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Abstract;

Biologycreatesassembkswith orders of magnitudenore partsthan any known human designed
processMolecularbiologyfunctions on the premise thdundamental building blocks assemble into
chains,are zipped into strands and folded into structurdsis thesis is a macroscale inrpkentation
that aims to do the sameassemble, zip and folth an inorganic systenThis systemZippedutilizes
distributed coalescence of partaiming for faster assemblwhile incorporaing error correctioninto the
fabrication process.

This thesis gesents a design fd-dimensionabuilding blockghat snap together to forni-dimensional
strands. Strands zip togethanterlocking to form2-dimensionabeams thatcanbranch and merge to
createpatternsor flat sheets Strands can zip to each othantmf plane as well, allowing@mensional
construction.All steps of the construction process are reversiblipcan be assembled, eissembled
and reassembled withoutlamage to the part oaltering structural performanceNo energy, formwork
or pre-load is required to maintain the parts position once it is assembled.

The system can assemble rigid as wefl@airal elements, including chains and revolute joints.

Increased stiffnessr flexibilitycan be designed into structures bgangingstrandgeometryand

zipping This ability to tundocalstructural properties allows@uatorsto be added to the construction

systemand¥F 2 NY YSOKIyAadYad %ALIISR LIASOSA I NB RSY2yailNI
body, which can locomote on itself fareign terrain. Initial studies also demonstrate automated

construction with this system.

The fundamental principlesf this systemare demonstrated in many materials, via different
manufacturing processes and across several scsthesving applicabilitto a diverse scenario spadeor
ease of fabricatiomnd lab use centimeter scale part was selected and several thousand parts were
manufactured.This O-dimensional part is presented and used to form larger scale assemblies which are
mechanically chaerized.From here, mission architectures and reairld applicatiors are described

The Zipped systenenableshumanscale, controllecnd reversibleassemby, zigingand foldng. This
allowsreusability, reconfigurability and universalitgttributes we often credit to nature
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1 INTRODUCTION

Development o modular, autonomously reconfigurable robotic system has long been robofiists
dream. There are many exampleksystens that morphfrom one structure into another depicted in
science fiction, bubhothingin the real worlchas yet matchedhesevisiors. Modular, autonomously
reconfigurable structures and systemsuld havemany applications in infrastructure and aerospace,
but research has yet to merge the notions of programmable material and robotic assembly at scales
larger than 1m. Modular robotisystens, where the robot itself transforms, tend to have low stiffness
to weight ratios and thus struggle to scale the size of construcRobotic assembly systemshere the
robot builds using a different material, tend to tradeoff structural performancectarstructability.

On amuch smalleunit scalethan mechanical pas biology does mirror these science fiction systems.
Picturedbelow isa diagram showing protein synthesis as amino acids form primary, secondary, tertiary
then quaternary structure$l]. Belowit Microbots from Big Hero @&re shown2]. On the left is a single

unit which, as $ mentioned in the fimO y Qi R2 YdzOK® Ly (KS t¥makeRf S aSg@S
bi-pedal robot that can move and fight, and on the right several thousand bots are depicted creating
massive, moving structures that carry people as fast as thmgh there are many limiting factors
between the animated representationbiologcal replicationand state of the art robotsthis thesis

presents an approach to push the boundary toward science fiction. Using alised joining

mechanism between partslaad-bearing,structuralsystemwas designedavhichassemblsvia a

process mirroringdpiological fabricationThis systenransformsinto different architecturesandcanhold
shape without consuming energgllowing actuators to be mobile, traveling alahg structure building

and repairing it

Primary Secondary Tertiary Quaternary
structure structure structure structure

Polypeptide chain Assembled subunits

Figurel Comparson ofthe Microbosin Big Hero 6 to protein synthedisiage credit{1], [2]



1.1 ASSEMBL

Though asembly habeen readily adopteih industry from the introduction oihterchangeable partin
the 19" century, whichallowed theindustrial revolution[3], very few productsare designed for dis
assemblyln 2019consumer electronicgvas a300 billion dollar industry4] which s built upon a

handful of components thatlg into assemlies that aresolderedtogether. Permanently binding these
assembliesauses growing environmental probleifd8. As human beings in a world of limited
resources, it is imperative waart designng moresustainable systems and increase material recycling
and reuse.

In addition to the environmental impacassembly can allow personalized systemshsas presented by
D223f SQ& [6), MBicRaldvdduderldo upgrade smart phone modules without purchase of an
entirely new device. lrvious work has shown that mechanical assembly processes can create objects
more precise than the machine assembling thend projections idicate assembly, as seen in biology,
will exponentiallyincrease speed of fabrication, made possible by recursive assembly, where parts are
able to assemble the machine that assembled themsdes

Currentmodules ofassembled systems however, be it machine parts, smart phones, or packages
housing semconductors, are all still highly complex subsystems, oftersisting of multiple materials
and fabricated though several different manufacturing processes. In contrast, all of life is assembled
from 21 amino acids at speeds and resolutions orders of magnitude higher than any human derived
manufacturing techniquéB]. Key to mimicking nature is rapid mass manufacture of an affordable
building block that can assemble a wide variety of things.

Discrete SoA
10%0 Assembly Assembly >
VoxLayer O PnP gantry (projected)
w105 CERP ¥ PnP chip shooter (projected) I
E GFRP & iPhone
Q UAV Bricks O 777 Aircraft *
E 10%° Cubic UAV r -
Q Additive Ribosomal
w GFRP-Auto Mfg. Assembly
% 10'5 TERMES } o 5¢ DCP O Ribosome
© EDM Stapler & 0 Fom < E.Coli
% 1070 a.o (? 4 SLM ¥ HelaCell
g O % p o O SLA O C.Elegans
o 105 o LX CLIP g5 Mouse
<> LAPuSL A Human
% o ¥ Nanoscribe XX Blue Whale
10°
10* 10° 10 108 10" 10'° 10%° 10%

Resolvable Elements Placed per Second (Hz)

Figure2 Manufacturing throughput vs dynamic range across manufiddtuy 3 LINR OSaaSad . A2f 238 Q& (KNE d:
enabling the fabrication of organisms with far more fabrication complexity than any-efdtes-art technologicallmage
credit: Will Langford7]
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In manufacturingtolerances allow parts to be produced in batches, increasing output and decreasing
price, while still maintaining their functionality and fit withihe assembly. A classic example of
impressive manufacturing tolerances is provided égd.-where parts fit together across decades and
different manufacturing facilitief9]. The system produced in this thesis is similar in scale and can fulfil
similar functions ad_egq both being assembly construction se¥ipped differs in its ability to form
flexible walls and chains, whitlegod £ 2 01 & OI Yy QllegaiisypredniBayitly indentdd fodbulk,
rectilinear constructionwhereasother systemsincludng PinBlockl0], Better Block$11] and
NanoblocK12], are designed t@assemble flexible surfaceBach blockor these toyshas two pins
connecting it to its neighbors acting as revolute jojatfowing a wall of blocks to be stackegkgt still

flex and bendHowever, these systemare not capablef rigid construction. fiped fills this gp by

offering an assembled construction system that can create both flexible and rigid structures.

ONE BLOCK.
ENDLESS POSSIBILITIES!

J

......,I‘

——

Figure3 Better Blocks, Nanoblocks and PinBlocks. Three examples of toy construction systems where thencbetvestn
blocks is a revolute jointmage credit{10], [11], [12]

Atthe architectural scalgassembly is perhaps the most common form of fabrication, including timber
construction, masonry and ptabricated housing. Topologically interlocked materials (TIMs) also fall
into this categoryTIMsare designed building blockisat fit together, tessellating in-8imensions to

create loadcarrying assemblie3hese blocks are constrained in space such that none can be removed
from the structure, excluding those on the periphefypically, TIMs assemblies require formwork to
hold position. They can be bound by a frame or-jm&ded with tension cables to constrain the
assemblyf13]. TIMgeometries includ platonic solidsosteomorphic andnating concaveonvex
geometrieswhichcan be created by lofting tesselians. Examples arshown in the figure belowTIMs
have been shown to allow tunable mechanical properties to be assembled within a structure, such as
bending stiffness and lodoearing capacity, to have high sound and impact energy absoratiwhto

be robust to local failres, in addition to ease of assembly andaksembly14],[15].
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Figure4 Various t@ologically interlocked materialsmage credit{15]

1.2 ZPPERBACKGROUND

A zipper is a mechanism used to connect the edge of two surfetias.Howe was the first to patent a

zipperlike fastener in 181 In 1893 Whitcomb Judson designed a simifastenerhe called at Of I & LJ

f 2 O {16).&rly zipper prototypes, pictured below, had cliiike teeth that locked into a chain link

1917 Judson and Sunback patented the modern zippeo dziT A G ¢ ay Qi O2vYyvyeyte as
M oo [174D HL8]. For refeence, DNA was discovered in 1869 and in 1953 Watson and Crick concluded

the DNA molecule forms a double hel].

Figure5 Zpper circa 1850, modern zipp&NA replication graphi¢mage credit{20], [21], [22]
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The gometry from the first zippers can also be seen in modern mechanisms as it provides a stable,
mechanical connection. These implementations are intended for applications which require flexible to
rigid mechanical properties, as opposed to the modern zipydch is intended as a closure mechanism
and would ideally remain flexible while zipped orzipped.Fictured below arefigures of a long thra
linear actuator a rigid beam that can be erected and deconstructétese diagrams were taken from
TSUBAKIMOTCHAIN CO Qadent[23]2 Yy n idnterlocking chain unit configured such that chains
reliably and firmly engage with each other and that the buckling and twisfiagigidified chain portion
are avoideck This is one example séveral similar approaches to engineering tessellating geometries
that mate via a particular motion to become led and can only be released via the reverse maotion
The currentthesis extens thefabricable geometries from single beams to forking, angled and merging
beams, sheets, curved surfaces and rectilinear forms.
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Figure6 Zip chain actuatoby Tsubakj US Patent 9,482,318nage credit[23]

Recent work has gone into computatiomiconstruction o8D surfaces into 2D shapescludingthe

Zippables project form the Interactive Geometry Lab at ETH wiheredges oftiese 2D shapes are

sewn to one side of a standard, modern manufactured zipper. When zipped togdhgeometryare

reformed [24]. Another approach taipped forms is presented by Kelly Delp, titled Zipperg[24,

where 3D surfaces are decomposed into 2D shapes which caigplimg along their peripheryWhen

the rippling is forced togetherthep@Sa I NB a1 ALIISRé Ayidi2 (GKS TFT2N¥YO
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segmentation

single spiraling
curve

3D model

zxppable bunny

e

Figure7 Diagrams from zipper related research project, Zippables and Zippetguage credit[24], [25]

Roboticmechanisms that interact with zippers have also been explbyegrevious researchershown
below isa roboticzipperslider created by Adam Whiton of the MIT Media Lab PersoradtiRe Group
[26]. This robot, named Zipperbot, has a gear head which engages with the teeth on both sides of t

conventional zipper. The geared DC motor drives the robotic slider forward and backward, zipping and
unzipping the section.

Figure8 Zipperbot by Adam Whiton, MIT Personal Robotics Giogge credit{26]
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2 ASSEMBLZIP ANOFOLDFABRICATION

Inspired ly biological fabricationseveral parts were madw® explorezipping and assemblyased
fabrication These prototypesystems were considered on several metrics including ease of fabrication,
ability to mechanize projected method to span a gap, reusability and versatility of padseltyand
intuition on strength to weight

Figure9 Prototyped parts for a zipper based fabrication system.

The fundamental geometry pictured below wiasind to be highly effective in locking two strands
together, while maintaining flexibility when not matedldditionally, it offes easyto-fabricate discrete
parts.¢ KS FANRG FS6 (GK2dzAlyR LINRG2G@LIS LI NIa ¢6SNB
sheets and pinning them into strands using push rivElss is the fundamental geometry for the Zipped
system.

FigurelO Core geometrused in several part typeghich locksnto the Zipped system.

The Zppedapproach is of interest for several reasofrgstly, this system follows a hierarohiiere
individual parts can be considered 0D, they are ad8ed into 1D strands and those strands zip
together and bend in a 2D space. Further assembly of the strands creates 3D structurealbss
compellingmechanicahnalog to biological molecular processeEtis building system can be
considereda digital material where informationcan be stored and altereghysicaly. The way parts
were assembled from 0D to 1D affects what 1D structuresbeazipped to form variations in 2D. The

15

Y|



2D topology affects what 3D forms are realizaBigtemplating a serie of core elementgarious
properties emerge.

The system proposed in this thesis is effectively a topologically interlocked material, though it differs
from the traditional design as it does not require formwork. The assembly process also differs from
traditional parts placement as Zipped pieces assemble into strands, then zip together to form structures.
The assembled approach to construction also has many advasaageallowse-use and repurposing

of the fundamental building block heZippedsystemhas been described as "maesoale Velcrq"

though the assembly and zipping require a controlled motion, versus the locking induced by contact
from any direction as with Velcro. This allows the system to hold position without requiring any energy
input andmaintain strength until unlocked via the specific motion. The connection and disconnection
doesnot damage the part in any way, thus leaving them unaltered feuge. When considering global
resource use, material lif#me and manufacturing costdesiging for reusability is imperative. This
systemallowing a diversity of fabrication to emerge from a small set of core parts and tools.

FigurellA flat sheet made from ZIPPED and a singular piece

Going from 1D to 2Dhe mechancalmating of these strands is also of interesthe material

propertiesof the zipped sheeversusun-zipped or free, standdiffer dramatically. In an unassembled
state these strands are completely flexibdh@weverwhen zipped together they form agid beam. The
strength of theseconnectiondsrepeatable and replicable as the elements are zipped andipped.
Strands can be assembledsiaveralorientations which enable a variety of foras well agunable,

modular strength structuresThe assemlpylof these strands exhibisotropicmaterial properties, which

can be affected and altered via tigeometryand connection mechanisms used to assemble the strands
from teeth.

The repeatability of these strands, which allows robust mechanical lockingbatstrands also enables

an ease in automation of mobile robots that can locomote and localize on the structure relative to the
building blockg27]. Theg robotscan beused to diagnose, interpret and sense the structures

16



environment. They also add fabrication capacity, allowing parts of the structure to grow, or be removed,
enabling astructural-robotic system.

S S S /
v/ <Y/

Figurel2 Picturefrom design reviewvith the Army Research Lalhere Zipped is introduceiay 1, 2019.

2.1.1 System element sizing

A study was performed to evaluate fabrication of this system with different sized parts. The picture
below depicts prototype pieces fabricatedwarious scales using different manufacturing techniques

and materials. Depending on the application, smaller or larger parts may be advantageous. Below parts
are show fabricated from bronze, cut on a millimeter scale with a laser micromachining systets. Pa

are made from Delrin at a centimeter scale cut on a CO2 laser cutter. Parts are also cut on a CNC router
from cardboard, which has the potential to increase multiple folds in size, up to the meter Bualgh

the external geometry for each of theseades is identical, the revolute joint required to connect the

teeth needs to be uniquely addressed for each systeon.ease of manufacturing the meso scale parts

were manufacture in bulk for lab experimentation.
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Figurel3 Scaés of fabricationThe scale badenotethe width of the teeth: 1mm, 1.5in and 110mm.

Below several incthick hollow sample were made float allowing different configurations of rafts to

be assembledThese pieces could be scaled much larger and rolideddfor large volume production.

As large pins were required for these parts Aluminum rods were forged with a button end on one side
and a collar was used on the other, a process which would also scale.

Figureld Large scale flating Zipped buoys

2.1.2 Monolithic,Multi-Teeth Srands

It is possible to produce strands which are fabricated as a single unit. The connection between the teeth
can be made either from a thin connector of the bulk material, a living hinge, or by insert maldin
reinforcement such as fiberSamples were made with several layers of teeth that ainandsto be
offsetenabling extension in the X and Y direction. Though it is more challenging to manufacture, it was
also shown that double sided monolithic stdswould function similarly to double sided strands
assembled from double sided teeth. The advantage with this monolithic approach is the ability to
increase the strength between the teeth by inserting and adjusting a fiber reinforced spine that runs
lengthwise down the strand.

18



Figurel5MonolithicZippedstrands.

The samples pictured below are printed a Mark Two printer which allows continuous lengths of fiber

to be inlayed. In this case Keviausedbecause it is flexibland allows the strands to bend and lock.

The image below on the left shows and internal view of the part, depicting where the fiber is placed with
yellow. This design is particularly hard to manufacture at scale as there aredirakitional overhangs

which preventmolding it as a single piec®ther manufacturing processes could be developed to

fabricate this design howeveincludingmoldingeach tooth independently and laminatinigemto a

substrate spine witlan adhesive.

Figure16 Monolithic strands. (L) a picture of manufactured monolithic strands (R) internal view showing Kevlar reinforcements

19



2.2 DIGITAIMATERIAEUNCTIONALITY

Digital materials allowdditional functionalityto be embedded intdhe building blocksFor instace,
teeth could be a mix of resistive and insulating elements to route power and data through a structure.
Differences in the teeth patterning along a strand could acts as a barcode to embed informatiffagand

certain areas of the structuréor instancestarting to zip an addition onto a structure or stopping that
assembly can be signaled via three white teeth in a row.

In addition to physicadignals, digital signals can be imbedded in parts of the structure and interpreted
by robotic carriages whiatide along these structures. The pieassild have varying physioad optical
properties, affecting the structures performanoe appearance. Structural sensing is useful for

diagnostic purposes if the structure is likely to be damaged, it also canthorebot to localize on the
structure by determining where it is from the number of parts they have passed. Each strand could have

a conductive line so thaiower can be fed from one tooth to the next to allow a continuous current
through a beanacting asa tether for robots which locomote on the structure.

Incorporated conductive lines weprototyped via electroplating, conductive adhesive tape attached,
heat pressed inserts as well as midtyer stacking of conductive and insulative parts. This fitees
actuated elements from requiring individual batteries, which is a common concern foraatitted
systemsShown below is a demonstration where a powered fan turned a miniature wind turbine on top

of a zipped beam with conducting lines. The powerdpiced was measured at the bottom of the
structure.

ceccsccsecceced ‘4—\
ecee (X1 L
-

w"‘
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"o ® P
cove oS, o ge

Figurel7 Demonstration of a stand with conductive power lines
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3 THEAPPELSYSTEM

The Zppedsystem isstructuratrobotic approach towards architectural scale assembly otaligi
materials.Analogous to many biological systems the Zipped system relies on hierarchical design rules to
assemble larger, more complex structures. Design decisions when assembling lower level elements
affect fabricability of highelevel privatives, irthis case the tooth selection determines strand

functionality. Strand design affects what 3D structures can be created from it.

Figure180-Dimensional part assembled into a 1D chain, then a 2D sheet, then a 3D channel.

TheZppedsystem is assembled frolandamental building blocksferred to as "teeth”. Each tooth has
two pin joints connecting it to another tootf.he teeth areffset by thesepivot pointsand stackd in
layersmaking a linear assemblage referred to dsteandé. Stranddock together byzipping the teeth,

as the teeth have a mating geometiyo force is required to maintain the structural connectjdine
strandscan only be unlocked by pulling one end of a loose strand backwards along the length of the
strand. To describe and evaluate the system the following coordinate system was defined and is used
throughout this document.

Figurel9 Coordinate system used to describe Zipped.
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Thestages of assembled hierarchy listaed picturedbelow. These elements are assembled hierarchal
to form different functionalities in assemblage< tooth selection effects the functionality of the
assembled strand, which then alters which structural primitives can be fabricated.

Teeth[0D] Single sled, double sided, angled, chiral anglédxural orthogonal single and
double sided.

Strands[1D] Assembly of these core components form strands, which can be 2+ teeth in layer
thickness. Due to the geometry of some of the teeth parts edges on straffels tbr instance,

the edge coming off a 90 deg part only allows a single toothed spine.

Structural primitives[2D] Beam, sheet, bend, logfiorked branched beams, merging beams

Structures [3D)onnected structural primitives

Mechanismg4D] Actuators conbine with structural primitives to form mechanisms and robots.

1. 2. 3.

~
bl

Figure20 1. tooth, 2. a strand, 3samplestructural primitives, 4. an actuated elemeastmechanism5. a prototype structure

Note: Throughout this documerthe term parts pieces and teeth are used interchangeably. Teeth
referred to as being manufactured of fabricated, whereas structures created from those parts are
referred to as assembled or constructed.

22



3.1 ODPARTDESIGN

The teeth are designed to allow axible chain to lock into a rigid beam. They are a tessellating
geometry designed to fill space for maximal compressive strength, where the back side of the tooth acts
as a strike plate with its interlocking neighbor. The tip of the teeth are nested tosstegring between

two strands Experiments were performed cutting teeth of various extensimndetermine the optimal

tooth design considering thieade-off between theshearforce needed to pull strands apasthich

increased with tooth lengtland ease ofzipping which decreaseshis toothgeometrywasdesigned into
many partswhich areshown below The single tooth part type can only zip linearly, but also can be used
to make a clean, flat perimeter. The douldieled toothed parts rotates the tooth arodritself which

enabled flat sheets to be createtihese parts that are more space filling, but do not allow orthogonal
shapping on Zipped strandBhe larger iteration allowed strands to mate and branch orthogonally in
plane, thus it is referred to as amtbogonal part. The orthogonal part is shown with added side snaps
that allows mating of orthogonal planes by snapping the figures on the edges into another parts central

hole.Also pictured are a base and staoff spacers.
a\ | *

O©
A S

Figure21 3D printed partsith snap fit joints to connect the pieces

Due to ease of fabrication and-imouse scalability these parts, material system and size, were selected.
Thefollowing two parts were selected as minimum part ty@esl used for most of # physical demos
pictured in this thesis

23



teeth side snap

face snap

face snap

side snap

teeth

5$desnaprecepﬂca

Figure22 Orthogonal partsvith labeled features. The positive side containing face snaps is shown, the negative side, not shown,

has the mating cavity.

Though theorthogonal piecesre less space filling thatfie double-sidedpart designs, they allow a

higher range of structural primitives, as the parts can mate orthogonally on a flat plane. This is possible
because the snaps are the same distance from each other on a single party aselieom snaps on

their neighboring, adjacent part. A flat sheet of Zipped strands made from the above design has
regularly spaces pins in the X and Y directil@hen one of these pieces is mated orthogonally to the
direction of the strandsitcanbe @NNB R (2 & | aadl LX Sé¢ arayosS Al
together. Though strands made from orthogonal parts cannot zip with strands made from edéte

parts, they can fit together in the same construction using the face srespshown below.

Figure23 Combination of orthogonal staple parts and doubided parts, the original tooth geometry.
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3.2 GOING FRO@DTO1D

Teeth connect to each other along an axis tarf@strand.Un-locked or unzippedstrandsare flexible.

Their motion is constrained tthe YXplane,but they can bend and curl freely in that plar@abling

their useas chaingnd flexues. A strand needs to be three teeth thick to fully constrain another strand

when zipped. A strand many teeth thick canb@ @ NNBR G2 &  daidl O0léod ¢KS O
teeth parts needs to be evaluated independently for each tooth design and scale, as Yeainues

and manufacturingmethods are applicable at differestales. Tradeffs are discusseger connection

type: pressfit, pin rivets and snap fits.

Figure24 Chain of zipped elements, not constrained and thus flexible in plane.

3.2.1 Press fits

Though press fits ammolded intoa variety of toysllowing them to connect it isot anided designfor
structural plastic applications as the plastic will deform over time, changing the strength of the
connection.Nor are pressits ideal for metal parts as methave a high yield strengtlwhich prevens

the press fit from rotating in their atent geometry. Rotation around the joint is needetien strands

zip and unzipThis rotational motion caalsolead the presdittod ¢ I £ | Aagadress fitEannection
uses thesamefrictionalforceto holdthe pieces togetheasfights their rotaticnal motion. To calculate
the axial load supported by the press fit the following equation can be used, where P is the pressure
between the press fit materials.

O 03 3 0D
This can be compared to the torque resistance, caused by the same friction:
¢JY 0030 D

Since the connection is caused fundamentally by the same force these equations are not independent,
and thus there is no waytoptimize the design. At the point where the frictional force between the peg
and the hole exceeds the applied torsional load the press fit will no longer be able to rotate.

Note: It is possible to use a pin and design an interference fit for the twariexipieces on a strand
while keeping the interior pieces looser. This would hold the teeth in place and allow the strand to
rotate, though it would necessitate different parts for the sandwiched and exterior pieces.

25



3.2.2 Pinrivets

A pin may be used to joiéth. This was prototype using a variety of push rivetsyo-part rivets, collet
pinsand fastenersAxial pe-load on thepins or fasteners is to be avoided asiriearlyincreases the
friction between the face of the teetlincreasing the force it talefor them to rotate on each other

Ol QOORE I @Az £1 @A OQ

The friction between teeth parts also reduces the shear force experienced by thelgich was often
seen to be the point of failurahus it is a tradeoff. To increase load capacity the pin damredesigned

to be larger or made of a stronger material to increase its strength, however, the tensile load on the
hoop of material created by the hole for the pimust also support this force, Hie smaller result from
following two equations indicatwhere failure will occureither thehoop intooth or the pin.

QN QED R GO Qi M Q "Th p
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Polarized light was used to capture the internal stresses of the teeth via photoelasticity in the current

design[28]. Stress concentrations peak in the loop around the pin as well as the contact between the tip
of the teeth. The maximal load measured by the Instron during this experiment was ~ 200N.

Figure25 Photoelasticity experiment showing stress concentrations in the hoop-IRuslet and force diagram for 2@eth

The major disadwatageof pinningis the limitation on number of parts stackable. The pin will be a
specific, predefined length and can only accommodate a certain number of teeth stacked together. For
Ayaiul yOSz AF | LAY A& ndopé eéd tien maybR stacked and i§ S (i K
fewer are stacked there will be significant excess play between the faatso prevents additional

partsfrom being stacked on top as the pin would need to be removed and something would need to

hold the parts togethebracing themwhile a new pin is inserted.
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3.2.3 Sapfit

Because plastics deform under prolonged deformation, creep, it is important to design these parts such
that they are not experiencing a constant Io@9]. For thisreason,press fits are not a good solution to
mate plastic parts, as the mating force between the press fit parts will change with time. Themafor

fits are considered best practice as a eeffective,moldable feature to mate plastic parts. These snap

fits are designed to flex under a mating force while being inserted and remdviedalso possible to

design irreversible snap fits, which would not allow the parts to be removed, liketig zip

For the zippers the connection between the teeth is also a rotational axis they need to pivot around,
therefor an annular snap fit is required. An initial design intended for 3D printing is shown below. The
feature size is limited to 0.075" due to the limitat®if the FDM machine.

When the snap fit is pulled axially, as in the figure below, force is translated inward to defldw it.
strength of the snap fit is determined by the force needed to deflect the snap inward. For a cantilevered
beam, which is effdively what the snap fit is, the deflection is found to be a function of the following:

1 03030
Below are pictures of the snap fit design as wel fwce diagramWhere F is the force needed to pull
the snap fit offby the resulting vecto"0d Q& —itée ameunt of forceneeded todeform the
cantilevered beam.

Over molding can allow snaps of different materials to be molded into the pastpossible tdeverage
common place sewing sndpr this designwhichare stamped fronsheet metal anadtan be bought
affordablyin bulk.

Figure26 Snap fit geometry force diagram, same material snap fit desigha prototype using sewing snaps.
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3.3 GOING FROKIDTO2D

Strands interlock via zipping and geometricatipngtrain the partsFor strands to interlock however they
need to be symmetrically mirrored, thus allowing them to fit togettgtrands have a directionality in

the orientation their teeth point. To connect strands together the teeth need to be in thergev

direction. Strands contain (at least) two edges, with a flexural spine along the central axis. The strands
are planar linkages, thus as the strand unfolds onto the edge, this motion is confined to the plane
defined by the edge.

Figure27 Teeth directionality in a Zipped plane shows the front strands ability to lock to the bottom strand.

Several pieces require mating geometry that not all other pieces contain. For instance, the side snhaps
needahole, and all leading edgesgéire strands of specific types to mate. The teeth need to mate for
two strands to lock, therefor the leadirgfge teeth need to be in opposite directions on the same

plane. If an angled edge is assembled onto part of the structure, the strands that fekxhto be
assembled on that angle, which prevents additioc@istructionin that plane.

Some base structural primitives are shown belmsing 2D manufactured parts with plastic rivet
connectors. This figureethonstrating thed & a (i cdpachyio lock toitself, create joints, form angles
and mend local break&trands witthon-matingteeth will not zip. By orienting strands with a segment
of mating teeth, then noamating teeth for another segmenbends and branches can be forméthis
method was used tareate various structurashown inthe bottom row of images ifrigure28.
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Figure28 Structural primitives. On the top row strands are shown locking to themselves. The middle row shows a break in a
strandand connector strands. The bottom row shows controlled angles.

The inmolded pin design, where one side of the tooth is positive and the other negative means that
stacking pieces will always be in the correct orientation. Connecting teeth with rivetgemal pins
allows strands to be assembled with teeth pointing in opposite directions along the same strand
creating stops where the strands cannot zip.

Figure29 The part is autariented because of the snap fit teeth.
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Figue 30 Structural primitives with snap piecdemonstrating their ability to snap orthogonably along the zipping vectof.he
middle image shows side snaps constructing vertical walls. This design allowst@ipmetthand mergen the same way as
the 2dimensionally fabricated pieces shown previously, however the snap allows these pieces can stack indeébitaty,
construction of high, flexible walls, as shown in the bottom left.
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3.4 3DDeSIGN

Snaps can be added to the edgfethe wide, orthogonal mating teetiThe snaps on the side of the part
fit into the holes on the mating structure allowing a repetitive connection the length of the strands.
Theseside snapsllow the parts to lock onto each oth&w connect orthogonal ines.

Figure31 Sidesnapsconnecting two sheets

In addition to allowing a wider range of structures to be fabricatétk snaps creating T joints can be

used to increase structural performance as shown beldere2y Sectionswith different

configurations are compared. A single strand, two strands, a strand connected via side snaps to another
strand which is oriented vertically in a sideways T configuration, and a strand connected via side shaps
to another strand oriented hozontally in a T configuration. This shows the only-saffporting section

of this length is tk verticalT configuration.

1
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Figure32 Cantilevered beam test on 28" sectioRsofiles of eactis displayed in the lower ledind aln € NXzf SNJ A & LINE LILISR
vertically on the right of each image.



The ability to construct flat, senrfliexible beams adds to the design spaEer instance, three strands
are used below to make a roadway for toy cafsch can connect multiple levels.

b
Figure33Track for toy cars which utiligéd KS ¥t I G T ALIISR &GNl yRaQ FtSEAOAfAGE (2 oSy

To reinforce beams orthogonal strands can be ma&dands with gle snaps can be attachéal the X

or Y directbn on the negative side of the parts, or along the X direction on the positive side as the face
snaps interfere in the Y direction. Pieces with side snaps may also be used within hatheatrthey

limit the locations at whiclother partscansidesnapdue to the interference shown below.

Figure34 CAD showing side snap placement and interfezeligarts that have side snaps are embedded in a sheet their side
snaps will block the holes used for mating other side snaps.
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If onlya single side snap is present it can act as a revolute joint. The rotation is lonited positive
sidehowever such that the part does not interfere with the protrudfiagesnapsas shown belowT his
interference also prevents side snap strands filoroking along the Y axis on the positive side of a sheet.

wib&Hi$

Figure35 Singleside snagonnected to the face of a sheet which can be used as an out of plane revolute joint.

3.4.1 Angled teeth

Figure36 Varietyof teeth, angled and flat, and strands assembled from them.

Parts can be manufactured with two teeth orthogonally connected forming a rigid angle. This allows
strands to zip in orthogonal planes. Pictured above is a variety of angled and flat teethamdsstr
assembled using thenue to geometric limitationg is only possible to make a single row of teeth
protrude from an angled stran&nd norangled pieces are required to form the backer for angled
pieces. Te strand containing the angled pieces cantydend in a single planghich isdefined by non
angled piecethus thezippingorder is defined.
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Figure37 (Top)Angled strandabricated with snapgBottom)Angled strandgabricated for therivet-basedsystemshown
zipping b a structure

The flexibility ofan angledstrand, as well as a normdinearstrand,only allows motionin 1degree of
freedom. hough the strand can lock onto a pbeilt edge, it can't close two edges togethes the pre
assembled edges would precludeightangled edge zipper from zipping into plagis prevents a

closed channel from being assembléd angled pieceBelow several constructions are made using 3D
printed pieces with snaps, including angled pieces.
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Figure38 Assemblages using angle piegath the 3D printed snap systerNotice no closed forms can be assembled.
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As the teeth need to sandwich leading edges, when two leading edges come together to close an
extrusion it is impossibl® zip a strand in thergithout designing in enough play to the system for the
parts to pull flex in multiple degrees along the spiBelow is an image showing a channel that only
needs aight-angleedge to close it, and that same channel once the edge has been installed rganuall
with flexible angled edge pieceSlexible edges were developed to allow enough play for the two sides
of an angled edge piece to pull apart and allow locking along both sides of a closed channel.

-~ s 4 » s = s

Figure39 Closed channel formdewith angled edge pieces

To form closed channels orthogonal pieces with side snaps much beTlsed. joints created by
connecting strands with side snaps allow boxed channels to be constructed as shown below. These
strands. This distance needs to be an odd number of strands across as the side snaps from a middle
tooth need to mate with a hole from an outer tooth.

Figure40 Square channelmade from orthogonal pieces with and without side snaps.
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Channels can have reinforced sections made from Zipped pieces that act as internal shear webbing as
pictured below.Initial experimentation to demonstrate the structural improvemetitese cross braced

pieces add are included in the Appendix.

Figure41 Channel with cross bracing

Channels can be constructed by locking vertical plates using side snaps, or they can be fabricated by
stacking rings of locked strds. Naturally, the difference in these design approaches yields different
geometries. The renderings below show two of these different channel designs, labeled with length,

external and internal dimensions as well as part count.
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Figure42 Alternative channel desigris) Stacked strands (R) Vertical sheets connected by side snaps.
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Combining flexible and rigid sections a closed bottom bucket was crekteglis a cappedff, four wall
channe] constructedusing side snaps as shoahove.

Figure43 Bucket with flexible handles.

Combining channels as well as bdmtanchingand mergng beams this chair wassembled to
demonstrate construéon of useful forms. Due to the limited number of pieces the sedhefchair isa

wooden sheet, but it could easily be replaced with a Zipped sheet.

Figure44 Picture of a chair made from Zipped parts
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3.5 MoTioN IBDOBJECTS

In addition to stationary structures the ability for these strandd&oflexural in their udocked

configuration allows design and fabricationfigxible elements andhechanismsPictured below is a

shark toy construction. As the tail and head of this shark are a single wide stack of pieces they remain
flexible. The sidéins are zipped onto the body of the shark; thus it is rigid.

Figure45 Zipped pieces used to construct a toy shark that bends in-Bkigstnanner

The figure below shows a single revolute joint constructed from Zipped pi&asstical bar is
supported by a foundation constructed of Zipped pieces and contains the joint half way up its length. It
can be tilted to a roughly 98egree angle or supported vertically.
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Figure46 A single pivot point usingtacked ZIPPED snaps as the basis for the revolute joint

The pieces are designed to allow-@@gree rotation, thus allowing strands to branch and merge. To
create a wider angle of rotation multiple pivot points can be used in conjunction. For instaace, th
miniature crane shown below uses two pivot points.
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Figure47 Mini crane designed with two revolute joints.

Additional mechanisms can be constructed using lengths of unlocked strand, thus having flexural
sections. The figure k@w shows aniniature excavator that has manually operated tendons allowing
controlled motion.

Figure48 Mini-excavator showing flexural appendage with tendon driven actuation
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Figure49 2D laser cut sheets ar8D printed parts

The Zipped system aims to be an affordablkethod forrobotic structural assembly. There are several
methods of manufacturing these parts; including 2D and 3D approashssown aboverhe 2D and 3D
manufacuring approaches differ in how the teeth are connectddhughthe fundamental geometry is
identical.Consequentlystrands made from either method will still zip togeth#rough the teeth are
not interchangeable between strands.

Figure50 3D printed pieces connected to laser cut pieces showing their compatibility.

2D Manufacturing

2-dimensionabpartswithout the interteeth connectionare simple to manufacture via several methods,
including laser cut, waterjet cutting and staing, where the 2D part is cut from a flat sheBlvets or
pins are used as the revolute joiffhousand of prototypeparts werelasercut and used with pusiin
rivetsfor experimentalconstruction Silhouettes of some of these parts are pictured beldwaveing

their tessellating geometry in a flat sheet. The image shows the packing efficiency from a sheet of
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fabricated parts. For the left two parts, there is only a small region of waste which comprises less than

10% of the sheet. This including the hdlesthe rivets, which is about 4% of the material waste.
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Figure51 Part outline on a flat sheet showing tessellating geometry

Angled edges can also be cut from a 2D sheet and bent. Prototypes of this method have been made

from steel butcould also be made from plastic using h&atbending Prototypes were also made with

2D profilescut out from materials that include a living hinge, such as piano hinges.

A connector piece is required to connect 2D manufactured pAiteough rivets are a lower expense
than thepart material itself, they are still a nenegligible cost for this system as one of neeétad

every 3 partsThey cost between 0.12.24USD. This cost, and the inability to stack strands in the Z axis

necessitated invefjation intoalternative methods to pin the teeth togethelt.isworthwhile to note
howeverthat zip ties are a fraction of a cent eadhough the zipie geometry is not ideal thegreform
the function required hergso with highenoughvolumes of prodation azip-tie inspiredconnector part
could be affordable

3D Manufacturing

For 3D manufacturing the intéeeth connection joints were altered fromivetsto a snap fis. This
design change allows an arbitrary number of parts to statke YZ plan€rhis part can be 3D printed
without support material and createsrabustenough connection to support the rotatiahmotion and
torgue on the parts astrandsare zipped togetherThe consistency and structural integrity of these
parts is not optimal wheBD printed howeverThe image below shows hthe positiveside of the
snapcanbreak along the layers of the 3D prifailure rates seem highly variable among printed
batches. In some batches every single part would fail, in others there were no imenéailates
LINBaSyidod ¢KAa Aa fA1Ste& RdzS G2 GKS 7FAfduchawidi
z-offset height. To increase yiedahother iteration of design for manufacturing would be benefitial
increase feature size
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Figue 52 (L)3D printed part failure along layer linéR) Failure in side snap

3D printing allows rapid fabrication of parts with overhangs but does not scale for mass production as
injection molding doeddeally, these parts would & molded for large volume productiofhe images

below, from Protdabshighlights undercuts and overhangs present inshap fitdesigh which need to

be designed around for molding.

Figure53 Molding analysis from Protabs hidnlighting problem areas in red.

By decomposing the part andolding the pins independently from the body overhacgs be
eliminated The pins coulde addedusing the custom jig shown beloWis essential the intepart
connection is stronger than thenap fit, thus an adhesive is applied to bond the materi@isotes for
molding these designs are listed in the Appendix.

Figure54 Multi-part moldingand assembly.
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There are several ways to manufacture these parts without tla it for the inter teeth connection,
such as press fit or over molded metal snaps as discussed previously, but each has its draw back.
Ultimately, for ease of manufacturing, and thus affordabilitye parts below with press fit pegs were
designed and mided.

Q" QPN

Figure55 Pats after molding redesign (L) Positive side with protruding pegs (R) Negative side showing cavity.

Parts were molded in house on an APSX Plastic Injectionimgatdlachineusing polypropylene pellets.
Sampleorthogonal parts with side snaps were also manufactured at Protolabs for compaFisongh
the 3Dprints of the models shown above functioned, allowing the parts to snap together and form
strands that could zip and wzip, the draft angle produced fronmé molded version prevented the peg
press fits from holding. By timachining the molds this fit could be adjusted.

Figure56 Molding experiments. Upper left: 3D printed parts designed for molding which contain no overhangdeftovrer
house injection molding machine. Lower right: aluminum molds Upper right: molded samples.

The cheapest design with press fit pegs was priced with a unit cost of $2.21 for 5000 units. In
comparison Lego blocks are sold for about $0.04 per pit&g spool of PLA costs ~$40, and each part
takes 1.5g, so 3D printing these parts is the most affordable option for low rate production.
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5 MECHANICAMNALYSIS

Digital materials enable interchangeability of parts. By reducing fabricable elememtsetoof
fundamental building blocks elements can be added or alternated to tune the overall structural
performance. Heg, the mechanical locking of the palitsevaluatedthe connection between parts that
allows strands to formas well as the structurgderformance of assembled strantteated as a bulk
material Fromexperimenttion an analytical description of the system dasummarized, enabling
extrapolation and projection of structural performance witate-of-the-art materials as well as
predictions for failure.

As this material system is anisotropic, it needs to be evaluated such that its response to a load in any
direction can we understood, thus we will refer to the coordinate system shown below. Based on this
coordinate system tension and cgmession tests were run along each axis to determine the materials
moduli, allowing its ofaxis moduli to be described as via a mathematical transformatiba.axes
depicted define planes which are used to describe the shear forces.

Figure57 Sample with labeled axis and coordinate system planes

Multiple experiments were run on different with various Zipped material systems and it was found that
MarkForged 3D printed Onyx parts preformed with the most repeatability.

Experimens were done to characterize the material as assembled into a uniform sheet from
MarkForged3D printed Onyx partsThe experimental set up showing custom holding jigs for each axis
are pictured below.
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Figure58 Experimental setpufor material characterization along each axis. From left to right: ¥of¥),Ztension,(bottom) Z
compression

Shear was also evaluated alone each planar axis. The experimental set up for shear measurement is
shown below. Aluminum bars were fabricatidfit around the snaps and pinned along the central holes
in the parts. These slats make light contact with the sample, but ndopidwas applied.

Figure59 Experimental set up for material characterization on shear plamem Feft to right: YZ, XZ, XY

As force and displacement were measured by the Instron, stress and strain were calculated by dividing
the values by sample cross sectional area and length. The smallest tileable unit, two offset pieces, is
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shownintheimage 8t 26 ® ¢KS o62dzy RAy3 o62E F2NJ GKAA& dzyAd A&
tiles to the sample size and used as the cremdtional area for scaling these samples.

Figure60 The smallest tileable unitof the Zipped tesellating geometris the two pieces shown on the upper right. The
bounding box defined by this unitsgperimposed aboven an assembled sheet on the left, as well as on a single strand shown

on the bottom right

The first chart for each of the followgnsections shows the force and displacement measured on the
sample. Linear looking sections of the force and displacement data were selected for linearization. They
were cropped based on a ptead force value, then a limit on the delta in displacementrfrinat pre

load. These limits used are listed in the tables following the experimental results.

Tablel Properties of raw materials used for reference

Material Tensile modulus [GPa| Tensile stress at yield Shear Modulus [GRa
[MPa]
ONYX30] 14 36
PLA27] 2.3 49.5
Delrin[31] 3.2 71
6000Aluminum[32] 69 276 26
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X axis tension and compression

700

X-axis Tension and Compression on MarkForge strands
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X-axis Tension and Compression on MarkForge strands
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Strain [mm/mm]
Limit Tensile value Compressive value
Sample area 871 mm”2 871 mm”2
Sample length 127 mm 127 mm
Preload 10N -50 N
Displacement linti none -3.25 mm
Measured modulus 7.8+0.3MPa 244+ 3.2MPa
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Y axis tension and compression

Limit Tensile value Compressive value
Sample area 774 mm"2 774 mm”2

Sample length 178 mm 178 mm

Preload ON ON

Displacement limit none 2mm

Measured nodulus 32.6+x1.3MPa 28.6+1.3MPa
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