DIGITALLY SCULPTED BRANCHING MANIFOLD STRUCTURES

Y

PRECEDENT

BRANCHING COLUMNS 1962

TWA TERMINAL | EERO SAARINEN

HUNDREDS OF DRAWINGS WERE REQUIRED TO
DETERMINE THE FORM WORK FOR THE FOUR
CURVILINEAR Y-SHAPED POURED IN PLACE
REINFORCED CONCRETE COLUMNS THAT SUPPORT
THE CONCRETE SHELL ROOF OF THE TWA
TERMINAL. THE COLUMNS WERE SHAPED TO
EMPHASIZE AN UPWARD OR SOARING QUALITY AND
A FEELING OF AIRINESS, AND ALSO AID IN THE
TRANSFER OF THE LOADS FROM THE ROOF AND
ALLOW FOR LARGE COLUMN SPACING.

ADJUSTABLE FORMWORK 200

MILWAUKEE ART MUSEUM | SANTIAGO CALATRAVA

CAST USING PERI FORMWORK RUNDFLEX FORMS FOR
THE MUSEUM'S CURVED WALLS. FORMS GAVE THE
ABLITY TO EASILY AND INEXPENSIVELY ADJUST THE
RADII. TO ACHIEVE A SMOOTH CONCRETE FINISH, 3/4"
THICK BIRCH CABINET PLYWOOD (MDQO) HAD TO BE
ATTACHED TO THE FORM FACE. JOINTS WERE SEALED
WITH FIBERGLASS FILLER, SANDED AND PAINTED

WITH EPOXY PAINT. SURFACES WITH IRREGULARITIES
(REVEALS OR CHAMFERS) REQUIRED ADDITIONAL PIECES
TO BE ATTACHED TO THE FORMS. BECAUSE THE FORMS
WERE SO HEAVY, IT WAS NECESSARY TO USE I00-TON
CRANES TO MOVE THEM.

DEVELOPING CONSTRUCTION ToOLS FOR COMPLEX GEOMETRIES

FORMWORK IS THE MOST EXPENSIVE PART OF MOST CONCRETE CONSTRUCTION PROJECTS.
ACCORDING TO "BUILDING CONSTRUCTION: PRINCIPLES, MATERIALS AND SYSTEMS" WRITTEN
BY DR. MADAN MEHTA, FORMWORK FOR SITE CAST CONCRETE PROJECTS COSTS 50-55%
OF THE TOTAL BUDGET AND CAN COST /5% OR MORE FOR STRUCTURES WITH COMPLEX
GEOMETRIES. THEREFORE, FORM REUSABILITY IS VITAL, MAKING IT NECESSARY TO USE
MATERIALS WITH HIGH DURABILITY THAT ARE EASY TO REUTILIZE.

THE PREVIOUS METHODS OF MULTI-NODAL COLUMNAR BRANCHING STRUCTURAL FORMWORK
WAS ATTEMPTING TO SOLVE ISSUES RELATED TO FORM, STRUCTURE, AND FORMWORK,
AND IT IS THE STARTING POINT OF THE CURRENT RESEARCH. THE PRIOR FORMWORK
STRATEGY ENCOUNTERED CHALLENGES WHEN CASTING THE FINAL STRUCTURE, WHICH
HAS PROVIDED INSIGHT INTO ISSUES TO CONSIDER IN THE CURRENT RESEARCH. THE
FABRIC FORMWORK USED WAS LABOR INTENSIVE, INCONSISTENT FROM ONE CAST TO THE
NEXT, QUESTIONABLE QUALITY, AND WAS DIFFICULT TO REUSE. SIMILIARLY, THE PLASTIC
FORMWORK WAS DIFFICULT TO UTILIZE IN A TIMELY AND EFFICIENT MANNER. THE
PLASTIC USED DID NOT PROPERLY SUPPORT THE WEIGHT OF THE CONCRETE IN ORDER TO
REDUCE EXPANSION OF THE MOLD, AND EXTENSIVE USE OF REINFORCED TAPE AND ROPE
LATICE-WORK ADDED A TOTAL OF 48 HOURS TO MOLD ASSEMBLY TIME.

WE WILL DETERMINE IF A CONSISTENT FORMWORK FOR CASTING A HIGH PERFORMANCE
CONCRETE BRANCHING MANIFOLD STRUCTURE CAN BE EFFICIENT, REUSABLE AND
ECONOMICAL WHEN BUILT OUT OF HIGH DENSITY FOAM. WE PROPOSE THAT USING A
DIGITALLY SCULPTED HIGH DENSITY FOAM FORMWORK WOULD PROVIDE CONSISTENCY IN
FORM, ELIMINATE TEDIOUS FORMWORK ASSEMBLY, REDUCE TIME BETWEEN CASTINGS AND
PROVIDE A REUSABLE SYSTEM FOR CASTING MULTIPLE STRUCTURES. WE WILL EXPLORE
THIS THROUGH A SERIES OF MATERIAL, DIGITAL AND METHOD TESTING WITH THE
INTENTION OF DEVELOPING A MORE ADVANCED METHOD OF FORMWORK.

FOAM FORMWORK 2000

ZOLLHOF TOWERS | FRANK GEHRY

THE UNDULATING FORMS OF THE LOAD-
BEARING EXTERNAL WALL PANELS MADE OF
REINFORCED CONCRETE WERE PRECAST IN
355 DIFFERENT CNC-MILLED LIGHT WEIGHT
POLYSTYRENE (STYROFOAM) MOLDS. THE
MOLDS WERE LINKED TOGETHER USING PVC
PIPES RUNNING THROUGH THE FORMS AND
COULD BE REUSED FOR A SMALL NUMBER OF
CASTS.

LATEX MOLD FORMWORK 2012

PEROT MUSEUM | MORPHOSIS

PROJECT DONE BY GATE PRECAST USING
LATEX MOLDS THAT WERE RE-USABLE AND
RECONFIGURABLE. THE MOLDS WERE USED IN
THE CASTING OF THE FACADE PANELS.

THE PRODUCTION OF THE MOLD REQUIRED
LESS THAN TEN VARIATIONS OF GEOMETRIES
THAT COULD BE RECONFIGURED TO MAKE THE
SEEMINGLY INDIVIDUALIZED FACADE PANELS.

BRANCHING MANIFOLD FORMWORK - FABRIC
RESEARCH CONDUCTED BY: HALIMA AREVALO,
ANNRUTH WARWINU & DAVID PACHECO GARCIA

BY USING FABRIC AS FORMWORK FOR CONCRETE
CONSTRUCTION, THIS PROJECT SOUGHT TO EXPAND ON THE
RESEARCH DONE BY MARK WEST AT THE UNIVERSITY OF
MANITOBAS CENTRE FOR ARCHITECTURAL STRUCTURES AND
TECHNOLOGY (C.A.S.T.) AND GENERATE A MULTI-NODAL
PRE-CAST CONCRETE STRUCTURE WITH MULTI-NODAL 3D
PRINTED STEEL REINFORCEMENT.

RESEARCH FOCUSED ON |.) DEFINING THE ROLE AND
IMPLICATION OF THE PRECAST PROCESS ON THE MULTI-
NODAL BRANCHING STRUCTURE, 2.) REFINING THE USE OF
BULGE WALL CASTING TO PROVIDE MULTI-TRAJECTORY
OUTCOMES, AND 3.) INCLUDE STRUCTURAL ENHANCEMENTS
THROUGH DIGITALLY FABRICATED PRODUCTION OF INTERNAL
STRUCTURAL NETWORKS.

BRANCHING MANIFOLD FORMWORK- 2D PLASTIC

RESEARCH CONDUCTED AT THE UNIVERSITY OF TEXAS

AT ARLINGTON IN THE SUMMER OF 20l4. THE PROJECT
EXPLORED THE UTILIZATION OF CNC MILLED 2D PLASTIC AS
FORMWORK FOR CASTING BRANCHING STRUCTURES. THE 2D
PLASTIC PIECES WERE SECURED TOGETHER BY INTRICATE ROPE
LATTICE WORK RUNNING THE ENTIRE LEGTH OF THE COLUMN.
SCAFFOLDING FOR THE COLUMN PROVIDED ADDITIONAL
STRUCTURAL STABILITY AND BRACED THE COLUMN TO
FACILITATE THE POURING OF CONCRETE.

THOUGH THE PROJECT PROVED SUCCESSFUL IN PRODUCING
VERY SMOOTH CASTS, IT WAS TIME CONSUMING IN THE
ASSEMBLY OF THE FORM AND THE PLASTIC BEGAN TO
STRETCH DUE TO CONCRETE PRESSURE. THE LATTICE

WORK TOOK MANY HOURS TO TEDIOUSLY ASSEMBLE AND
DISSASSEMBLE, AND THE 2D PLASTIC HAD TO BE REINFORCED
WITH TAPE TO WITHSTAND THE PRESSURE OF CONCRETE.

3D PRINTED NODALJOINTS FOR MANIFOLD STRUCTURE REINFORCEMENT
GH DEFINITION AUTHOR: JOSH HALLET

LIMB CONSTITUTES A CONTINUATION OF RESEARCH INITIATED IN THE SPRING
OF 2014 THAT SOUGHT TO DISCOVER NEW AND EXPLORATORY METHODS FOR
REINFORCING PRECAST CONCRETE PANELS WITH NON-UNIFORM POROSITY.

|T WAS DETERMINED DURING THE COURSE OF THIS RESEARCH THAT STEEL
REINFORCING REBAR COULD BE ACCURATELY AND EFFECTIVELY LOCATED WITHIN
A PANEL BY UTILIZING 3D PRINTED NODES WITH INTERIOR "SLOTS" WHEREBY
THE REBAR COULD BE INSERTED AND THEN FIXED VIA WIRE-TIE. THESE NODES
WERE GENERATED IN THE PARAMETRIC PLUG-IN TOOL GRASSHOPPER, WHICH
ENABLED COMPLETE CONTROL OVER THE NODES' GEOMETRIC PROPERTIES.

THIS ALLOWED NOT ONLY FOR A VAST AMOUNT OF FLEXIBILITY IN TERMS OF
CONFIGURATION AND SCALE, BUT RAPID ALTERATIONS IN THE GEOMETRY AS A
RESPONSE TO CHANGING DESIGN CRITERIA AND TESTING. THE DRAWBACKS OF
THIS PARTICULAR GA (GRASSHOPPER) DEFINITION WAS MULTIFOLD, HOWEVER.
WHERE THE NODE COULD BE 3D PRINTED RELIABLY, AND WAS SOMEWHAT
STURDY, EACH NODE HAD TO BE MANUALLY ADJUSTED TO ACCOUNT FOR EACH
NODAL CENTROID. FURTHERMORE, THE NODE COULD ONLY ACCOUNT FOR STRUT
ORIENTATIONS IN THE X AND Y AXIS.
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DIGITALLY SCULPTED BRANCHING MANIFOLD FORMWORK DEVELOPMENT

FACTORS AFFECTING LATERAL PRESSURE
ON FORMS:

- WEIGHT OF CONCRETE

- RATE OF PLACING (THE AVERAGE RATE OF RISE IN THE FORM)
- VIBRATION

- TEMPERATURE (AFFECTING THE SET TIME)

OTHER VARIABLES
CONSISTENCY OF CONCRETE
AMBIENT TEMPERATURE
AMOUNT AND LOCATION OF REINFORCEMENT
MAXIMUM AGGREGATE SIZE (MSA)
CEMENT TYPE

FORMWORK PERFORMANCE CRITERIA

- REUSABILITY

- PRICE

- EASE OF CONSTRUCTION
- ADAPTABLILITY

CONSIDERATIONS

- MINIMIZE MOLD PARTS

FORMWORK DEVELOPMENT

|. SELECT/OBTAIN TEST MATERIAL FOAMS AND COATINGS TO BE RUN
THROUGH A SERIES OF TEST CASTS.

2. CAST EACH CONFIGURATION OF COATING AND FOAM MOLDS

WITH CONCRETE AND RECORD VARIABLE RESULTS SUCH AS SURFACE
QUALITY, WORKABILITY, EASE OF RELEASE AND FORMWORK
REUSABILITY.

3. FROM THESE MATERIAL TESTS, SELECT THE APPROPRIATE
MATERIALS FOR PROTOTYPE CASTING.

L. DESIGN FORMWORK KEEPING IN MIND MATERIAL COMPRESSIVE
PROPERTIES, GIVEN GEOMETRY, AND MACHINING CAPABILITIES.

5. USING THE GIVEN GEOMETRY, CAST COLUMN PROTOTYPE WITH FOAM
MOLD AND STRUCTURAL REINFORCEMENT

NODAL JOINT DEVELOPMENT

|. 3D PRINT A TEST NYLON NODE FOR TENSILE TESING IN THE
ENGINEERING LAB.

2. CONDUCT TENSILE TEST AND GATHER DATA

3. ADAPT NODAL GRASSHOPPER DEFINITION TO GIVEN GEOMETRY.

MATERIAL RESEARCH

TESTING FACTORS

SURFACE QUALITY

SMOOTHNESS

MATERIAL TEXTURE CAST ON CONCRETE
FOAM ADHERENCE ON CAST FORM

EASE OF RELEASE
TIME TO DETACH CAST FORM FROM FORM WORK

FORMWORK REUSABILITY

FORMWORK DAMAGE

COMPRESSIVE STRENGTH OF CONCRETE
SURFACE QUALITY OF FOAM AFTER CASTING

COATINGS

IMPROVEMENTS ON MOLD RELEASE

IMPROVEMENTS ON SURFACE QUALITY

IMPROVEMENTS ON FOAM DETERIORATION

EFFECT ON FOAM/CONCRETE

TIME REQUIRED IN ADDITION TO CONCRETE CASTING

NUMBER OF ADDITIONAL PROCEDURES REQUIRED PRIOR TO CASTING
DIFFICULTY OF APPLICATION

- MOLD SHOULD HAVE A FEEDER FOR CONCRETE
- CONSIDER EASY MOLD RELEASE IN MOLD DESIGN BY ADJUSTING

DRAFTING ANGLES
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FOAM SELECTION
STRENGTH & SURFACE QUALITY

CAST / FORMWORK ASSESSMENT
DURABILITY & CAST QUALITY

COATING SELECTION CONCRETE CASTING

REUSABILITY & RELEASE AID

FOAMS
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EXTRUDED POLYSTERENE FOAM BoARD (XPS)

CLOSE CELL FOAM, CAN BE CUT/ROUTED/SANDED WITHOUT A
COAT, VULNERABLE TO DENTING, VULNERABLE TO SOLVENTS
(ACETONE, XYLENE, TOLUENE, MEK FIBERGLASS POLYESTER
RESIN), CAN BE COATED WITH EPOXY.

EXPANDED POLYSTYRENE (EPS)

LESS DENSE, SMALL WHITE BEADS, LOW SURFACE QUALITY,
NEEDS TO BE COATED WITH MORE RIGID MATERIALS

POLYISOCYANURATE (POLYISO)

ALSO KNOWN AS RIGID POLYURETHANE FOAM. OFFERS HIGHER
COMPRESSIVE STRENGTH AND BETTER SOLVED RESISTANCE THAN
POLYSTERENE FOAM BOARD, USED WITH POLYESTER RESIN AND

FIBERGLASS.
Cost Max Compressive Strength Max Flexural Strength Least Water Absorption Density Abie to Hok Wirs Cat Max Dimersions
(/ft3) (psi) (psi) (% by volume) (lbs/ft3)
Expanded Polystyrene Foam (EPS) $7.60 60.0 78.0 2.0 0.75-2.85 Yes 48.0" x 54.0" x 216.0"
Extruded Polystyrene Foam (XPS) $5.85 100.0 140.0 0.1 1.3-3.0 Yes 4.0" x 48.0" x 96.0"
Polyisocyanurate Foam (Polyiso) $10.68 16.0 40.0 0.1 20-6.0 No 45" x48.0" x 120.0"
Polymethacrylimide Foam (Rohacell) $221.70 435.0 348.0 2.5 20-7.0 Yes 475" x 49.0" x 98.0"

COATINGS

SMOOTH-ON EPOXY RESIN EPSILON T—— BRUSH-ON POLYURETHANE RUBBER MOLD

| — |
ADVANTAGES: ADVANTAGES:
- NO MOTHER MOLD NEEDED - VERY DURABLE MOLD MATERIAL THAT IS
- QUICK APPLICATION B T REUSABLE
- NO ADDITIONAL SUPPORT PARTS Brush-on 401 - VERY ABRASION RESISTANT AND GENERALLY HAS A
- PROTECTS FOAM MOLD FOR MULTIPLE CASTS Sy B LONG LIFE
L B o ThEs Chs P - FLEXIBLE

e et o k- o aets
- FAIRLY EASY TO WORK WITH
- CAN CREATE HIGHLY ACCURATE MOLDS

- LONGER POT LIFE, MORE WORKABLE TIME

DISADVANTAGES:

- STRONG CHEMICAL REACTION, SAFETY
EQUIOMENT IS REQUIRED

- SHORTER POT LIFE, MUST WORK QUICKLY
- RE-APPLICATION IN BETWEEN CASTS IS
REQUIRED

DISADVANTAGES:

- CosT

- NEEDS A MOTHER MOLD

- PRECISE MEASUREMENT AND THOROUGH MIXING FOR
PROPER REACTION

- MULTIPLE COATS AND CURE TIME MAKE CASTING
PROCESS LONGER
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DIGITALLY SCULPTED BRANCHING MANIFOLD FORMWORK MATERIALS

CONTROL TESTS: NO COATING
POLYISO

ORIGINAL MOLDS

POST-CASTING

SURFACE TEXTURE

DEEP FLAW

SHALLOW FLAW DEEP FLAW
0.13"x0.32" 0.29"x0.28"

BRUSH-ON EPSILON: IMPACT

XPS EPS

ADHERED FOAM
0.10"x0. 11"
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ADHERED FOAM

0.10"x0.18"

POLYISOCYANURATE (POLYISO)

WHEN TESTING THE RELEASE OF THE POLYISO MOLD, THE BOND BETWEEN THE
FOAM AND THE CONCRETE CAST WAS STRONGEST AT THE EDGES. THE
EXTERIOR EDGE OF THE MOLD BEGAN TO DEFORM UNDER THE FORCE OF
PULLING TO RELEASE IT FROM THE CONCRETE. ULTIMATELY, IT BROKE ALONG
THE SEAM WHERE THE TWO 2-IN. SHEETS WERE FLUSHED TOGETHER WITH AN
AEROSOL ADHESIVE. THE FORMWORK WAS DEFORMED AND NOT ABLE TO BE
REUSED FOR A SECOND CAST. DIME SIZED PIECES OF POLYISO REMAINED STUCK
TO THE CONCRETE CAST AS WELL AS A THIN LAYER OF FOAM PARTICLES.

EXTRUDED POLYSTYRENE (XPS)

RELEASE FROM THE XPS MOLD WAS NOT ANY EASIER IN REGARDS TO FORCE
APPLIED FOR SEPARATION BUT IT DID NOT ADHERE TO THE CONCRETE AT ALL
AND THE FORM WAS STILL INTACT ONCE ISOLATED. IT IS REUSABLE FOR AT
LEAST ONE MORE CAST.

EXPANDED POLYSTYRENE (EPS)

THE EPS CONTROL TEST REMAINED MORE INTACT DURING RELEASE. ONE
CORNER OF THE MOLD BROKE OFF UNDER THE FORCE OF RELEASE. SMALL
EXPANDED CELL PIECES REMAINED ON THE SURFACE OF THE CONCRETE CAST
AND THE SURFACE QUALITY ALSO RETAINED THE CELLULAR TEXTURE OF THE
EPS FoAM
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ORIGINAL MOLDS

POST-CASTING

SURFACE TEXTURE

SHALLOW FLAWS

POLYISO
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POLYISOCYANURATE (POLYISO)

THE TEXTURAL QUALITY OF THE POLYISO MOLD RETAINED THE DUSTY
SURFACE QUALITY OF CUT POLYISO AND THE APPLICATION OF THE EPSIOLN
CREATED A TEXTURE WITH SMALL BUMPS THE SIZE OF THE POLYISO CELLS.
WHEN THE CONCRETE CAST WAS RELEASED THIS TEXTURE WAS RETAINED ON
THE SURFACE OF THE CONCRETE AS WELL. THE MOLD ITSELF REMAINED
INTACT AND CAN BE USED FOR A SECOND CAST.

EXTRUDED POLYSTYRENE (XPS)

RELEASE FROM THE XPS MOLD WAS ALSO EASY. THE SURFACE QUALITY WAS
EXTREMELY SMOOTH AND RETAINED A FINISH SIMILIAR TO THE EPOXY ITSELF.
THE MOLD TORE SLIGHTLY AT THE EDGES WHERE THE EPOXY COATED OVER
THE SEAM BETWEEN FOAM AND WOOD SCAFFOLDING. ANOTHER COAT OF
EPOXY OVER THE MOLD WOULD ENSURE AT LEAST ONE MORE CAST FROM THIS
FORMWORK.

EXPANDED POLYSTYRENE (EPS)

THE EPS MOLD WITH EPSILON RELEASED THE SAME AS THE PREVIOUS TWO
MOLDS AND THE MOLD REMAINED INTACT ENOUGH TO CREATE ANOTHER
CAST.

THE SURFACE QUALITY OF THE CONCRETE CAST WAS SIMILIAR TO THE EPS
FOAM AND THERE WERE SEVERAL CELLULAR HOLES ALONG THE SURFACE
THAT MATCH IN SIZE TO THE CELLULAR COMPONENTS OF EPS FOAM.

EPS
XPS

PoOLYISO

DURABILITY

EPS
XPS

PoLYISO

SURFACE
QUALITY

EPS
XPS

POLYISO

MOLD RELEASE

OUT OF THE THREE FOAMS, XPS WORKED BEST IN TERMS OF PRICE, DURABILITY AND SURFACE QUALITY. THE EPSILON COATING WORKED WELL
NOT ONLY IN MOLD RELEASE BUT ALSO AS A MOLD PROTECTIVE SHELL
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MATERIAL RESEARCH

BRUSH-ON POLYURETHANE RUBBER COMPOUNDS
POLYISO XPS EPS POLYISOCYANURATE (POLYISO)

THE POLYISO MOLD REMAINED ADHERED TO A PORTION OF THE FOAM AND
THE WOOD FRAME BECAUSE OF THE BRUSH ON RUBBER'S BOND. THE
CONCRETE SURFACE WAS SMOOTH WITH ONLY A FEW AIR BUBBLE HOLES AND

BRUSH STROKE INDENTIONS FROM THE APPLICATION OF THE RUBBER ONTO
N THE FOAM. UPON CLOSER SURFACE ANALYSIS, MOST OF THE SURFACE IS
- FREE OF IMPERFECTIONS WITH ONLY MINOR FLAWS.
o
>
] EXTRUDED POLYSTYRENE (XPS)
<
Z THE XPS MOLD BONDED TO THE FOAM STRONGER THAN THE WOOD AND
O REMAINED ABOUT 60% INTACT AFTER THE CONCRETE WAS EXTRACTED. THE
g CONCRETE WAS EQUALLY SMOOTH TO THE POLYISO MOLD AND HAD A FEW
AIR BUBBLE HOLES.
EXPANDED POLYSTYRENE (EPS)
THE EPS MOLD DID NOT REMAIN INTACT AND THE BRUSH ON RUBBER ONLY
REMAINED INTACT TO THE CONCAVE SECTION OF THE FOAM. THE CONCRETE
WAS BUMPY AND CONTAINED SEVERAL LARGER AIR BUBBLE HOLES.
O
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SHALLOW FLAWS DEEP FLAWS DEEIP FLAWSI. - VRY I;;EP FLAWS | | DEEP FLAWS
60% OF SURFACE 0.12"x0.20" AVG. 0.23"x0.22" AVG. 0.29"x0.55" AVG. 0.15"x0.20"
ADDITIONAL RUBBER TESTING
POLYISO XPS EPS A SECOND CASTING TEST WAS COMPLETED TO UNDERSTAND THE MOLD

RELEASE FROM A SEMI- CYLINDRICAL FORM AND THE SURFACE QUALITIES
CREATED FROM A SOURCE FORM METHOD USING BRUSH-ON RUBBER.

POLYISOCYANURATE (POLYISO)

A THIN LAYER OF THE POLYISO FOAM REMAINED ATTACHED TO THE INTERIOR
SURFACE OF THE MOLD AND WAS ADHERED SECURELY ENOUGH THAT IT
COULD NOT BE WASHED OFF. THAT, IN ADDITION TO THE TEXTURE THE
RUBBER ITSELF CAPTURED, RESULTED IN A CONCRETE SURFACE THAT WAS
ROUGH WITH VERY SMALL CELLULAR POCKETS THAT COMPOSE POLYISO FOAM.

ORIGINAL MOLDS

EXTRUDED POLYSTYRENE (XPS)

THE XPS FOAM RELEASED FROM THE RUBBER MOLD VERY EASILY, AND SINCE
XPS FOAM HAD A MORE SOLID CELLULAR MAKEUP, THE RUBBER MAINTAINED
A SMOOTH SURFACE THAT SHOWED ONLY THE CUT LINES FROM THE BAND-
SAW USED TO CUT THE FOAM SEMI-CYLINDRICAL SOURCE FORM. THE
CONCRETE SURFACE MAINTAINED THE SAME TEXTURE. A FEW AIR BUBBLES
MARKED THE SURFACE BUT THAT IS BELIEVED TO BE FROM NOT ENOUGH
VIBRATION WHILE CURING.

EXPANDED POLYSTYRENE (EPS)

THE EPS FOAM ALSO RELEASED WITH EASE. THE MOLD CAPTURED THE
LARGE CELL TEXTURE OF THE EPS FOAM AND THE CONCRETE SURFACE
ALSO MAINTAINED THE TEXTURE. WHERE HOLES APPEAR TO BE AIR BUBBLES
AT FIRST GLANCE, ACTUALLY ARE THE NEGATIVE OF THE RUBBER

SHALLOW FLAW oEEP FLAW bEP FLAW CAPTURING THE INTERIOR OF THE OPEN CELLS FROM THE EPS SOURCE FORM.
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A DEEP FLAWS SHALLOW FLAWS DEEP FLAWS
AVG. 0.13"X0.18" AVG. 0.12"X0.17" AVG. 0.12"X0.17" AVG. 0.08"X0.16"

EPS
XPS

PoLYISO

MOLD RELEASE

MOLD RELEASE WAS MORE DIFFICULT THAN THE RELEASE FROM THE EPSILON. DUE TO THE ADDITIONAL TIME AND PROCESSES REQUIRED FOR
RUBBER COATINGS, AS WELL AS COST AND RELEASE DIFFICULTY, THIS METHOD PROVED TO BE LESS EFFECTIVE THAN USING EPSILON AS A COATING.
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ADDITIONAL CONSIDERATIONS

FOAM DURABILITY AND SCAFFOLDING

IN ORDER TO MAXIMIZE THE DURABILITY OF THE FOAM MOLDS, THE
EXTERIOR OF ALL FOAM PIECES WILL BE PROTECTED WITH PLYWOOD
SHEETS. THIS ALLOWS EVEN PRESSURE TO BE APPLIED TO THE
FORMS TO ENSURE TIGHT SEAMS IN THE CONCRETE WITHOUT
DAMAGING THE FORMS WITH THE RATCHET STRAPS.

CONNECTING: HOW THINGS KEY TOGETHER

DISCREPANCIES IN THE ALIGNMENT OF SEAMS CAUSED NUMEROUS
PROBLEMS WHEN TESTING THE FOAM PIECES. ONE OF THE
PRECEDENTS RESEARCHED, THE ZOLLHOF TOWERS, UTILIZED PVC
PIPES RUNNING THROUGH THE FOAM FORMS TO PROPERLY ALIGN
THE SEAMS. HOWEVER, THE TOOLS AVAILABLE TO US WERE UNABLE
TO DRILL HOLES DEEP ENOUGH AND WITH THE PRECISION REQUIRED
TO UTILIZE PVC PIPES, INSTEAD |/2" WOODEN DOWELS ARE TO BE
INSERTED INTO THE FOAM TO ACT AS KEYS BETWEEN THE PIECES.
TEMPLATES ARE TO BE USED TO PROPERLY ALIGN ALL KEYS, AND
HOLES IN THE FOAM WILL BE COATED WITH EPSILON TO PROTECT IT
FROM DAMAGE. EVERY FORM WILL HAVE THREE TO FOUR KEYS ON
ALL SIDES THAT CONNECT TO ANOTHER PIECE OF FOAM.

REMOVAL OF EXCESS MATERIAL

THE SIMPLE ORTHOGONAL FORMWORK THAT RESULTED FROM THE
GRASSHOPPER DEFINITION CONTAINED MANY AREAS WHERE THE
HIGH DENSITY FOAM EXCEEDED THE REQUIRED THICKNESS FOR
CASTING CONCRETE. TO MINIMIZE WASTE OF MATERIAL, THE
FORMWORK WAS SUBDIVIDED TO CREATE CUTTING PLANES
ALLOWING FOR THE REMOVAL OF EXCESS MATERIAL.

FORMWORK DEVELOPMENT - PROTOTYPE |

DIGITAL FORMWORK FABRICATION

THE FORMWORK DESIGN WAS A COMPLEX MULTI-STEP PROCESS THAT TOOK INTO ACCOUNT ISSUES
ENCOUNTERED IN PREVIOUS PROJECTS, SUCH AS CROWDING AND BLOCKAGE AT THE CENTRAL JOINT, TIME
REQUIRED FOR SET-UP, ALIGNMENT OF NODES AND REBAR WITHIN THE FORM, AND SURFACE QUALITY
INCONSISTENCIES. ADDITIONAL CONSIDERATIONS WERE REQUIRED FOR THE DIGITALLY SCULPTED FORMWORK,
INCLUDING MATERIAL STRENGTH (FOAM), CNC MILLING LIMITATIONS AND MILLING DIRECTION AND TEXTURE.
UTILIZING THE GIVEN GEOMETRY OF A TRIFURCATED COLUMN, A GRASSHOPPER DEFINITION WAS DEVELOPED
TO CREATE PRECISE FORMWORK THAT COULD THEN BE ADAPTED TO MORE ELABORATE GEOMETRIES.

A KEY PARAMETER WAS DETERMINING A MINIMUM THICKNESS OF FOAM REQUIRED FOR CASTING CONCRETE.
THROUGH AN ANALYSIS OF THE XPS FOAM'S COMPRESSIVE STRENGTH, DURABILITY AND MATERIAL TESTING,
IT WAS CONCLUDED THAT THE MINIMUM THICKNESS OF THE FOAM AROUND THE GEOMETRY SHOULD BE
1.25" TO 1.50" IN ORDER TO CAST CONCRETE WITHIN IT. THE FORMWORK'S EXTERIOR GEOMETRY WAS
DESIGNED TO ALLOW FOR PLYWOOD REINFORCING THAT WOULD WORK AS SCAFFOLDING, A STRONG SURFACE
TO APPLY EVEN PRESSURE ONTO, AND AID FOAM DURABILITY.

WITHIN THE GRASSHOPPER DEFINITION, THE CENTER LINE GEOMETRY AND POINTS OF INTERSECTION OF THE
TRIFURCATING FORM WERE USED TO CREATE IRREGULAR CUTTING PLANES THAT WERE THEN JOINED TO
DISSECT THE OVERALL FOAM BLOCK. TO ACCOUNT FOR THE POTENTIAL FOR BLOCKAGE IN THE CENTER
JOINT, THE FORMS WERE DESIGNED TO BE POURED IN TWO PARTS. THIS ALSO ALLOWS FOR THE NODES TO
BE PROPERLY ALIGNED INSIDE THE FORMWORK AND VISUALLY INSPECTED PRIOR TO POURING. THE RESULTING
FORMWORK CONSISTS OF SEVEN PARTS - SIX EXTERIOR FORMS AND ONE STATIONARY PIECE IN THE MIDDLE.

APPLYING PRESSURE

RATCHET STRAPS ON THE EXTERIOR OF THE FORMS APPLY THE
NECESSARY PRESSURE TO CAST CONCRETE. AS EVIDENT ON THE
2D PLASTIC FORMWORK, CONCRETE EXERTS A GREAT AMOUNT OF
PRESSURE, PARTICULARLY AT THE BASE. RATCHET STRAPS WILL
FIT ON TRACKS ATTACHED TO THE PLYWOOD SCAFFOLDING AND
WILL BE TIGHTENED PRIOR TO POURING.

DETERMINING WATER TIGHTNESS

ATTEMPTS TO IMPROVE THE APPEARANCE OF SEAMS BETWEEN THE FORMWORK PIECES WAS
CONDUCTED USING XPS FORMS COATED WITH EPSILON. SEAMS WERE NOTICEABLE AROUND THE EDGES
OF THE FORMS DUE TO POOR ALIGNMENT OF PIECES, BUT MORE IMPORTANTLY, IT WAS EVIDENT THAT
THE ISSUE OF WATER TIGHTNESS NEEDED TO BE RESOLVED AS OUR FORMS WERE SEEPING WATER AT
THE SEAMS. SCULPTEX MODELING CLAY WAS RECOMMENDED FOR THIS ISSUE AND WILL BE UTILIZED
ON ALL SEAMS OF THE FIRST CAST.

LOCATING REBAR

DIVIDING THE FORMS THROUGH THE CENTER OF THE GIVEN GEOMETRY PRODUCED THREE FORMS, WHICH
WERE THEN SPLIT IN HALF TO IMPROVE REBAR AND NODE PLACEMENT. THE DIVISION OF FORMS
ALLOWS FOR THE REBAR AND NODE STRUCTURE TO BE ASSEMBLED OUTSIDE THE FORMWORK AND
THEN SECURED TO PLYWOOD "FEET" THAT CAN THEN BE ENVELOPED BY THE BOTTOM THREE PIECES
OF FORMWORK. THE MIDDLE NODE AND TOP REINFORCEMENT WOULD REMAIN EXPOSED WHILE THE
CONCRETE IS POURED INTO THE BOTTOM FORMS. UPON COMPLETION OF THE FIRST POUR, THE TOP
FORMS CAN BE KEYED AND SECURED IN PLACE USING STRAPS TO SEAL SEAMS BETWEEN FOAM
PIECES. TOP NODE AND REBAR ALIGNMENT ARE TO BE ACHIEVED USING A PIN CONNECTION BRIDGING
THE TOP NODE TO THE TOP FORMS.

UNDERSTANDING TEXTURE

IN ORDER TO REDUCE MILLING TIME AND MASK SEAMS IN THE CAST COLUMNS, THE FORMWORK WILL
BE ROUGH MILLED USING A |/2" END MILL BIT AND FINISHED USING A |/4" BALL NOSE BIT WITH /5%
OVERLAP. HYPOTHETICALLY, THE RESULTING SURFACE TEXTURE WILL BE SUBTLE, YET ENOUGH TO
HELP HIDE POTENTIAL IMPERFECTIONS.
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DIGITALLY SCULPTED BRANCHING MANIFOLD DIGITAL FABRICATON

STRUCTURAL NODE FABRICATION
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Center Node Selection
Input Geometry and Cle:

THE NODES CREATED FOR THE BRANCHING MANIFOLF FORMWORK CONTAIN THE
SAME WEAVERBIRD TRIANGULATED MESH AS THE NODES DEVELOPED IN THE
INITIAL RESEARCH AND DEVELOPMENT. THE DEFINITION HAS BEEN RE-WRITTEN
TO ACCOMODATE VARIABLE CHANGE IN SCALE OF GEOMETRY. ADDITIONALLY,
DESIGN ALTERATIONS HAVE BEEN MADE TO MITIGATE THE DIFFICULTIES
FACED IN PREVIOUS RESEARCH SUCH AS A LARGE TOP NODE HINDERING A
STEADY CONCRETE POUR AND INADEQUATE BOTTOM NODES FOR STABILITY.

WE WILL BE TESTING TWO DIFFERENT MESH SCALES TO RECORD IF THEY
AFFECT THE STRUCTURAL PROPERTY OF THE NODE IN ADDITION TO SAVING
30% OF 3D PRINT PRODUCTION TIME.

THE MOST COMMON TESTING MACHINE USED IN TENSILE TESTING IS THE
UNIVERSAL TESTING MACHINE. THIS TYPE OF MACHINE HAS TWO
CROSSHEADS; ONE IS ADJUSTED FOR THE LENGTH OF THE SPECIMEN AND THE
OTHER IS DRIVEN TO APPLY TENSION TO THE TEST SPECIMEN. THERE ARE
TWO TYPES: HYDRAULIC POWERED AND ELECTROMAGNETICALLY POWERED
MACHINES

ASTM STANDARDS FOR TENSILE TESTING: (ﬂ..-ELb’)

11.3.2 NOMINAL STRAIN: NOMINAL STRAIN IS THE CHANGE IN GRIP
SEPARATION RELATIVE TO THE ORIGINAL GRIP SEPARATION EXPRESSED AS A
PERCENT. NOMINAL STRAIN IS CALCULATED USING THE APPARATUS

Material Tensile Strength Compressive Strength Flexural Strength DESCRIBED IN 5.1.7.
ASTM D638 TYPE IV ASTM D695 ASTM D790
STANDARD / MAX STANDARD / MAX STANDARD / MAX 11.53.2.1 NOMINAL STRAIN AT BREAK: CALCULATE THE NOMINAL
STRAIN AT BREAK BY READING THE EXTENSION (CHANGE IN GRIP
NYLON 5,600 PSI / 6,6550 PSI 7,400 PSI / 7,900 PSI 8,800 PSI /9,700 PSI SEPARATION) AT THE POINT OF RUPTURE. DIVIDE THAT EXTENSION BY THE
PLA 6,783 PSI / 9,531 PS| 2,600 PSI / 13,600 PS| 8,970 PSI / 13,731 PS| ORIGINAL GRIP SEPARATION AND MULTIPLY BY 100.
ABS 4,936 PSI / 5532 PSI 1,100 PSI / 7,100 PSI 5,344 PSI / 8,646 PSI I1.4. MODULUS OF ELASTICITY: CALCULATE THE MODULUS OF
PRINT SETTINGS PRINT SETTINGS PRINT SETTINGS ELASTICITY BY EXTENDING THE INITIAL LINEAR PORTION OF THE LOAD-
EXTRUDER TEMPERATURE: 235-270° C EXTRUDER TEMPERATURE: 180-220° C EXTRUDER TEMPERATURE: 220-235° C EXTENSION CURVE AND DIVIDING THE DIFFERENCE IN STRESS CORRESPONDING
BED TEMPERATURE: 60-80° C BED TEMPERATURE: 20-55° C BED TEMPERATURE: 80-110° C TO ANY SEGMENT OF SECTION ON THIS STRAIGHT LINE BY THE
BED ADHESION: PVA BASED GLUE BED ADHESION: BLUE PAINTER'S TAPE BED ADHESION: KAPTON/HAIRSPRAY CORRESPONDING DIFFERENCE IN STRAIN. ALL ELASTIC MODULUS VALUES
SHALL BE COMPUTED USING THE AVERAGE ORIGINAL CROSS-SECTIONAL AREA
NYLON MUST BE PRINTED WITH A PLA WAS PRINTED ON A FLASHFORGE ABS REQUIRES HIGHER TEMPERATURE IN THE GAGE LENGTH SEGMENT OF THE SPECIMEN IN THE CALCULATIONS.
SPECIFIC 3D PRINTER SO PRINTING OF 3D PRINTER AND LAMINATED WELL. TO PRINT BOTH IN PLATE, EXTRUDER THE RESULT SHALL BE EXPRESSED IN PASCALS (POUNDS-FORCE PER SQUARE
THE TEST NODES WAS OUTSOURCED THE ONLY INCONSISTENCY IS WHEN AND ROOM TEMPERATURE. ATTEMPTED INCH) AND REPORTED TO THREE SIGNIFICANT FIGURES.
TO TRILLIANT SYSTEMS. WE LOST THE PRINT WAS BUILDING UNSUPPORTED ABS PRINTS FROM THE FLASH FORGE
EXECUTIVE CONTROL OF PRINT DIAGONALS. BOTH NODES WERE PRINTED 3D PRINTER FAILED 20-45% THROUGH
ORIENTATION AND SETUP. SUCCESSFULLY. THE PRINT.

TESTING RESULTS

3000
’ . -
| 2000
[7)]
a
x 1500 mn N YLON TESTI
- ms N YLON TEST2
000
500
0 ‘
.6
DEFLECTION (IN)
NYLON PLA ABS

WHEN TENSILE TESTING THE NODES, THE COMPRESSION CAUSED BY THE CLAMPS SET TO 95 KIPS FAR EXCEEDED THE COMPRESSIVE STRENGTH OF PLA, THE FORCE CAUSED A BREAK ON THE SHAFT OF THE PLA TEST
NODES AND TENSILE DATA COULD NOT BE COLLECTED. ADDING A MANUAL CLAMP TO THE MACHINE ALLOWED FOR A LESS FORCEFUL GRIP AND THE TENSILE DATA ABOVE WAS COLLECTED.
THE NYLON HAS A MORE ELASTIC QUALITY AND STRETCHED UP TO 2 |/2" BEFORE SEPARATION.
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DIGITALLY SCULF’TED BRANCHING MANIFOLD PHYSICAL CONSTRUCTION

FORMWORK PREPARATION & PROTOTYPE |

\":j%

POSITIONING OF REBAR AND NODES REBAR POSITIONING IN FORMWORK

FIRST POUR COMPLETE FORM ASSEMBLED & CAST PROTOTYPE |

FORMWORK AFTER FIRST CAST

PROTOTYPE | CONCLUSION

CASTING OF THE FIRST COLUMN IN THE FOAM FORM WAS RELATIVELY SUCCESSFUL, THOUGH
THERE WERE ISSUES THAT NEED TO BE ADDRESSED FOR FUTURE CASTS TO BE IMPROVED.

CONCRETE QUALITY

REGULAR QUIKCRETE MIXED AS SPECIFIED BY THE MANUFACTURER WAS USED FOR THE CAST OF
THE FIRST COLUMN BUT THE RESULTING SURFACE QUALITY WAS INFERIOR. AGGREGATE AND
SAND SANK TO THE BOTTOM, AND THERE WERE A NUMBER OF AIR POCKETS THROUGHOUT THE
FORM. A DIFFERENT MIX SHOULD BE USED FOR THE NEXT CAST, AND THE FORM SHOULD BE
VIBRATED THOROUGHLY AFTER POURING.

WATER TIGHTNESS

WATER ESCAPED FROM THE BOTTOM AND MIDDLE SEAMS DUE TO INCONSISTENCIES IN MILLING.
THESE POINTS OF INTERSECTION REQUIRE ADDITIONAL ATTENTION AND SHOULD BE BETTER
SEALED FOR FUTURE CASTS.

FORM LOCKING/DISASSEMBLY

THE FORMS WERE LOCKED INTO PLACE ONCE CAST BECAUSE THE MIDDLE PEGS HOLDING THE
TOP AND BOTTOM PIECES TOGETHER MADE IT DIFFICULT TO PULL THE FORMS HORIZONTALLY.
HOWEVER, THE MALLEABILITY OF FOAM ALLOWED FOR THE FORMS TO BE FORCED AWAY FROM
EACH OTHER.

PEGS

THOUGH THE WOODEN PEGS WORKED WELL FOR ALIGNING ALL THE PIECES TOGETHER, THEY
WERE DIFFICULT TO SET IN PLACE.

MIDDLE PIECE DISASSEMBLY

ONCE THE FORM WAS CAST AND HARDENED, THE MIDDLE PIECE SHAPING THE INNER PORTION OF

THE LEGS WAS LOCKED INTO PLACE DUE TO THE WIDENING OF THE FEET ON THE GEOMETRY. CENTER PIECE AFTER SLICING FOR REMOVAL FROM FORM.
DDITIONAL CUTS WERE MADE TO THE PIECE TO DISASSEMBLE IT.
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DIGITALLY SCULPTED BRANCHING MANIFOLD DIGITAL FABRICATON

DIGITAL FORMWORK FABRICATION

FOR PROTOTYPE ||, WE REVISITED THE THREE-LEGGED BRANCHING COLUMN DEVELOPED DURING THE FABRIC
MESH FORMWORK TESTING DONE IN A PRIOR RESEARCH PROJECT. THE NEW FORM HAD UNIQUE CHALLENGES
THAT PROTOTYPE | DID NOT HAVE SUCH AS ADDITIONAL JOINTS, REDUCTION IN COLUMN DIAMETER, AND
ALIGNMENT ISSUES BETWEEN THE TOP AND BOTTOM LEGS FOR COLUMN STACKING.

SLIGHT MODIFICATIONS WERE MADE TO THE DEVELOPED GEOMETRY TO ADDRESS ISSUES ENCOUNTERED BY
PRIOR RESEARCH AND ALSO TO MAKE IT POSSIBLE FOR THE COLUMNS TO BE STACKED. COLUMN JOINTS
WERE WIDENED TO IMPROVE THE FLOW OF CONCRETE AROUND THE NODES AND REBAR STRUCTURE. THE
BASES AND TOPS OF THE COLUMNS WERE ALSO MODIFIED TO SHIFT THE DIRECTION OF LOADS FROM ONE
COLUMN TO THE OTHER WHEN STACKED.

IN THE DEVELOPMENT OF THE FORMWORK, THE BRANCHING GEOMETRY WAS SPLIT TO ALLOW THE USE OF
RECTILINEAR FORMWORK THAT WOULD SURROUND EACH LEG AND BE DIVIDED ALONG A CENTRAL CUTTING
PLANE. ORIGINALLY, THE FORMWORK CONSISTED OF SIX PIECES, TWO FOR EACH LEG, WITH A WEDGED END
ENCOMPASSING THE CENTER CONNECTION SHARED BY ALL THREE COLUMNS. HOWEVER, THIS DESIGN DID NOT
TAKE INTO ACCOUNT THAT THE FORMWORK WOULD BE LOCKED IN PLACE AFTER CASTING BECAUSE THE
WEDGE CENTERS WOULD NOT ALLOW FOR THE ANGLE NEEDED TO PULL OFF THE FORMWORK CLEANLY WHILE
PRESERVING IT FOR ANOTHER CAST.

MODIFICATION OF NODES

THE NODE DEFINITION USED ON PROTOTYPE | WAS COMPATIBLE WITH
PROTOTYPE || BUT NEEDED TO BE ALTERED TO MEET THE NEW
PARAMETERS. FOR EXAMPLE, THE CENTER NODES FOR THE NEW
GEOMETRY DID NOT NEED TO HAVE FOUR CONNECTIONS INTERSECTING
LIKE IN THE PROTOTYPE | GEOMETRY. BY ALTERING THE DEFINITION
INTEGER VALUE TO THREE, THE THREE CENTER INTERSECTIONS IN
THE PROTOTYPE |l CENTERLINE GEOMETRY WERE DETECTED AND
NODES WERE GENERATED. ADDITIONALLY, THE PROTOTYPE ||
GEOMETRY IS TO BE CAST TWICE NOT ONLY TO TEST THE
REUSABILITY OF THE FORMWORK BUT ALSO TO TEST THE ABILITY OF
'THE FORM TO BE STACKED. STEEL PLATES WOULD BE USED TO
CREATE A LEVEL PLATFORM THAT THE TWO FORMS COULD BE JOINED
AND BOLTED TOGETHER. TO ALLOW FOR NODAL ATTACHMENT TO
THE TOP PLATES ON THE BOTTOM FORM, A DESIGN LIKE THE ONE
FOR THE BASE NODES IS NEEDED TO BE APPLIED TO THE TOP NODES
BUT INVERTED. THE BASE FOR THE TOP NODES IS THEN ROTATED
ABOUT THE CENTERLINE GEOMETRY TO SET THE BOLT HOLES. BOTH
THE TOP NODES OF THE FIRST FORM AND THE ADJOINING BASE
NODES FROM THE SECOND FORM COINCIDE IN ALIGNMENT.

CENTER PIECE DEVELOPMENT

A CENTER FORM PIECE WAS DEVELOPED DUE TO AN OVERSIGHT IN THE
FIRST DESIGN OF THE FORMWORK. SIMILAR TO THE BOTTOM PIECE OF
PROTOTYPE |, THE CENTER PIECE ADDRESSES A COMPLICATION IN THE
GEOMETRY WHERE THE THREE LEGS ARE CONNECTED. IT IS A CRITICAL
JOINT THAT DETERMINES THE STRUCTURAL ABILITY OF THE GEOMETRY.
CASTING OF THIS JOINT HINDERED THE SUCCESS OF THIS GEOMETRY IN
THE FABRIC FORMWORK RESEARCH. THE NEW CENTRAL FORM CONSISTS OF
TWO EQUILATERAL TRIANGULAR PIECES MEETING IN THE CENTER AND
COMPRESSED INTO ALIGNMENT BY THE FLAT INTERIOR ENDS OF THE THREE
LEG FORMS.

SEAM ALTERATIONS

IN THE FIRST CAST OF PROTOTYPE |, CLAY WAS USED ALONG THE FOAM
SEAMS TO NOT ONLY SMOOTH THE GEOMETRY BUT TO PROVIDE WATER
TIGHTNESS. THE BOTTOM OF THE FORMWORK DID EXPERIENCE LEAKAGE
OF WATER AND CEMENT IN SPITE OF THE CLAY. THIS RESULTED IN
EXPOSED AGGREGATE AND ROUGH EDGES AROUND THE FOOTING OF THE
COLUMN.

THIS ISSUE IS ADDRESSED IN PROTOTYPE Il VIA A COMBINATION OF GLAD
PRESS [N SEAL AND CLAY THAT WILL BE USED TO HELP SEAL THE
SEAMS AT THE FOOT OF THE COLUMN. NOT ONLY WILL THIS STRATEGY
POTENTIALLY PROTECT THE FORMWORK FROM A BLOWOUT, BUT IT WILL
ALSO KEEP THE WATER INSIDE THE FORMWORK.

BOLT CONNECTIONS

THE WOODEN PEGS USED IN THE FORMWORK OF PROTOTYPE | AIDED IN THE
ALIGNMENT OF MULTIPLE PIECES OF FORMWORK SIMULTANEOUSLY. THIS
IDEA IS TAKEN A STEP FURTHER IN PROTOTYPE |l BY UTILIZING BOLTS
INSTEAD OF PEGS TO ALIGN THE FORMWORK AND ALSO TO AID IN
COMPRESSION TO ENSURE WATER TIGHTNESS AND MINIMIZE SEAMS. BOLTS
WILL BE PLACED SYSTEMATICALLY THROUGHOUT THE FORMWORK
ACCORDING TO THE INDIVIDUAL NEED FOR COMPRESSION ON EACH LEG.
THEY WILL BE TIGHTENED WITH WASHERS AND NUTS TO THE EXTERIOR OF
THE FORMWORK. A PLYWOOD BACKING OF 3/8[ WILL HELP ADD RIGIDITY
TO THE EXTERIOR FACE OF THE FORMWORK TO ALLOW TIGHTENING OF THE
BOLTS AND ACT AS A DIAPHRAGM FOR THE DISTRIBUTION OF THE FORCE
FROM A POINT LOAD TO THE ENTIRE EXTERIOR FACE OF THE FORMWORK.
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THE DESIGN WAS THEN MODIFIED TO MAKE THE CENTRAL JOINT ITS OWN PIECE SPLIT IN TWO PARTS. THIS
MIDDLE PIECE WAS THEN TO BE COMPRESSED INTO PLACE BY THE SIX EXTERIOR PIECES OF FORMWORK.
PLYWOOD BACKING WAS APPLIED TO THE RECTILINEAR FORMS BUT RATHER THAN RELYING ON WOODEN PEGS
AND RATCHET STRAPS FOR ALIGNMENT AND COMPRESSION, BOLTS WERE USED TO REGULATE COMPRESSIVE
FORCE UNIFORMLY AROUND THE FORMWORK AND ENSURE ALIGNMENT OF THE LEGS.

NODE FABRICATION

CONNECTING PLATES

THE STEEL PLATES ARE DESIGNED TO CREATE A STRONG AND LEVEL
PLATFORM SO THAT THE TWO CAST COLUMNS CAN BE STACKED UPON
ONE ANOTHER AND BOLTED INTO ALIGNMENT. THESE PLATES MIMIC
THE SHAPE OF BOTH THE HEADING AND FOOTING OF THE GEOMETRY.
IN THE PREVIOUS GEOMETRY DEVELOPED BY THE FABRIC FORMWORK
TEAM, THE FOOTING AT THE BOTTOM OF THE GEOMETRY AND THE
TOP OF THE GEOMETRY ALIGN VERTICALLY BUT DO NOT ALIGN IN
FOOTPRINT DUE TO THE RELAXATION MESH THAT WAS APPLIED TO
REPLICATE A FABRIC EXTERIOR. TO ADDRESS THIS INCONSISTENCY,
THE GEOMETRY NEEDED TO BE ALTERED TO HAVE THE SAME
FOOTPRINT AT THE TOP AND BOTTOM OF THE COLUMN LEGS. THIS
ALTERATION SERVED TWO PURPOSES: TO MAKE THE FORMS
STACKABLE, AND TO WIDEN THE FOOTPRINT AND CREATE A LARGER
AREA FOR THE SERVICE LOADS TO BE DISTRIBUTED DOWN ONTO. THE
RESULTING FOOTPRINT RESEMBLES AN EGG SHAPE, A ROUNDED SEMI-
CIRCLE ON THE EXTERIOR OF THE LEG AND A SUBTLE TRANSITION TO
AN OVOID THAT NARROWS TO A SMALLER RADIUS ON THE INTERIOR
OF THE LEG. THESE PLATES ARE TO BE SCULPTED TO MATCH THE
FOOTPRINT OF THE COLUMN AND ALIGN INTO A CLEAN EDGE WITH
EACH OTHER.
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DIGITALLY SCULPTED BRANCHING MANIFOLD PHYSICAL CONSTRUCTION

FORMWORK PREPARATION & PROTOTYPE |

FORMWORK AFTER FIRST CAST

PROTOTYPE || CONCLUSION

WATER/CEMENT RATIO

DURING THE FIRST CAST OF PROTOTYPE |l, THE CONSISTENCY OF THE CONCRETE PER GATE
PRECAST'S RECOMMENDATIONS HAD LESS THAN |/2" SLUMP AND IT WAS BELIEVED THAT THE
RESULTING AIR-POCKETS IN THE SURFACE QUALITY OF THE CONCRETE WERE DUE TO A LACK OF
FLUIDITY IN THE CONCRETE WHEN POURED. VIBRATION WAS APPLIED BUT LARGE HOLES ARE
STILL PRESENT ON THE FORM. DURING THE SECOND CAST, THE MIX RATIO OF CEMENT, SAND,
AGGREGATE AND WATER WAS ALTERED TO PRODUCE A 3" SLUMP. THE FORM WAS VIBRATED
SIMILARLY TO THE FIRST CAST. WE BELIEVED THE SURFACE QUALITY OF THE FORM WOULD
IMPROVE, BUT THE RESULTS WERE VERY SIMILAR TO THE FIRST CAST. THERE WERE NOT ANY
POCKETS THAT WOULD ALTER THE STRUCTURAL INTEGRITY OF THE COLUMN BUT THE
PERCENTAGE OF POCKETS ON THE SURFACE IS THE SAME.

ALIGNMENT OF MIDDLE FORMS

THE ALIGNMENT OF THE CENTER TOP AND BOTTOM PIECES PROVED TO BE MORE DIFFICULT THAN MISALIGNMENT PLYWOOD BOWING
ANTICIPATED. THE LOCATION OF JOINTS OF THE TOP AND BOTTOM PIECES TO THE REST OF THE ' |

|

FORMWORK BECOME INVISIBLE ONCE INSERTED THROUGH THE TOP OF THE FORM. DUE TO THE
SMALL DIAMETER OF EACH LEG, PHYSICAL ACCESS TO THE CENTER SEAM IS ALSO RESTRICTED.
BECAUSE OF THIS WE HAD TO ASSUME THAT THE DIGITALLY SCULPTED EDGES WOULD MATCH
UP ACCORDINGLY.THE RELEASE OF THE CAST REVEALED THAT THE TOP HALF OF THE CENTER
FORMWORK HAD POSITIONED ITSELF TOO LOW AND THE CENTER JOINT WAS SMALLER THAN
INTENDED. DURING THE SECOND CAST IT WAS PLACED |/4" HIGHER. THE INCLUSION OF MORE
CLAY TO SECURE THE SEAMS ADDED TO THE DEPTH OF THE TOP PIECE AND RESULTED IN
SITTING TOO HIGH DURING THE SECOND CAST.

PLYWOOD THICKNESS

THE PLYWOOD USED FOR THE BACKING OF PROTOTYPE Il WAS 3/8" THICK. THE |/2" USED FOR

PROTYPE WORKED WELL UNDER THE COMPRESSIVE STRESS OF THE RATCHET STRAPS. HOWEVER,
THE 3/8" PLYWOOD USED FOR PROTOTYPE Il WAS SUBJECTED TO POINT LOADS OF COMPRESSION = g
FROM THE WASHERS AND 3/8" WAS NOT THICK ENOUGH TO KEEP IT FROM BOWING. THIS DID BUGHOLES CONCRETE SLUMP
NOT ALTER THE CAST FORM IN ANYWAY BUT INHIBITS THE REUSABILITY OF THE FORMWORK.

[
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DIGITALLY SCULPTED BRANCHING MANIFOLD APPLICATION

BRANCHING STRUCTURES

RESEARCH CONCLUSION

AT THE ONSET OF THIS RESEARCH AGENDA, THERE WERE SEVERAL DEFINED
GOALS THAT ADDRESSED TOPICS FROM PAST ITERATIONS OF FORMWORK
DEVELOPMENT. THE FIRST GOAL OF THE PROJECT WAS TO CREATE FORMWORK
THAT COULD BE USED FOR MULTIPLE CASTS, CREATING CONSISTENCY AND
ECONOMY IN FABRICATION AND DEPLOYMENT. THE SECOND GOAL WAS TO
CREATE THE FORMWORK FROM INEXPENSIVE MATERIALS IN COMPARISON TO
THE TRADITIONAL METHODS OF FORMWORK THAT ARE CURRENTLY BEING

USED IN ARCHITECTURAL CONSTRUCTION. THE THIRD GOAL WAS TO SIMPLIFY
FORMWORK ASSEMBLY IN ORDER TO AID IN USABILITY AND REPLICATION OF
FORM. LASTLY, DIGITAL TOOLS WERE TO BE EASILY ADAPTABLE SO THAT
MOST NON-EUCLIDIAN FORMS COULD BE CAST WITH MINIMAL DIGITAL WORKTIME
AND EFFICIENT FABRICATION. AFTER TESTING, THE FOLLOWING ASSUMPTIONS
CAN BE MADE.

FORM REUSABILITY

THE REUSABILITY OF THE FORMWORK WAS STILL POSSIBLE AFTER TWO CASTS
AND IT CAN BE ASSUMED THAT IT WOULD BE GOOD FOR AT LEAST FOUR TO
FIVE CASTS, IF NOT MORE, WITH MINIMAL FORM CLEANUP AND RECOATING.

COST

AFTER PRICING WAS ADDED UP, THE TOTAL COST FOR THE PROTOTYPE |
FORMWORK WAS $348.60 AND THE FORMWORK FOR PROTOTYPE Il WAS
$240.90. IF YOU DIVIDE IT PER CAST, IT IS $87.15 FOR EACH CAST OF
PROTOTYPE | AND $60.23 FOR EACH CAST OF PROTOTYPE Il. THE MORE
REUSABLE THE FORMWORK, THE MORE COST EFFECTIVE IT BECOMES. THIS MAY
OR MAY NOT BE MORE AFFORDABLE THAN OTHER CASTING METHODS EXPLORED
THROUGHOUT THE LENGTH OF THIS RESEARCH BUT IT IS MORE AFFORDABLE
THAN METHODS BEING USED FOR CONSTRUCTION CURRENTLY.

EASE OF CONSTRUCTION

THE FORMWORK WAS QUICK TO ASSEMBLE FOR RE-CASTS, BUT THE INITIAL
CONSTRUCTION TOOK [2-15 HOURS. THIS IS MUCH MORE EFFICIENT IN
COMPARISON TO OTHER METHODS EXPLORED. SET UP TIME WAS CUT BY MORE
THAN 65% COMPARED TO THE 2D PLASTIC FORMWORK.

FINALLY, THE DIGITAL SETUP FOR SCULPTING THE FORMWORK AND PRINTING
THE CONNECTING NODES WAS APPLICABLE TO BOTH GEOMETRIES WITH MINIMAL
DEFINITION ADJUSTMENTS.

THERE WERE SEVERAL IMPORTANT LESSONS LEARNED WHILE CASTING

THE FORMS AND METHODS THAT WOULD BEEN DONE DIFFERENTLY IF THIS
RESEARCH WAS TO CONTINUE.

FURTHER DEVELOPMENT

THE NEXT STEP IN THE TESTING OF THE FORMWORK WOULD BE TO CONTINUE CASTING
BOTH GEOMETRIES UNTIL THE FORMWORK BEGINS TO DETERIORATE OR THE RESULTING
CAST NO LONGER MAINTAINS CONSISTENT QUALITY. THIS CAN BE DONE WITHOUT RE-
COATING THE EPSILON AS IT HAS BEEN DONE FOR THIS PORTION OF THE RESEARCH OR
IT CAN BE RE-COATED FOR TESTING OF OPTIMUM USAGE. IT IS ESTIMATED THAT THE
FORMS COULD BE USED AT LEAST 4-5 TIMES BUT COULD POTENTIALLY CAST MORE.
AFTER THAT, THE DIGITAL DEFINITIONS WOULD NEED TO BE TESTED ON NOT ONLY A
MORE COMPLEX GEOMETRY BUT ALSO TO ONE IN A LARGER SCALE.

CONCRETE SURFACE QUALITY OF THE CASTS PRODUCED WAS INCONSISTENT AND
CONTAINED MANY AIR POCKETS, SOME OVER |/2" IN DIAMETER. THIS ISSUE SHOULD BE
EXPLORED FURTHER TO TEST WHETHER THIS WAS DUE TO RELEASE AGENTS USED ON
THE FORMWORK OR IF THE INTRODUCTION OF AIR ESCAPE HOLES IN THE FORMWORK
WOULD BE BENEFICIAL.

LESSONS LEARNED

THROUGHOUT THE DEVELOPMENT OF THIS RESEARCH THERE HAVE BEEN SEVERAL
IMPORTANT LESSONS LEARNED FROM UNFORESEEN OBSTACLES. UNDERSTANDING THE
LIMITATIONS OF RESOURCES AVAILABLE WAS ONE OF THE FIRST OBSTACLES FACED.

THE DEPTH OF THE FIRST FORMWORK WAS PROBLEMATIC WHEN MILLED ON THE CNC AND
IT WASN'T UNTIL ONE OF THE LAST PIECES WAS BEING MILLED THAT AN ALTERNATE
METHOD OF MILLING WAS USED. WHEN MILLING AT A DEPTH OF THREE INCHES RATHER
THAN SIX, MILLING WAS SUCCESSFUL. IF THIS DEPTH HAD BEEN IMPLEMENTED FROM THE
BEGINNING, THERE WOULD HAVE BEEN LESS PATCHWORK AND PREP FOR THE FORMS OF
PROTOTYPE | BEFORE CASTING. PUSHING THE LIMITS OF THE CNC MILL WAS A TIMELY
SET-BACK EARLY ON.

THE NEXT OBSTACLE WE FACED WAS THE SCIENCE OF MIXING AND POURING CONCRETE.
AFTER THE FIRST CAST THE DIFFERENCE BETWEEN QUIKRETE AND SELF-MIXED
CONCRETE CONSISTENCIES BECAME APPARENT. MOVING FORWARD, ALL CONCRETE WAS
MEASURED AND MIXED FOR EACH CAST. BECAUSE THESE FORMS ARE BEING CAST
VERTICALLY, THE AGGREGATE SINKS UNEVENLY TO THE BOTTOM IF THE MIX IS TOO
FLUID. SLUMP BECOMES AN IMPORTANT FACTOR WHEN CASTING VERTICALLY.

THE BASE PLATES FOR THE FIRST GEOMETRY WERE MADE ACCORDING TO THE DIGITAL
FILES AND DID NOT TRANSLATE TO THE PHYSICAL MODEL ADEQUATELY. DUE TO
OBSTACLES FACED WITH THE CNC MILL AND THE APPLICATION OF EPSILON, THE
FORMWORK DID NOT ALIGN WITH THE SAME PRECISION AS THE DIGITAL FILE. FOR THE
FOLLOWING CASTS, THE BASE PLATES WERE MADE FROM A HANDMADE TEMPLATE THAT
COULD EASILY BE ALTERED TO WORK ACCORDINGLY.

THE CENTRAL PIECE OF THE SECOND PROTOTYPE WAS DIFFICULT TO WORK WITH DUE TO
LACK OF VISIBILITY AND CONFIRMATION OF THE SEAM CONNECTIONS. IF THE RESEARCH WERE
TO BE CONTINUED, THE ADDITION OF KEYS OR AN ALTERNATE METHOD OF FORM DIVISION
WOULD BE EXPLORED TO CAST A MORE CONSISTENT FORM. DUE TO TIME CONSTRAINTS ONLY
ONE VARIATION OF THE FORMWORK FOR EACH GEOMETRY WAS EXPLORED.
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