Fmbodied Computation:

Advancing RoboForming For the Mass-Lustomization of Architectural Modules
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| should research how
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Roboforming is the
embodiment of more
for less and can be
( utilzied to realize the ) (

Roboforming along with
3D-plasma cutting

offers new possibilities in

goal of N
mass-customization.

mass-customization in
architecture.

Thesis Statement:

Roboforming is the embodiment of more for less and can be utilzied to realize
the goal of mass-customization in architecture.

Mass-customization is a recently-emerged 21st century paradigm that offers
more quality, more control, more choice, and more sustainability. (Keiran and
Timberlake, xiii) Roboforming, a new rapid prototyping technique for forming sheet
metal efficiently that allows the fabrication of complex unique surface geometries
without the need for expensive dies by utilizing two industrial robots, is perfect
for the fabrication of mass-customized architectural facades. (Bruninghaus, 1)

My background in robotic fabrication, architecture, and computational design will
enable me to build a process chain for Roboforming which includes: constructing
the blank holder, writing scripts to output tool-paths based on geometrical input,
synchronizing two 6-axis industrial robots, and outputting an example of what
Roboforming in capable in relation to customized architectural facades.

Architecture is being transformed by the incorporation of digital fabrication
methods and architects’ role has been diminished, almost to a point where we
have little control over the actual appearance of their design. (Callicott, 66)
Architecture’s current state is much like that of computers and automobiles, where
items can be ‘personalized from a predetermined set of choices. Architectural
components should be customized to their program, forces, and environment.
Achim Menges argues that architecture attains its relevance “through the
articulation of material arrangements and structures,” thus, "the way we
conceptualize these material interventions- and particularly the technology that
enables their construction - presents a fundamental aspect in how we (re)think
architecture.” (Menges, "Integral Formation and Materialisation’, 198) Mass-
customization offers production of individual components at almost the price of
mass production. (Scheurer, "Materialising Complexity.’, 91) Roboforming, which
follows this paradigm, is still largely unused in other manufacturing industries
since it is not appropriate for mass-production in large quantities. (Meier, 37)
However, [ argue this trait makes Roboforming perfect for the production of
architectural facades, which are custom to their site. This thesis’ role in the
advancement of Roboforming is to fill gaps in the research of engineers and
material scientists, who admit there is no existing software to easily output tool-
paths for Roboforming and thus, Roboforming “has not been applied to a large
complex geometry yet” (Meier, 4) In addition, 3D plasma-cutting of Roboformed
parts has not been explored, and could offer new possibilities. (Meier, 4)
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My research should focus on
the design possibilities of
roboforming and creating a
fluid process chain for future
use of this method in
architecture.

N

Past architectural designs
utilizing single-point
incremental sheet forming to
produce facade systems

There are gaps in the

existing research that |
can fill.

| shoudn’t focus on

improving the accuracy
of this process.
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Research into new methods of

making can help architects
regain control in the AEC
industry.
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“Katajarinne mentioned the
production of metal facade
elements as a use case for
AISF” (Bruninghaus, 1)
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“it can be difficult to carry out
physical research, as opposed
to a desk study, because it takes
time and money, even though
the cost might be a small part of
the project cost and should
anyway be set against the
reduction in risk and savings
that arise from the research.
Inevitably, without the
reassurance of research, the
design must be more
cautious.”(Thornton, 101)

Architecture should adopt

ideas of mass customization.

Practical and material orientated
academic research has become
increasingly important for
architectural practice, due to
several factors.(Weinand, 104)

It contributes to contemporary concepts
in architecture and improves their
implementation. It is the limitations in
time and capacities that more often than
not confound the realisation of such
ambitions. Academic research can fill
this gap and provide architectural
practices with the necessary resources.
Research has a duty to address how to
achieve sustainable building.

It'is now possible to mass

produce custom forms.

Y

There is a need for efficient

manufacturing techniques for

complex surfaces.
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Mass customization of
architectural components is

inherently different than in other

industries.

Mass-customization is
desired and can increase
quality.

Modulation failed to catch

on in architecture.

CAD/CAM is not being

exploited to its fullest
potential.

Methods of mass-customization

are expensive.

Personalization is when a
person decides from a

set of predetermined
options.

Architectural components
are customized based on

location and parameters.

Alex J Fischer cor

| am a designer, maker and
programmer.

Roboforming process has not
yet been applied to a large,
complex project.

oY

3D-plasma cutting of the sheet
metal before and after forming P
has not yet been tested.

I am not principaly a researcher
and should not attempt to do

“the whole CAx proce
not been applied to a
complex geometry ye

| will be creating a larg
complex geometry wif
method, which can fill
in this paper. (Meier, 4

“Additional conditions
relief of the clamped !
cutting and even the
forming process coul
considered.”

| can experiment with
cutting the sheet befc
after forming. (Meier,

the job of an engineer or
material scientist.

Research to increase
(¢ roboforming’s accuracy is
already underway.

Research is needed to
¢ increase the accuracy of
roboforming.

“In the realm of architecture
Trautz and Herkrath (2009)
examined AISF for
manufacturing different
elements of a double-layered.
facet-like folding structure.”
(Bruninghaus, 1)

“There was also a project on
responsive skin where AISF was
used to manufacture a mold,
which is then used for injection
molding UPM Profi — a recycled
paper composite — at UCLA
Architecture & Urban Design.”
(Bruninghaus, 1)

The seminar will focus on developing a
design process which uses analytical
data, such as solar gain analysis, to
drive the scripted panelisation of a
building form. The designs of the
paneling systems are done within the
constrains of a digital fabrication
process called incremental sheet
forming forming, in which an industrial
robot presses a sheet of metal against a
computer guided piston ‘field’ in order to
create a mould, which can be used for
injection moulding UPM Profi - a
recycled paper composite.

(Cadiz)

“Throughout the development of
the physical and digital tools for
this process, feedback has
constantly been taken and given
between design and fabrication.
These parameters are being
used in the design to influence
the metal skin’s global
curvatures, local subdivision,
and surface articulations to
increase forming accuracy. The
metal formed panels have been
analuzed using 3D scalling
technologies to understand
where the structural ribs are
needed for stabilization. The
formed ribs are used as
dynamic currugations across the
aggregation which makes a
structured skin that identifies
panel location.” (Newsumme)

Mass-customization is a
( recently emerged method in
the 21st Century

C Mass-customization can be
econmically viable

( Software Can enable
mass-customization

¢ quality

Mass-customization increases

{ Mass-customization is desired

Modulation assemblies that
limited choice are not desired

o
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Architecture should be made
modular

N

increasingly important for
architectural practice, due to
several factors.(Weinand, 104)

in architecture and improves their
implementation. It is the limitations in

not confound the realisation of such

ambitions. Academic research can fill
this gap and provide architectural

achieve sustainable building.

Practical and material orientated
academic research has become

( It contributes to contemporary concepts

time and capacities that more often than

practices with the necessary resources.
Research has a duty to address how to

Mass Customisation: the
production of individual

Roboforming is
(¢ accurate eno

reliable mantufa

Roboforming is &
incremental fo

synchronized

Roboforming
(¢ efficient meth

producing uniqu

Callicott proposed that
“complexity and variety
architecture can be ex
( beyond the prior bount
standardisation, yet wi
economic framework
increasingly favourable
unique.”(Callicott, 66)
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components at almost the price
of mass production through the
use of digitally controlled (CNC)
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"Materialising Complexity.”, 91)
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whole CAx process has
been applied to a large
plex geometry yet”

“Since Roboforming is an
innovative incremental forming
process, there is no existing
( CAM-solution to quickly and
accurately generate two
synchronized tool paths
according to the above
mentioned forming strategies.”
(Meier, 38)

| be creating a large

plex geometry with this
hod, which can fill the gap
lis paper. (Meier, 41)

There does not exist a
¢ CAM system to calculate
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tool paths for roboforming.

“for DPIF-P and DPIF-L no

direct analogous process in

milling exists. thus CAM

( systems cannot be used.”
(Bruninghaus, 3)

ditional conditions like the
ef of the clamped sheet, the
ling and even the warm
ning process could also be
isidered.”

N experiment with plasma
ting the sheet before and
r forming. (Meier, 41)
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F[]fmlng Stl'ategll Material, forming geometry, infeed, velocity, and tool-
path type affect the accuracy of the part.
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:"‘J‘Eiid“(‘é‘i[,i.ﬁ;”ﬁfui‘eg?“ee‘ Asymmetric Incremental Sheet Forming (AISF): A fixed sheet is deformed step- Single Point Incremental Forming (SPIF): “oockpictes with geometry specific

by-step by a small, mostly spherical, generic tool. It fravels along the surface of the final outlines are added to the backs ide of the sheet for a stiffer support.” (Meier, 38) The
< part geometry. This can be done with a layer or with a helical strategy. (Bruninghaus, 1) backplate is only the outlines of the geometry to provide leverage at the initial crease of
“increased geometrical deviation due to the subsequent deforming and the springback the form, so SPIF only increases accuracy on the perphery of the shape.

effect of the sheet'(Mierer, 39)
/ | \

I

Two Point Incremental Forming (TPIF) with Partial Die: “citrer o portici Two Point Incremental Forming (TPIF) with Complete Die: < specioized ool
or a complete die with geometry specific structures is used on the backside of

the workpiece. ‘(Meier, 38)

or mold, known as a die, is located on the opposite side of the sheet from the robot,
Heat Gun Suppart Too
= ==y = o=
= //

ool-Path Types

“Material thinning in formed

PUSItIUI'III'IQ ACCUI’&CU Due to the 6 joints of the robot the tool-tip does

not always end up exactly where it was planned. It can be off by as much as
several tenths of a milimeter.

BObOt [:0mp|lanl'29 Forming forces acting on the tool cause the robot to

deflect from its predetermined path.

G 40

Contour

The thickness of the sheet
(¢ decreases in the process of
roboforming.

“reduced sheet thickness
caused by the fixed boundary”
(Meier, 39)

Helical

Step
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geometric accuracy but at a higher cost and longer manufacturing time for each part.

allowing the metal to be formed accoring to the die’s shape. This method enables higher
AX & =———

C Simulating roboforming takes a )
oboforming is still not long time and is not precise.

accurate enough for

- — — Duplex Incremental Forming with Peripheral supporting tool (DPIF-P): -

supporting tool is synchronized with the forming tool moving on the boundary of the part
to substitute the backing plates.” (Meier, 38)

Duplex Incremental Forming with Locally supporting tool (DPIF-I): e

supporting tool moves at the other side of the sheet directly opposite to the forming
tool, generating a forming gap between both tools. Especially for complex geometries,
through the exchange of both tools' forming and supporting functions, convex and
concave structures can be formed.” (Meier, 38)

eliable mantufacturing.

“The FEM model needs to be
improved in future work, in
which reducing the calculation
( time and raising the simulation

accuracy are the research
focuses.” (Meier, 41)

AISF is a new process for forming
C sheet metal by incrementally
forming a geometry with a small
spherical tool.

Duplex Incremental Forming
with Locally supporting tool
(DPIF-I): “the supporting tool
moves at the other side of the
sheet directly opposite to the

“In Roboforming the supporting

tool driven by the slave robot forming tool, generating a ...Wwhich is a variation of

supports the part on its ( forming gap between both ( Asymetrical Incremental Sheet :
< backside according to tools. Espe_cially for complex Forming.

individual surface structures.” geometries, through the .

(Meier, 37) exchange of both tools’ forming

and supporting functions,
convex and concave structures
can be formed.” (Meier, 38)

C AISF is not accurate enough for

legitimate use.

oboforming is a dieless

incremental forming N C Roboforming refers to DPIF-P

and DPIF-L

Duplex Incremental Forming with
Peripheral supporting tool (DPIF-P): “a
supporting tool is synchronized with the
forming tool moving on the boundary of
the part to substitute the backing
plates.” (Meier, 38)

) SR

process using two
synchronized robots. (

“a dieless incremental forming
process” (Meier, 37)

The maximum sheet thickness

“Since the forming forces Forming forces are

Roboforming is an

Roborming is scalable

needed are not dependent on
the dimension of the part AISF

for forming “depends on the
forces the machine can apply.”

“dependent on material, wall
angle, infeed, and tool

can be used to produce even
very large parts with
inexpensive machines.”
(Bruninghaus, 1)

(Bruninghaus, 2) ,

A" 4
N

( diameter.” (Bruninghaus, 2)

efficient method for

roducing unique forms. N\

Experts agree that
Roboforming is ideal for
( manufacturing small batches of
unique parts for low cost and
high effieciency
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“the use of an industrial robot
system enables large-sized
structures to be formed with
( lower equipment costs

compared to a CNC-machine
with a large working area.”
(Meier, 37)

Therefore free-formed unique
parts or small batches can be
produced cheaply and

( speedily. (Bruninghaus, 1)

Roboforming is a new rapid
prototyping method to form
sheet metals by means of two
( universal forming tools driven

by two industrial robots” (Meier,
37)
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Roboforming “is especially

suitable for rapid prototyping

and manufacture of small

( batch sizes with low costs.”
(Meier, 37)

This process makes it possible
to produce the different
elements of the folding
structure with minimized tool
costs. (Trautz, 11)
Incremental sheet forming
8020 2020 2" X 2" T-Slotted Profile 2" X 2" $0.57 648 $369.36 (ISF) is a highly flexible
5 manufacturing process
8020 3313 10 S 1/4-20 Drop-In w/ Set Screw 1/4 $2.40 18 $43.20 suitable for low volume and
8020 3065 1/4-20 X .75" BHSCS 1/4" $0.27 18 $4.86 rapid prototype production of
TruePower 500lb Horizontal Quick-Release Toggle Clamp $2.00 12 $24.00 ?Ezggiﬁipﬂt%)
McMaster Carr 89015K 18 Multipurpose 6061 Aluminum, Sheet, .125" Thick 12" x 12" $28.34 2 $56.68 ) ’
McMaster Carr 8982K 144 Multipurpose 6061 Aluminum, 1/8" Thick 2" X 2" X 48 $21.04 1 $21.04
CMU DFAB 1110 1/2" Baltic Birch Plywood 24" X 24" $9.50 1 $9.50
8020 3059 1/4-20 X .375" BHSCS 3/8" $0.21 208 $43.68
8020 3280 10 S Ddbl Econ T-Nut 1/4-20 Thread 1/4" $0.69 144 $99.36
8020 3382 10 S Econ T-Nut 1/4-20 Thread 1/4" $0.21 64 $13.44
Total:  $685.12
Cost Comparison Standard vs Economy Fasteners /
Cost of Standard Fasteners
8020 3351 10 S Double End Fastener w/o Screw $2.10 144 $}f)2.40
8020 3378 10 S End Fastener w/o Bolt $1.20 64 $76.80
Total: /$379.20
Cost of Economy Fastners
8020 3280 10 S Ddbl Econ T-Nut 1/4-20 Thread $0.69 ]4/ $99.36
8020 3382 10 S Econ T-Nut 1/4-20 Thread $0.21 64 $13.44
Total:/ $112.80
Savings: $266.40
Cost Comparison 8020 vs Plasma-Cut Parts /
Cost of 8020 Parts
8020 4152 10 S 7 Hole 90 Degree Joining Plate $7.65/ 16 $122.40 O O
8020 4114 25 S 8 Hole Inside Corner Bracket $5.35 16 $85.60
8020 4165 10 S 8 Hole Joining Plate $5(95 8 $47.60
Total; $255.60 O o
Cost of Plasma Cut Parts T
McMaster Carr 89015K18 Multipurpose 6061 Aluminum, Sheet, .125" Thick 12" x 12" $28.34 2 $56.68 - — — 4 _ _
McMaster Carr 8982K 144 Multipurpose 6061 Aluminum, 1/8" Thick 2" X 2" X 48 $21.04 1 $21.04 @ @ I
Total: $77.72
Savings: $177.88
Total Savings: $444.28 o) 0
“The danger is that computer
power triumphs over design
and takes away the need to
l ( simplify, rationalise and
! understand the
material.”(Thornton, 103)
This is why | will begin with
empirical physical tests on sheet - =
metal to understand the material - — ]
and how it deforms. - =1 H
cott proposed that
plexity and variety in
itecture can be explored
nd the prior bounds of
dardisation, yet within an
\omic framework ) ) ) i
;asing|y favourable to the The algorlthm is much easier “the best deSignerS know how
ue(Callicott, 66) tohhandic thanihieiset of S8 things work, how they are
CIENTES = Tl TiEn i made, how ’materials behave
’c’:omes.to_ qhanges (Scl’_met:rer, ( and their qualities.”(Thornton,
Materialising Complexity.”, . ' 101)
: ; N ! 91)
( SCFIptS Increase Efflency d ( An argument for algorithms that '
can take in inputs, such as the \
component, and parametrically
figure out the tooling and
manufacturing process for that
particular component. This e
requires abstraction of the problem H (
to one which a computer program
can solve. |
Incorporating material
C computation into architectureal )
designs increases quality and
“Architectural production over the
decreases cost past decade has been marked by a
. strong affection for the image. The
Manufacturing methods have seductive aesthetics of digital
caught up architectural modelling and
visualisation have often dominated )
over attention towards materiality Timberlake argues, ™If today’s new
2 s e s e mesemblios and now technologles,
appears to be something { )
remarkable in the interaction of the then the world of design and
\ ( material and the formal qualities , e ri 7 - ( construs:tlon will be enhanced by
that produces a distinguished embracing them, rather than
CEC i ity
ti teriality t : ,
Feedback loops bgtween gri?i:::]ge%adig?g'nyagdadz\;ieg: Sheet metal is not a new material,
computat|or_1al deglgn, research that can explain this certainly, but new technologies for
advanced simulation and intellectual resonance and its production are integral to lighter
( robotic fabrication will enable N _— implications for architecture as a assemblies.
a complex performative ¢ material practice.”(Weinand, 107)
structure from a simple More arguments for incorporating
system.(Menges, "Material research of material behavior into
Compu.tation”, 17’) the architectural design process.
“Why are we constantly forced
to make design decisions on
Mass customization is ) fgzsb:;(')?cc"; Tg:;s that result in
more for less o
customlz?tlo_n, more “Architecture, as a material
standardization, and less practice, attains social, cultural and
quality?”(Kieran and ecological relevance through the
Timberlake, 135) articulation of material
arrangements and structures.
Thus, the way we conceptualise
these material interventions- and “Materiality and materialisation
particularly t.he technolggy that can become the starting
enables their construction — ' points of an exploratory,
( presents a fundamental aspect in , ( open-ended design process
how we (re)think o ’
architecture.”(Menges, “Integral and thus serve, ‘!”'te I'tera”Y’
Formation and Materialisation”, asthe riw ”(‘jate”s_ls for d(TSIQH
198) research and architectura
inquiry”’(Menges, "Material
rchitects are creating . . Computation”, 16)
It is possible to create complex
ore and more complex L« .
forms never before possible
forms
Y Aggregating “many parts into
Corby s “mass-produced _ fewer modules before the
housing .modeled on American point of final assembly”
Modulation of architecture has automotive production, ( achieves “higher quality, better
been tried before L Eumerou?tf:ct\j)vr\)ll\-lﬁroduceg features, less time to fabricate,
ouses of the era an and lower cost: more art and
the industrialized byilding craft, not less.”(Kieran and
program of Operation Timberlake, 79-81)
Breakthrough in the Nixon era”
(Kieran and Timberlake, 105)
“Cars ships, and planes must
. even move through space,
_ . Modulation allows for complex while buildings, relatively static
_ _ ¢ Cars and airplanes are built ) . problems to be broken down D ¢ artifacts, are rooted in place.
Consumers desire choice from modules assembled g into a series of smaller, less Ships are larger than most
off-site complex problems b“"d'“gs,,a”_d generally “The more one attempts to
?_ynimllc.k(Kl?:an and undertake at the point of final
imberlake, 11) assembly, the more difficult it
( is to control quality. Fewer
joints in the final installation
give rise to more precise
tolerances”(Kieran and
C Shipsare builtusing grand B e e o o e Modulatlonl!ncreases ) S - e = = = =( Modulationdecreasestimeto Z:g’:rﬁ:ﬁf?‘f;)eassembly
ass production is less for less blocks pe quality - assemble \
4
e Modulation and parallelism are Modulation decreases labor “when responsibility for the car
odulation is the key to L( core concepts of computer Do o o T - = el e e e I I —— costs is fragmented into modules,
increase quality and science there are more entities
cope while decreasin ( assuming primary
e ) Nt g responsibility for this
cost and time in sister quality”(Kieran and
industries Timberlake, 89)
rchitecture should look
owards sister industries Do - — ~ “Cars ships, and planes must
for answers ¢ even move through space,
. . while buildings, relatively static ‘ )
¢ The is a shortage of skilled ) C artifacts, are rooted in place. Modl;llar Smat:t etlements_ thﬁt
labor Ships are larger than most mayb aveas Oé er tserwce ife
buildings and generally can_l e;\_lvappe C?.LIJ_ berlak
dynamic.”(Kieran and < 3?& y.(Kieran and Timberlake,
Timberlake, 11) )
Architecture costs more and y
¢ delivers less
C The role of architects has been P o -
diminished “
Sister industries have found ( Brunelleschi
( ways to reduce costs and “complex problem is made
increase quality into a series of smaller, less
complex ones”(Kieran and
. Timberlake, 97
¢ Architects used to be master || ( )
builders d
L( Computer science
¢ Vitruvius
C Architects deal primarily with |
appearance \

“Ironically, by narrowing its
realm of significant interest to
appearance only, architecture
sacrificed control of its one
remaining stronghold:
appearance.’(Kieran and

This is much like the current state
of architecture. Parts provided my (
manufacturers are premade and

can be chosen by the architect,

but the architect does not get to
( design these parts. So this
personalization rather than

customization.

Automobiles

“The architect has allowed the
means and methods of
building to move outside the
( sphere of architecture. The

splintering of architecture into
segregated specialties has
been disastrous.”(Kieran and
Timberlake, 31)

Cars and computers have
C families of parts and provide them
as options.

Timberlake, 29) I

Dell computers allow customers
¢ to choose the speed they need by

selecting from a few part options.

ers, automobiles, and

nt architecture are

zed. A person decides P

set of predetermined
options.

Mass Customisation: the
production of individual
components at almost the
( price of mass production
through the use of digitally
controlled (CNC) fabrication
tools.(Scheurer, "Materialising
Complexity.”, 91)

tural components are
ed based on location
arameters including
yram, forces, and
environment.
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“Mass customization is a
hybrid” between mass
production and customization.
( "It proposes new processes to
build using automated
production, but with the ability
to differentiate each artifact
from those that re fabricated
before and after”(Kieran and
Timberlake, xii-xiii)




