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Figure 1. Extrusion state of our technique. We focus on (red) the height position of the extruder and (greamow ) the amount of
extruded materials and explore the relationshigbetween the combination of parameters and the behavior of extruded materials to
extend the expression of the FDM 3D printer.
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Fused deposition modeling (FDM) 3D printers form objects H.5.m. Information interfaces and preseiata (e.g., HCI):
by stacking layers having a linear structure. To print fine Miscellaneous;

structures, an appropriate choice of parameters is necessary rropuUCTION

or printing error occurs. On the other hand, the printing errory qvances in digital fabrication techniques suchttaee

IS exp'o'ted as an expression technique. However, thedimensional’\BD) printers haveenabledbeople toaccurately
relat|_on betwe_en_ the pr_lnted structure_and the parameterg, cheaplgreate 3D objectsn particular, fusedeposition
causing the printingreor is unclear. In this paper, we focus modeling (FDM) printershave become famous arate

on the height position of the extruder and the amount Ofcurrently availablein the market owing totheir several

extruded material, and explore the combination of the.seadvantages: ease of use, choice of materials, and low running

Yost[30]. Opensource 3D printetespecialljthosebased on
an equation that calculates the amount ofema from the [30]. Op . printerespeciali

) X i . R j , iali highl izabl
layer height, we investigate the behavior and structure otRep ap projedild], arespecializecashighly customizable

. ) . " ~andareused by manynanufacturergnd researchers as the
material extruded from various height positions. On the bas'soasis for corr{nmialynSD printes or for experimental

of experimental results, the pridtetructure is classified into purposes
six categories according to the structural featuree W
describe these structural features and demonstrate exampl&OM printers form an objedby stackingthin layes, and

with new inherent expressions for FDM. each | ayer consists of Bl fine
To print a highquality object, we needto control and pay
attention to each road by setting appropriate paennetr

the 3D printerswill fail to print stable objec and causea

printing error. On the other hand, this feature can be regarded
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investigatinganddiscussingall combinations of parameters Vibration [12] is a printing techniquéhat can generata
are impossible However, 3D printers and its softwaaee Moiré pattern on the surface of objectd platform is
developedo prevent printing error. We have to understand intensively and vertically vibratedand the amount of
this relationshipor the usage of parameters or the technique materialsbeing extruded is controlled by the change in the

that exploits printing errawill be lost,and the capability and
expression oFDM printerswill becomdimited.

In this paper, we focus on theightposition ofthe extruder
andthe amount ofmaterials(Figure 1) We investigate the
structure ofa printed roadand the behavior of extruded
material by extendinghe range of parametersin this
equationover the priting error, and we explore many
combinations while changintheir valuesduring printing.
Printed road are classified intsix categoriesaccording to
their strudural feature, which igdenotedas distribution.
Usingour results, wamplementdesign systems that enable
users to desigan object with a new expressioie print
example objects to demonstrate new expressions for FDM.
We exterd the capability of FDMwithout usingany new
hardwareandacross variouprinting techniques.

RELATED WORK

3D printing error

Printing errorwhereusers cannatbtain the desiretesults,
oftenoccurs inFDM printers. To preverd printing error, a
troubleshootingguide for stable printing is provided (e.g.
Simplify3D provides a troubleshooting guifi24]). Printing
errorscan beclassifiedinto two stepsccording tdts types
printing process or printing quality

First, a printer completelfails to print objects in the first
place and cannot deposit roads the platform or on

previously printed roads. This error is caused by severa

problems such as lack efaterialsor setting errotin the
heightposition ofthe extruderand users must prevethis
error by referring to the guid®©n the other hand, objects
printed with error have quitgtimulatedandexcitedusers in
a different manner from the original objective A few
enthusiast$orm a community to shangicturesof the error
andinvestigae the cause®f troublein 3D printing [].

In addition, a techniquéhat exploitsthe error asa novel
printing technique has begroposedLaput et al. presented
a printing technique that can fabricate Héie structuresy
exploiting thestringing (oozing phenomend16]. Kanada
preented a methodf 3D printing generativarts[14]. This
technique consists of reflecting light contraking the
density ofthefilament. To changthe density, the amount of
materialsis controlled, and such uneven extrusion is called
over/under extrusionReiner et al. presented a methbdt
can produce continuous tone imagery usamgFDM 3D
printer with two nozzle$21]. The contour of each layer is
defined usingsine pattern modulatioand is overlaid over
one anothewhile shifting themodulationphase. Thisdeais
considered afayer shifting. Blit It Inc. [4] provideda 3D
printed scrubber calletthe O'Rourke Scrubber in its system.
This scrubber is printed by extruding materials fratmgh
position while randomly moving the extruder. Solid

distance betweethe nozzleard the platform. Artist Lia
dewelopedsoftwareto producecustom @&ode to explore 3D
printing as a sculpture techniqy&7]. By exploring the
behavior of a 3D printer and its filamettig artistpresented
a newtype of sculpture and methodologies.

The other error is related to printing quality such as surface
roughness, dimensional accuracy, and strengthctional
partsrequire stricterequirements thathe prototypes For
example, each pamustbe accurately and easily assembled
after printing andthe final productmustwork asdesigned
Becausemanyworks relatedto 3D printersaim to address
such printing quality problems, investigations of the
relationshipbetweerthe parameters and printed objehtsve
been conducted, and optimization methodshave been
presented28]. However, thesevorks are performedon the
assumptiorthat printing error should be avoidethus the
range of parameters investigatectach study is restrictive.

Objects printed wh a printing erroroften have a more
complex and higiguality structure than the ordinary layer
by-layer process. For example, thinner objects, which are
impossible to print using the traditionalethod are printed

in 3D printed haif16], and the surface roughness generated
by the layered process (e.gtaircase effects?]) is not
noticeable.However, no investigation was conducted that
considersa printing error asa new expression

arameters for 3D printing

he 3D printing processnvolves many variablesand 3D
printers arecontrolled by setting several parametets
determinethese variables. Agarwala et. divided these
variables into four categories (operation machine,
materiat, and geometryspecific parameters) aneported
that these parameters are interdependgljt When
researchers investigate parameters, several parameters are
used as variables to achieveatjcular goal, and the other
parameterare used as constant. For example, layer thickness
significantly affects surface roughnelgs 3], and printing
speed and paths affettte quality of layers andonding of
adjacent roadfll, 25]. Theseparameteiinvestigations are
important not onlyfor commercial 3D printers but aldor
opensource 3D printerf9, 15].

A part ofthe procesds modelal as a numerical expression
[27]. This approach is called proceswodeling and
considered athe most significant research to understand the
basic science behindthe 3D printing proces Bellini
conducted a comprehensive experiment on the FDM process
andpresentedeveral model§5]. In addition the spreading

of extruded material$6], deformation of objects priad
using acrylonitrile butadiene styrenfABS) materials[31],

and pressure on the extruder (bucklipltenomenon[29]

wereinvestigatedBecauseahese models are constructed in



constrainedenvironment, some problerase encountered in ) e
: : Filament f
applyingthemto actual environment

s
3D printing technique in HCI |
Many humari computer interactiofHCI) researcherfave Le
presented a printing technique that can print objasitsg a
uniquestructureor textureto achievea new workflow and - N

interaction r = Layer Height X Road Width

Mueller et al. presented WirePrinig that prints objects Lr

usinga wireframe mesh and allowsers to quickly verify <

their design. Gannon et al. ggented Tactum1p] that '
capturesuserskin-centric gestures for 3D modeling directly Road

on the bodyTorres et al. focused dhe feel aesthetics of
printed objects angbroposedHapticPrint R6] that allows

users to create a haptic design in passive 3D printed objectgpproach differs from the mainstream, it is variable and
To controlthetouch feeliny, various textures are attacthted belongs tothe HCI field. We first describe the process of

of objects and proposed framework to designan

appearancéhat mimicssurfaces (also known as badiefy =~ PROCESS OVERVIEW

[22]. Cilllia [19] is a bottorup printing pipeline to fully  parameters in Gcode

utilize the capability ofhigh-resolution 3D printers, and We use FDM 3D printers based on RepRap projects (open
sophisticated hailike strudure is printed. Thistructure not  source printeryvhoseprinters caracceptany Geode. Geode
only expands the expression of 3D printer but also enableg a series of commands to control a 3D printer asd
users to design a passive actuator andensor.High- generatecby converting a 3D model using slicer software.
resolution 3D printers and microstructureenable users to  The followingaresamplecodes

design deformable object®3. This structure is also called

metamaterial andhas attracted attention.These works 1 G1202

provide an interaction technique through 3D printers and 2 G1 X0 Y0 F3600

printed objects. To improve and understand the performance3 G1 X10 Y10 E4 F1800

of 3D printers a comprehensive study is needed.

EXPRESSIVE FUSED DEPOSITION MODELING

We extend the capability of the FDpfinter to enableisers

to print new and expressive objects. Spdhting techniques,
which includethe works we mentioned as related works,
allow FDM printers to output complex objects that are .
difficult to print even by highesolution 3D printers (e.g. 'M€an that the extruder horizontally moves onXfeplane

stereolithography selective laser sintering, and PolyJet). at a specific SPeeaf?d inthe_third line, he p_rinter extrudes
Moreover, these higresolution 3D printers require a high 4 MM ofmaterialswhile moving to theendpoint (10 mm, 10

resolution 3D model. Ease of use is not only a popular topicmm_)'_ We focuson the parameter related tg the _height
in the HCI field but alsoa strong point ofan FDM printer. positionof the extruder and the amount ofaterials which

We allow users toeasily expresstextures becauseour '€ represented aarameterg [mm] andE [mm] in Geode

experiment is based on traditional parameter relationshipsandcontrol theprinting process by changing these values.

Becausdexture is generated during printing by the behavior These parameters are especially important for-higdity

of the materials, our technique does not require extra 3Dprinting [2, 3], and the equation to calculate the amount of
modelingto designtextures. Our technique only requires materials using several parameters, including the height
new parameters without any new hardwar8D modeling  position of the extruder, has already been defined. As the
skills, andit differertiates an FDM printer from other types number of parameters increases, this relationship becomes
of printers. We can provide a reason for choosing an FDMmore complex. Therefore, we prioritize these parameters and
printer as a rapid prototyping tool. use other parameters as constant values.

Extending the capability of a 3D printerasvorkflow design,  Calculation of material amount

which allows users to fabricatdifferent and desirable  We illustrate the condition ahe material being extruded
objects, and it is an important topic in the field of digital from a nozzle (Figurg). A linear material (filament) is fed
fabrication in HCL.Within the context of HCI, a 3D printer into the heated nozzlaubsequentlythe melted material is
can be considered as an output device such as a display. Wxtruded. The extruded matertakesa certain size (layer
providea new perspective to a display (e.g., tactile display) height and road width) and forrasoad on the gitform. The

whereasa highresolution display is sought. Although our amount of material is calculated based onréiationshipin

Nozzle Width

Figure 2. Schematic of the extrusion state.

G1lis a commandhat controls the extruder and cacept
several parameter3he firstline means that the extruder
vertically moves in th&-axis direction (suchmovements
inserted at the start of each lay&thesecond and thirtines



whichthe volume otheextruded material (approximated in
a cuboid shapejs equalto the volume othe material fed
into the nozzle.Thus by lettinga crosssectional area of a
filamentasS [mm?] andits lengthasL: [mm] andby letting

a crosssectional area of a printed road S [mn?] and its
lengthasL, [mm], the followingrelationshipholds:

Yo Uq Y 0. 1)

Using Eq. (1), the length of materighat should be fedLy)
to print thedesiredength oftheroad () is calculatedS and
the width oftheroad are constamaluesdetermined by the
diameter ofthe filament andthe nozzle, respectivelyThe
layer (road) height is determined by a corresponding
parameter, which is givehy theslicer software Because
parameteE in Glis equal td_s, Eq. (1) can beearrange@ds
follows:
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In this paper, we refer tthe layer height inEq. @) as the
height position of the extruder We conduct an experiment
on the heightposition ofthe extruderand the amount of
materialsusing theparameters derived frothe extension of
Eqg. (2).

EXTENSION OF EQ. (2)

Equation(2) can be regarded as a linear functiotheflayer

height when the length dlie printed road.; is 1 mm (one
unit of distance)Figure 3showsthe relationshifpetween the
heightpositionof the extruder and the amount ofiaterials

Thebold lineindicategherelationshipof Eq.2. We notethat

the relationshipis calculatedusing a 1.75mm filament
diameterand 0.4mm nozzle width

We corsider the linear functioto be ina polar coordinate

o Equation 2

0.2

0.1

@

Amount of materials extruded per unit of distance [mm]

0 0.4 0.8 1.2 1.6 2
The height position of the extruder [mm]

Figure 3. Relationship between the height position of the
extruder and amount of materials: 0.4mm nozzle width and
1.75mm filament diameter. The traditional relationship is
shown by a bold line. Our parameters ¢, d) and their
relationship are shown by the redine. (a)i (d) Extrusion state
of each parameter combination shown at the right side.

Using this relationship we explore the parameter space
while controling thed andr values. Figur@ showsthelines
centeredat a 45° line at 10° intervalsand the concentric
circles indicatingher values.

The pointsfromato d in Figure3 correspondo thefigures

at the right side, which show thepproximateshape otthe
road and the state of extrusioheach parameteRointa is

an ordinary parametgand 3D printers can print a stable road
aroundthis point In Pointb, the amount ofmaterialss larger
than the height, arttieroads magwellto enclose the nozzle
or beyond thgivenparameteheight AlthoughPointcis set
asa parameter based &u.(2), it indicates printing o&long
lengthwise rectangular parallelepipelde tothe constant

form to explore the combination of various parameters basegozzle diameterAccording tothe calibration guile', best

on thisrelationship To expresshe function, we define two
parameters namely, d [°] and r [mm)]. First, Eq. 2,

representedby the bold ling is expressedisingd = 45° to
consder the parameter sets given by itelationshipas a
basis. Tgperform the calculation according ttus basis, we
adjust d by multiplying the amount ofmaterials by a
correction value, which is the inverse dbzzleWidthxL /S

in Eq. 2 (approximately 6.013 in this case). Witroduce
arbitraryvalues ford andr to calculate the heiglpositionof

theextruder and the amount ofaterialsas follows:

O 1 Oé+ (3)
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whereH is the height position ahe extruderfmm] andE is
the amount of extrudeghaterialsfmm]. For example, when
the road is printed witla 0.3mm layer height, this height
position of the extruderand the amount ofmaterialsare
calculatedusingd = 45° andr = 0.3x | 2 = 0.4243mm.

results are obtained when the layer height is 80% otHass
the nozzle diameter and the road width is more tham
nozzle diameter. However, results with excespamameter
valuesare unclearPointd is similar to Point but alsdacks
materials. In this casé¢he 3D printers may not print a road
or fail to printat all In the next section, wepresent the
investigation ofthe behavior othe extruded materials and
printed roads by actually printing various parameters.

EXPERIMENT: PRINTING ROAD USING VARIOUS
PARAMETERS

Design and procedure

We conducted an experiment to explore thepeter space
usingEgs. (3) and(4). We madehe 3D printer print a road
usingvarious parameter$he length otheroadalong thex-
axiswas 200 mmd wasfrom 1° to 9C° with an increment of
1° (90 madswereprinted), and wasfrom 0.1 to 10.0mm,
which continuouslyincreasecby 0.1 mm per printingof a
2.0omm partial road.We used two materialmade ofABS

L http://reprap.org/wiki/Triffid_Hunter's_Calibration_Guide
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ABS

ABS
600 mm/min

PLA
300 mm/min

Amount of materials extruded per unit of distance [mm]
Amount of materials extruded per unit of distance [mm]

Stable road

Stepping out of motor

Zigzag road

Amount of materials extruded per unit of distance [mm]

p———
—

Coil-like road Frizzy hair-like road Straight hair-like road

Figure 4. (Top) Distribution of the printed structure . (Bottom) Printed objects classified into six categories.

andpolylacticacid (PLA): MakerBot True Black ABS and
Polymaker PolyMax PLA BlackrespectivelyWe basically
set the printing speed (feed rate) at 300 mm/mirboth

rewrote the setting of the maximum extrusion speed, which
was written ina nonvolatile memory (EEPROM)because
the printer firmware originally restricted themaximum

materials, but we also set it at 600 mm/min in the ABS toextrusion speed to a small valukhis valuewasusedto set

observe the differenda theprinting speed.

To generate Gcode for the experiment, we implemented
system thatan generate a roadsing specificparameters.
Five roadsgeneratedwith their respectived valueswere
placedside by side at an-8m interval, and we repeatéue
processto generate and print roads while changihg d
values To minimize involuntary errors and theeffect of
oozing, weprinted all roads according to the follving
procedures.

Slow extrusion(6 mm at 10 mm/s)

Quick retraction(3 mm at 30 mm/s)
Threesecondpausegcleaningoff the nozzl¢

Quick extrusion3 mm at 30 mm/s)

Printing a 200mm road while increasintper value
Quick retraction(3 mm at 30 mmjs

This processwas also performed by the system and
introducedinto all roads as preand posiprocessing.

Environment
We usedthe FDM 3D printer Ninjabot NJBR0C with a 0.4
mm-diameter nozzle and can extrud®8S and PLA We

2 http://ninjabot.jp/product/fdr200/
8 http:/www.repetier.com/

the maximum level andid not affect the amount ofiaterials
We used Repetigdost software that can edit and print
Eeodeto rewritetheabovesettingsand managéhe printing.

The temperature of the printer head and libdt platform
were 230and 100°C for ABS and 190 and 5TC for the PLA,
respectively To stabilizethe printing, weapplieda 50mm-
wide washer tape on thauilt platform and a thidayer of
paste.All roads were printed on this tape. Tladoratory
temperaturevas regulatedo approximately 25C, andthe
humidity was approximately 60%.

Results

Figure 4 shows the classification of the results as a
distribution. The printed roads are classified indix
categories according to the structural fea(isee Figuret,
bottorn). This classification is based on the position
measured using digital caliper where the structure tfe
printed roa was varied We visually recognize such
characteristic pointgrigure 5shows eample roadprinted
atd = 60°, 45, and20°.

Structural feature of printed roads

We describe and analyze the structural featurenaaierial
behaviorin each category: stepping out of motor, stable road,
zigzag road, coilike road, frizzy hailike road, and straight
hair-like road.
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Figure 5. Variation in the road structure (ABS at 300 mm/min). Red lines indicate the change points of the structural &ure.

Stepping out of motor directions(clockwise and counterclockwise). The direction
The 3D printer can stably extrude materials even if the of rotation is basically maintained during printingpwever
parameters exceebeirordinary values. An exceptida this entanglementn the middle ofthe road orreversal inthe
performance is when the amountrofiterialsis extremely directionis seldomobserved.

large. In this casehe stepping motgrwhich consists ofhe
extruder frequentlystepsout, andheroadbecomepartially
thin or disconnecteftagmentsdue tounstable extrusian
Printing speed alsaffectsthis phenomenonand this area in
the distributionbecomedarger asthe speedincreases(see
Figure 4 ABS at 600 mm/min)In PLA, although this area
is also largethe causeouldbedue tothenozzletemperature
PLA wasprintedat 190°C. By takingtheaverage amount of
materialsvhen stepping out occutthelimit of theextrusion Straight hair-like road

speed can be estimatetheprinter used in this experiment Finally, asmall amount bmaterialsis extruded and pulled
can extrudeABS of up to 11 mr#s. by the nozzle,and a straight hair-like roadis printed This
condition can be considered to be the saasa structure
printed in3D printed haif16]. When this road is printethe
whole road floats irmidair. Thus the startingpoint of the
roadmust be fixed on the platforor the extruded materials
are wiped out bthe extrudemovemet. Moreover whenthe
printing speed is sloythe material tends to mirnedout by the
heat ofthe nozzle The blank spacewhich is especiallythe
{6wer part of ABS at 300 mm/minjndicates this
phenomenonand we were not able to obtain a road whik
parameterd < 7°). Although thisphenomenon waalready
discussed inJ6], we reproducedt using our approach.

Frizzy hair-like road

As the amount ofmaterials decreasesa coitlike road
becomesa hair-like road.Distinguishingthis roadfrom the
otherwill be describedater. Weclassifiedthis caseasfrizzy
hair-like road This road is created depending on the amount
of materialsbecause this categocpversa rectangulaarea

in every distribution (see Figure 4).

Stable road

When stepping out does not occur, ad@s printechta stable
state. W& classifythe road with traditionalparameters into
this category The rad becomeghicker as the amount of
materialsincreasesHowever some thicker roadsith ABS
havearough surfaceFigure 4showsrelatively thick roads.
This roughness may be caused by changes in temperatu
and distortion othe road[5]. Materials thathavejust been
extrudedhavehigh temperature araredeformed ashey are
gradually pushed up thermaterials extruded latef road
partthatcannotstand this deformatiohardensand remains
distortedor show trace®f explodingair bubblesin PLA, DESIGN SYSTEM

this distortionis not observed. We implementthree design systems that enable users to
utilize our resultsThe systems are implemented with/v?,
which is a visual programming language and renders
graphtal objects usin@irectX, and wedeveloped plugins
with C#. To implement thedesign syste, adlitional
parametersire neded beforehand to stack up or align each
road (Figure 6) In the current systemusers hag to
beforehand measure these properties accordingatth

Zigzag road

As the heightincreases materials are extrudedith an
uneven structuréVecall thisasazigzagroad. The road also
becomesthicker and rougher as the amount rofterials
increases. This road cannot be printed with traditional
parameters and obviouslyodks like a printing error
However we focus onthe appearance and rough texture,

which is difficult to print everoy high-resolution 3D printers 2 . :
Coil-like road 14’ = ! ! l_ ¥ 4

Whend is lessthan 60, a coil-like roadis printed. This

mOverhang

Extruder

category widely spreads outtierms ofdistribution, and this Helght: — 7 | : !
structure differs depending on the combination of parameter  road , £ Bridge
e.g, aspiral withd  26° hasa sparsestructure (see Figure Height/} Length
5). This structure is printed by extruding materials fram Ro;E.Width- ‘ . ﬁ
high position similar to the zigzag road. This condition —— ;

occurs because the parameter mdpave met several Figure 6. Additional parameters required to implement a
requrements to print this road his road isiot broken byhe desgn system

materials being extruded awedn maintain its structure until
it becomesstiff. In addition, the roads twistedin two 4 https://vvwv.org/
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combination of parameterssing a digital caliper and input
its measurement result to each design syskamexample,
the height position of the extruder for the first layer is
obtained from Eq. (3), and all subsequent layers are sorte
according to the road heightwhich is obtained by
measurementThus, we focuson several combinations of
parameterin the following section

Figure 8. Dedgn systemfor emboss processing (see Figurk).
#1 Slicer using zigzag road

First, we implementhe slicer software that can be used in #3 Wavy sheets

the samemanneras a traditional one. This slicer analyze Wavy sheets also use tywarameterso express the smooth
whethera support structure is needed or not and slice a 3Dsurface. To generate wavy paths, this system generates
model into the contour and the inner structure accortting NumMerous micro movements and assigns parameters to every
the road height. If the support structiseneeded, the slicer path Figure 9 shows the wavy paths divided into micro
generate# around the 3D modeDverhang angle and bridge movements. The system requires two parameters (top and
length are used to generagesupport structure. Figure 7 bottom) andcomplemergthe path between these according
shows the analysis process, a preview, apdnted result  to the height position of the extruder.

To print the Stanford Bunny with zigzag road, we used
parameteset(d 65°andr = 7.0 mnj, ABS, and additional
parametersneasured before slicing.

Figure 9. Dedgn systemfor wavy sheets (see Figure 10).

EXAMPLES

We show 2Dard 3D examples with various materials and

‘ parametersHigure 1Q. A part of theseexampleds printed
Figure 7. Slicer software with a zigzag road. using the above design systeriste that we adjusted the

#2 Emboss processing printing speed to prevent stepping out of motor and used the

Figure 8 shows the system for emboss processing. This§ecommended temperature for each material.

system uses two parameters to generate bumps on the surfage,jrcasesffectrepresents aexampleconstructed with thick

of printed objects; we intertd printa simple embossed wall o445 The staircase effect is one of thetable printing

in the current system. Users create and import a binary imaggrorg which meanghat astair is created on the surface of
and the systemthen generates Gcodewith different  gpiactsdue tothe thick layers. On the other hand, this
parameters according its tone. To print the embossed roughness can provide sensef stroking bellows, and we
object, we used two paramet¢seeFigure 8) and measured -5, easily control its condition using auethod

the 1oad width of each paramet®&ecausdhese parameters

have the same height, we can only change the wilth Weavemestlike objectsareconstructedy thezigzag road
express bumps and havequite rough surface. However, the whole structure

is stable, and the printed object resemblaest of aveaver

Figure 10. Example objects with new expressionsThe materials and parameters used in each example are shown.












