METHOD AND SYSTEM FOR FABRICATION OF CUSTOM-MADE MCDS AND
CONCRETE — ARCHITECTURAL COMPONENTS

REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority from U.S. Provieal Patent Application No.
62/029,612, filed 28 July 2014, which is herebyomporated by reference in its entirety.

FIELD OF THE INVENTION
[0002] The present invention relates in general to constm of architectural components,
and particularly to the use of computer controltetiotic arms for fabricating large-scale

architectural concrete layered panels over polyorferms.

BACKGROUND OF THE INVENTION

[0003] At present, the construction industry relies hgaweil the use of on-site manual labor.
This process is highly inefficient, as it wastesniam resources and materials, frequently
resulting in cost overruns, late delivery, and ¢amtion reworking. The advent of 3D

printing technology may seem promising, but curi@ttechnology suffers from problems

of scale and quality of fabrication, as it emplogdditive printing processes through
sequential layering of polymeric or thermoplastiatenials. Furthermore, 3D printing

processes are generally not suitable for manufagtdarge architectural structures or for
creating cladding components on any architectucales Computer Numerical Control

(CNC) machines can operate on large objects. CMChimes impose severe restrictions on
the geometry and material of the work pieces, h@&wev Increasingly, customers are
demanding more complex and difficult to fabricateh#tectural structures, for example,

structures with curvilinear shapes or are madeoofosite materials. Thus, the fundamental
limitations of digital fabrication technologies amdass production techniques currently
known in the art limit the extent to which thesetinogls can provide a solution to the

problems outlined above.

[0004] There is thus a need for automated constructidmtdogy that is cost-effective and
deployable in factories or at construction sited #rat is not limited by an architect's choice
of design, geometry, or material, and that alloass dasy and rapid implementation from

initial design to final manufacture (on-site or-gfte).



SUMMARY OF THE INVENTION

[0005] It is an object of the invention to provide a corgrumplemented method and system
for fabricating architectural components of desisbdpes and configurations using a robotic
arm and end effectors. A method and system fgogwineg architectural components from
custom-made molds are disclosed in which an aithital material (non-limiting examples
of suitable architectural materials include gypsworcrete, synthetic marble, and clay) is

layered onto a surface of a custom-made three-diimeal form is disclosed.

[0006] It is thus an object of the present invention tchiise a method for manufacturing an
architectural component, wherein said method cosepri sequentially layering an
architectural material on at least one surfacetbfee-dimensional form made of a polymeric
material, thereby producing said architectural congmt; and removing said architectural

component from said three-dimensional form.

[0007] It is a further object of the present inventiondisclose such a method, wherein said
step of preparing a three-dimensional form fromasknpiece made of a polymeric material
comprises at least one step selected from the grongisting of: (a) using a hot-wire foam
cutter to sequentially remove material from saidrkvgiece; (b) preparing a three-
dimensional form by use of a computer-controlledtiatask robotic arm; (c) machining said
architectural component; (d) milling said architeet component; (e) drilling through said
architectural component; and, (f) supporting a waidce made of a polymeric material on a
movable support table in communication with a cotapyrocessor, said support table
capable of movement in response to commands fradnceenputer processor followed by
sequentially removing material from said work pibégeuse of an end effector positioned at a
distal end of a multi-task robotic arm in commutima with said computer processor and
moving in cooperation with said support table isp@nse to commands from said computer

processor, thereby forming a three-dimensional foaving a desired shape.

[0008] It is a further object of this invention to disadboa method as defined in any of the
above, wherein said step of preparing a three-dsinaal form from a work piece made of a
polymeric material comprises using a hot-wire foamter to sequentially remove material

from said work piece; and milling said work piece.

[0009] It is a further object of this invention to disatothe method as defined in any of the

above, wherein said step of sequentially layerimg amchitectural material comprises:

introducing a cement mix, aggregate, water, optipnat least one of cellulose and

superplasticizer into a mixing chamber in fluid coomication with a first inlet into a nozzle;
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mixing said cement mix, aggregate, water, andyekent, cellulose and superplasticizer in
said mixing chamber, thereby producing a mixturgroducing a solution or dispersion
comprising a setting time accelerant into a secwhet into said nozzle such that said
solution is at least partially nebulized within daiozzle mixing chamber; introducing a
thickening agent into a third inlet into said n@sluch that said thickening agent is at least
partially nebulized within said nozzle; introducisgid mixture into said nozzle via said first
inlet such that said mixture passes through sadugtisn or dispersion and said thickening
agent within said nozzle, thereby creating a wetiggctural material; and, spraying said wet
architectural material from said spray nozzle oatoleast one surface of said three-

dimensional form before said initial setting tinfesaid wet architectural material.

[0010] It is a further object of this invention to disabost method for preparing a three-
dimensional form, from a work piece made of a p@yimmaterial, comprising: supporting a
work piece made of a polymeric material on a moeahipport table in communication with
a computer processor, said support table capabteeément in response to commands from
said computer processor; sequentially removingernatfrom said work piece by use of an
end effector comprising a hot-wire foam cutterdsand effector positioned at a distal end of
a multi-task robotic arm in communication with saidmputer processor and moving in
cooperation with said support table in responseotaomands from said computer processor,
thereby forming a three-dimensional form havingesiced shape; and, optionally milling
said three-dimensional form subsequent to said ateyequentially removing material from
said work piece. In preferred embodiments of thethmd, it further comprises applying a

layer of a coating material to at least one surtdcgaid three-dimensional form.
[0011]

[0012] It is a further object of the present inventiordisclose such a method, comprising a
step of preparing a three-dimensional form fromaakwpiece made of a polymeric material,
said three-dimensional form having at least ondasar prior to said step of sequentially
layering an architectural material on said at lesmsg surface. In preferred embodiments of
the invention, said step of preparing a three-dsm@ral form from a work piece made of a
polymeric material comprises using a hot-wire foamter to sequentially remove material
from said work piece. In more preferred embodimeaitthe invention, said step of using a
hot-wire foam cutter to sequentially remove materiam said work piece is followed by a
step of milling said work piece. In other preferembodiments of the invention, said step of

preparing a three-dimensional form from a work pianade of a polymeric material
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comprises preparing a three-dimensional form by afsa computer-controlled multi-task

robotic arm.

[0013] It is a further object of this invention to disobothe method as defined in any of the

above, further comprising attaching fasteners i aechitectural component.

[0014] It is a further object of this invention to disatothe method as defined in any of the
above, comprising preparing said at least one seiréé said three-dimensional form prior to

said step of sequentially applying layers of aegttiiral material.

[0015] In some preferred embodiments of the inventiord séep of preparing said at least
one surface of said three-dimensional form compragplying a layer of a coating material.
In some preferred embodiments of the inventiord saating material comprises at least one
component selected from the group consisting of esaand oils. In some preferred
embodiments of the invention, said coating matexathprises at least two components, and
said step of applying a layer of a coating matesigireceded by a step of combining said at
least two components. In some particularly preteembodiments of the invention, wherein
said two components are paraffin wax and canola loil some yet more preferred
embodiments of the invention, wherein said coatmgterial comprises a 90:10 (w/w)
mixture of paraffin wax and canola oil. In somefprred embodiments of the invention, said
step of preparing said at least one surface of $aide-dimensional form comprises

smoothing and/or polishing said at least one sarfa@ mirror finish.

[0016] In some preferred embodiments of the inventiond saep of applying a layer of
coating material comprises: heating said coatinteria in a storage vessel until said coating
material liquefies; passing said liquefied coatingterial to a spray head oriented toward said
three-dimensional form; and, spraying said coatmragerial on said at least one surface of
said three-dimensional form. In some particulgmigferred embodiments of the invention,
said storage vessel comprises a gas inlet andtéat tar said coating material, and said step
of passing said liquefied coating material comgig¢a) feeding pressurized gas into said
storage vessel after said coating material hasast partially liquefied, thereby forcing said
liquefied coating material through said outlet, afij passing said liquefied coating material
through a heated line to a spray head orientedrtbgad three-dimensional form. In some
preferred embodiments of the invention, said cgatnaterial comprises at least two
components, and further comprising combining saikgast two components in said storage
vessel. In some preferred embodiments of the tnwensaid two components are paraffin
wax and canola oil. In some more preferred embedis of the invention, said coating
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material comprises a 90:10 (w/w) mixture of parafflax and canola oil. In some yet more
preferred embodiments of the invention, the methdditionally comprises stirring said
coating material in said storage vessel after sadting material has at least partially
liquefied. In some preferred embodiments of thesimion, said spray head is positioned at a
distal end of a multi-task robotic arm. In somefprred embodiments of the invention, said
step of applying coating material comprises apglya layer of 2 — 3 mm thickness of

applying coating material.

[0017] It is a further object of this invention to disobothe method as defined in any of the
above, additionally comprising heating said coatmaterial deposited on said three-
dimensional form until said coating material atstepartially liquefies, thereby producing a

smooth layer of coating material.

[0018] It is a further object of this invention to disobothe method as defined in any of the
above, wherein said step of preparing a three-dsimeal form from a work piece made of a
polymeric material comprises: supporting a workcpienade of a polymeric material on a
movable support table in communication with a cotapyrocessor, said support table
capable of movement in response to commands fromh samputer processor; and,
sequentially removing material from said work pibégeuse of an end effector positioned at a
distal end of a multi-task robotic arm in commuitima with said computer processor and
moving in cooperation with said support table isp@nse to commands from said computer
processor, thereby forming a three-dimensional foaving a desired shape.

[0019] It is a further object of this invention to disatothe method as defined in any of the
above, wherein said step of applying a layer oftingamaterial comprises applying said
coating material from a second effector at saithtlend of said multi-task robotic arm and in
cooperation with said support table, said secofectfr in fluid communication with said

storage vessel.

[0020] It is a further object of this invention to disatothe method as defined in any of the
above, wherein said step of sequentially applymgis of architectural material comprises
sequentially applying layers of architectural mafeonto said three-dimensional form by

using said second effector.

[0021] It is a further object of this invention to disatothe method as defined in any of the
above, additionally comprising at least one stelecsed from the group consisting of
machining said architectural component, millingdsarchitectural component, and drilling



through said architectural component, said stegctdtl by a third end effector at said distal

end of said multi-task robotic arm in cooperatiathvgaid support table.

[0022] It is a further object of this invention to disobothe method as defined in any of the
above, wherein said step of sequentially layeringaechitectural material on at least one
surface of a three-dimensional form made of a pelyenmaterial comprises layering said

architectural material in layers each of which adkickness of less than 1 mm.

[0023] It is a further object of this invention to disobothe method as defined in any of the
above, wherein said step of sequentially layeringaechitectural material on at least one
surface of a three-dimensional form comprises satplly layering an architectural material

on at least one surface of a three-dimensional famtih a thickness of between 8 and 20 mm

is obtained.

[0024] It is a further object of this invention to disabothe method as defined in any of the
above, wherein said architectural material is $etkérom the group consisting of concrete,

gypsum, clay, and synthetic marble.

[0025] It is a further object of this invention to disobothe method as defined in any of the
above, wherein said architectural material hasaial setting time of no more than between
10 seconds and 5 minutes. In some preferred emeods of the invention, said
architectural material has an initial setting tioieno more than 3 minutes. In some preferred
embodiments of the invention, said architecturatemal has an initial setting time of no
more than 1 minute. In some preferred embodimehthe invention, said architectural
material is characterized by a viscosity that inses by at least 50% rfirfor the first 3

minutes after its casting.

[0026] It is a further object of this invention to disobothe method as defined in any of the
above, wherein said architectural material compriBertland cement powder, aggregate,

cellulose, a superplasticizer, water, a setting taocelerant, and a thickening agent.

[0027] It is a further object of this invention to disatothe method as defined in any of the
above, wherein said step of sequentially layeringaechitectural material on at least one
surface of a three-dimensional form comprises: gmiag a wet architectural material

characterized by an initial setting time; applyend¢pyer of said wet architectural material to
said three-dimensional form prior to said initiektsxg time; and, repeating at least one of
said steps of preparing a wet architectural mdtearad applying a layer of said wet

architectural material to said three-dimensionaimfoas necessary. In some preferred
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embodiments of the invention, said step of pregagairwet architectural material comprises:
preparing a mixture of cement mix, aggregate, grtcboally cellulose; adding a solution of
superplasticizer to said mixture; mixing until anmmgeneous slurry is obtained; and,
dispersing a setting time accelerant and a thicigeagent into said slurry.

[0028] In some preferred embodiments of the inventiond sstep of preparing a wet

architectural material comprises: introducing astfisolution or dispersion comprising

superplasticizer into a first mixing chamber inidlieonnection with a first inlet into a nozzle
mixing chamber, said nozzle mixing chamber in flammmunication with a spray nozzle;

introducing a second solution or dispersion conmgisa setting time accelerant and a
thickening agent into a second mixing chamber udflconnection with a second inlet into
said nozzle mixing chamber; introducing cement naggregate, water, and optionally
cellulose into a third mixing chamber in fluid comncation with a third inlet into said

nozzle mixing chamber; mixing said cement mix, aggte, water, and optionally cellulose,
thereby producing a mixture; introducing said fissdution or dispersion into said nozzle
mixing chamber via said first inlet such that s&idt solution or dispersion is at least
partially nebulized within said nozzle mixing chaenpintroducing said second solution or
dispersion into said nozzle mixing chamber via ssédond inlet such that said second
solution or dispersion is at least partially nebedi within said nozzle mixing chamber;
introducing said mixture into said nozzle mixingaatber via said third inlet such that said
mixture passes through said first solution and sawbnd solution within said nozzle mixing
chamber, thereby creating a wet architectural nateand, passing said wet architectural
material into said spray nozzle before said inigakting time of said wet architectural

material.

[0029] It is a further object of this invention to disobothe method as defined in any of the
above, wherein said polymeric material comprisedystgrene. In some preferred
embodiments of the invention, said polymeric matedomprises expanded polystyrene

foam.

[0030] It is a further object of this invention to disabost method for preparing a three-
dimensional form from a work piece made of a polgimenaterial, comprising: supporting a
work piece made of a polymeric material on a moeahipport table in communication with
a computer processor, said support table capalt@eément in response to commands from
said computer processor; and sequentially remowiatgrial from said work piece by use of

an end effector positioned at a distal end of atirtagk robotic arm in communication with
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said computer processor and moving in cooperatith said support table in response to
commands from said computer processor, therebyifgranthree-dimensional form having a

desired shape.

[0031] It is a further object of this invention to disabosuch a method for preparing a three-
dimensional form from a work piece made of a polgmenaterial, wherein said step of
sequentially removing material from said work piecemprises sequentially removing
material from said work piece by use of a hot-wioam cutter. In some preferred
embodiments of the invention, said step of seqalytremoving material from said work

piece by use of a hot-wire foam cutter is follovigda step of milling said work piece.

[0032] It is a further object of this invention to disabosuch a method for preparing a three-
dimensional form from a work piece made of a polgmenaterial as defined in any of the
above, wherein said three-dimensional form compratdeast one surface and comprising an
additional step of preparing said at least oneaserfof said three-dimensional form
subsequent to said step of sequentially removingmaé& In some preferred embodiments of
the invention, said step of preparing said at least surface of said three-dimensional form
comprises applying a layer of a coating materil. some preferred embodiments of the
invention, said coating material comprises at |less component selected from the group
consisting of waxes and oils. In some preferred adithents of the invention, said coating
material comprises at least two components, ardl stap of applying a layer of a coating
material is preceded by a step of combining saideast two components. In some
particularly preferred embodiments of the inventisaid two components are paraffin wax
and canola oil. In some particularly preferred editments of the invention, said coating
material comprises a 90:10 (w/w) mixture of parafivax and canola oil. In some
particularly preferred embodiments of the inventisaid step of preparing said at least one
surface of said three-dimensional form comprisesathing and/or polishing said at least
one surface to a mirror finish. In some embodimm@iftthe invention, said step of applying a
layer of coating material comprises: heating sadtiog material in a storage vessel until
said coating material liquefies; passing said ligpee coating material to a spray head
oriented toward said three-dimensional form; amuaygng said coating material on said at
least one surface of said three-dimensional foimsome embodiments of the invention, said
storage vessel comprises a gas inlet and an dotlsaid coating material, and said step of
passing said liquefied coating material comprigesding pressurized gas into said storage

vessel after said coating material has at leasigfigriquefied, thereby forcing said liquefied
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coating material through said outlet; and, passiaig liquefied coating material through a

heated line to a spray head oriented toward sag@tlimensional form.

[0033] It is a further object of this invention to discbost method for preparing a three-
dimensional form from a work piece made of a polgmenaterial as defined in any of the
above, wherein said polymeric material comprisedystgrene. In some preferred
embodiments of the invention, said polymeric matedomprises expanded polystyrene

foam.

[0034] It is a further object of this invention to disoéboa method of sequentially layering an
architectural material on at least one surface dhrae-dimensional form, comprising:

preparing a wet architectural material charactdrizg an initial setting time; applying a layer
of said wet architectural material to at least sndace of a three-dimensional form prior to
said initial setting time; and, repeating at lease of said steps of preparing a wet
architectural material and applying a layer of samt architectural material to said at least

one surface of said three-dimensional form as sacgs

[0035] It is a further object of this invention to disabosuch a method of sequentially
layering an architectural material on at least suméace of a three-dimensional form, wherein
said step of preparing a wet architectural matexahprises: preparing a mixture of cement
mix, aggregate, and optionally cellulose; addirsplation of superplasticizer to said mixture;
mixing until a homogeneous slurry is obtained; ahspersing a setting time accelerant and a
thickening agent into said slurry.

[0036] It is a further object of this invention to disobosuch a method of sequentially
layering an architectural material on at least suméace of a three-dimensional form, wherein
said step of preparing a wet architectural mates@hprises: introducing a first solution
comprising superplasticizer into a first mixing ofizer in fluid connection with a first inlet
into a nozzle mixing chamber, said nozzle mixingrober in fluid communication with a
spray nozzle; introducing second solution compgsen setting time accelerant and a
thickening agent into a second mixing chamber udficonnection with a second inlet into
said nozzle mixing chamber; introducing cement naggregate, water, and optionally
cellulose into a third mixing chamber in fluid commcation with a third inlet into said
nozzle mixing chamber; mixing said cement mix, aggte, water, and optionally cellulose,
thereby producing a mixture; introducing saidtfgslution into said nozzle mixing chamber
via said first inlet such that said first solutisnat least partially nebulized within said nozzle
mixing chamber; introducing said second solutiao isaid nozzle mixing chamber via said
9



second inlet such that said second solution igastlpartially nebulized within said nozzle
mixing chamber; introducing said mixture into saiozzle mixing chamber via said third
inlet such that said mixture passes through sestl $blution and said second solution within
said nozzle mixing chamber, thereby creating aavehitectural material; and, passing said
wet architectural material into said spray nozzaéobe said initial setting time of said wet

architectural material.

[0037] It is a further object of this invention to disabosuch a method of sequentially
layering an architectural material on at least sngface of a three-dimensional form as
defined in any of the above, wherein said threeedisional form comprises a polymeric
material. In some preferred embodiments of themtion, said polymeric material comprises
polystyrene. In some particularly preferred embuatts of the invention, said polymeric

material comprises expanded polystyrene foam.

[0038] It is a further object of this invention to disadboa computer controlled system for
constructing an architectural component from a etienensional form, comprising: a
support table for supporting and moving a threeetisional form, said support table being
configured for translational and/or rotational masat; a multi-task robotic arm having a
base and a distal end, said base being configunred¢dntrolled movement along a path
proximate the support table, said distal end af sailti-task robotic arm being configured to
extend, translate, and/or rotate relative to saseband further configured to include an end
effector for applying successive layers of mateoiaio and/or removing material from said
form at said support table; optionally, a lineait ta which said base is attached; and, a
computer processor containing instructions for uling a sequence of movements of said
support table and each of said base and said disthbf said multi-task robotic arm and for
determining and sequentially applying layers ofenat onto and/or sequentially removing
material from said three-dimensional form to form architectural component of a
predetermined shape and dimension. In some prdfermmmodiments of the system, said end
effector comprises at least one effector seleataoh the group consisting of: (a) a hot-wire
foam cutter for removing material from said thremehsional form; (b) a machining end
effector for at performing least one action selédi@m the group consisting of drilling,
reaming, countersinking, milling, routing, net trimmg, impacting, and fastener attaching;(c)
an effector configured for spraying a substance argurface of said three-dimensional form;
(d) an effector configured for combining and/or mg one or more polymer components

into a unitary polymer and for spraying said urnjtaolymer onto a surface of said three-
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dimensional form; and, (e) a concrete spray rigy sament spray rig comprising a spray
head.

[0039] In some embodiments of the system, said end effectmprises a concrete spray rig,
and spray head comprises at least three spray iméstd, and said concrete spray rig
comprises: a first mixing chamber comprising anetun fluid connection with a first spray
head inlet; a second mixing chamber comprisingeastl one inlet and an outlet in fluid
connection with a second spray head inlet; andhjrd mixing chamber comprising at least
one inlet and an outlet in fluid connection withtherd spray head inlet. It is within the
essence of the invention wherein said spray headnfgured such that when material enters
said spray head simultaneously through said fpsays head inlet and at least one of said
second spray head inlet and said third spray hdat] at least part of material entering said
spray head from said first spray head inlet encargninaterial entering from any other spray
head inlet through which material is entering ssiiday head. In some embodiments, the
system additionally comprises vibrating means meicladly connected to said first mixing

tank for vibrating at least a portion of said finsixing chamber.

[0040] It is a further object of the invention to disclade system as defined in any of the
above, wherein said instructions comprise at least software package selected from the
group consisting of: (a) real-time collision detentsoftware that is configured to enable the
system to detect automatically at least one stlected from the group consisting of (i) two
components moving on a course that will cause theroollide; (i) two components are

within a predetermined distance of one another; @jdone component is on a course to
self-collision; (b) real-time simulation softwarerdigured to enable an operator to view a
simulation of movement of at least one componensanfl system; (c) an interface that is
configured to allow transfer of an unlimited numioémpoints from said computer processor
to any other component of the system; and, (dwso& configured to accept as input a
desired geometry of said three-dimensional formtarambntrol said system from said input to
a final construction of an architectural componeithout any intervention by an operator of

the system.

[0041] It is a further object of this invention to disadboa computer controlled system for
constructing an architectural component from a etienensional form, comprising: a
support table for supporting and moving a threeetisional form, said support table being
configured for translational and/or rotational mast; a multi-task robotic arm having a

base and a distal end, said base being configured@dntrolled movement along a path
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proximate the support table, said distal end af sailti-task robotic arm being configured to
extend, translate, and/or rotate relative to saskband further configured to include an end
effector for applying successive layers of mateoiaio and/or removing material from said
form at said support table; and a computer processttaining instructions for controlling a
sequence of movements of said support table antdaasaid base and said distal end of said
multi-task robotic arm and for determining and sadially applying layers of material onto
and/or sequentially removing material from saide#idimensional form to form an
architectural component of a predetermined shapedanension. In some embodiments of

the system, it further comprises a linear rail tuch said base is attached.

[0042] It is a further object of this invention to disatosuch a system as defined in any of the
above, wherein said end effector includes a hog&fdam cutter for removing material from
said three-dimensional form. In some preferred @ithents of the invention, the system
comprises a milling end effector for milling thereéb-dimensional form after material has

been removed by the hot-wire foam cutter.

[0043] It is a further object of this invention to disabosuch a system as defined in any of the
above, wherein said end effector includes a mactiend effector for at performing least
one action selected from the group consisting dfirdy, reaming, countersinking, milling,

routing, net trimming, impacting, and fastener dttag.

[0044] It is a further object of this invention to disabosuch a system as defined in any of the
above, wherein said end effector is configuredsfmaying a substance onto a surface of said
three-dimensional form. In some preferred embodimsef the invention, said end effector is
configured for spraying a substance material orgaréace of said three-dimensional form in
layers having a thickness of between 2 and 3 mmsome preferred embodiments of the
invention, said end effector is configured for canmiy and/or mixing one or more polymer
components into a unitary polymer and for spraysagl unitary polymer onto a surface of
said three-dimensional form. In some preferredadithents of the invention, said substance
is selected from the group consisting of oil, waalymers, gypsum, and concrete. In some
preferred embodiments of the invention, said sulcgtas selected from the group consisting

of oil, wax, combinations thereof, and mixturesrtuoé.

[0045] In some preferred embodiments of the system inhvb#d end effector is configured

for spraying a substance onto a surface of saieetdimensional form, said end effector

comprises: a spray head; and, a storage vesseéfjomd to heat substances contained within,

said storage vessel comprising an outlet in fllodhmunication with said spray head. In
12



some preferred embodiments of the system, it caepria heated wax transfer line
connecting said spray head and said outlet of stodage vessel. In some preferred
embodiments of the invention, said storage vesseipcises an internal mixer. In some
preferred embodiments of the invention, it comise pressurized gas system closably

connected to at least one of said storage vesdedad spray head.

[0046] It is a further object of this invention to disatosuch a system as defined in any of the
above, wherein said end effector comprises a ctm@pray rig, said cement spray rig
comprising a spray head. In some preferred embsdsnof the invention, said spray head
comprises at least three spray head inlets, arl cgaicrete spray rig comprises: a first
mixing chamber comprising an outlet in fluid contm@c with a first spray head inlet; a
second mixing chamber comprising at least one antettan outlet in fluid connection with a
second spray head inlet; and a third mixing chandoenprising at least one inlet and an
outlet in fluid connection with a third spray haatkt; and further wherein said spray head is
configured such that when material enters saidyspead simultaneously through said first
spray head inlet and at least one of said secoray $pead inlet and said third spray head
inlet, at least part of material entering said gph@&ad from said first spray head inlet
encounters material entering from any other spresdhinlet through which material is
entering said spray head. In some embodimenthefsystem, it additionally comprises
vibrating means mechanically connected to said fimging chamber for vibrating at least a
portion of said first mixing chamber. In some emtipeents of the system, at least one of said
mixing chambers comprises mixing means for mixingtents of said mixing chamber. In
some embodiments of the system, said fluid conmedietween said third mixing chamber
and said third spray head inlet comprises a fleximse; in some preferred embodiments of
the invention, said flexible hose is mechanicatiprected to said vibrating means.

[0047] It is a further object of this invention to disatoa system as defined in any of the
above, wherein said instructions comprise real-tioodlision detection software that is
configured to enable the system to detect autoadtiat least one status selected from the
group consisting of (a) two components moving aroarse that will cause them to collide;

and, (b) two components are within a predetermdistince of one another.

[0048] It is a further object of this invention to disatoa system as defined in any of the
above, wherein said instructions comprises readtismmulation software configured to
enable an operator to view a simulation of movenwnat least one component of said

system.
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[0049] It is a further object of this invention to disatoa system as defined in any of the
above, wherein said instructions comprise an iatertthat is configured to allow transfer of
an unlimited number of points from said computerceissor to any other component of the

system.

[005Q] It is a further object of this invention to disatoa system as defined in any of the
above, wherein said instructions comprise softwamefigured to accept as input a desired
geometry of said three-dimensional form and to i@rsaid system from said input to a final
construction of an architectural component withaay intervention by an operator of the

system.

[0051] It is a further object of this invention to disoboa concrete spray rig for preparing and
spraying concrete, wherein said concrete spragaigprises: a spray head; a first mixing
chamber comprising an outlet in fluid connectiorthwa first spray head inlet; a second
mixing chamber comprising at least one inlet anauattet in fluid connection with a second

spray head inlet; and, a third mixing chamber caosiy at least one inlet and an outlet in
fluid connection with a third spray head inlet; ahdther wherein said spray head is
configured such that when material enters saidyspead simultaneously through said first
spray head inlet and at least one of said secoray $gead inlet and said third spray head
inlet, at least part of material entering said gph@ad from said first spray head inlet
encounters material entering from any other spregdhinlet through which material is

entering said spray head.

[0052] In some embodiments of the concrete spray rigdditeonally comprises vibrating
means mechanically connected to said first miximgneber for vibrating at least a portion of
said first mixing chamber. In some embodimentshef concrete spray rig, at least one of
said mixing chambers comprises mixing means forimgixontents of said mixing chamber.
In some embodiments of the concrete spray rig, #aid connection between said third
mixing chamber and said third spray head inlet aasep a flexible hose; in some preferred
embodiments, said fluid connection between saidl thmixing chamber and said third spray
head inlet comprises a flexible hose mechanicatnected to said vibrating means.

[0053] Another object of the invention is to provide atsys that employs additive and
subtractive means to create a mold from a workep@eferably made of polystyrene for

fabricating concrete based architectural components

[0054] Another object is to provide a robotic arm and ppsut table that are responsive to

commands from a computer processor and associatiedase to move along a path and to
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engage in motions including rotation, extensiond dranslation. The support table is
configured to support an architectural mold or wgikce upon which the robotic arm
employs additive and/or subtractive processes hstoact an architectural component. The
support table is preferably configured as a rotabje for rotational movement.

[0055] Another object of the invention it to provide a mad of constructing an architectural
component from a three-dimensional mold, preferabide of expanded polystyrene (EPS)
and created by additive and subtractive processiag &end effectors connected to a robotic

arm.

[0056] Still another object of the invention is to providelightweight and strong layered
concrete panel consisting of thin layers of coreesgtrayed on a polystyrene mold and which

is capable of forming complex, non-conventionallshe

[0057] According to one aspect of the invention, a basdhef robotic arm is movably
mounted on guide rails and a distal end of the tioksom is configured to extend, translate,
and/or rotate and is further configured to accepend effector for spraying material (e.g.,
concrete or polymer) or for machining operationg.(enilling, drilling, countersinking, hot-
wire operations) or for attaching fasteners. Seleanovement of the robotic arm and the
support table may be achieved using stepper matodéor pneumatic/hydraulic actuators

that are operatively connected to a computer peaces

[0058] According to another aspect of the invention, ty&esm utilizes one or more robotic
arms arranged in successive positions for sequdataring of materials (e.g. spraying
layers of concrete) onto one or more sides of ahitctural mold on the movable support
table and for sequential machining operations ,(€gmputer numerical controlled (CNC)
machining processes) between sprayed-on layersrto €omplex, unconventional shaped

architectural components.

[0059] According to one embodiment, a computer controbgdtem for constructing an

architectural component from a three-dimensionetigectural mold, comprising: (a) a rotary
table for rotatably supporting and moving a thre@aehsional architectural mold, the support
table being configured for translational and/oatimnal movements; (b) a multi-task robotic
arm having a base and a distal end, the base benfgured for controlled movement along
a path proximate the support table, the distal ehdhe multi-task robotic arm being

configured to extend, translate and/or rotate irsdatio the base and further configured to
include an end effector for applying successiveeiayof material onto and/or removing

materials from the architectural mold at the suppable; and (c) a computer processor
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containing instructions for controlling a sequenéenovements of the support table and each
of the base and the distal end of the multi-taskotic arm and for determining and

sequentially applying layers of material onto andquentially removing materials from the
architectural mold to form an architectural comptnef a predetermined shape and

dimension from the architectural mold.

[0060] In another embodiment, a computer implemented geof creating an architectural
component, comprising the steps of: (a) providingheee-dimensional work piece; (b)
supporting on a movable support table the threesdsional work piece comprising an
expanded polystyrene foam, movement of the movabfgort table being responsive to
commands from a computer processor; (c) usingsadind effector at a distal end of a multi-
task robotic arm and in cooperation with the suppaiole, sequentially removing material
from the work piece to form a three-dimensionah#aectural mold, the end effector being
responsive to commands of the computer procesdpising a second end effector at the
distal end of the multi-task robotic arm and in pe@tion with the support table, sequentially
applying layers of concrete onto the three-dimamdi@rchitectural mold; and (e) using a
third end effector at the distal end of the mudsk robotic arm and in cooperation with the
support table, machining, milling, and/or drillitigrough a surface of the three-dimensional

architectural mold to form an architectural compune

[0061] Other objects and features of the present inventidinbecome apparent from the
following detailed description in conjunction withe accompanying drawings. It is to be
understood, however, that the drawings are predeswéely for illustration and not as a
definition of the limits of the invention, for whicreference should be made to the appended
claims. It should further understood that the dng& are not necessarily drawn to scale and
that unless otherwise indicated they are merelgniéd to illustrate conceptually the

structures and procedures described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0062] The invention will now be described with referena¢he drawings, wherein:
[0063] FIG. 1 depicts a robotic arm and a support table;

[0064] FIG. 2 is a diagram showing an embodiment of the invenpirocess;

[0065] FIG. 3illustrates schematically one embodiment of a Iretend effector;

[0066] FIG.4 illustrates schematically one embodiment of ainglend effector;
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[0067] FIG. 5illustrates schematically one embodiment of a payspray end effector;
[0068] FIG. 6 illustrates schematically one embodiment of a cetecspray end effector;

[0069] FIG. 7 illustrates schematically a second embodiment ofoacrete spray end

effector;

[0070] FIG. 8 illustrates schematically the logic flow of thet@mated control of the system

herein disclosed; and,

[0071] FIG. 9 illustrates schematically one exemplary embodinoénihe system and method

herein disclosed.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0072] In the following description, various aspects a thvention will be described. For
the purposes of explanation, specific details atefarth in order to provide a thorough
understanding of the invention. It will be apparenbne skilled in the art that there are other
embodiments of the invention that differ in detadghout affecting the essential nature
thereof. Therefore the invention is not limited thyat which is illustrated in the figure and
described in the specification, but only as inddain the accompanying claims, with the

proper scope determined only by the broadest ire&apon of said claims.

[0073] As used herein, the term "architectural componesférs to any component that can
be used in the construction of, or can be attatbea building or structure. The term can be
used to refer components that are functional a$ agethose that are purely decorative, as
well as to panels of architectural material.

[0074] As used herein, the term "architectural materiafers to any material that can be
used in the construction of, or can be attachedatdyuilding or structure, particularly

materials that comprise a plurality of componeiigt tmust be mixed prior to use. Non-
limiting examples of architectural materials as téem is used herein include cement and

concrete.

[0075] As used herein, the term "three-dimensional foreféns to an object that has at least
one surface onto which architectural material ibedayered in order to form an architectural
component. The three-dimensional form may be almolany shaped object which, when
removed from the layered material, will yield actatectural component of the desired shape
and size. Note that cases in which the surfadatefest of the form is partially or entirely

flat are contemplated by the inventors as beingiwithe scope of the term as used herein.
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[0076] As used herein, the term "Beyon3D" refers to thetesy or method disclosed herein

for fabricating architectural components.

[0077] The invention is directed to a method for fabriegtiarchitectural components (in
preferred embodiments, custom-designed and madepamnts) and to a computer
controlled robotic arm system for fabricating theifhe system and method employ additive
and subtractive manufacturing processes throughigheof end effectors selectively attached
to one or more mobile and articulate robotic armBhe end effectors controllably and
selectively shape a surface of a work piece intihrae-dimensional form (e.g. a mold),
prepare the surface of the mold (in preferred enmbedts, by spraying a layer of polymeric
material such as a wax-oil blend onto the surfdc® mold, thereby sealing it), and then
apply thin layers of an architectural material swdh concrete (e.g. self-consolidating
concrete), gypsum, clay, synthetic marble, etco dimé¢ surface of the prepared form, thereby
forming an architectural component comprising layefrthe architectural material. After the
architectural material is cured, a substructure lbarattached to the component using, for
example, fastening bolts and nuts embedded in teelpby the robotic arm(s). The
component is extracted from the form by pulling sdstructure and the attached component
from the form. The substructure can also be useg@rovide an interface between the
component and an existing building structure opravide additional strength or rigidity to
the architectural component. Advantageously, tiventive process provides civil engineers
and architects a cost-effective solution for pradgctrong, lightweight concrete or cement
architectural components having any desired shapether it be a simple flat panel or a

complex curvilinear shape.

[0078] Reference is now made to FIG,. which provides a schematic illustration of one
embodiment of the system disclosed herein. FI&.illustrates a computer controlled
robotic arm10 that is capable of 6-axis movement (indicatedieydouble-headed arrows in
the figure). As shown in FIGLB, robotic arm10 is mounted on a controllably moveable
carriage coupled to a guidi. In preferred embodiments, the robotic arm woirks

conjunction with a computer controlled positioner position a work piece for the robotic
arm. The positioner provides a rotary tafidefor mounting the work piece and to add a
rotational axis of movement to the inventive systerAccording to one aspect of the
inventive process herein disclosed, the work piscsehaped into a mold by subtractive
processes from which an architectural componentbmarfiabricated through additive and

subtractive processes according to the methodideddbelow. The system disclosed herein
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is a universal system operable with any commejycehailable computer-controlled robotic
construction system. A non-limiting example of coercially available components that are
compatible with the system herein disclosed comprisa Kuka™ KR Quantec Extra HA
robotic arm; a Kuka™ KL 1500-3 linear guide raihdaa Kuka™ KP1-MB computer-

controlled positioner.

[0079] Reference is now made to FI&.which presents a flow chart illustrating the step
the method disclosed herein. The figure diagranualft depicts robot celk0, a defined
space in which robotic art0 can move in order to fabricate an architecturahgonent in
accordance with instructions transmitted from atdler 22 comprising a commercially
available Beyon3D software mod2d. Raw material26 are provided to the robot cell and
to the robotic arm for application by end effectorRaw materials can be architectural
materials such as concrete or gypsum, componentsremursors thereof (e.g. cement),

polymers, waxes, oils, etc.

[0080] In embodiments in which the form onto which thehaectural material is to be
layered is not commercially available, the inifplase of the process herein disclosed begins
with fabrication of the three-dimensional form (eagmold). A work piece, from which the
form will be created, may be attached to rotaryetdd. The work piece may be made of any
suitable material, i.e. one that will retain itsaph under the conditions of the process
disclosed herein and that can be brought to a etkdevel of surface smoothness. In
preferred embodiments, it is made of a polymerig.(plastic or thermoplastic) material or
combination of polymeric materials. In more preder embodiments, it is made of
polystyrene. In the most preferred embodiments, made of expanded polystyrene (EPS).
In step32, a hot wire end effector at the distal end ofribi@otic arm 10) is used to shape a
surface of the work piece to produce a form (mdQ)according to the geometry or
geometrical requiremen®8 transmitted by controlle22 via Beyon3D software modul4.
This process is called "roughing,” producing anragnation of the desired geometry. In
preferred embodiments of the invention, after eadhwaste material produced by the cut is

removed, preferably by a vacuum gripper.

[0081] In some embodiments of the invention, the locatibthe three-dimensional form is

continuously monitored, e.g. by a camera in comeation with the system control software.

[0082] In preferred embodiments, the method then contimasstep34, in which a milling

end effector mills the shaped surface in ordeetme further the shaped surface, if required.

In preferred embodiments of the invention, wastdenw created during the milling is
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removed, preferably by suction from an optionaluwan system located near the support
table.

[0083] If required, the surface undergoes additional magpa or finishing. In preferred
embodiments, this additional preparation is acceshpt by using a polymer spray end
effector at the distal end of the robotic arm. Fheface is prepared by applying or spraying
a layer of sealant (preferably a composition coeiwpg at least one polymer) of
predetermined thickness (in preferred embodimei$,mm) from the polymer spray end
effector onto the shaped outer surface of the forin. preferred embodiments of the
invention, the polymer comprises wax. In more @nmefd embodiments, the polymer
comprises a 90/10 (w/w) mixture of paraffin wax anilg preferably Canola oil. The polymer
layer provides a finish for the form, seals crac fills other imperfections on the form's
surface, creating a smooth, rigid mold that camused for more than one cast. In preferred
embodiments of the invention, the finished surfaas a mirror finish. Using this process,
either high or low density EPS foam can be shaptm a high-quality form, in contrast to

processes known in the art that require the moperesive high density EPS.

[0084] In preferred embodiments of the invention, the iyalf the surface of the three-
dimensional form is determined by production ofegght map of the surface. Such a height
map can be produced by analyzing the surface WD acanner that produces a height map
of the surface, which can then be mathematicalbggssed by standard statistical means for
determining the smoothness of a surface. In ath@odiments of the invention, the surface
guality can be determined by use of a mechaniadilpmeter. If the quality of the surface is

insufficient, additional smoothing can be performed

[0085] The next phase is application of layers of an &echural material such as concrete to
the form to create a shaped architectural compondsing a concrete spray end effector, the
robotic arm sprays an architectural material sietdbr use with the inventive system onto

the finished surface. In preferred embodimentshefinvention, a custom concrete mix is

used. In some embodiments of the invention, acsetipacting concrete mix is used. In

some preferred embodiments of the invention, tchitactural material has an initial setting

time of between 10 seconds and 5 minutes. In qgfederred embodiments of the invention,

the architectural material has an initial settimget of less than 3 minutes; in more preferred
embodiments of the invention, it has an initiatisgttime of less than 1 minute. In preferred
embodiments of the invention, the viscosity of teenent increases by at least 50% rfior

the first 3 minutes after its casting. Cementd timve these desired properties are well-
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known in the art. In some embodiments of the iteer the weights of the components of

the architectural material are determined autorabiyiprior to their mixing.

[0086] The architectural material is sprayed onto theshied surface of the form to form
multiple layers of the architectural material uniie desired overall thickness is achieved,
thereby forming a layered architectural componerih preferred embodiments of the
invention, each layer is less than 1 mm thick; iorenpreferred embodiments of the
invention, each layer is between 0.5 mm and 1 makthThe custom made concrete mix is
designed to achieve a high quality surface finidilevmaintaining good workability by

controlling the viscosity and fluidity of the mix.

[0087] In some embodiments of the invention, the surfagdity of the finished architectural

component is analyzed by methods analogous to ttheseribed above for determining the
surface quality of the three-dimensional form.stme embodiments of the invention, other
physical properties of the architectural matergagj( its thickness or its thickness profile) are

measured subsequent to the spraying of the artimakenaterial on the form.

[0088] In some embodiments of the invention, preparatiothe architectural component is
followed by anchoring a structural support frameti@ component. The robotic arm
countersinks anchoi (preferably by using a milling or drilling end efitor), and attaches
them to a support structural frame with fastenimitsoin stepsb2 and 54. In step56,

structural frameb8 is attached by the robotic arm to the archite¢toomponent using the

anchors.

[0089] The architectural component and structural frameembly (if present) are then

separated from the form for attachment to a bujjditnucture (step0).

[0090] The robotic arm uses various end effectors dutmegfébrication of the architectural

component. Non-limiting examples of end effectbis are used in various embodiments of
the invention include a hotwire end effector, alimg end effector, a polymer spray end
effector, and a concrete spray end effector. Imes@mbodiments of the invention, the
system comprises an automatic tool changer thdagep end effectors as needed. In
preferred embodiments in which the system comprsesutomatic tool changer, the end

effectors are changed under the direction of tmtrobsoftware.

[0091] Reference is now made to FI&.which illustrates schematically one embodiment of
a hotwire end effecta200. FIG. 3A illustrates the attachment of the hotwire endatffeto
the robotic arni0, as well as the location of the air supply ir#@00 to the pneumatic piston
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and the electrical lead®10 for the hotwire heating element. FI& shows the location of
width adjustment mear020, the hot wire supply lea2D30, and the wire tens@040. FIG.
3C provides a more detailed schematic illustratiothefwidth adjustment mea@620. Two
arms of the end effectd@021 (in preferred embodiments, a 100 x 50 mm alumiraok)
and2025 (in preferred embodiments, a 50 x 50 mm alumintaok) are shown. Movement
of arm 2025 in the direction of the dotted arrow is achieveéa motor2022, which pushes
arm 2025 along the track by winding or unwinding a wire mead over sprin@023 that
passes over pulle®023. FIG. 3D illustrates schematically a detailed view of tha ire
supply lead, which comprises a pul&331, an actuatoR032 for fixing the wire in place, and
a motor2033 for manipulating the hot wire. A schematic illzion of the wire tensor is

shown in FIG3E. A pneumatic pisto2041 is controlled by actuat@042.

[0092] Reference is now made to FIg.which illustrates schematically one embodiment of
a milling end effectoB00 attached to robotic arh0. The milling end effector comprises
digital inverter3010 for translating digital signals that provides média braking resistance
protection, thermal protection, automatic boosp sbmpensation, spindle fault detection,
and speed control, and pneumatic control cal8620, which is connected to a compressor
(not shown in the figure). The pneumatic contrabioet comprises a regulator, tool release
solenoids, an air pressure switch, and spindleimgaontrol. A motor (not shown in the
figure) is connected to the digital inverter andhe pneumatic control cabinet. The milling
end effector may also include a collet for retagnanspindle and other standard tools.

[0093] Reference is now made to FI&.which illustrates schematically a polymer sprag e
effector 400 for finishing the surface of the three-dimensiof@m. FIG.5A presents a
general schematic view of a polymer spray end tdfeattached (typically by an adaptor
flange) to robotic arni0. In the embodiment illustrated, the end effectomprises spray
nozzle4010; mixing chamber020 in fluid connection with the spray nozzle in whittte
components of the polymer are mixed prior to pagsimo the spray nozzle; component
storage vessek030; a pneumatic chambdb40 that controls the pressure of pressurized gas
(e.g. air) in the system; and inlet [iné350 that connect the component storage tanks to the
mixing chamber. In preferred embodiments of theittion, the mixing chamber is placed as

close as possible to the nozzle.

[0094] Reference is now made to FIGB, which presents a schematic illustration of an
expanded view of the mixing chamber and nozzldefeambodiment shown in FIGA. The

polymer passes through lid®51 (in embodiments in which the polymer two composent
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the second one passes simultaneously througl@is@, while compressed air or other inert
gas passes through inlet lid853. In embodiments in which the polymer comprises tw
components, the polymer components are mixed inmilkeng chamber into a final curable,
unitary polymer mixture. The polymer is then dnvay gas pressure through the nozzle and
onto the surface of the form. In some embodimenftdhe invention, the polymer used is
wax. In preferred embodiments of the inventiomiature of wax and oil is used. In more
preferred embodiments of the invention, a mixtdrevax and Canola oil is used. In the most
preferred embodiments of the invention, a 90:10Mwhixture of wax and Canola oil is

used.

[0095] FIG. 5C illustrates schematically one preferred embodinoérat wax transfer system
for transferring wax from storage vesd48B0 to spray nozzld010. The wax is fed to heated
tank 4030, in some embodiments as solid wax. When the sy&en use, the storage vessel
is heated to a temperature sufficient to melt tlag.wAny suitable heating system known in
the art may be used. In preferred embodimentsholdy, caps, flanges, and fittings of tank
4030 are constructed of stainless steel, and the stovagsel is thermally insulated. In
typical embodiments, the vessel has a diameterin€laes, and the bottom of the vessel is
conical (typically 30°) for drainage. The vessaynbe fitted with a buoy switch, pressure
switch, or the like to provide alarm feedback fotow wax level condition. The vessel
contains mixed031 that stirs the wax after it is melted; any suiablixer known in the art
can be used. In preferred embodiments of the tragnwax is introduced into the storage
vessel by an automated feed system, which is typiaatuated pneumatically or electrically.
Pressurized gas (typically air) is supplied to $lgstem from supply033. The pressurized
gas is delivered to the components of the wax tearsystem via feed line$034. The liquid
wax is transferred to the nozzle via feed W@85. In preferred embodiments, feed [4@85

is heated externally and thermally insulated. Aui-drip cap4036 is fitted to the spray
nozzle to catch any drops of wax that drip from speay nozzle. The anti-drip cap can be
motorized for remote actuation. The wax transfetesm also incorporates a heating lamp
4037 fixed to the chassis of the polymer spray endcédfeand directed toward the polymer
spray end effector, preferably by a mount that apable of both linear and angular
adjustment. In preferred embodiments, the headéimgp is covered by a cover c4f38 that
keeps the lamp clean from wax and other materidie cover cap may be motorized for
remote actuation, and may be constructed of antaldai material that can withstand the

temperature of the melted wax (typically about 1G).
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[0096] While it is within the scope of the invention th#ie sealant coats the three-
dimensional form as a liquid, in preferred emboditeeof the invention, the sealant (wax)
solidifies while in transit to the three-dimensibf@m and coats the form as a layer of solid
powder. The layer of solid powder is then heaged.(by an infrared heating element) until it
at least partially liquefies, at which point theahieg is stopped, the flow of sealant thereby

creating a uniform smooth solid layer of sealant.

[0097] Reference is now made to FIG.which illustrates schematically one embodiment of
a concrete spray end effectad0. FIG. 6A presents a schematic diagram of the concrete
spray end effector attached to robotic a@@ Concrete inlet liné10 delivers a sprayable
concrete composition (or other sprayable architatimaterial) to concrete spray nozsz0
from an architectural material storage ve&s§l, in the case of the embodiment illustrated,
storage vesseéd30 comprises a concrete mixer. In the embodimeunstilhted, peristaltic
pump 540 moves the concrete from the concrete mixer to ¢bacreted inlet line.
Pressurized air (or other gas) is delivered tocthrecrete spray nozzle from a pressurized gas
source (not shown in the figure) via air inlet [iB@0; the pressurized gas is controlled from
pneumatic control cabin&50. In preferred embodiments of the invention, tihespurized
gas and the architectural material are mixed inimgixxhambef525 prior to introduction of
the architectural material into concrete spray 520. Storage vessel andB0 and

peristaltic pumBb40 move along track?a in tandem with the concrete spray end effector.

[0098] A schematic illustration of an expanded view of r@fprred embodiment of the
mixing chamber and concrete spray nozzle is showhIG. 6B. In this embodiment, the
concrete spray nozzle comprises a dual-nozzle myst&he architectural material passes
through inlet line510 into mixing chambeb25 via a first nozzleb20a. Simultaneously,
pressurized gas enters the mixing chamber via lmet60. The pressure of the gas in the
mixing chamber forces the sprayable architecturatenmal through mixing nozzl&20b.

Preferably, the mixing nozzle is sealed by O-%i@ and removable capB0.

[0099] Reference is now made to FIG, which presents a schematic illustration the
components of a second embodiment of a concretyy sord effector. This embodiment is
especially useful for fast-setting architectural tenals, as the components of the
architectural material are mixed situ, enabling deposition of even fast-setting matsrial

before they have had time to harden.

[0100] A general schematic of the concrete spray endteffend the means for bringing the
components of the architectural material to thenfas presented in FIG/A. A solution
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comprising at least one component of the architattmaterial (or the component itself if it
is a liquid of sufficiently low viscosity) is pladein a first storage vessBB05, which is in
fluid connection with a first mixing chamb&250, which is in fluid connection with nozzle
mixing chamber525. Depending on how many components the architgctonaterial
comprises, a second solution comprising at leastsetond component may be placed in a
second storage ves&307, which is in fluid connection with a second mixidgambeb255,
which is also in fluid connection (independent lo¢ first mixing chamber) with the nozzle
mixing chamber. Additional storage vessels andimgixchambers may be added if
necessary. The storage vessels may be in fluidembion with a pressurized gas |iB&00;

gas pressure drives the solutions into the mixhmgbers, from there into the nozzle mixing

chamber and from there into the nozzle.

[0101] Components of the architectural material are intoed into a third mixing chamber
5300 via inlet 5305. In an exemplary embodiment of the invention, dggment mix, an
aggregate phase (e.g. sand), cellulose, a supicas and water are added to the third
mixing chamber in proportions that will yield a cemt having the desired physical properties
(e.g. setting time and viscosity). The third miohamber comprises a mix6810 that
mixes the components into a slurry and that kekesontents of the third mixing chamber
under constant agitation. The slurry passes frben third mixing chamber into nozzle
mixing chambei525, preferably via a flexible hose850. In preferred embodiments of the
invention, a vibrating member is physically coneecto at least one of the third mixing
chamber, the flexible hose, and the top of theyspazzle, to insure that the grains do not

settle or stick together.

[0102] Solutions or dispersions of additional componeatg.(a setting time accelerant and a
viscosity adjusting material) are introduced inte tnozzle mixing chamber. They are
preferably nebulized or sprayed to ensure maximuspedsion of the solutions or
dispersions. They may be introduced from diffe@néferably opposing) sides of the nozzle
mixing chamber so that the flows or sprays of the solutions intersect within the nozzle
mixing chamber. As the cement slurry passes frioenthird mixing chamber through the
nozzle mixing chamber, it passes through the flawssprays of the other components,
thereby creating the curable fluid architecturalterial in situ as the components pass
through the nozzle mixing chamber into the nozZlde curable fluid architectural material
is sprayed via the nozzle onto the form, wheret$.s The process is shown schematically in

FIG. 7B. As a non-limiting example of a type of architeel material that can be produced
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in this manner, a dispersion comprising a settingetaccelerant such as Al(OHand a
thickening agent such as Rheomatrix 150 flow indepeatly from the second mixing
chamber to the nozzle mixing chamber via a secotet, iwhile a slurry comprising a
commercially available Portland cement mix, an aggte such as quartz sand, cellulose, a
superplasticizer, and water flows from the thirdximy chamber to the nozzle mixing
chamber via a third inlet. Within the nozzle mgichamber, the flow of powdered solid
components intersects the flows or sprays of tleeswutions, thereby mixing with them and
forming a fast-setting concrete that is then spiidy@m the cement spray nozzle.

[0103] In one exemplary non-limiting preferred embodimehthe invention, the inventive
spraying process uses a compressor to actuatstéaifigh viscosity pump to send concrete
mix to the concrete spray end effector for the tmbarm 10. A compressor, which may be
the same one or a different one, may also be wsadttiate a second high viscosity pump to
send one or more components of a coating material golymer spray end effector for the
robotic arm10. The control parameters for effecting an optirflaiv rate include air

pressure, flow rate, and mix composition of theacete and polymer components.

[0104] As mentioned above, in preferred embodiments ofritaention, the system is under
computer control, both for the fabrication of theree-dimensional form and for the
fabrication of the architectural component. Thampater control is performed by a
commercially available Beyon3D software packagé thariefly described here. Software
module24 (FIG. 2) is designed to have a simple, user-friendly, stditive user interface
(UI/UX) for a universal robotic cell having a mininm of 6 adjustable axes robotic cell. The
user interface can be used even by untrained apsrafhe software module generates and
monitors a complete geometry to product procedsoro toolpath generation) without any
necessity for intervention on the part of the opmarar for any type of manual work.

[0105] The software module provides three sub-modulethimthree phases of the inventive
process that allow the user to customize the efdipeication process: (a) a robotic cell
setting sub-modul@410; (b) a task configuration sub-modu2420; and (c) a simulation /
output to controller sub-modu30 The software additionally provides a real-time is@din
detector and a live sub-module in the universaloticbcontroller which is a universal

interface between the software and the variousepiet robotic equipment.

[0106] Cell setting sub-modul2410 is used by the operator to select a configuredvaéh

various robotic types, to define a working cell srace (as a non-limiting example, in a

Cartesian coordinate system) in which the robatic s permitted to move, and to define the
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position of the robotic arm relative to the workiogll. Upon completion of these tasks, the

cell setting sub-module outputs spatial constraintt control data.

[0107] Task configuration sub-modul2420 is used by the operator to select a desired
fabrication process, in some embodiments fromrarjbor database. The desired fabrication
process may be suggested to the user by the seftaecording to the current cell

configuration, which also includes the types of ide end-effectors, and to define the

position and dimensions of the work space.

[0108] Information from all previous phases is input ithe simulation / output to controller
play sub-module€430, which outputs a robotic arm simulation for theegior to view and
provides error messages if the fabrication protegsogrammed to engage in tasks that are
outside of predefined parameters, or if one or nmeysgem components is programmed to
move on a path or engage in a task that is outdigeedefined boundaries or parameters. If
the simulation is successfully completed, the sughme outputs the final fabrication
parameters and settings for the robot arm and #adt@r(s) to the robotic cell interface —
live sub-module. This module allows the softwarecontrol the movements of the robotic
arm, end effector(s), movable platform, and workcpi and also to retrieve the current
location of the robotic equipment and perform al-tigae collision detection in order to
detect possible collisions in real-time and bypasse collisions in real-time. In addition, the
play sub-module continuously shows a real-time atan of the robotic cell to the operator
in order to enable real-time viewing and monitorfgthe current activity and fabrication

process.

[0109] The live sub-module is a software package thatgmates the robot to the other
submodules in a single interface. The live sub-um®dan be written in any language
appropriate to the robotic equipment being uselle live sub-module allows full control of
the robotic cell and allows a fabrication task tmaregardless of any local robot controller
limitations such as the number of points. Thainsgontrast to software systems known in the
art, the live sub-module of the Control3D softwalews transfer of an unlimited number of
points to the robot controller.

[0110] A flowchart presenting the logic flow of the softveacontrols is presented in FI&.

[0111] Reference is now made to FIG, which illustrates schematically a non-limiting
exemplary application of the inventive process. sAewn, the robotic arni@) mounted on
rail guide 12 has a concrete spray end effector comprising ayspozzle300. A concrete

mixer 340 supplies concrete mix as the noz3R0 applies a layer of concrete from the
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concrete mixer onto a surface of the three-dimeraditorm 30. Multiple layers of concrete
may be applied to achieve a desired thickness terndimed by the Beyon3D software

module24 of controller22.

[0112] As described above, the inventive fabrication psscebegins with a work piece
preferably made of EPS, which is dimensioned angjimed into shape by a hot wire end
effector and then finished using a milling end efibe in two different phases, thereby
forming a mold (three-dimensional form). A sealilager of polymer is sprayed onto the
mold for smoothing imperfections caused by the afstow density EPS, thereby ensuring
that the form will be reusable. Architectural erél (e.g. concrete) is then sprayed in
successive layers until the required thicknessciiexed. In this manner, an architect or
engineer can quickly design an architectural corepbrusing conventional, commercially
available software such as Rhino3D™ and any modeleametry from the modeling
software is translated into fabrication instructidar the robotic arm by software mod@é
The newly designed architectural component is thefabricated by the novel system and
process herein disclosed. Advantageously, complaxilinear shapes (including non-
repetitive shapes) for a building structure carfdiwicated using the inventive system and

process herein disclosed.
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CLAIMS
We claim:

1. A method for manufacturing an architectural compdnewherein said method
comprises:
preparing a three-dimensional form from a work pieade of a polymeric material;
sequentially layering an architectural materiabbteast one surface of said three-
dimensional form, thereby producing said architedtatomponent; and,

removing said architectural component from saide¢kdimensional form.

2. The method according to claifh wherein said step of preparing a three-dimensiona
form from a work piece made of a polymeric matealmprises at least one step
selected from the group consisting of:

using a hot-wire foam cutter to sequentially remmagerial from said work piece;

preparing a three-dimensional form by use of a aderpcontrolled multi-task
robotic arm;

machining said architectural component;

milling said architectural component;

drilling through said architectural component; and,

supporting a work piece made of a polymeric malteriaa movable support table in
communication with a computer processor, said sdppable capable of
movement in response to commands from said computeessor followed by
sequentially removing material from said work pidgeuse of an end effector
positioned at a distal end of a multi-task robatim in communication with said
computer processor and moving in cooperation wid ssupport table in
response to commands from said computer procedsaeby forming a three-

dimensional form having a desired shape.

3. The method according to claifh wherein said step of preparing a three-dimensiona
form from a work piece made of a polymeric matec@inprises:
using a hot-wire foam cutter to sequentially remoegterial from said work piece;
and,

milling said work piece.

4. The method according to clairh, further comprising attaching fasteners to said

architectural component.
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5. The method according to claih further comprising applying a layer of a coating

10.

11.

material to at least one surface of said three-dgiomal form.

The method according to claif) wherein said coating material comprises paraffax
and Canola oil.

The method according to clai® wherein said step of applying a layer of coating
material comprises:
heating said coating material in a storage vessdlisaid coating material liquefies;
passing said liquefied coating material to a spgrasd oriented toward said three-
dimensional form; and,
spraying said coating material on said at leastsaméace of said three-dimensional
form. Later on in the future the vessel and mixamgmber will be located in a
different position and not on the robdt éxis. The only mechanical component
which will be situated on thé"Gaxis will be the spraying equipment attached to a
piping system.

The method according to clairh, wherein said step of sequentially layering an
architectural material on at least one surface dhrae-dimensional form comprises
sequentially layering an architectural material @ least one surface of a three-

dimensional form until a thickness of between 8 28dnm is obtained.

The method according to claity wherein said architectural material is selectedhfthe
group consisting of concrete, gypsum, clay, andhstic marble or any other building

material.

The method according to claih, wherein said architectural material has an ihitia

setting time of between 10 seconds and 5 minutes.

The method according to clairh, wherein said step of sequentially layering an
architectural material comprises:
introducing a cement mix, aggregate, water, optiprad least one of cellulose and
superplasticizer into a mixing chamber in fluid ecoonication with a first inlet
into a nozzle;
mixing said cement mix, aggregate, water, and, fésent, cellulose and

superplasticizer in said mixing chamber, therelmdpcing a mixture;
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introducing a solution or dispersion comprisingse&tting time accelerant into a
second inlet into said nozzle such that said swiuis at least partially nebulized
within said nozzle mixing chamber;

introducing a thickening agent into a third inleta said nozzle such that said
thickening agent is at least partially nebulizethim said nozzle;

introducing said mixture into said nozzle via shidt inlet such that said mixture
passes through said solution or dispersion andth&lening agent within said
nozzle, thereby creating a wet architectural maleand,

spraying said wet architectural material from sgjlay nozzle onto at least one

surface of said three-dimensional form before gaithl setting time of said wet
architectural material.

12. The method according to claiiy wherein said polymeric material comprises expdnde
polystyrene foam.

13. A method for preparing a three-dimensional formgnfra work piece made of a
polymeric material, comprising:

supporting a work piece made of a polymeric maltemaa movable support table in
communication with a computer processor, said sdppable capable of
movement in response to commands from said comptadeessor;

sequentially removing material from said work pidog use of an end effector
comprising a hot-wire foam cutter, said end effegimsitioned at a distal end of a
multi-task robotic arm in communication with saiéntputer processor and
moving in cooperation with said support table isp@nse to commands from said
computer processor, thereby forming a three-dinoer@diform having a desired
shape; and,

optionally milling said three-dimensional form sefsent to said step of

sequentially removing material from said work piece

14. The method according to clairh3, wherein said polymeric material comprises
expanded polystyrene foam.

15. The method according to claidB, further comprising applying a layer of a coating
material to at least one surface of said three-dgiomal form.

31



16. A computer controlled system for constructing achaectural component from a
three-dimensional form, comprising:

a support table for supporting and moving a thregedsional form, said support
table being configured for translational and/oatimnal movement;

a multi-task robotic arm having a base and a destdl, said base being configured
for controlled movement along a path proximategieport table, said distal end
of said multi-task robotic arm being configuredetdend, translate, and/or rotate
relative to said base and further configured tduithe an end effector for applying
successive layers of material onto and/or remowiragerial from said form at
said support table;

optionally, a linear rail to which said base isalted; and,

a computer processor containing instructions fontrmding a sequence of
movements of said support table and each of sad &ad said distal end of said
multi-task robotic arm and for determining and sadially applying layers of
material onto and/or sequentially removing maternain said three-dimensional
form to form an architectural component of a predeined shape and

dimension.

17. The system according to clai®, wherein said end effector comprises at least one
effector selected from the group consisting of:

a hot-wire foam cutter for removing material fromdsthree-dimensional form;

a machining end effector for at performing least action selected from the group
consisting of drilling, reaming, countersinking, limg, routing, net trimming,
impacting, and fastener attaching;

an effector configured for spraying a substanceo catsurface of said three-
dimensional form;

an effector configured for combining and/or mixirapne or more polymer
components into a unitary polymer and for spraygagl unitary polymer onto a
surface of said three-dimensional form; and,

a concrete spray rig, said cement spray rig conmgyia spray head.

18. The system according to claitid, wherein said end effector comprises a concretysp
rig, and spray head comprises at least three dpragl inlets, and said concrete spray

rig comprises:
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19.

20.

a first mixing chamber comprising an outlet in dutonnection with a first spray
head inlet;
a second mixing chamber comprising at least onet inhd an outlet in fluid
connection with a second spray head inlet; and,
a third mixing chamber comprising at least one tirdedd an outlet in fluid
connection with a third spray head inlet;
and further wherein said spray head is configurgch ghat when material enters said
spray head simultaneously through said first sgr@gd inlet and at least one of said
second spray head inlet and said third spray hdat] at least part of material entering
said spray head from said first spray head inlebenters material entering from any

other spray head inlet through which material ieeng said spray head.

The system according to clait8, additionally comprising vibrating means mechalhyca
connected to said first mixing tank for vibratinyleast a portion of said first mixing

chamber.

The system according to claif¥, wherein said instructions comprise at least one
software package selected from the group consisfing
real-time collision detection software that is dgofed to enable the system to
detect automatically at least one status selected the group consisting of (a)
two components moving on a course that will causamt to collide; (b) two
components are within a predetermined distancenef another; and (c) one
component is on a course to self-collision; realeti simulation software
configured to enable an operator to view a simaiatf movement of at least one
component of said system;
an interface that is configured to allow transféran unlimited number of points
from said computer processor to any other compaooiettie system; and,
software configured to accept as input a desirexingdry of said three-dimensional
form and to control said system from said inputatdinal construction of an
architectural component without any interventioralmyoperator of the system.
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