form finding plays a vital role both in determining the overall 
geometry and in simulating the shape of the individual wish-
bones. Parameters for height and flexibility of cables are used 
to affect the Kangaroo3D result. Thus, digital tools are used as 
a form-generation mechanism, rather than merely a simulation 
or modeling tool. Once the overall geometry has found its point 
of stasis, the geometry is finalized and “baked” into the Rhino 
environment. Individual wishbones are given a unique set of 

Robotic	Formwork	in	the	MARS	Pavilion		Sarafian, Culver, Lewis

3

4



525ACADIA 2017 | DISCIPLINES + DISRUPTION

parameters to satisfy as well. To test the effects of robots on 
fabric in the digital environment, a flexible fabric material is 
applied to the geometry and held taut before gravity and other 
concrete loads are applied. As a result, the physical wishbone 
takes a shape commensurate to what is shown in the digital 
environment.

2.3		 Projecting	3D	Wishbones	to	Create	Fabric	Profiles	
for Tailoring
The MARS Pavilion consists of seventy unique concrete 
wishbones that comprise the catenary structure. The casting 
process designed by Form Found Design necessitates that a steel 
armature be used to suspend one end of a nylon fabric sleeve 6 
feet above a platform, while two industrial robots position two 
other sleeves, thus forming a Y-shaped wishbone component. 
The myriad configuration possibilities permitted by the robots 
allow for a high degree of design freedom in casting. Each unique 

position requires a unique sewn fabric sleeve. Thus, a printed 
profile must be given to a tailor for sewing. Each printed profile 
must be sewn to the required widths necessary to ensure a 
sufficient diameter in the concrete as specified by the engineer.

To ensure each sewn fabric profile is the correct size, each 3D 
wishbone is reoriented onto the XY plane. Each wishbone is then 
rationalized to output a 2D drawing that can be printed and sent 
to a tailor. The precision of the robot’s end effector is the most 
critical in the fabrication of each component, as this dimension 
represents the interface between members.
A proprietary bolted connection is used to fasten the concrete 
limbs to steel “couplers.” Since every steel connection is uniform, 
the curvature of each concrete component is necessary to create 
the curvature in the pavilion. This connection necessitates steel 
to be embedded within each concrete limb to create a bolted, 
easily erected assembly. This method is currently patent pending.

5 2D Rhino model and printed plan 
on fabric

6 Multi-Move in action 
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7  End-arm assembly and armature fill-point

An additional precaution is taken to keep the concrete intact 
in the event of breakage. Three-sixteenth-inch steel cable is 
embedded in each limb of concrete to provide added suspension 
in the event of spalling to keep concrete components from 
breaking apart. This steel cable does not replace rebar, rather it is 
a final fail-safe taken to prevent total failure.

2.4	 Orienting	Wishbones	for	Production
The final digital step before production requires locations and 
orientations of end effectors to be sent to the robots. Since 
there is little room for adjustment in the pavilion, precision is 
essential in each component. The digital environment must be 
identically modeled to match physical space to avoid discrepan-
cies in production. To accomplish this precision with coordination, 
Multi-Move was installed. This is an ABB Robotics proprietary 
hardware and software upgrade that allows two robots to 
act synchronously without lag. Connecting robots in this way 
couples their motors such that two 6-axis robots act seamlessly, 
as if they were one 12-axis robot.

Following installation, the tool center point (TCP) of each end 
effector is established and located in space to within .001 mm. 
The robots were also calibrated with the steel armature to ensure 
the digital wishbones were being accurately translated into phys-
ical components. The precision of the cast concrete components 
was accurate to <⅙″ after concrete shrinkage. This was within 
our construction tolerance and allowed for a rapid assembly on 
site.

2.5	 Taco	Interface
Once the overall pavilion design is finalized, each component is 
oriented to the digital robot environment from which positions 
of wishbones can be studied and sent to the robots. Taco, a 
Grasshopper3D plugin by Blickfield, was chosen to communi-
cate with the robots. Taco allows the user to send TCP data with 
various speeds over a Cat5e cable directly from Rhino to the 
robot controller (robot CPU). Robot movements can be simulated 
in the Rhino Viewport to troubleshoot any potential errors, colli-
sions or singularities. The robots are set to automatic mode and 
the program is run. Rather than positioning the robots to their 
final locations, based on the geometry, the robot arms are offset 
two inches inward to allow for ease of fabric attachment. Once 
the fabric has been fastened to the robots and securely clamped, 
the robots stretch to their final position based on the geometry 
of the wishbone. This method allows the robots to tension the 
fabric in order to reduce sagging when the concrete is poured. 

2.6	 Casting	Production	and	Quality	Control
The precise nature of the final geometry requires the fabrication 
of highly accurate end effectors, mixing protocols and arma-
ture jigs. The end arm effectors are designed as pairs of 4″ x 4″ 
acrylic plates temporarily attached with rare earth magnets. The 
wishbone terminus plates are attached to coupling hardware that 
projects into the fabric form prior to casting to allow for bolting 
of the finished wishbone to the pavilion couplers. These magne-
tized plates snap onto the end arm receptor plate, allowing 
the fabric to be quickly slipped over them. When the custom 
aluminum clamps are applied, the fabric is captured and the two 
plates are firmly joined (Figure 6). After curing, the wishbone 
plates easily slip off the end arm receptors, but remain on the 
wishbones for 3 hours to protect the initially fragile ends. The 
identical plate at the topmost armature fill-point is loose during 
the pour, but must be rapidly and accurately set to seal the end 
and engage the coupler nut and cable into the pour. A clamp is 
devised to consistently register the top of the acrylic plate flush 
with the top of the armature plate. These precautions allowed a 
final precision of <⅙″ per wishbone to be achieved after concrete 
shrinkage.
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2.7	 Robotic	Casting	Animation
During the casting process, certain wishbone members were 
found to have geometry that, when positioned on the scaffolding, 
had one limb higher than the fill point. The act of filling the forms 
without air pockets becomes difficult when fighting gravity as 
opposed to working with it. Devising pump equipment to lift the 
concrete uphill would be expensive and add complication to the 
system. Surprisingly, the solution lay in the robots and the Multi-
Move configuration. By rotating the wishbone into in inverted “Y,” 
with the fill point as the axial center, the formwork can be filled, 
capped and rapidly rotated into the final casting position (Figure 
3) prior to the concrete setting. After successfully executing 
this operation several times, we were able to flawlessly make 
concrete flow uphill.

STRUCTURAL COMPONENT DESIGN
3.1	 Rationalization	and	Creation	of	the	Finite	Element	
Model (FEM)
Structural engineering commonly relies on prescribed building 
codes and design guides to assess the capacity of a structure 
based on well-known geometrical, structural, and connection 
behavior. The unique geometry and bespoke fabrication of the 
structural “wishbone” in this pavilion creates a unique problem 
and eliminates the possibility of using prescribed building codes. 
Simple engineering calculations cannot be used to deter-
mine the forces and deflections in the structure. Therefore, a 
performance-based structural design must be used in lieu of 
prescriptive criteria. An advanced finite element model is used 
to assess the performance of the structure by interpreting and 
simplifying the computational results through specific data. 
Furthermore, engineering principles can be used to determine 
if the data and structure passes the requirements of strength, 
deflection and stability. The geometry of the architectural design 
is then rationalized into over 250,000 “brick elements” based on 
the mesh triangulation of all seventy components (Figure 8). The 
design surface is meshed within the structural analysis program 
to produce a volumetric 3D brick mesh. In the next step, the 
3D mesh is modified within Rhino, using Grasshopper3D to use 
geometric associativity between faces of the wishbone elements 

to attach a 1D link element. This ensures connectivity between 
the wishbone elements (Figure 9).  

3.2	 Load	Assumptions
The dominant load in this instance is gravity. Thus, form finding 
is essential in deriving the overall geometry that is as efficient 
as possible for compression. In addition, seismic load—a lateral 
force due to the weight of the structure—needs to be accounted 
for. Wind, although considered, is minimal due to the openings of 
the structure, thus providing little area for wind to act upon. The 
total weight of the structure is less than 5000 lbs., equivalent to 
2 Honda Civics.

3.3	 FEA	Analysis
Once the FEA model is generated and gravity loads are applied, 
additional footing supports must be added to the base of the 
canopy to ensure that the model is stable. The solver is then run 
and stresses are obtained in each finite element with deflections. 
Each element has its own unique axis system to which stresses 
are presented. These thousands of different values are then 
resolved by the FEA post-processor into two simple principal 
values of stress, stress 11 and stress 33. The criteria are that the 
first principal stress should never exceed the tensile capacity of 
the concrete wishbone element, which is 400 psi. The second 
principal stress should never exceed the compressive stress of 
the concrete wishbone element, which is 1500 psi. 

Stresses are presented for an envelope of all load cases. The 
connections are always the weak point in terms of stiffness and 
the deflection of the structure as a whole is governed by the 
connection detail. Once the member capacity of the wishbone 
elements is satisfied, the capacity of the coupler connecting 
the wishbone elements is then assessed. Provided these forces 
are less than the allowable amount, the structure is deemed 
to have sufficient capacity. The engineering team ensures that 
the proposed connection detail can accommodate the forces 
obtained from the structural analysis. The connection is weakest 
at the concrete cross-section local to the coupler where the 
anchor bolt is embedded. An envelope of each connector’s force 

10  Mesh details 002 11  Stress11 400 psi plot 12  Stress 33 below 1500 psi
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13 Helix steel and engagement at broken concrete member

for every load case is post-processed from the results of the 
analysis, and filtered to a color gradient within a spreadsheet to 
act as a common communication medium between architect and 
engineer. The team then collaborates to modify the local geom-
etry to ensure that the requirements of aesthetics and strength 
are maintained. The design progresses through multiple iterations 
until aesthetic, structural and practical objectives are attained. 
For example, the connective surface of the wishbones to the 
couplers increased from 3″ X 3″ to 4″ X 4″, with that dimension 
maintained for at least 6″ from the coupler to enable sufficient 
connective strength.

The coupler was originally intended as a cast aluminum block, 
to be milled with openings for bolting to the wishbone ends. 
Upon delivery, however, the cast pieces proved to have a range 
of variance in excess of 1/8″ per piece, which was outside 
the tolerance for the pavilion. The aluminum was rejected and 
carbon steel was engineered using ¼″ square base/end plates 
with welded triangular plates inset to reduce the span of the 
end plates to 3″. Through the use of a jig during welding, these 
waterjet-cut steel plates proved to have much higher accuracy 
of <1/32″ variation, and had the added benefit of having no 
adverse chemical reaction when in direct contact with concrete, 
as in the case of aluminum. 

MATERIAL COMPOSITION
4.1	 Material	Research	of	Concrete	Products
Conventional Portland cement concrete can have an initial set of 

1,500 psi in about 8 hours. Waiting for concrete to dry reduces 
the efficacy of using industrial robots to facilitate the casting 
process. Therefore, a fast-setting, high-strength concrete is 
imperative to the efficiency of the system. Eleven commercially 
available products were researched and cross-referenced for 
the speed at which they developed flexural and compressive 
strengths. RapidSet Cement All emerged as the top product, 
developing 9,000 psi compressive and 800 psi flexural strength 
after 28 days. The 15 minute initial set of about 3,000 psi 
allowed the finished concrete wishbones to be safely removed 
from the robots 45 minutes after pouring, allowing a total fabri-
cation cycle of 75 minutes per piece, including setup. 

Because RapidSet products are composed of calcium sulfoalumi-
nate, dicalcium silicate, and anhydrous calcium sulfate, they do 
not have the same carbon footprint as Portland cement–based 
products. CO2 emissions are reduced by up to 36%, enhancing 
the sustainability of the MARS Pavilion (Klemm 2014).

4.2	 Concrete	Reinforcing
Twisted steel micro reinforcement (TSMR) increases the flexural 
tensile strength and ductility of concrete. TSMR increases the 
modulus of rupture (MOR), and by resisting strain after a crack 
forms, it can prevent otherwise catastrophic failure. (Pinkerton 
2015) Galvanized 1″ TSMR by Helix Steel is introduced at the 
rate of 6 lbs. per 100 lbs. of concrete in the MARS Pavilion 
components.
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Concrete strength increases inversely to the amount of water 
introduced during mixing. Reducing water through the use of 
plasticizers increases workability and strength (Malagavelli 2012). 
The 4″ fill aperture of the fabric formwork makes standard 
concrete placing a challenge, creating undue stress on the fabric 
if it is forced through pumping or other mechanically assisted 
placing means. Self-consolidating concrete with increased 
liquidity made possible with plasticizers eases the placement 
process and reduces spalling without compromising strength. 

Without conventional aggregate, care must be taken to prevent 
the Helix steel from sinking to the bottom or forming into 
unmanageable clusters during mixing. Our trials established that 
a cementitious consistency that is only liquid enough to pour 
concrete easily through a 3″ø opening is critical. If the concrete 
mixture is too dry, it won’t flow into the molds, and if it contains 
too much water, the Helix Steel fibers will sink to the bottom of 
the mold. 

4.3	 Material	Testing	and	Evaluation
The testing of cylinders and flexural blocks conducted at 
Smith-Emery Laboratories confirms that required strengths are 
achieved. RapidSet Cement All develops 9,330 psi compressive 
strength and 650 psi flexural strength after 3 days with the 
mixture stated above. Testing was also performed with Poraver 
micro glass beads introduced into the mix at up to 10 lbs. per 
100 lbs. of concrete. Poraver was introduced to create lighter 
concrete and reduce the stress on the overall structure, creating 

15  CNC milled EPS formwork

a greater margin of safety for vertical and lateral forces. However, 
laboratory testing revealed a 26% reduction in tensile strength 
with the Poraver, while reducing weight by only 20%, rendering 
the use of Poraver detrimental to the strength of the pavilion.

Subsequent material testing, jointly authored by Helix Steel and 
CTS Rapid Set, is a direct result of the MARS Pavilion project. 
Both companies helped sponsor the second installation of the 
pavilion at A+D Architecture and Design Museum Los Angeles. 
Based on feedback provided by Form Found Design on the 
efficacy of their combined products, their testing reveals a 
particularly synergistic relationship. When Rapid Set CementAll is 
combined with Helix at a rate of 4 lbs per cu. ft., flexural strength 
increases to 1,261 psi and compressive strength increases to 
12,000 psi after 28 days. It can be reasonably assumed that 
these are closer to the values ultimately achieved in the pavilion.

ROBOTIC FABRIC FORMWORK
5.1	 Fabric	Forms
Initial research into this process used a repeated series of sewn 
lycra sleeves that can be positioned as needed to form various 
designed shapes (Sarafian and Culver 2016). However, scaling 
up the geometry and the resultant mass for the MARS Pavilion 
requires a fabric that can be held taut without sagging when 
concrete is introduced. Lycra, while bi-directionally flexible, 
proved to be too elastic for the weight of concrete being poured 
at volumes beyond .125 cu. ft. Thus, lower-elastic utility fabrics 
were explored, including polyester, canvas and denim, and nylon 
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16  Assembly diagram

was ultimately selected for its rigid and semi-water-repellent 
qualities. Absorbent fabrics bond to concrete, making de-molding 
more time consuming and leaving textile strands embedded in 
the concrete. Nylon allows moisture wicking, and can be rapidly 
de-molded, producing a high-strength concrete with minimal 
air pockets entrained in the object (Orr et al. 2011). Although 
bespoke shapes were tailored for each wishbone in this project, 
there proved to be some tolerance and it is possible that the 
entire pavilion could have been formed with only 10 unique 
fabric shapes that could adjust to fulfill the 70 required positions. 
In addition, the fabric from one damaged cast piece was stripped 
off and quickly re-sewn to make the replacement piece, proving 
the reusability of the formwork.

5.2	 Fabric	vs.	CNC	Milled	EPS	Formwork
The standard practice in the construction industry for achieving 
complex geometry in cast concrete is to CNC mill EPS foam 
as rigid formwork. While this process may be appropriate in 
some instances, the method outlined above exhibits significant 
advantages in reducing waste, time, and material cost. With 
fabric formwork, only the minimum surface required to achieve 
the geometry is used as formwork, rather than an entire volume 
of solid foam. The introduction of industrial robots allows for 
new possibilities in tension and precision that overcome fabric’s 
inability to hold its shape under the heavy loads of casting. With 
robot arms controlling only the locations of interface between 
wishbone components, some freedom and form finding is 
allowed, giving the central wishbone geometry the opportunity 
to sag slightly under gravity load.

The volume of EPS foam necessary to cast one 4′ x 4′ wishbone 
is approximately 14 cubic feet. Based on this unit volume, the 
total volume of foam needed for all 70 wishbones would be 980 
cubic feet of foam. The equivalent fabric formwork would not 
only produce less material waste, but a potentially reusable mold. 
Assuming 4 hours of milling per wishbone, a total of 280 hours 
of CNC time is necessary. Each fabric sleeve took approximately 
15 minutes to cut and sew, allowing for a total of 17 hours of 
production time, a massive reduction compared to CNC milling. 
Lastly, the material cost associated with fabric formwork is 
significantly lower than milled foam. Assuming $42 per 4′ x 8′ x 
2″ EPS foam sheet, one sheet is required per wishbone for both 
top and bottom molds, making the total cost of foam $8,820. 
This is more than eight times the $1,000 cost spent on fabric 
and sewing for the fabric formwork. Thus, fabric formwork is not 
only a sustainable solution in cost, but also yields an enormous 
reduction in material waste.

CONSTRUCTION
6.1 Assembly Diagram
Each wishbone is assigned a number and a decimal representing 
the position of each limb. These numbers are used throughout 
the formwork and reinforcing assembly to reference the correct 
alignment of components. Referencing the numbers on a printed 
plan during erection allows for an ease of assembly that can be 
communicated to anyone unfamiliar with the design. This is not 
a typical floor plan, but an assembly diagram with every connec-
tion labeled graphically.

6.2	 Base	Preparation	
The platform design at the MARS Conference in Palm Springs 
included a layer of 1″ plywood sheets over interlocking stage 
risers. This layer allowed for the sheets to be loosely assembled, 
and have holes drilled and a steel plate routed into the underside 
prior to fastening the plywood to the risers. Pre-tapped with 
two ⅜-16 holes, the plates provided strong bolting plates under 
the plywood to anchor the base with bolts from above. This 
system allowed for the installation and subsequent removal of 
the assembled base plates onto the stage. However, the wood 
platform assembled on the grass lawn proved challenging to level, 
and after 3 rounds of adjustment by the MARS crew, it was ulti-
mately ½″ out of plane. The subsequent install at A+D was on a 
concrete base in the parking lot fabricated by CTS Rapid Set. This 
iteration had higher accuracy with less deflection in the structure 
and less realignment required.

6.3	 Bolting	Alignment
During assembly at the MARS Conference, a ⅜-16 cap head 
screw is inserted through the open end of the steel coupler 
into the hole and bolt of the wishbone beyond. Initially, each 
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wishbone is fastened tightly with the intent to support the 
pieces attached at higher levels. The higher the pavilion rises, 
more supports are required to push the pavilion outwards to 
counteract the effects of gravity pushing the pieces inwards. As 
the pavilion approaches completion, however, incremental creep 
occurs, creating misalignment at the top, exacerbated by the less 
than planar base. By loosening all the bolts a quarter-turn, the 
entire pavilion is allowed to readjust to the correct positioning. 
Similar to the way a bicycle wheel is adjusted to remove wobble, 
alternate sides of the pavilion desire attention until they all come 
into alignment. 

During the second assembly at A+D, the strategy to leave the 
bolts slightly loose during assembly facilitated the process. 
It became easier to push the pavilion pieces outwards and 
assemble all the components. Assembly time was reduced to two 
days and only 3 or 4 people were required, about half of what 
was used in Palm Springs. Minimal supports were required as the 
pavilion proved to be essentially self-supporting during assembly. 
As in Palm Springs, rolling scaffolding was used to facilitate 
assembly above 6 ft high, and a manual Genie-lift raised and held 
the higher pieces up near to their positions for safety.

FUTURE	IMPROVEMENTS
7.1 Embedded Steel Plates
Assembly of the concrete wishbones to the steel couplers 
reveals the fragility of the edges of the concrete that meet the 
steel bolting surface. Initial off-axis positioning of the ~60 lb. 
wishbones during assembly inevitably creates minor fractures. 

17 Completed pavilion

By replacing the temporary acrylic with permanently embedded 
steel plates, a much more durable connection can be made. With 
coupler bolts pre-welded to the interior face, steel plates would 
allow multiple repositioning and even multiple assembly-disas-
sembly cycles without damage.

7.2 Fabric Tensioning
The most labor-intensive aspect of the current fabrication system 
is the fitting and accurate tensioning of the fabric formwork 
and sleeves over the robotic end arm tools. Replacing a manual 
clamp with four knurled, powered rollers that automatically pull 
the fabric over the end arms to sensor-regulated tension would 
reduce errors and speed up fabrication.

7.3	 Robotic	Concrete	Mixing	and	Placing
The second most labor-intensive operation is the mixing and 
pouring of concrete into the fabric formwork. This can be readily 
automated with an onsite batch-mixing system that simultane-
ously pumps the concrete into the formwork. The concrete is 
fast setting and made in small batches with little to no waste, so 
attention to timing in the mixing, pouring and cleanup is critical. 
For this reason, a pump system would require air evacuation of 
the remaining concrete through the tube to eliminate waste and 
prevent solids from forming in the tube.

7.4	 Robotic	Assembly
The ultimate expression of a robotic fabrication system is in the 
actual assembly of the pavilion. This is as true in automobile 
manufacturing as in a custom freestanding object such as the 
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MARS Pavilion. A single large-capacity robot centrally located in 
the pavilion can readily hoist each member into position while 
a human technician drives the bolts. Q-code labels affixed to 
the wishbone ends are scanned by the robotic end effector for 
identification of each piece, its location in the structure and its 
orientation. The 2015 University of Stuttgart Research ICD/ITKE 
Pavilion by Achim Menges uses a similar idea, in which a central 
robot builds the pavilion from the inside. Thus, the geometry of 
the pavilion is based on the reach of the robot arm. The ultimate 
aim of this and other robotic construction methodologies is to 
automate the entire construction method from digital fabrication 
to digital construction.

CONCLUSION
While further development is necessary, the potential for the 
system has now been proven through the MARS Pavilion. The 
fluidity of the digital-to-physical stream shows the validity, ease 
of use and high accuracy of the process used towards program-
mable matter. It is robust enough to be applied to various 
building applications such as facades, furniture, and primary 
structural elements. The fabric formwork is efficient, low-cost 
and low-waste relative to conventional formwork materials. The 
combination and testing of CementAll and Helix now provides 
a baseline for subsequent fast-setting, high-strength concrete 
projects with the system. ASTM testing could pave the way 
for further adoption and proliferation of both materials and 
system in the industry. To date, multiple global architecture and 
construction firms have expressed interest in the architectural 
system. Form Found Design is currently pursuing the next iter-
ations of development in both structural facades and low-cost 
housing in developing countries.
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